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§ 52. W* may now apply the above equations to obtain 
the complete solution of our problem of § 21 :— 

to determine for any spherical gaseous nebula of given mass, 
initially in convective equilibrium, exactly what its radius was, 
what its central temperature and density were, and what were 
the temperature and density at any distance from the centre, 
at the time when a stated quantity of heat has been radiated 
into space. Looking to equation (57), we see that throughout | 
all approximate equilibrium conditions of a constant total 
mass the relation 

oC") = (a constant) ihe Hues, C62) 

holds: and, with this condition, equation (51) shows that, 
during the gradual loss of heat from the nebula, the value 
of z for each stated mass m, concentric with the boundary, is 
constant. We have accordingly for the mass m 

gens ; 
(j= BALL ea} = sy . G 5 ° . ° (63), 

where C varies slowly as time goes on. If we suppose C, to 
be the initial central temperature of the nebula, and C, its 
central temperature after a quantity of heat H has been 
lost by radiation, by applying (62) in the equations given 

Phil. Mag. 8. 6, Vol. 16. No, 91. July 1908, B 

IND Pye, 
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above, we easily find (with suffixes 1 and 2 referring to 
the initial and final conditions respectively) the following 
results :— 

1 

C C ( 
m=G 1 5 Re=G Ri (fe ae at (64) ; 

Lae 7 Os | L=@hs Wag, | 
in which tg, t1, Pos Pir 72,71) all refer to points on the spherical 
surface enclosing a stated mass m. The total heat lost by 
radiation may now be written— 

Gi. 
H=(W.—W;,)—(L.—hL) = ac 

and for an infinitesimal change in the condition of the whole 
mass at any time this becomes 

©: Gy, =1,) - ee 

BH D,))- 2 
§ 53. These are interesting results. Remembering that 

I,=«/3.W,, we see by (65) and (66) that the central tem- 
perature of a globe of gas P in equilibrium increases, through 
gradual loss of heat by radiation into space. We then see 
also by (64) that the mternal energy of a globe of gas P, 
continuing in a condition of approximate equilibrium while 
heat is being radiated away across its boundary, would go 
on increasing, and the work done by the mutual gravitation 
of its parts would go on increasing, till the gas in the central 
regions became too dense to obey Boyle’s Law. At the 
same time the radius of the globe would diminish. In other 
words, the repulsive power which the globe of gas P pos- 
sesses by virtue of its internal energy, while in approximate 
equilibrium, is, owing to gradual loss of energy by radiation, 
at each instant just insufficient to exactly balance the attractive 
force due to the mutual gravitation of its parts. The globe 
is therefore compelled to contract: and, as the heat due to the 
contraction is not radiated away so quickly as it is produced, 

the shrinkage of the globe is accompanied by augmentation 
of its internal energy. 

In figures 1 and 2 curves are shown illustrating five 
successive stages, numbered 1, 2, 3, 4, 5 respectively, in the 
history of a constant mass of any monatomic gas (k=1°5 ; 
k=13) in approximate convective equilibrium while heat is 
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Fig. 1. 

2. 

O R, R, R, R, R, 

T,R, T,R,, T,R,, T, Ry, T,R,, are temperature curves for a constant 

mass of monatomic gas in equilibrium, at five stages of its history, 

numbered 1, 2, 3, 4, 5, in order of time, while it is losing heat by 
radiation into space. 

B2 
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Fig. 2. 

O R, R, R, R, R, 
D, R,, D, R,, D, R,, D, R,, D; R;, are density curves, corresponding 

respectively to the temperature curves T, R,, T, R,, T, R,, T, Ry, 
T, R,, of figure 1. 
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being radiated from it into space. The abscissas represent 
distance from the centre. The ordinates in figure 1 repre- 
sent temperature reckoned from absolute zero; OT,...OT;, 
being proportional to 1, 1:052, 1:108, 1°169, 1°235: figure 2 
gives the corresponding density curves. 

§ 54. The remarkable result we have arrived at for P gases 
(for which alone, as we have seen, convective equilibrium 
can be realised), that the internal energy of a given mass in 
approximate convective equilibrium increases through gradual 
loss of heat by radiation into space, was first suggested as a 
possibility by Homer Lane ; the suggestion being given in 
his paper referred to in § 2. To understand it more fully, 
go back to equation (62), and observe that in the case of 
P gases o is continually diminishing, while the globe is 
shrinking through loss of heat. The adiabatic constant A, 
which determines the relation between temperature and density 
throughout the fluid at any instant, must therefore also con- 
tinually diminish as time goes on [see (22) above]. Thus, 
we find from equation (19) that, although the density and 
temperature of the gas near the centre of the sphere are 
increasing, as we see from figures 1 and 2, and the total 
energy is increasing, in reality the temperatures at places 
of the same density are continually diminishing. And this 
diminution of temperature at places of the same density 
causes a diminution of the elastic resistance of the gas to 
compression which allows the gravitational forces to effect a 
contraction of the gaseous mass. 

§ 55. It seems certain that, as the condensation illustrated 
in figures 1 and 2 continues with increasing total energy, a 
time must come when the resistance to compression of the 
matter in the central regions must become much more than 
in accordance with the laws of perfect gases ; and after that 
occurs, the cooling at the surface, with continual mixing of 
cooled fluid throughout the interior mass, must ultimately 
check the process of becoming hotter in the central regions, 
and bring about a gradual cooling of the whole mass. 

§ 56. The application of the above theory of approximate 
convective equilibrium to the sun, regarded as a mass of 
matter in the monatomic state, requires that the law of 
increase of density from the surface inwards should be such 
that the density at the centre is about six times the mean 
density (see Appendix, § 16). The mean density of the sun 
is about 1:4, the density of water being taken as unity. 
From this fact itself it seems certain that the sun is not 
gaseous as a whole. Disregarding, therefore, the high velo- 
cities which we know to exist in portions of the sun’s 
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atmosphere, and which are, according to the definition given 
in § 3, inconsistent with a condition of convective equi- 
librium, we are still forced to conclude that Homer Lane’s 
exquisite mathematical theory gives no approximation to the 
present condition of the sun, because of his great average 
density. ‘This was emphasised by Professor Perry in the 
seventh paragraph, headed ‘ Gaseous Stars,’ of his letter to 
Sir Norman Lockyer on ‘The Life of a Star’ (Nature, 
July 13, 1899), which contains the following sentence :— 

‘It seems to me that speculation on this basis of perfectly 
gaseous stuff ought to cease when the density of the gas at 
the centre of the star approaches 0:1, or one-tenth of the 
density of ordinary water in the laboratory ’”’*. 

§ 57. According to a promise in the 1887 paper to the 
Philosophical Magazine “On the equilibrium of a gas under 
its own gravitation only,’ I now give examples of the 
application of this theory of convective equilibrium to 
spherical masses of argon and of nitrogen; choosing, for 
illustration, amounts of matter equal to the masses of the 
sun, earth, and moon, with density at the centre 0°1 in each 
case. 

Assuming 

t=CO[«#0-*—-”] ve a 

as the solution of (24), which gives central density 0:1, we 
find from equation (19) 

o1=(=) . a 

and, as in this case we suppose the total mass M of the 
nebula to be known, we can determine © by applying 
equation (25) above. Thus . 

M_(«+1)80C07#*-® , 0.0) 

where qg denotes the value of « for which @x(v)=0. Elim- 
inating A and o by means of equations (22) and (68), we 
obtain 

o=(§)3770[ (a) | 4(m) - «+ (70). 

* Quoted from “On Homer Lane’s Problem of a Spherical Gaseous 
Nebula,” ‘ Nature,’ Feb, 14, 1907. 



‘Mattor [Total mass] Cotzal | Beste jo [Cpntrl preseure) Radian of | Adiehai 
eee ot) | deueiey degrees above |per sq. kilometre.) kilometres. | kilometres. 

absolute zero. 

Argon. Sun. All 1-105 x 108 2°33 x 10"* 3°04 x 10° 1:08 x 107 

3 Earth. gl! 2°342 x 10* 4-95 x 10*° 4:42 x 10? 2°30 x 10* 

Moon, L 1:243 x 10° 2:63 x 10° 102 x 10+ 1°22 x 10? 

Nitrogen. | Sun. a 6°383 x 107 LOZ G10 4-79 x 106 4°82 x 10° 

$ Earth. | 1°353 x 10+ 4:07 x 10°° 6:97 x 10* 1-02 x 10° 

” Moon. a! 7-185 x 10? | 2°16 x 10° Gi 102) a8 3 
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From equations (68) and (22) we can determine the following 
expressions for A and o :— 3 

K-3 
Baa evict 138 (ME 
7 = 3122[ 040 | aa Ge) ue 

K k—3_ K 

Co E hiaiticg MiCus Vesy=(g) 1368[ 1366.04) | opel) Cone 

The radius of the outer boundary of the nebula is given by 

R= -— (73), 
av 

where 

OE eat (74). 

We have therefore R=og 'C-*“~”, which, by means of 
equations (53) and (55), may be written in the form 

= 23-6527 [ or(a) | oe (75). 

For argon we have k=12, or e=1°5; and S=5'767 kilo- 
metres ; and for nitrogen we have k=1°4, or «=2°5; and 
S = 8-256 kilometres. With these values of S and «, inserted 
in the above formulas, we obtain the results shown in the 
following table :— 

Central tem- 

§ 58. The curves of figures 3 and 4 represent temperature 
and density at different distances from the centres of nebulas 
for which « has the values 1°5, 2°5, 3, and 4. The tem- 
perature curves are drawn from the numbers given in the 
third columns of Tables I....1V. of the Appendix: the den- 
sity curves, from the numbers given in the fourth columns. 
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Fig. 3. 

O R..5 R 15 

T R,.; is the curve of temperature, and D,.5 R,.; is the curve of density, 
for a monatomic gas (k=12), T R,.5, and D».; Re.5 are correspond- 
ing curves for a diatomic gas (k=1'4). 
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Fie. 4. 

ro a i Rs 

T R, is the curve of temperature, and D, R, is the curve of density, for a 
gas for which k=13. TR, and D, R, are corresponding curves for 

a gas for which k=13. 
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With properly chosen scales of ordinates and abscissas, the 
curves shown may represent the condition of any gaseous 
mass, corresponding to. any of the solutions (26) above. 
Thus, with scales so chosen that OR<=R=ocg" Cie and 
OT=C, each curve, TRx, represents the temperature reckoned 
from absolute zero; and with OD~=(SC/A)*, each curve, 
DcRe, represents the density, in a nebula composed of gas 
for which « has one of the values given above, when the 
central temperature is C. 

Each curve shown meets the axis of R at a finite angle ; 
this angle being so small for the density curves that they 
appear to meet OR tangentially. 

ASP Pu INA TX 

By GrorcrE GREEN. 

§ 1. In order to determine the conditions of temperature, 
pressure, and density, at any distance from the centre of a 
spherical mass of gas in convective equilibrium, held together 
by the mutual gravitation of its parts, it is necessary to find 
a solution of the equation, 

d*t ie? 

In this equation, 
x is inversely proportional to 7, the distance of any point 

from the centre of the sphere : 

¢t is the temperature of the gas at any point of a spherical 
surface, of radius 7: 

t® is proportional to the density where ¢ is the tem- 
perature : 

p= (5 
dt 
7. is proportional to the mass of gas within the surface 
“of radius 7: 

= - pee 
do age ee E 

and « is equal to 1/(k—1), where & is the ratio of specific 
heats of the gas considered (see §§ 22...24 of the — 
above paper). 
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§ 2. Solutions of this equation can be found which cor- 
respond to a mass of gas around a solid or liquid nucleus. 
These may become of interest later. Solutions can also be 
found which correspond to an infinite sphere of gas, with an 
infinite density at the centre. But the solutions which it is 
now desirable to obtain are those which can be applied to the 
case of a spherical mass of gas which has a finite density at 
at the centre. This is expressed mathematically by saying 

that at c=o«, we have t=O, He ==((). 

Lord Kelvin has shown, in his paper “ On the equilibrium 
of a gas under its own gravitation only,” Phil. Mag., March 
1887, and in § 25 of the preceding paper, that, when any 
complete solution §(«v) has been found, it is possible to derive 
from it a general solution with one disposable constant C, 

Gs ao” . Accordingly, it is convenient to deal only 

with the particular solution for which t=1; . se): 

g2=e, denoted by Ox(x), and called the Homer Lane 
Function. 

§ 3. Homer Lane, in his paper “On the theoretical tem- 
perature of the sun,” gives analytical solutions of equation (1) 
for the cases k=12 and k=1°4, which correspond to a mono- 
tomic and to a diatomic gas respectively. His method of 
obtaining these solutions is equivalent to the following. 
Assume 

. a a as 
i= I(w)=1l+ 4 an eres here Ghz i-senins ple) 

to be the required solution of (1), where a, a, a, etc. are to 
be determined. Then 

CO~e 2a. 45.a,. Oe : 
ee = ++ x ? TAR Ge Se eteahy tana: 

And the coefficients a, a, «3, etc. can be determined from 
the equation— 

e4 6.7.03 
i 7 2 + Neo + ete. ) = — 

at 

(= if 4.5 

The solutions given by Homer Lane are, in the present 
notation, 

i JE ii As “ 

O1.5(¢)=1— 6.x? a 8024 —-« 1440.2 i S(4ae o: ete. (5); 

1 if a 125 

@23(%)=1— ga + Gg54— D016a5 + W35456a8 + et: (O)- 

Glee 2) PWN ae : (1+ gat a tig +ete. ) 

(Oe 
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These terms are sufficient to give a satisfactory determination 
of ¢ for all values of x equal to or greater than unity; that 
is, at all points in the gas within distance o from the centre 
of the sphere, where the radius of the boundary is o/q, and 
g is the value of w for which ©x(x)=0. 

The labour of calculating additional terms of these series 
being very great, and no great precision being necessary, 
Homer Lane merely employed a step-by-step process, involv- 
ing the use of numerical differences, to obtain approximately 
the value of t at points whose distance from the centre of the 
sphere was greater than that corresponding to x unity in 
equations (5) and (6). When a fairiy small value of ¢ had 
been reached by this method, he was able to complete the 
calculation as far as t=0 (w=q) by means of approximate 
formulas which can be derived in a manner similar to that 
described above. 3 

§ 4. With a view to obtaining greater accuracy in the 
results for monatomic gases, Mr. T. J. J. See has extended 
Homer Lane’s series (5) as far as the term containing x”? ; 
and with the aid of additional terms, obtained by means of 
logarithmic differences of preceding terms, he has calculated 
the values of ¢, p, m, etc., at a place very close to the 
boundary of the gas. From this he has been able to find 
with great accuracy the radius of the spherical boundary, 
and the total mass of gas, corresponding to the Homer Lane 
Function ©;.5(2) (see § 17). These results are published in 
a paper entitled “‘ Researches on the physical constitution of 
the heavenly bodies” (Astr. Nachr. No. 4053, Bd. 169, Nov. 
1905). They were found after Table I., on page 20 of the 
present paper, had been completed by the entirely different 
method given below, and they are a confirmation of its 
usefulness. 

§ 5. Hight years after the publication of Homer Lane’s 
famous paper, the problem of the convective equilibrium of 
a spherical mass of gas under its own gravitation only was 
dealt with very fully by A. Ritter, in a series of papers 
entitled “Untersuchungen iiber die héhe der Atmosphire 
und die Constitution gasférmiger Weltkorper,” published in 
Wiedemann’s Annalen, 1878-1882. Numerical solutions of 
equation (1) are given for the following values of «, 15, 2, 
2°44, 3, 4, 5; these solutions being obtained wholly by a 
graphical process, similar to the process described in § 7 
below. 

§ 6. Professor Schuster, in a short paper to the British 
Association at Southport in 1883, pointed out that it was 
possible to obtain solutions of equation (1) in finite terms in 
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ine two eases o=1, and «=5 (k=2 and £=1:2). For «=1, 
the solution, in the present notation, is— 

@,(a) =e sin= ei oat akrc ge 8 cal (0) s 

a result which was first given by Ritter. For c= 5, the 
solution is 

®@)=aeaTT Meecha Auton (Sie 

§ 7. The method of obtaining numerical solutions of 
equation (1) which has been adopted throughout the present 
paper, is derived from that indicated by Lord Kelvin on 
page 291 of his paper to the Philosophical Magazine, March 
1887, referred to in § 2 above. An arbitrary trial curve, to, 

dt 
dx 

taken for ¢. From this curve, ¢, a curve representing 3 3 
-5, or | is obtained by direct calculation. One inte- 

fulfilling the initial conditions t=A ; =A’; at «=a; is 

gration performed on this calculated curve gives the means 

i at ; ; ‘ 
of drawing =~; and the curve representing t, which is g Ax Pp S 4 

edly ts 
obtained by integrating 73 is then found to be a closer 

approximation to the true curve for ¢ than the curve fy chosen 
arbitrarily. This process may be repeated to obtain ¢,, using 
the curve ¢, as a new trial curve for ¢: and so on. When 
t; differs very little from %_1, ¢; may be regarded as a very 
close approximation to the true curve for ¢. 

§ 8. lt was found that the best way to carry out this plan 
of obtaining a numerical solution by means of two successive 
integrations was to choose the interval of integration, from 

dt 
da 

that the trial value chosen for ¢, for the point at the end of 
the interval, could be determined with any degree of accuracy 
required, by means of numerical differences of the values of ¢ 
already determined for the end points of preceding intervals. 
The arbitrary trial curve is in this case a curve which 
coincides with the true curve in each interval preceding the 
one considered, and in this interval it closely approximates to 
the true curve. It has been found that one application of the 
process of double integration to this trial curve gives ¢ and 

any point at which ¢ and were known, sufficiently small 
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4 at the end of the interval with any accuracy desired ; the 

accuracy depending on the smallness of the interval chosen. 
dt y eee i 

By taking the curves for a and 7a 28 straight lines 

within each successive interval treated, and by making a 
roughly estimated allowance at each step for the error thus 
introduced, the process can be carried out very quickly and 
quite satisfactorily, as a process of step-by-step calculation, 
without the assistance of carefully drawn curves. 

§ 9. The accuracy of the above process can easily be 
proved analytically for the case of any very short interval ; 
but when such a process is applied to a succession of intervals, 
there is certain to be a cumulative error, which may, or may 
not, increase without limit as the work proceeds. So far as 
it is possible to judge, however, the process of § 8 seems to 
be practically applicable to obtain numerical solutions of 
differential equations of the form 

Katy jade oo nan 

provided f has the opposite sign from ¢. It has been applied 
with very satisfactory results to the two equations— 

d*t 

and 

Age =—_—_—_— x ° ° ° e e . (Ad); 

for each of which the direct verification of the solutions 
obtained is possible; the solution of the latter equation 
obtained was ©;(z), which is given in § 6 above. 

In these cases, and in the case of any Homer Lane 
Function, if ¢, throughout a number of intervals, becomes 

2 

greater than its true value, the absolute value of = also 
i dt , 

becomes greater than its true value, and dn 38 therefore 

tending to become less than it would otherwise be. Hence 
the successive additions to ¢ in each interval in which it is 
greater than its true value are, or tend to become, less than 
they would be with a correct ¢. Thus, when ¢ has become 
too great in any interval, throughout the succeeding intervals 
it tends to return to its true value rather than to go without 
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limit away from it. From similar considerations it may be 
judged that when ¢ has become less than its true value, in the 
succeeding intervals it tends to return towards its true value. 

§ 10. The numerical values of the Homer Lane Function 
@(x) with its differential coefficient ©’(x), in the interval 
from z=« to x=q, given in Tables I....1V., and the 
values of the Boylean Function WV(«z), and the function 
W’ (x) /V(2), in the interval from #=-25, to v="l, given in 
Table V., have all been obtained by the method of § 8. In 
each of the Homer Lane Functions, a beginning of the calcu- 
lation was made from the following approximate equation :— 

: if K 
@,.(¢)=1— Ga == 12024 = Seat . (EZ), 

easily derived from equations (2) and (4) above. From 
“=x to #='25, the Boylean Function was calculated by a 
method described below. 
After Tables I... . IV. had been completed, as it was still 
desirable to be able to verify the results obtained by the 
step-by-step process at some point close to the final point, q, 
and as the labour of calculating successive terms of the 
series (2) soon becomes very great, while the number of the 
terms required to give a sufficiently good result also becomes 
greater and greater as x diminishes, the form of expansion 
given in § 11 below was tried, and found to be useful. 

§ 11. Assume as a solution of equation (1), 

1 ie 
F 8, (2) = ——_—_____—_—_—_—_ 
i im (lee eee ea pee 

BO ib x? 
Tt 

i We can write ©’’,(#) in either of the following forms :— 

ey, (2.3. A.D.ag.% 16.7. 2 4 
=n( = 7 -- — +ete.] (1+ a = -- ete.) +n(n+1) ( = eeere os +ete. ) 

2 

x3 x? ai 
? ay ag a3 n+2 (1+ S+248 +etc.) 

4.5.a2 . 6.7.a : 9. ‘ 
n( 76 2 tl - 3 +ete.] (1+ = + a +ete.) <n(n+1)(—3 a at +ete,), 

n+2 e 
(14 5+ S45 4ete.) 

If we now choose n in the first form, so that (n+2)=«n, and 
1 , 

equate the numerator to ——,, we obtain 
x 

0’ .(@) = —[Ox(a) ]*/a*. 
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And the coefficients a, #, a3, etc. can be determined from 
the following equations :— 

2.3.0, = i 4.5.a,=(3.1°—2.3)a,*; 6.7.4, = (26.1.2.—2.3.—4.5)a,a, | 

21(21 + 1)a;= ‘St £2. r(i—r) —27(2r + 1)—(2t—2r)(2i — 2r 4+ 1)}aa;_, 

=e { a(s). -i+1) fas G even) ; Laud 

ia 
t= z>- 

2i(2i+la= S {2B.r—r)—2(2r+1)—(2i—2r)(Vi— r +1) }apas—o(E 0d) 5 

where tes al | 
B=4(n+1)= an 2. : | 

Similarly, if we choose n so that (n+1) =«n, and then choose 
a, so that 2.3.¢;n=1, the first term of the second form 
of ©” .(x) becomes —[®@ (a) |*/z*; and the second term, 
equated to zero, gives us the following equations to determine 
Ap, Az, wo o @ 9 etc. :— 

4,5.a,=fa,2; 6.7.0, =(26.1.2—4.5)a,a, ; 8.9.0, = (28.1.3. — 6.7)a,a, + (8.2? —4.5)a,?; 
=e 

pss —S 

2i(2i+ lai = {28.1.6 -1)—@i-D2i—N jaa, + § 4280 (—7)=2r@r +1) 

| 

| 
i) 

} 

| 

pers )(21—2r+1)sa,ai_>+ {0 3(5) —iz+1) has “ (2 even) ; ( 

2421+ 1)a;= {26.1.4¢— 1)— (2¢—2)(22—1)}a,a;_) + 8. 42Bxi—7)— a 

~ (21-27) 2i—2r-+D}aras(G od); where be 4(n Gay 

§ 12. In the particular case of equation (1) for which 
r= (k= 1), and which corresponds to an ideal gas which 
obeys Boyle s Law for all pressures, the differential equation 
becomes 

— bh =f .. . 

Assume as the solution of this equation which gives p=1, 
when z=”, 

p=V (x)= ; 
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d? log V(z) 
dx? 

4.5.a5 2a, , 4ae 2.3. 5 —n( eu! aa +ete.] (1+ < == = +ete.] +n(3 Hirt cat +ete.] 

We may, in this case also, write in the two 
forms :— 

at 

ay ag a3 2 3 

(1+ zn + mae tete. 

ae 2.3.a1” PS C28 se 6.7.a3 

xt x6 x8 

(14 S49 +5 tee) 

By taking n=2 in the first of these forms, and n=1 in the 
second, and proceeding exactly as in § 11, we obtain two 
expressions for V(2) in the form (17), the coefficients a, a,, 
a, etc. being again determined from the series of equations 
(14), when n=2, and from equations (15), when n=1. 

§ 13. At present only the numerical values given by the 
above solutions are of importance ; and for this purpose, the 

H 

4a 

Sy 52) 

2 
+ete.) 

a1. a2 2a, 
+etc.) (1+ 7) + ae +ete.) —n(4 + 

ay. @>, as 2 

—1 
the Homer Lane Functions, and the expression (17) with n=2 
to calculate the Boylean Function. The following table gives 
the logarithms of several of the coefficients a, a», etc. for the 
functions given in Tables I....V.; the letter n indicating 
that the term is negative :— 

has been used to calculate expression (13) with n = 

« Heed BEB 250i. | 3 4 oO 

log’ ay 2°61979 | 1:09691 | 1:22185 | -1-39794 | 2:92082 
logaz | 3:08468 | 341567 | 344370 | 331876 | 484164n 
log ag 5813861 | 5:94369 | 582045 | 691736 | 5:13921 

log a4 659587 | 645524 | 6:10924 | 7-23612 | 7-61229% 
logas | 7-39883 | 8960928 | 846991 | 9:5540n | 819003 
logas | 821416 | 9:49350 | 1072486 | 118517 | 10-83708n | 
loga; | 963884 | 1001706 | 11-19035 m | 11-5832 
log as | 11-86917 | 12:54628 | 14-84984 n 
log a9 = 1270515 | 13:07368 | 1426996 
log aio ~=—- 1354520 15:60715 | 16-9440 n 

| log ay | 1438854 | 1613498 | 17-9204 
log a2 . 15:23460 | 18:67438 n 
log ays 19-1967 
log aig 751i 

log a5 22-9475 

log ayg 24-8548 
log ay; 25°4061 

log ays | 27-6267 | 
I | | 

inl. Mag. S.6. Vol. 16. No. 91. July 1908. C 
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§ 14. In each of the functions (13) and (17) the coefficients 
become positive and negative alternately ; and for small values 
of x, close enough to gq, the series ultimately diverge. If x 
is not too small, several terms at the beginning of the series 
converge fairly rapidly, and give a close approximation to 
the result. The following values of the Homer Lane Func- 
tion caiculated by means of the numbers given above are 
correct to the last figure shown :— 

O,,(-4) =°3159 ; 0',,(-4) =2:183 ; 0,.,(-85)=-2007 ; @',,(-35)=2:464; 
Q,,,(3) ="24186; 0’,,.(°3) =2:0078; ©,.,(-25)=-13768 ; 0’,,,(-25)=2°1448 ; 
©, (-25)=-2093 ; O!, (25)=1:922 ; ©, (-2) =11l_ ; @', (2) =2-00; 
©, (-:25)='3180 ; O', (-25)=1:582 ; ©, (-2) =-2359 ; O', (-2) =1-695. 

By comparing these results with the corresponding values of 
the Homer Lane Function given in Tables I. ... 1V., we see 
that the numbers obtained by the step-by-step process of § 8 
are sufficiently accurate for our purpose. It is possible to 
calculate g and ©’x(qg) from the values of Ox(«) and ©'x(x) 
at a point at which they are given with sufficient accuracy 
by (13) above, by means of the approximate formulas used 
by Homer Lane and referred toin $3 above. It will be seen 
later, however, that Homer Lane’s calculated results agree 
with those given in the tables. 

§ 15. We can now estimate from the numbers given in 
§ 14 the degree of probable error in the values of g and ©'(q) 
found by the step-by-step process. Similar reasoning to that 
of § 9, by which we show that errors arising in the working 
out of this process do not tend to increase as the work 
proceeds, leads to the following results :— 

The value of g (*2737) in Table I. is correct to the nearest 
figure, while ©';.;(q) (2°707) is less than it ought to be by 
about 1 in 600 ; the value of g (‘18676). in Table II. is too 
high, the error being less than 1 in 3000, while ©'5.;(q) 
(2°188) is probably too high, the true value lying close to 
2°188. In Tables LI]. and IV. g and ©'(q) may be taken as 
correct to about 1 in 200. In Table V., the final values of 
the Boylean Function! are believed to be correct to one per 
cent. 

Greater accuracy has been aimed at in the case «=2°5 than 
in any of the other cases, owing to its theoretical importance, 
being applicable to stars composed of gases such as our 
terrestrial atmosphere. This was the case dealt with by 
Lord Kelvin in his 1887 paper, referred to in §2 above. 
The numerical results given in that paper were obtained by 
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an approximate process using radii of curvature calculated 
for successive small arcs of the curve ; and they.are in satis- 
factory agreement with the results given in Table II. 

§ 16. One important numerical result which can be derived 
from the values of g, and ©',(q) 1s the value of the ratio 

pegeal density in a nebula composed of any gas for which « 
mean density | | 
is 1:5, 2:5, 3, or 4. This ratio is given by the expression 

__ central density _ 1 
 ~ mean density 3.0’, (¢).q°x 

For <=1°5 (monatomic gases) 

. 1 
¢ = 3xPT0Tx0RTaP Oe 

For «= 2°5 (diatomic gases) | 

it 
¢= 3x2 188x01se7e ~ 2°" 

or, accurate to nearest figure, 

: = 23°40. 
o = 3% 2-188 x 0186733 

(For «=2°44 or k=1°41, Ritter gives the value of 2 as 23.) 
For «=3, and «=4, the values of the ratio are 54:2 and 625 

respectively. 
For «=5, the ratio is infinite. 

§ 17. The following table of results is given for com- 
parison :— 

91-5 0'1.5(Q) | g 2:5 8’2.5(9) @ 

Homer Lane...... "2735 2-741 5943 "18674 | 2°188 23°40 

BCG acter Saat S's 27368 | 2‘7097 | 6:0014 

BIULOD -. casiicceeae ss - ‘274 2°70 6 

§ 18. In each of Tables I... . V. below, the second column 
gives the value 1/2, which is also the value of r when a is 
nnity in equations (23) and (32) of Lord Kelvin’s paper. In 
Tables I....IV., column 3 enables us to find the curve of 
temperature, and column 4 the curve of density, for any 
spherical nebula for which « has the value, 1°5, 2°5, 3, or 4 

| C2 
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(see equations (26) and (19) of the paper): column 5 gives 

the mass of gas within each sphere of radius r | see equa- 

tion (51)]. In Table V., column 3 enables us to determine 

the density at any point ina spherical mass of ideal Boylean 

gas, and column 4 the mass of gas within radius 7 (see 

equations (40) and (41) ot § 36). 

TABLE I. 

2 es ew 

1195) 

x ir 0155 01.5 O'o5 

00 0 1:0000 1-0000 0 

40 -0250 9999 9998 5:20 x 107 

20 0500 | °9996 “9994 4:16 x 107° 

10 ‘0100 -9983 0975, | 3:335cl0me 

8 -1250 9974 -9961 6°50 x 10—4 

6 ‘1667 9954 -9931 00154 

5 -2000 -9934 -9901 00265 

4 “2500 9896 0844 ‘00511 

3 3333 -9816 ‘9725 ‘01235 

2 “5000 -9590 -9391 ‘0402 

1 1:0000 “8447 ‘7764 2884 

95 1:0526 “8992 ‘7551 -3309 

90 11111 3114 7309 3817 

“85 11765 | 7909 7034 | °4430 

-80 1:2500 7669 6716 | ‘5174 

75 1:3333 7388 6350 | 6083 

‘70 1:4286 7057 “5928 ‘7198 

65 1°5385 6664 5440 | :8578 

‘60 16667. | 6194 4875 =|: 1:027 

“55 1:8182 -5640 4236 | 1:236 

“50 20000 | -4949 3489 «=| 1491 

-49 92-0408 A797 3322 1:547 

“48 93-0833 -4640 3161 1:606 

47 2:1277 A477 2996 1:666 

-A6 2:1739 -4307 2897 1:728 

-A5 92.299 -4130 2654 1:792 

“44 2:2727 -3948 ‘2481 | 1858 

“43 93256 “3759 2305 1925 

42 23810 3563 2127 1:993 

“Ay 2;4390 -3360 1948 2-061 

-40 25000 3151 1769 | 2130 

39 2°5641 +2934 "1589 2199 

-38 26316 ‘2711 1412 2-267 

‘37 2-7027 2481 1236 2334 

-36 27778 ‘2944 1063 2399 | 

-35 2-8571 2002 0896 | 2:460 

“34 2:9412 1753 0734 | 2°517 

33 3:0303 -1499 ‘0580 | 2:569 

+32 31250 -1239 ‘0436 2-614 

31 3:2258 ‘0976 “0305 2-652 

30 3°3333 ‘0709 ‘0189 2-630 

29 3-4483 0441 00926 | 2°698 

28 amide) | O17 00223 | 2°706 

g= 2787 3°6536 -0000 00000 | 2°707 
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Tasxe II. 

x r O25 She O'2:5 

a 0 1-00000 1-00000 0 
100 0160 "99998 ‘99994 3°33 X 10-7 
50 0200 99993 99983 2°67 x 10-6 
25 0400 ‘99973 99933 2°13 x 10-4 
10 “1000 “99834 99584 000332 
8 "1250 “99740 99351 ‘000659 
6 "1667 "99539 "98801 ‘00153 
5 ‘2000 99337 "98350 "00264 
4 "2500 "98966 97436 00513 
3 3333 "98174 "95496 ‘01201 
2 “D000 "95960 "90203 ‘03917 
1 10000 85194 66992 26287 
‘98 1-0204 84655 65937 ‘27671 
96 10417 "84087 64837 "29148 
"94 1:0638 83488 "63689 ‘30726 
"92 1-0870 "82857 62493 "32414 
‘90 11111 "82192 61245 34218 
"88 11364 81488 59943 36150 
"86 1-1628 ‘80745 58585 38219 
84 11905 ‘79959 ‘07184 40437 
"82 12195 ‘79127 ‘59695 "42316 
"80 1:2346 78246 ‘O4157 “45368 
‘78 1*2821 77312 62955 48109 
“76 13158 "76321 ‘50887 01052 
“74 13514 "75269 49153 04214 
“72 1:3889 ‘74152 “47348 ‘D7613 
“70 1:4286 72963 "40474 61266 
68 1:4706 ‘71700 ‘43531 65193 
66 15152 ‘70355 ‘41518 ‘69415 
64 15625 “68922 . 389436 ‘73951 
"62 1:6129 67395 ‘37289 “78822 
‘60 1:6667 ‘69767 ‘30077 84050 
58 17241 64032 32808 89654 
"56 17857 62179 560487 95652 
54 1°8519 60203 28122 1-02058 
"52 1-9231 ‘58094 25724 108883 
"50 2:0000 05845 "23306 116130 
"48 2°0833 03447 ‘20883 1:23805 
“46 21739 50890 "18475 131868 
“44 2°2727 48170 16104 1°4029 
“42 2°3810 "45277 "138794 1°4903 
“40 25000 "42206 11573 15801 
38 2°6316 "38956 "09472 16709 
°36 27778 "35524 07521 17613 
"34 2°9412 31912 05753 18493 
"32 3°1250 28129 04197 1°9326 
"30 3°3833 "24187 ‘02877 20084 
‘29 3°4483 ‘22161 02312 20425 
"28 5714 20103 ‘01812 2:0736 
“27 3°7037 18015 ‘01377 2°1013 
"26 3°8462 "15901 01008 2°1254. 
"25 4-0000 13766 007031 21454 
"24 4°1667 "11612 004595 2°1613 
"23 4:3478 09444 ‘002741 21731 
"22 4°5455 07267 001424 2°1813 
2 47619 05083 000583 271858 
‘20 50000 02896 000143 21876 
19 5°2632 ‘00708 | 0000042 2°1879 

g= 18676 5°3545 00000 = -G0Q000000 21880 

21 
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| x Pp Qe; Q% OF 

| | es 0 1:0000 1:0000 U 

! GO ‘010 1-0000 1-0000 3:33 x10 
| 50 020 ‘9999 9998 2°66 x 10~6 | 
| 25 040 9997 9992 213x107 | 
i 10 100 ‘9983 9949 3°32 x107* 9 
i | 5 200 ‘9934 ‘9803 263x1058 9 
if | 4 "250 ‘9897 ‘9694 511X109 
| 3 333 ‘9818 | -9464 0129 
1 2 500 ‘9598 "8842 0386 
|| 1 1-000 ‘855 | 625 "252 
1 875 1143 ‘818 ‘AT 348 
ii "750 TSee ‘766 ‘450 ‘493 | 
i 625 1-600 692 331 714 | 
| 500 2-000 “583 198 1:046 | 
| ‘375 2-667 425 ‘0768 1:497 | 
| 250 4-000 209 00913 1-922 | 
i -240 4-167 190 ‘00685 1:944 | 
i 230 4-348 170 00495 1:963 
f 220 4-546 ‘151 00342 1:979 
i 210 4-762 A127 00224 | 1998 
I -200 5-000 111 00136 2002 
i 190 5263 ‘0908 000748 | 2°010 | 
I 180 5-556 ‘0707 000353. | 2-014 | 
i | 170 5882 0505 000129 | 2016 | 
i 160 6:250 ‘0303 ‘0000279 | 2:017 
i ‘150 6667 ‘0102 ‘00000166. | 2:0175 
| g= 145 6:897 ‘0000 ‘00000000 | 2:0175 | 
} 7 

Tasue IV. 
| rer j 

| , S| 8, | 
00 0 10000 | 1-0000 | 0 | 

i 100 ‘010 1:0000 | 1:0000 | 3:33%10—7 | 
i 50 ‘020 9999 ‘9997 2°66 X 10-8 | 
f 25 ‘040 ‘9997 ‘9989 21310 
i 10 ‘100 ‘9983 9934 3:32x10—4 

5 -200 ‘9934 ‘9737 2625 x 10-3 | 
| 4 | 250 ‘9897 ‘9595 5070 x 10-3 

3 ‘355 ‘9819 ‘9295 1180 10-2 
2 “500 ‘9603 "8505 3:780 x 10-2 
1 1-000 ‘8604 548 2327 
‘875 1143 8265 467 3157 
‘750 - 1/333 ‘780 ‘370 ‘437 
625 1-600 ‘715 261 “615 
500 2-000 623 ‘151 | 872 
375 2 667 ‘493 | 0591 | 1-214 
250 4-000 318 ‘0102 | 1582 
200 5-000 236 | 00310 «1697 
190 5263 219 ‘00230 | 1-715 
180 5556 202 =| 00165 | 1-731 
170 5882 184 ‘00115 1746 
160 | 6250 ‘167 =|: 000778 1°759 
150 6667 “149 ‘000494 1:770 
140 7148 ‘131 ‘000298 1778 ; 
130 7692 ‘114 (00166 1-785 
120 8:335 0957 0000837 | 1°790 | 
110 9-09 0777 ‘0L00358 | 1°793 
100 10-00 0598 0000128 | 1°795 

| 090 11-11 ‘0418 ‘00000306 | 1796 
080 12-50 0239 =| -000000325 | 1°797 

| 0069 =| 000000002 | 1°797 | 
‘000000000 | 1°797 
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Problem of a Spherical Gaseous Nebula. 

TABLE V. 

r W(x) 

0 1-0000 

‘010 99998 
"020 99993 
‘040 "9997 
"100 ‘9984 
‘200 "9934 
“500 "9597 

1:000 "8531 
1-250 7851 
1-667 6649 
2-000 ‘D713 
2500 4462 
3333 “2907 
4-000 2076 
4082 “1994 
4°167 "1913 
4°255 1833 
4348 "1753 
4-444 1673 
4-545 1595 
4651 "1518 
4-762 1443 
4878 "1368 
5.000 "1295 
5128 1223 
5263 "1153 
5405 1085 
5506 "1017 
o714 0952 
5882 ‘U889 
6°061 "0828 
6°250 ‘0769 
6°452 0712 
6667 ‘0657 
6897 0605 
7143 0554 
T 407 0506 
7692 0461 
8000 0418 
8333 ‘0377 
$696 0339 
2-091 ‘0303 
9°524 0269 

10°000 "0238 

| w@eye@) 
O 

20110 
21310-° 
000333 
002656 
04065 
"3029 
"0625 

}. § F204 

3°33 X107* 
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Il. On the Changes of Pressure which accompany Point 
Discharge through Hydrogen, contaimng Oxygen and 
Nitrogen. By A. P. Cuatrtock, Professor of Physics, 
and A. M. Tynpau1, B.Sc., Lecturer in Physics, University 
College, Bristol*. 

| ae need for the experiments described in this paper 
arose in connexion with an attempt upon which we 

have been intermittently engaged for some years, to measure 
the molecular complexity of the ions in point discharge 
through gases at normal temperature and pressure. 

Our original plan was to discharge through pure hydrogen 
from a point against a platinum or palladium plate, in the 
hope that these substances might absorb the ions and hold 
them long enough for a measurement of the resulting 
pressure change to be made. : 

If the volume and pressure of the hydrogen are V and P, 
and a decrease of pressure of p is observed after discharging 
ec coulombs, the corresponding change of volume, for P 
constant, is Vp/P=v. 

Now the volume of hydrogen given off by one coulomb in 
a water voltameter is 0°116 c.c. at 0° C.and 760mm. Hence 
the number of complete molecules which must have been 
removed from the gas, or at least have ceased to exist as 
separate pressure-producing bodies when the charge on one 
monovalent ion is passed through it is 

v . 
meariG xc. 

where v is the change of volume at 0° C. and 760 mm. 
(The 2 comes in because a molecule of hydrogen contains 
two monovalent ions. ) 

In what follows the expression “per ion” always means 
“ner hydrogen atom set free in a water voltameter placed in 
series with the discharge vessel.” 

Suppose now that the ions carrying the point discharge 
are in some way removed from the gas when they reach the 
electrodes. If each ion consists of a single atom of hydrogen, 
N will be 0°5 ; but if it carries with it a cluster of hydrogen 
atoms, N will be half the number of atoms in the cluster. 
We found, as was to be expected, that the purity of the 

hydrogen exercised an enormous influence on the contractions 
observed, and therefore on the calculated values of N ; quite 

* Communicated by the Authors, 
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minute traces of oxygen or air sending N up to over 100. for 
negative discharge. But there seemed to be a lower limit to 
the contraction in the purest hydrogen which roughly corre- 
sponded to N=1. This was for a copper plate *. 

As will be shown further on, there are reasons for thinking 
that this limiting value may really be due to the effect we 
were looking for. To be sure of this it was necessary first 
to make certain that impurity was not its cause; and we 
therefore studied in some detail the effects on p of small 
quantities of oxygen and nitrogen in the hydrogen. The 
following is a preliminary account of this work. 

Method of the Hxperiments. 

In fig. 1 is shown a section of the discharge vessel. PP’ are 
discharge points of the finest procurable platinum wire, 

sheathed in glass tubes to within a few millimetres of their 
extremities ; QQ! brass blocks to the flat upper surfaces of 
which plates of various metals could be soldered. P and P’ 
were not of course used at the same time. 

To reduce the warming effects of the current as much as 
possible, the dischar ge vessel was formed of a block of 

copper AA, 10%12°5x15 cub. cms., in which were two 
platinum-lined cavities BB, 7:2 cm. ‘deep and 5°0 cm. in 
diameter, connected respectively to opposite ends of a sensitive 
tilting pressure-gauge capable of indicating changes of pres- 
sure down to about 10—8 atmosphere f. 

Heat produced in one of the cavities was thus after a short 

* With platinum and palladium plates the case is apparently com- 
plicated by the evolution of gas which, under suitable circumstances, 
may turn the contraction into an expansion. 

+ An account of this gauge is to be published shortly in connexion 
with a discussion of the design of EE of this type. 



26. Prof. Chattock and Mr. Tyndall on Changes 

time brought to affect both ends of the gauge, and so became 
inoperative on the latter long before the rise of temperature 
it produced had vanished. 

{t was found that with the currents used (up to about 2°2 
micro-amps.) the heating effects as indicated by the gauge 
were practically over in 3 or 4 minutes after stopping the 
discharge, for distances of about 2 cm. between point and 
plate. For shorter distances the time was also shorter 
of course. The currents were obtained from a Wimshurst, 
and were measured by a galvanometer between A and the 
earthed terminal of the machine. 

Gauge and discharge vessels were shielded from external 
heat effects by two cardboard cases, one outside the other, 
double-walled, and filled with sawdust and wool—their joint 
thickness being about 9 inches. : 

The gauge contained water. To prevent water-vapour 
from reaching the discharge vessels each limb of the gauge 

CurvES I. 

GAS PRESSURE ——~»> 

TIME — 

was trapped with mercury. It was found, however, that 
water slowly worked its way past this mercury—probably by 
creeping between it and the glass-—and small tubes of phos- 
phorus pentoxide were therefore introduced between the 
gauge and the discharge vessels. These tubes were also 
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useful in absorbing the water-vapour formed durimg 
discharge ; the gas having to pass through them in entering 
and leaving B. 

The usual method of experimenting was to observe the gauge 
every two minutes for 8 minutes before and for about a 
quarter of an hour after the discharge. In Curve I ais given 
the record of a complete experiment of this kind for the purest 
hydrogen we were able to obtain. A is the beginning and 
B the end of the discharge. The greater part of the rise of 
pressure between A and B is seen to be temporary, and is no 
doubt mainly due to heat. There is also a noticeable drift 
of the gauge zero, which owing to the extreme sensitiveness 
of the gauge we were unable to avoid, and which altered in 
a more or less regular manner with the temperature of the 
room. We found that within the lmits of about twenty 
minutes to half an hour we could depend on the change in 
this drift being small and uniform, but not for much longer 
intervals. Curve 106 represents Ourve la with the drift 
eliminated. It shows that the discharge has brought about a 
small permanent lowering of the gas pressure by the 
amount p. Curve le represents a similar set of readings for 
hydrogen containing a trace of oxygen, the drift having been 
again eliminated. 

Discharge in Pure Hydrogen. 

When the amount of oxygen present is above about one 
part by volume in a million of hydrogen, negative discharge 
gives higher values of p than positive. But as the hydrogen 
is purified below this point by continued discharge and 
absorption of the water-vapour formed, the values of p for 
positive and negative discharge, in addition to becoming very 
small, seem to approach equality, in the case of discharge 
against a copper plate. 

To illustrate this we have plotted as ordinates in Curves II. 
the values of p for a series of two-minute discharges of 2°16 
oo against the copper plate used in most of our 
work, 

The exact initial amount of oxygen present in this parti- 
cular case was unknown, but in the light of what follows we 
may put it at about 0-001 per cent. The observations are 
arranged horizontally in the order in which they were made. 
For convenience of identification the points for positive dis- 
charge (circles) and for negative (dots) are connected, each 
set by a separate line; but it will be understood that they 
were obtained, positive and negative, as they occur along the 
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horizontal axis—not all the positives first and then all the 

negatives. 

Curves II. 
aa 

Dyne-cm. 

As a rule the time between each observation and the next 
was about a quarter of an hour, but at special points, as when 
a night intervened, the longer interval is given in hours-by 
the number below. At the points marked by D a discharge 
of negative electricity (2 microamperes) was kept up for 
about half-an-hour, the corresponding values of p being 
unobtainable on account of the drift. The break i in the curves 
indicates a fresh filling of the apparatus with “pure” hydrogen 
after pumping out sufficiently to reduce the original impurity 
about 80 times. 

It will be seen that with the first filling a wait of some 
hours is always accompanied by a rise in the values of ‘p. * This 
is due to the diffusion into the discharge vessel of unpurified 
hydrogen from the space above the mercury of the pressure- 
gauge, connecting tubes, &c. Discharge, on the other hand, 
brings the values down as it should. 

With the second filling the gas was so much purer to start 
with that these effects are almost absent. 

In neither case would it be easy to say which sign of dis- 
charge gives the higher value of p, and by the end of the 
second curves the two signs are obviously about equally 
effective. The common value of p is then roughly 0:3 dyne 
per sq. em., which corresponds with N=1:1. 

This residual contraction of 0°3 is a rough average of what 
appears to be a limit—a rather variable limit it is true—below 
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which repeated discharges will not permanently take us. 
Now in all cases where contraction has been known to be due 
to combination of oxygen with the hydrogen, it has been 

- recognizable by two marked characteristics. Negative 
electricity has produced a larger effect than positive (for 
small amounts of oxygen many times larger); and if the 
discharges have been repeated often enough the effect has 
ceased, presumably because the oxygen has come to an end*. 
Neither of these statements is true of the residual contraction, 
and it therefore seems unlikely that this can be due to a trace 
of impurity. 

On the other hand, its amount is roughly proportional to 
the quantity of electricity passed from the point; that is to 
the number of ions. 

For these and other reasons we are at present inclined to 
connect it with a temporary absorption of the ions themselves 
at the electrodes. 

The limiting value of N=1-'1 means that about two atoms 
of hydrogen (if that is the only gas present) disappear per 
ion. This is consistent with the view that when the ions 
arrive at the electrodes it is only the single electrified atom, 
which may be thought of as holding the complex carrier 
together, that penetrates the electrode and gets absorbed; 
the unelectrified remainder being as it were brushed off at 
the surface of the metal and so rendered free to evaporate. 

An examination of the pressure changes occurring after 
discharge is over does in fact suggest that these remainders 
do not at once evaporate on giving up the charged atoms ; and 
we believe that with improved apparatus now in course of con- 
struction, we may be able indirectly to obtain the value of p 
corresponding to complete absorption of the ions, by obser- 
vations on these after effects. 

Be this as it may, it is only necessary here to show that 
hydrogen was obtained so pure that the changes of pressure 
produced in it were small compared with those due to the 
quantities of oxygen with which we experimented, and this 
will be found to have been the case. Repeated pumpings 
out and refillings brought down p to about the same average 
limiting values as did prolonged discharge; and as an addition 

- of one volume of oxygen in about ten million of hydrogen 
would have perceptibly raised p it follows that, unless there 
is a lower limit to the quantity of oxygen with which hydrogen 
will combine under point discharge, our hydrogen must have 
contained less than 0:00001 per cent. of oxygen. The 

* See page 39. 
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smallest percentage with which we experimented was 
0:00015. 

Alongside the scale of dyne-cm.~? in the curves is given 
the scale of N, calculated as already explained at the beginning 
of the paper. V was 233 c.c. and P was always adjusted to 
75 cm. of mercury. 

Method of introducing the Impurities. 

Fig. 2 is a diagram of the gas apparatus. The hydrogen 
was obtained electrolytically from pure sulphuric acid and 
water; after which it was dried and absorbed by palladium black 
at Pd. Gas was then pumped away from the palladium until 

Fig. NO 
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with the assistance of a little warming all impurity might be 
supposed to have been swept out; and the palladium vessel 
was connected to the receiver R, into which the rest of the 
hydrogen was passed by more vigorous heating. R, con- 
tained P,O,. 

The impurity (oxygen or nitrogen) was collected in the 
bell-jar R, over sulphuric acid and introduced by way of the 
graduated tubes CC, into the mixing flask M (volume about 
1200 cic..). 

The discharge vessels having been filled with hydrogen 
from R, to a pressure of 75 em., this was pumped over into M 
by the mercury piston P. M was then warmed gently to 
ensure mixing and the gas pumped back again into the 
discharge vessels. In this way we were sure that the impurity 
was uniformly distributed through the hydrogen pumped over, 
and that calculation of the percentage present was simply a 
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question of volumes and pressures. The pressure-gauges 
AAA were for measuring the latter. | 
Dummy experiments were of course made in which the 

pure hydrogen was pumped over and back before impurity 
was put into M; no indication that the hydrogen had been 
contaminated by this process could be detected when all was 
working properly. 

The usual trouble with leaking taps was experienced. 
Mercury seals were used throughout to prevent air getting 
in, but we also used internal mercury seals in the case of the 
taps marked 8. The plugs of these taps were hollow so that 
mercury could be passed into them from outside and allowed 
to run a short distance along the connecting tubes while the 
plugs were open. It was thus impossible for gas to pass the 
plug when closed. We also had trouble in preventing leakage 
between the discharge vessels and the outer air. This was 
finally overcome by completely immersing the copper casting 
pmMmercury: 

Oxygen in Hydrogen. 

The large permanent contraction that occurs when oxygen 
is present is roughly proportional to the current for both 
sions of discharge from about 2 to 9 micro-amperes. This is 
shown by Curves III., which were taken with hydrogen 
containing between 1 and 2 per cent. of oxygen. 

With smaller currents negative discharge gives values of 
p which are too small. At 1 microampere for instance p is. 
about 6°5 per cent. too small-compared with its value for 
twice that current. Positive discharge does not show this 
discrepancy. 

Similarly p is proportional, for both signs, to the duration 
of the current from about half a minute’s interval upwards. 
Below this interval the time required to start the current 
introduces too much error for a test to be possible. 

The values given in Curves III. were obtained by passing 
the various currents for 10 minute intervals. This happened 
to give time for the temperature of the gas to become steady 
during the last four or five minutes of the discharge ; and 
the slope of the pressure curve in this region, when corrected 
for drift (S, in Curves Ic), was therefore due to the formation 
of the water-vapour only. 

It follows that p should be calculable from this slope 
(say ;) as well as from the pressures before and after dis- 
charge (p). In Table 1 we give the ratios p/p, calculated 
from the data of Curves III. 
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Curves III. 

p 

0 i CHOP) A OB IG a 8 Micro-ambs. 

TABLE 1, 
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Microamperes. 
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9-5 0:96 : 1-04 

ee 1:16 | 1:05 

6-1 112 | 1:07 

4 1:00 | 1:07 

3:2 0:97 | 1°16 

. i 1:09 1:08 

1:9 1:34 (?) | 111 

‘ iJ | 
1:05 | 1:08 

- These ratios bring out the fact, which has since been 
abundantly verified, that p is greater than p,, 7 e. that 

the contraction does not cease with the discharge ; the amount 

of this after effect being about 7 per cent. of the contraction 

during discharge, and probably the same for both signs of 

current, 
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Connexion between the Percentage of Oxygen and 
the Contraction. 

A series of various quantities of oxygen in hydrogen 
ranging from 0:0002 to 14 per cent. was taken and the fall 
of pressure, p, observed in each due to the passage of 2°16 
micro-amperes for 2 minutes. p is plotted in Curves IV. 
with the percentage of oxygen, the points being marked 
by dots. The distance from point to plate was 2 cms. 

It will be seen that for positive discharge through nearly 
pure hydrogen the gas contraction amounts to about 
10 molecules per ion (N=10) and that it reaches a minimum 
at about 0°15 per cent. of oxygen. For negative discharge 
its value is about 25 molecules per ion between 14 and 
2 per cent., but below this the curve rises rapidly to a high 
peak in the region of 0:01 per cent., corresponding to about 
75 molecules per ion. (See Curves VIII. for magnified 
drawing of peak.) The effect of the current on the oxygen 
is thus far from obeying the laws of electrolysis ; and this is 
consistent with observations of Warburg’s on the effects of 
point discharge through oxygen and carbon dioxide. 

The height of the negative peak seems to depend very much 
on the condition of the discharging point. Atter making the 
above observations we used the same platinum wire point for 
two long series in hydrogen containing nitrogen, and a 

Dyne-Cm.* Curves IV.—Oxygen in Hydrogen. 
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third in which the nitrogen was replaced by air; and on 
returning to oxygen directly after these we found the height 

_ of the peak was about halved, while at the highest percentages 
the height of the curve had somewhat increased. With 

_ positive discharge on the other hand there was little change. 
This second series of oxygen observations is given in 
Curves IV. (circles). : 

Phil. Mag. Ser. 6. Vol. 16. No. 91. July 1908. D 
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On taking out the point at the end of the above we found 
it coated with a light buff coloured deposit for about a 
millimetre up its sides, which disappeared on heating to 
redness. 

When a foreign gas like oxygen is present in any quantity 
in hydrogen, there is a chance of an appreciable amount of it 
being ionized at the discharging point along with the hydrogen 
itself. This may well complicate the chemical processes 
accompanying discharge, since not only may the hydrogen 
ions promote direct combination of hydrogen with oxygen, 
but the oxygen ions may also be responsible for a similar but 
independent action in a possibly different manner, to say 
nothing of the formation of ozone. 

For this reason the most interesting, because the simplest 
case to consider, is that in which only a very small percentage 
of oxygen is present, and this is the case we have chiefly 
studied. | 

When the amount of oxygen present is small—say under 
0°01 per cent.—it is possible at a single sitting by repeated 
discharges to reach a point where further discharges produce 
only the small residual contractions observed in “ pure” 
hydrogen. This point is a very definite one. For some time 
before it is reached, the contraction per coulomb is nearly 
constant, but the drop to the smaller value occurs quite 
suddenly when it comes. We have determined the position 
of this drop for small percentages of both air and oxygen in 
hydrogen, with both positive and negative discharge. In all 
cases, the same character of curve was obtained on plotting 
the contraction per coulomb with the coulombs discharged. 
The nearly level top and the sudden drop were always marked 
features ; the curves for air and for oxygen were practically 
indistinguishable, and except for the fact that negative 
discharge promotes combination more rapidly than positive, 
the same applies to the curves for the two signs of current. 
In illustration we give in Curves V. the results for negative 
discharge in air. ‘Ihe curves were constructed as follows— 
the axis of abscissee was divided up into a series of spans 
representing the times in minutes the current (1°08 micro- 
amp.) was passed in successive discharges, and at the centre 
of each span was erected an ordinate giving the change of 
pressure produced by 1:08 micro-ampere flowing for one 
minute. ‘The area of the figure thus gives the total change 
of pressure which occurs before the drop is reached. It will 
be noticed that the curves are not always the best which could 
be swept through the experimental points. The curves 
drawn were as a matter of fact obtained as explained on 
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p- 37, and are so nearly coincident with the points that it 
did not seem necessary to complicate the figure with a 
second set. 

Curves V.—Air in Hydrogen. 

ba Te Air 
Cae 090023 

20035 

e0 [49 
0361 
+0527 

Qa 

6 
(S 

d. 
e 
£ 

2 
Oe red 

mG] 20 30 Minutes 

The question whether this sudden drop in the contraction 
eurve means that the whole of the oxygen has been trans- 
formed into water-vapour naturally arises here. We have not 
yet had the opportunity of obtaining the data necessary for a 
complete answer, as it involves greater modification of the 
apparatus than we are at present in a position to carry out, 
but the following arguments show that the quantity of un- 
combined oxygen present when the drop is reached is at most 
10 per cent. of what was originally mixed with the hydrogen, 
and probably less. | 

There is nothing @ priort impossible in the idea that 
_ practically the whole of the oxygen may enter into com- 

bination with the hydrogen, for Nernst * has shown that the 
equilibrium pressure of oxygen in a mixture of that gas with 
hydrogen and water-vapour is vanishingly small at ordinary 
temperatures. At the same time an agent like discharge does 
not necessarily result in the same equilibrium pressures as 
heat. Collie f has obtained measurements of true equilibrium 
pressures in the case of CO, O,, and CO, which are quite 
different to the values given by Nernst for these substances. 
Collie worked at pressures of a few millimetres, and found 
that about 70 per cent. of his CO, had been dissociated on 
reaching the equilibrium point. Also Noda and Warburg tf, 

-* Nernst, Zeet. Phys. Chem. lvi. p. 584. 
t Collie, Journ. Chem. Soc. 1901, p. 1063. 
t Noda & Warburg, Drude’s Annalen, xix. p. 1. 

D2 



36 Prof. Chattock and Mr, Tyndall on Changes 

using point discharge in CO, at atmospheric pressure, under 
conditions which were therefore much more nearly comparable 
with ours, found that at least 3 per cent. of the CO, could 
be dissociated, and that at this point marked re-association 
was occurring. 

In order therefore to prove that the drop in our curves 
corresponds with an equilibrium point for which the pressure 
of the oxygen is small, it is necessary to show that discharge 
through hydrogen containing water-vapour only does not 
result in much dissociation of the latter. This is the point 
we have not yet been able to test directly, but some light is 
obtainable on it by an examination of Curves V. 

The water-vapour formed in the discharge vessel accu- 
mulates there, as it has to diffuse through about 18 inches of 
narrow quill-tubing before reaching the P,O;—a process 
which must require many hours. Hence the drop following 
upon the clearing out of a large percentage of oxygen occurs 
in the presence of more water-vapour than that following a 
small percentage. It will be noticed, however, that in every 
case where the level part of the curve is able to form, the 
experimental points rise to the same high value just before 
dropping. The horizontal line AB makes this clear *. 

Now if we may take this as an indication that the same 
amount of oxygen is present in every case just before the drop, 
it will follow either that the drop is not an equilibrium point 
at all, or else that when it is reached the amount of oxygen 
has become very small; otherwise it will be impossible for 
the small amount of subsequent combination indicated by the 
later contractions to bring about equilibrium between the 
equal amounts of oxygen and the very unequal amounts of 
water-vapour in the hydrogen. 

Curves V. may be regarded from a second point of view. 
They are so nearly level up to the drop that equal distances ° 
along the time axis mean nearly equal amounts of oxygen 
removed. In other words, the abscissze up to, but not much 
beyond the drop, give percentages of oxygen (proportionally) to 
within a constant when measured from right to left. The drop 
curves are in fact approximately the peak plotted backwards. 

In Curves VIII. (second air) is given a magnified drawing 
of the peak obtained for the same conditions as Curves V., 
except that the gas was dry and the current was larger. On 
the assumption that practically the whole of the oxygen is gone 
when the drop is reached, we have constructed a curve from 

* Curve f, it is true, does not rise quite so high as as the others, but 
this is doubtless because the discharges in this case were kept on for so 
many minutes that the last reading is the average of the highest with 
lower parts of the curve, and is therefore too low. 

se 
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this peak which gives the shape Curves V. should take if the 
water-vapour is without effect upon them. (In constructing 
it account was taken of the fact that the scale of minutes is 
not strictly a scale of percentages, and the ordinates were 
reduced to correspond with a current of 1°08 microamp.) 

To distinguish between the tops of ¢ and d their points 
are there joined by straight lines, but everywhere else in 

Curves V. this constructed curve is drawn so as best to fit 
the points. Near the lower end of the steep part the latter 
are irregular as they are apt to be in that region ; but the 
agreement is in the main good. It shows that Curves V. 
and VIII. are different expressions of practically the same 
phenomenon, though V. are for wet and VIII. for dry gas. 

Now the end of the constructed curve necessarily corre- 
sponds with the absence of any added impurity, and the 
steep part is virtually the end. In Curves V. ¢,d,e this part. 
is a little to the right of the lower points, suggesting that the 
drop has occurred before the end of the oxygen was reached ;, 
but in curve /f it is to the left. Even, if we regard the 
position of f as due to error, which there is no particular 
reason for doing, the other three curves indicate that not 
more than about 10 per cent. of the oxygen was left uncom- 
bined at the drop; and taking f into account makes the 
amount still smaller. 

There is a third way in which Curves V. throw light on 
this matter. It is possible to obtain from them a direct 
comparison of the volume, v», of impurity originally put into 
the discharge vessel with the total contraction, v, measured 
up to the drop. 

The results of this comparison for oxygen are given in 
Table 2. P is the percentage of oxygen (by volume) 

PARLE! 
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originally in the hydrogen ; the volume of the oxygen being 
of course measured at the same temperature and pressure as 
the hydrogen with which it was afterwards mixed. The 
volume of the discharge vessel alone (136 c.c.) was used in 
calculating v) as the oxygen in the space above the gauge 
was not affected. 

The mean value of v/v is thus 2°8; and this agrees with 
another value, 2°7, obtained from air, on the assumption that 
the oxygen alone combines with the hydrogen in this case 
(for justification of this see below). 

For both air and oxygen the ratio is a little larger for 
negative than for positive discharge, but the agreement 
between the individual values is not good enough to warrant 
the conclusion that this difference is real. 

Now, as already explained, the water-vapour formed may 
be taken as having remained in the discharge vessel during ~ 
the quarter of an hour of the discharge and subsequent drift 
readings ; and this means that if the combination occurring 
was that of gaseous hydrogen and oxygen the value of v/v 
should be not greater than 1, even if the whole of the oxygen 
combined. 

The discrepancy seems to us to be connected with the 
position of the combination region. On this head we hope to 
have more to say in a later paper, but some evidence has 
already been obtained which points to a gas film on the 
surface of the electrode as the seat of at least a large part 
of the chemical action. If this turns out to be correct, it 
may well happen that the water-vapour formed gets entangled 
in the film for so long that when it does evaporate the 
change of pressure is reckoned in with the general drift of 
the pressure-gauge and does not appear in p. This would of 
course result in the value 3 for v/vy if no oxygen is left 
uncombined at the drop. If 10 per cent. is left uncombined 
the ratio should be 2°7, and this is almost exactly the mean 
value of all the oxygen and air determinations *. 

The interpretation of the ratio found is almost sure to be 
interesting, and light would probably be thrown on it if we 
could get its value for much higher percentages of oxygen ; 
but the labour would be too great to face with the present 
apparatus. To clear out 5 per cent. would take about 500 
hours. With a discharge vessel one-fiftieth the present size 
large percentages could be used, and with these, as well as 

* Hydrogen in contact with phosphorus pentoxide contains about 
000002 per cent. by weight of the latter (Morley, J. Am. Chem. Soe. 
xxvi.), but this is far too small a quantity to account for the high ratio by 
combining with the water-vapour formed. 



ip ae 
eek eT 

of Pressure which accompany Point Discharge. a9 

; with much longer periods of discharge, the new apparatus 
} will enable us to work. 

Nitrogen in Hydrogen. 

In Curves VI. (dots) are given the results of the first 
nitrogen series referred to above. It followed directly upon 
the first oxygen series, the platinum point having been left 
untouched in order that the geometrical conditions might be 
identical in the two cases. 

The nitrogen was made from urea, and after bubbling 
through caustic potash and strong sulphuric acid was collected 
over the latter. 

Curves VI.—Nitrogen in Hydrogen. 
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It has been shown by de Hemptinne™* that point discharge 
through hydrogen and nitrogen mixed in combining pro- 
portions at a pressure of 4 cm. results in the formation of 
ammonia. Now ammonia formed from gaseous hydrogen and 
nitrogen involves a greater gas contraction per atom of 

q hydrogen than does water-vapour from hydrogen and oxygen. 
For this reason, in preparing the apparatus for the first set 
of experiments with nitrogen, we contented ourselves with 
pumping out and refilling with pure hydrogen until the 
amount of oxygen left from the previous set was several 
times less than the smallest amount (0°001 per cent.) of 
nitrogen we intended using. It did not seem worth while 

* Zeit. f. Phys. Chem, xlvi. p. 13 (1908). _ 
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doing more for what were to be trial readings only, and this 
turns out to have been fortunate. 

For examination of the nitrogen curves suggests somewhat 
unexpectedly that the effects observed were due not so much 
to the nitrogen as to the trace of oxygen still present ; at any 
rate in the case of the lower percentages. 

It will be seen that the positive curve starts at practically 
the same point as that for oxygen, and that the negative rises 
to a peak which is about as high as the oxygen peak. It is 
true the nitrogen peak is much more spread out along the 
scale of percentages, but that is of course because the nitrogen 
percentages are plotted. We have only to suppose that the 
nitrogen contains between 0-1 and 0°2 per cent. of oxygen to 
make the two peaks correspond. 

Another fact which supports the oxygen theory is the ease 
with which we were able to clear out the active impurity. 
At a rate of discharge which would have required many 
weeks to clear out 2 per cent. of oxygen, we were able in 
a few hours to reduce the same percentage of nitrogen to 
inactivity. 

On this assumption—that the contractions observed when 
nitrogen is the impurity are really due to traces of oxygen— 
we have calculated the amount of this oxygen which must 
have been present; expressing it as a percentage of the 
nitrogen, and using of course the ratio 2°8 of Table 2. 

The only percentages for which the discharge happens to 
have been continued to the drop are the first five; and these 
are given in Table 3, along with the amount of oxygen 
calculated. 

TABLE 3. 

Percentage of Percentage of Oxygen 
Nitrogen. in the Nitrogen. 

0-:0014 3 85 | 

010 ark 

O75 cit 

206 40 

2°22 “L7 

These numbers not only indicate the exhausting of a 
limited supply of the active agent, whatever it is, but they 
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clearly tend towards the particular percentage (between 
0-1 and 0°2) which brings the peak to the right place to 
correspond with the oxygen peak. 

In Curves VI. (circles) are given the results of a second 
nitrogen series, taken directly after the first. For this the 
apparatus was alternately pumped out and filled with “ pure” 
hydrogen until the nitrogen left from the first series was 
reduced several thousand times, and the oxygen in it probably 
more than a million times. The negative curve now shows 
sions of the fall in the height of the peak which we mentioned 
above, and it is impossible to say where the peak ends. We 
therefore cannot use the position of the peak to find the per- 
centage of oxygen present as before. But in Table 4 is 
given a set of percentages worked out similarly to those in 
Table 3. 

TABLE 4. 

Percentage of Percentage of Oxygen 
| Nitrogen. | in the Nitrogen. 

| 0-006 | ? 
| 016 | ? 

065 | ‘18 

125 . 12 

62 | 12 
/ 

1-05 “14 

Here the first two nitrogen percentages, though larger 
than those in Table 3, gave values of p which were too small 
to rely on, and the 0°18 of the third is also rather uncertain 
for the same reason. There can, however; be little question 
that we are here dealing with quantities of impurity which 
bear a constant proportion to the nitrogen present with them, 
and which were, therefore, doubtless to be found in that 
nitrogen before it entered the discharge vessel. 

The initial charge of oxygen, indicated by Table 3, is no 
longer present, but the fact that the numbers in Table 4 
correspond to the limiting value of those in Table 3, and that 
this limiting value brings the first peak to the point which 
corresponds with oxygen, renders it extremely probable that 
in Table 4 we are also dealing with oxygen, introduced in 
the nitrogen. 
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Air in Hydrogen. 

It was interesting to apply the same argument to the air 
series (Curves VII. dots) which was taken directly after the 
second nitrogen series, as the amount of oxygen present was 
there known. 

Curves VII.—Air in Hydrogen. 
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Only two percentages happen to have been taken up to the 
drop, and of these only the second (0°006 per cent. of air) is 
reliable. Calculating from this the percentage of oxygen 
present in the air, we obtain 17. 
A second set of air discharges (Curves VII. circles) was 

taken after the point had been cleaned by heating to bright 
redness, and from this the numbers in Table 5 were calculated. 

TABLE 5. 

+ Discharge. — Discharge. 
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00023 20 } 00035 | 19 
| 0079 18 | -o19 | 19 

0139 age 0881 | 21 
| |, 0527 21 
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P is the percentage of air in the hydrogen, P’ that of 
oxygen in the air, calculated as in Tables 3 and 4. If we 
neglect the third positive determination for which the value 
of P is somewhat doubtful, the mean of the values of P’ 
comes to 20 ; this is satisfactorily close to the true value 21. 
Altogether it seems safe to conclude that when small quantities 
of oxygen and nitrogen are mixed with hydrogen at atmo- 
spheric pressure, it is the oxygen only with which the 
hydrogen combines. 

Table 5 ends at 0°05 per cent. of air. It is, however, 
probable that up to 14 per cent. the oxygen alone is active ; 
at any rate when the nitrogen is not present in enormous 
eXcess. 

In Table 6 are given the contractions observed in air at 
four higher percentages with the cleaned point; and in 
parallel columns the contractions in oxygen at percentages 
one-fifth of each of these four, taken from the first set of 
observations on oxygen ; 7. ¢. before the point became dirty. 

TABLE 6. 

Percentage | + Discharge. — Discharge. Percentage 

of Airin | | || of Oxygen in 
Hydrogen. po San O,. i} oo haae a ase Hydrogen. 

| | | 

| 019 || 060 | o59 || 3-43 348 || 0-038 
| 

0-32 | 0°64 0-61 2-965 3:05 * || 0-064 

at 0:97 0°83 2-09 1:84 0-74 

ee Tose Oey | 146 166 || 284 

The agreement is sufficiently close to render it probable 
that we are still dealing mainly with the oxygen in the air. 

The position of the peak on the other hand is no longer a 
guide, as its shape has changed since heating the point. 
The effect on it of the condition of the point is very interesting, 
and we have plotted in Curves VIII. the shapes of the 
various peaks we have obtained, with the percentages of 
oxygen corresponding, to illustrate this. 

The highest and sharpest peak is that taken in air directly 
after heating the point and when the latter was therefore at 
its cleanest ; then comes that for the first oxygen set, lower 
at the peak itself, but coinciding beyond about 0-01 per 
cent.; and below that again the first air and the second 
oxygen sets taken with the point quite dirty. Hach of these 
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shows a tendency to peak formation at the lowest percentages, 
which vanishes further on as though it were overpowered 
by some opposing tendency. 
We have also plotted (crosses) the curves for the two 

nitrogen sets, the first being dotted in for clearness. Table 3 
gives for the first series the amount of oxygen present in the 
nitrogen up to 2°22 per cent. of the latter, and beyond that 
we have assumed it to bear a constant proportion to the 
nitrogen of 1: 600. For the second series Table 4 shows the 
proportion to be constant at 1: 770 about. : 

The first nitrogen curve starts with what looks like an 
intention of coinciding with the first oxygen curve. After 
two high readings, however, it falls suddenly to a low level 
and stays there; and it is after this fall that the peak does 
not again reach a high value in any subsequent curve until 
the heating of the point. Some permanent change in the 
conditions seems to have occurred—possibly connected with 
the large amounts of nitrogen now present (10 per cent. to 
14 per cent.). 

But the beginnings of the curves do not seem to have been 
much affected. All the five curves taken before heating 
the point start off along practically the same line; so that 
for the lowest percentages—up to about 0:003 per cent.— 
the condition of the point had little influence on the values 
of p. 

The ends of the nitrogen curves are low. They are also 
steep, and do not seem inclined to follow the directions of 
the other low curves. These facts may perhaps also be 
attributable to the quantity of nitrogen present. It seems 
desirable to repeat and extend these observations with much 
purer nitrogen. 

After the point was heated to bright redness, at which 
temperature it was kept for several minutes, the contractions 
went back to their old values for oxygen above about 
0°01 per cent., but below that percentage they were com- 
pletely changed. 

Curves VIII. show clearly the sharpening and raising of 
the peak that has occurred. The curves for positive discharge 
too, which had so far been practically level up to percentages 
well above 0°06, now showed a definite tendency to form a 
minute peak at about 0°0005 per cent. 

Fleating Effect of the Discharge. 

Tt has been shown* that when gas is blown against a 
plate by discharge from a point opposite, the wind produced 

* Chattock, Phil. Mag. vol. v. p. 48 (1899) ; vol. vi. p. 1 (1901). 
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depends only on the current from the point and the specific 
velocities of the ions, for given geometrical conditions. 

Curves VIII.—Negative Peak. 
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The greater the wind the more rapidly will the gas be 
cooled by the plate, if, as in our case, the plate is in thermal 
contact with a large mass of metal ; and this will mean that 
the temporary expansion during discharge will be less, other 
things equal. It follows that changes in the amount of this 
expansion per watt will indicate changes in the specific 
velocities, and therefore in the sizes of the ions, if the ex- 
pansion is dependent only on the temperature of the gas; large 
expansions implying small ions and wice versa. 

Of course the expansion is not a certain guide to ionic 
dimensions as heat may not be its only cause; and the fact 
that in pure hydrogen with a clean point the expansion per 
watt is more than 100 per cent. greater for negative than for 
positive discharge, seems to show that the smaller size of the 
negative ions is not responsible for the whole of the difference 
between the expansions for positive and negative. 

In Table 7 are given numbers which are proportional to 
the expansions per watt during discharge in the first set of 
oxygen observations; h being the difference between the 

(@) 0:0) 0°02 
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reading of the pressure-gauge at the middle of the two 
minutes’ discharge and the mean of the readings before and 
after the discharge (see Curve I. c). 

TABLE 7. 

Percentage of eae. 
Oxygen in 

oe + Discharge. — Discharge. 

00 5 12 
‘00016 6 13 
‘00075 +5) 12 
‘0040 6 15 

| 012 6 14 
025 | 6 ‘iD 
036 6 2 
‘10 ua | 8 
‘11 6 9 
15 6 | 8 
"22 T 9 
Te 6 6 

2°2 7 9 
23 6 if 
4°6 6 6 | 
6:2 7 | 8 | 
9-1 7 8 

14-1 i 8 | 
| 

lt will be seen that above 0°012 per cent.—that is just 
where the negative peak is falling—the values for negative 
discharge are alse falling rapidly towards a constant value. 
For positive discharge the values are practically constant 
throughout. 

If we may take this as indicating that the fall of the peak 
is accompanied by an increase in the size of the negative 
ions, the conclusion receives support from an observation of 
Warburg’s* that minute traces of oxygen added to hydrogen 
or nitrogen largely diminish the current from a negative 
point at a fixed potential, and only slightly diminish that 
from a positive point. 

Warburg unfortunately did not work with known amounts 
of oxygen, so that we cannot be sure that our peak region 
corresponds with the region in which he observed the fall of 
conductivity. But the potential measurements seem to show 
that the two regions are the same; and if so our values of h 

* Drude’s Annalen, ii. p, 295. 
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make it likely that some part of the effect of oxygen on the 
conductivity is due to an increase in the sizes of the ions, 
as Warburg himself thought possible. It will be interesting 
to test this by direct measurement of the ionic velocities ; 
our new apparatus will we hope enable us to do so. 

Summary of Results. 

1. Oxygen present in hydrogen at atmospheric pressure 
and subjected to point discharge, combines with the hydrogen 
at the rate of about 16 molecules of oxygen per ion for 
positive and 25 molecules for negative between the per- 
centages 2 and 14 by volume for the particular point used. 

2. Below 2: per cent. the combination for negative rises 
rapidly until it may reach as many as 110 molecules per ion 
below 0:01 per cent. 

3. Below 0°2 per cent. of oxygen the combination for 
positive is about constant, and roughly equal to 10 molecules 
per ion. 

4. There is evidence that at least 90 per cent. of the oxygen 
can be caused to combine with the hydrogen by point dis- 
charge. 

5. The presence of one part of oxygen and upwards in ten 
. million of hydrogen can be detected and roughly measured 
by the methods here described. 

6. The maximum contraction producible is about 2°8 times 
greater than the volume of the oxygen present when the 
water-vapour is allowed to remain in the discharge vessel. 

7. When nitrogen is present with oxygen in hydrogen, 
even in enormous excess, the combination that occurs is 
mainly, and perhaps wholly, between the oxygen and the 
hydrogen. 

8. About 7 per cent. of the contraction occurs after the 
discharge has ceased. 

9. There is evidence which suggests that the addition of 
oxygen above 0:01 per cent. increases the size of the negative 
ions ; while its effect on the positive ions is inappreciable. 

10. In pure hydrogen the contraction corresponds to about 
1 molecule per ion. 
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Cue 
III. Discharge from an Electrified Point and the Nature 

of the Discharge occurring through very small Distances. 
By Ropert Ff. Harwartr”. 

[Plate I.] 

Discharge between Point and Plane. 
HEN an electrified point, such as a needle-point, is 

separated from a plane of opposite electrification, a 
discharge wiil occur if the potential-difference between point 
and plane be sufficient. In case the point is positively 
electrified, the potential-difference required for discharge will 
be greater than if the point were negatively electrified. 
This fact has long been known. 

A series of measurements by Tamm is quoted by 
J. J. Thomson in ‘ Conduction of Hlectricity through Gases,’ 
p- 499, 2nd Hdition. The results there recorded for air at 
atmospheric pressure give a minimum potential of 2140 volts 
for a negative point and a value of 3760 for a positively 
electrified point. This potential-difference, however, is the 
minimum potential required to cause a perceptible leak 
between a point and a plane several centimetres removed: 
in other words, the least potential-difference required for 
the particular distance shown, not necessarily the least 
potential that will produce a discharge if the distance 
separating the electrodes be decreased. Recent experiments 
have shown that there is a minimum value for potentials 
required to produce an ionization of air or other gas between 
the electrodes, due to the field itself as the ionizing agent. 
This might be called the least ionizing potential. Its value for 
air has been determined by several observers as 350 volts. 

A discharge for potential-difference less than 350 volts 
may be obtained if the distance between the electrodes is 
very minute. Such discharge at these abnormally small 
distances is probably not due to an ionization of gas between 
the electrodes, but possibly to corpuscles shot off from the 
electrodes. The object of this investigation is to measure 
the potential-difference required to cause a spark to pass 
between a point and plane under certain specified conditions, 
and to make measurements of distance to include the region 
where the projected corpuscles are supposed to carry the 
discharge ; also to examine the nature of this discharge. 

Measurements made by the author some years ago (Phil. 
Mag. [6] i. p. 147, 1901), indicate that for distances less 
than three wave-lengths of sodium light a discharge between 
a curved electrode and a plane may take place with a 

* Communicated by the Author, 
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potential-difference which is not sufficient to produce an 
ionization of the gas. Measurements made by Kinsley (Phil. 
Mage. [6] ix, p. 692, 1905), Hobbs (Phil. Mag. [6] x. p. 617, 
1905), and others give approximately the same result. The 
values obtained by Hobbs indicate that the distance through 
which this corpuscular discharge occurs varies with the 
character of the metal electrode. This will be referred to later. 

The measurements made by Tamm (Annalen der Physik, 
1901, no. 10, p. 259) were those of a potential-difference 
obtained by operating a static machine. This is an advantage 
in so far as a fine point may be used for successive discharges. 
Sparks of this kind do not involve much energy, and the 
point is but shghtly modified by the passage of a single spark. 

I proposed in this experiment to use a bank of storage- 
cells as a source of E.M.F. and to measure potential-differences 
by means of a Weston voltmeter placed across the spark-gap. 
A discharge from a _ needle-point under such conditions 
represents a much greater flow of electrical energy, and 
the point is damaged to such an extent as to make a new one 
necessary. 

A series of preliminary measurements between point and 
plane were made with an alternate current source, which 
‘indicated that with a proper selection of points consistent 
results could be obtained. This preliminary report was. made 
before Section B of the A. A. A. 8. at the Ithaca meeting 
during the summer of 1906. 

There are two objections to such a source of potential- 
ditterence :—-(1) The polarity of the point is unknown when 
discharge occurs. (2) Higher harmonics may be present 
in the potential curve. Discharge would then occur at a 
potential corresponding to the peak of the curve, and the 
Square root of mean square value, as given by the voltmeter, 
could not be depended upon to indicate the correct value 
at which discharge occurred. A suitable storage battery will 
at least obviate such difficulties. 

The points used in this investigation consisted of No. 10 
Sharp needles. A large number were examined by means of 
-a microscope, and one which appeared as representing a fair 
average was selected as a master needle. Other needles were 
then examined by means of the microscope and were matched 
against the master needle. 

Fig. 1 indicates the manner of supporting the needle 
and the means used to set it against the plane. The plane 
consisted of a steel disk 2°54 cm. in diameter, this was 
ground plane but not polished. The plane P was mounted 
on and suitably insulated from the movable carriage of 

Phil. May. 8. 6. Vol. 16. No. 91. July 1908. 
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a Michelson interferometer. This carriage supports the 
mirror M. 

The interferometer was enclosed in a heavy iron box, and 
was securely fastened to it so as mechanically to form part 
of the same. The rod in which the needle was secured by 
means of a set screw was 7 of an inch in diameter. This 
rod passed through a cylinder of hard rubber (R). The 
metal rod passed through the insulating cylinder 2 of an inch 
from the centre. The manner of attaching the rubber 
insulator and rod to the box is indicated in the figure. It 
was necessary to withdraw this system after a spark- 
discharge in order to introduce a new needle. By orienting 
the insulating cylinder a new needle could thus be brought 
to bear on a portion of the plane which had been undisturbed 
by the previous discharge. The motion of the interferometer 
carriage and plane was controlled by the usual screw motion. 
This was operated through a stuffing-box not shown in the 
figure. Suitable openings for admitting dry and dust-free 
air were provided. The electrical arrangement is shown in 
fio. 2. Here P and P’ represent the electrodes. A double- 
pole double-throw switch made it possible to connect these 
in a circuit containing a galvanometer (G) and a small 
e.m.f. The usual procedure was to move the plane against 
the point and determine the position of contact by testing 

with this cireuit as the plane was pulled off. No difficulty 
was experienced in securing a definite and positive zero 
setting. The plane was then moved forward the desired 
distance, this distance being measured in terms of wave- 
lengths of sodium light. The double-throw switch was then 
thrown over, and the surfaces made part of the circuit con- 
taining the storage-cells and liquid resistance R. A Weston 
voltmeter, together with a suitable multiplier placed in 
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parallel with the spark-gap, served to indicate the potential- 
difference of the Lisp e. 

Bn ries 2: 

a: 
l' stTorRaGe ceuts |i 

Dry dust-free air was the only dielectric used. Measure- 
ments were made at three pressures for point positive. 
Similar measurements for negative points were made at the 
same pressures. Very favourable temperature conditions 
prevailed during the entire progress of the work. The usual 
temperature was 21° C. No variations exceeding 1°5° above 
or below this temperature were noted. 

Tables I. to VI. inclusive give the results obtained. These 
are represented graphically in Pl. I. figs. 1, 2, and 3. 

TABLE I.—Air 75 cm. Pressure. 
Point +. 

Distances Least P.D. || Distances Least P.D. 
in required | in required 

wave-lengths | for discharge. || wave-lengths | for discharge. 
Na light. Volts. | Na light. Volts. 

1 | 282 10 517 
1 | 292 12°5 517 
I 2A) 14 517 
a ee | 15 526 
2d 432 20 545 | 
3 361 | 20 587 | 
3 366 : 20 598 | 
4 354 | 20 | 596 
4 488 25 d31 
+) 517 . 25 | 532 
5 499 30 599 
5 | 470 35 583 

oe 499 35 610 
i Bae WS | AG 604 
75 | 526 45 Gq | 
8 540 50 658 

10 | 516 | 50 640 
10 / 517 : 50 650 
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TABLE IJ.—Air 37 cm. Pressure. 
Point +-.. 

| | 

Distances — Least P.D. | Distances Least P.D. 
in required in required 

wave-lengths for discharge. |, wave-lengths | for discharge. 
Na light. | Volts. Na light. Volts. 

1 347 15 446 
1 376 20 526 
3 395 20 456 
5 364 25 517 
5 426 30 503 

10 409 40 508 
10 395 50 503 
12 428 7d 564 
15 | 446 92 , Seat 

TABLE I[J.—Air 25 cm. Pressure. 

Point +. 

Distances Least P.D. Distances Least P.D). 
in required | in ' required 

waye-lengths | for discharge. | wave-lengths for discharge. 
Na light. Volts. | Na light. | Volts. 

1 376 20 | 409 
2°5 385 20 / 423 
2°5 390 25 446 
5 390 30 461 

10 Sp liens 3D | 456 
10 395 1 40 47d 
10 381 | 45 475 
15 395 ) 50 488 

Taste LV.—Air 75 em. pressure. 
Point — 

Distances Least P.D. || Distances | Least P.D. 
in required ) in / required 

_wave-lengths | for discharge. |) wave-lengths for discharge. 
| Na light. Volts. | Nalight. | Volts. 

0:5 ote ee: | a 
| 1 329 20 | 423 
) 1 338 25 / 437 
| 25 329 i cept | 

4 329 30 | 451 
5 319 | 35 460 

12 338 | 40 | 471 
/ 12 329 50 494 

15 376 50 517 
| 18 | 385 | 
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TasLeE V.—Air 37 cm. pressure. 
Point — 

Distances Least P.D. | Distances Least P.D. 
in required — in required 

wave-lengths | for discharge. | wave-lengths | for discharge. 
Na light. Volts. | Na light. Volts. 

i! 338 30 338 
3 338 35 338 
5 338 40 347 

10 338 | 45 380 
10 338 | 50 343 
15 347 | 60 344 
20 307 70 357 
25 371 bv haaghe 381 
25 338 100 423 

Taste VI.—Air 25 cm. pressure. 
Point — 

Distances in wave-lengths sf eaeaiecnaeee 1] | 

Na light. Volts. 

f a 

1 343 
5 at 343 

10 338 
20 343 

40 338 
50 338 

100 | 347 
100 | 338 

Pl. I. fig. 1 represents the results obtained with air at atmo- 
spheric pressure. Reading for a positive point is indicated 

by a circle and for negative by a cross within a circle (+). 

The dotted curve shows the potential-difference required for 
a spark to pass between a plane and a sphere, the sphere 
having dimensions large compared with the distances sepa- 
rating the surfaces. The data for this curve are taken from 
an article published some years ago by the author (Phil. 
Mag., Jan. 1901, p. 147). 
Bi Eis: 2 represents values obtained for point positive 

under pressures of 75 cm., 37 cm., and 25 cm. 
fle Ete ym 4 similar manner, Ce the values when 

the point was negative. 
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When discharge occurred there was evidence of a much 
higher temperature existing at the point when the point was 
negative than for point positive. or distances correspond- 
ing to the flat portion of the curve parallel to the axis of 
abscissze, there was a fusion of the point provided it had been ~ 
negative. A microscopic examination of a negatively dis- 
charged point showed that it had been fused down very 
much in the shape ot a mushroom with the convex side 
towards the plane. Under similar conditions for a positive 
point, a fusing temperature had not been attained. A bluish 
discoloration at and near the point showed that a high 
temperature had been reached and the temper drawn. The 
flat portion of the curve parallel to the X axis shows that 
the discharge did not always occur from the point alone. 
When a potential sufficient to produce an ionization of the 
gas is attained, the discharge, or a portion of it at least, will 
occur between the parts removed a distance equal to the 
critical spark-length for the pressure employed. If the 
point lies within this distance, part of the discharge will 
occur from the portion of the needle lying back of the point. 
Hence as the needle is withdrawn no increase in the 
potential-difference needed for the production of a discharge 
will be required until the needle-point is removed to a 
distance exceeding the critical distance. Attention was 
called to this by Carr (Proc. Roy. Soc. xxi. p. 374, 1903). 
The results published by Hobbs in a paper previously men- 
tioned bring out this point markedly. 

The critical distance, if this is the correct interpretation, 
in the case of point and plane is not the same as between 
parallel plates, nor indeed would this be expected owing to 
the difference in the electric fields. My results indicate 
that the critical distance for a pressure of 25 cm. exceeds 
100 wave-lengths of sodium light. 

Paschen’s law indicates that for a pressure of 25 em. the 
critical distance between parallel plates would be 40 wave- 
lengths. This deduction is based on measurements made by 
Carr. 

In discussing the discharge between point and plane, 
J.J. Thomson makes the following statement (‘ Conduction 
of Electricity through Gases,’ 2nd edition, p. 511) :—‘* The 
minimum potential required for the discharge of positive 
electricity from a point is greater than for negative, for the 
minimum potential V> is determined by the condition that 
the electric field near the electrode should be strong enough 
to enable the positive ions to produce an adequate stream of 
corpuscles. Now, when the point is the cathode the positive 
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ions have two opportunities of producing corpuscles, (1) by 
impact with the electrode, (2) by impact with the molecules 
of the gas; while when the point is the anode only the 
second of these is available. This would have the effect of 
making V, for the positive point greater than for the 
negative, and thus making the minimum potential required 

for point discharge greater.” 
The curves shown in Pi, I. figs. 2 and 3 will support, for 

the most part, the interpretation placed on such phenomena 
by Prof. Thomson. The discharge potentials given in the 
tables refer to dark discharge undoubtedly. Upon repeating 
the measurements, with the apparatus outside the box in a 
fairly dry atmosphere, almost identical results were obtained. 
In this case I was not able to perceive any luminosity at 
the surfaces. 

The potentials at which discharge occurred could readily 
be determined by the behaviour of the voltmeter-needle. 
On decreasing the resistance in the liquid rheostat a potential 
would be reached when the needle came to rest, wavered 
and sometimes fell back; on still further decreasing the 
resistance slightly, the voltmeter indicated no further rise in 
potential. If the potential were increased sufficiently, how- 
ever, a crackle could be heard and a luminous spark was 
obtained, the voltmeter-needle falling to zero. The potentials 
given in the preceding tables are those indicating the 
existence of the dark discharge. 

For potentials less than the least ionizing potential it 
was extremely difficult to secure readings. The potential 
gradient is extremely steep, hence variations of 54; of a wave- 
length would be accompanied by large changes in potential- 
difference readings. It is not difficult, however, to explore 
the region for potential-differences which ionize the gas, and 
by taking numerous readings for these potentials one is 
enable to locate quite accurately the place where the gradient 
changes from one of great inclination to one parallel to the 
axis of abscissze. 
My readings indicate that the gradient changes at a 

potential of 338 volts for a negatively electrified point. The 
distance corresponding to this potential-difference is one 
wave-length of Na light. It may also be remarked that for 
distances greater than this, the potential gradient for a 
positively electrified point shifts. For distances less than 
this, the discharge is carried by negative corpuscles or even 
positive ions—metal ions, perhaps, for throughout this limited 
region the gradient is not determined by the polarity of 
the point. 
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Character of the Discharge produced by Potentials less 
than those required to ionize a gas. 

In order to determine whether the carriers of the discharge 
through these abnormally small distances are negative cor- 
puscles or positive metal ions or both, I have made a 
modification of Dr. Hobbs’s experiment. 

It is possible for a discharge to occur between electrodes 
whose potential-difference is less than that required to ionize 
the gas. The distance through which this discharge occurs 
depends on the character of the electrodes. 

Pl. I. fig. 4 shows the results obtained by Hobbs for elec- 
trodes of Pt, Ag, and Al. Hobbs also used Bi, Ni, Sb, Zn, 
and Mg. The potential gradients for these ‘elements lie 
within the limits of those for Pt and Al. 

In Tables VII. to XV. distances in wave-lengths are given 
in the first column under \. Potential-differences in the 
second column are indicated by V. 

TABLE VII. 

Al hee Ag 

| | ail } 

| r | V. | rd va | 

2 121 (aa 4 295 
2 159 i 4 D4 
2°5 164 4-5 301 
25 212 | 5 | 306 
3 | 197 | 5 | 320 
oi | 188 | 6 329 | 
Bie UHL 588 hE Me 342 

TABIsH oy tli. 

Al .--e eae 
| ey ¥ 

x V. | aA | V. 
a ees Se ee jot ee: 2 

2 103 | 4 305 
25 169 4 301 
3 258 45 304 
3 268 5 329 
3:5 277 5 329 
4 305 6 338 
4 320 | 6 338 



from an Electrified Point. . 57 

TABLE IX. 

Pt+ Al— 

4. V. | es Vv. 

15 122 4 291 
2 188 4 295 
2-5 197 4:5 285 
3 231 5 310 
3 235 5 305 
3 235 6 325 
3 295 6 329 
3°5 263 | 

TABLE X. 

(es c= 

| 
x NE: OE Vv. 

1 150 3 338 
1 169 3 338 
15 188 3 342 
15 210 4 348 
2 295 4 345 
2 301 5 348 
2:5 305 5 352 
2:5 305 6 344 

PAR IGi } Mee "TABLE LE, 

Pt+ Ag—- Ag+ Pt— 

r V. | | bie han hye 
| | 

| 
2 295 | 15 179 
2 235 | | 2 | 225 
3 320 | 3 | 306 
S 306 | 3 | 310 
4 348 | | 4 | 329 
4 | 343 | 4 / 329 
5 352 5 | 348 
5 352 5 348 
sete Mee 6 352 

7: 
Or oC) (>) 

218) 
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TasLe XIII. 

Ag+ Ag— 

ey. y. ince ainaied: 0 | 

2 ay eta, 35 258) 9 a 
25 235 35 335 
2:5 em anay | 4 357 
3 306 4 320 
3 306 25) | |. oe 
3 306 5 334 
35 306 5 352 

TARE Perv: 

Ag+ Al— | 

nN V. d Vv 

2 110 | 4 305 
2 197 | 4:5 305 
Pee 132 | 5 320 
3 225 | 5 320 
3 291 | 6 325 
3°5 238 | 6 329 
4 291 | 6 | 320 

TaBLE XV 

Al+ Ag— 

i V x V 

2 1D 4 301 
3 197 4 320 
DD. 1g 4°5 320 
3 273 5 325 
8 282 6 342 
3°5 291 6 338 
4 305 

In all these cases Hobbs used two electrodes of the same 
metal. Suppose, however, that one electrode was Pt, the 
other made of Al. A number of possibilities are presented. 
Ist, If the negative corpuscle is the carrier of the discharge 
the gradient should be determined by the negative electrode. 
2nd, If the positive metal ion is the carrier, the positive 
electrode should determine the gradient. 3rd, If either one 
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could be the carrier, the potential-gradient would be deter- 
mined by the electrode having the lower gradient irrespective 
of its polarity. 

In testing this matter, apparatus similar to that employed 
in the point and plane experiment was used, a sphere 
2°54 cm. in diameter being substituted for the point. Three 
metals were used in the following permutations, viz. :— 

Ad phe lle UN oes iy PE, PE 
ue. how Al, /\,Pit sAl—= 
Beebe) Aes Pio Phe Ae 

In each of these cases the discharge was determined by 
the metal having the lower gradient of the pair irrespective 
of its polarity. ‘These results are recorded in the tables VII. 
to XV inclusive. 

Pl. I. fig. 5 represents graphically the results for Pt and 
Al, z.e., the extreme case. The curves for Pt+ Pt— (A) 
and Al+, Al— (B) are similar to those as given by Hobbs ; 
curves and individual readings show good agreement with 
his results. The curves for Pt+, Al— (C) and Al+ Pt— 
(D) are the same as (B), the individual readings under the 
stated conditions being indicated. Curves representing the 
same relations for the other combinations are not shown ; 
they indicate, however, the same behaviour, viz. :—that the 
metal having the lower gradient controls the discharge 
irrespective of its polarity. i 

Summary. 
Within the limitations previously described the results 

indicate :-— , 
Ist. That the least ionizing potential for point and plane 

is about 338 volts in air; a value some 12 volts less than 
between plane surfaces. 

2nd. That the critical distance is greater for point and 
plane than between plane electrodes. 

drd. That the critical potential is less for a negatively 
electrified point than for a positive point. 

4th. That the gradient for discharge occurring for 
potential-differences less than the least ionizing potential 
is steeper in the case of point and plane than for plane 
electrodes and is independent of the polarity of the point. 

oth. That the carriers for a discharge produced by potential- 
differences less than the least ionizing potential are not 
always negative corpuscles. 

Physical Laboratory, 
Ohio State Univ., Columbus, Ohio, 

Dec. 10th, 1907. 
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IV. The Unit-Stere Theory: The Demonstration of a Natural 
Relation between the Volumes of the Atoms in Compounds 
under Corresponding Conditions and that of Combined Hy- 
drogen. By Gervaise Le Bas, B.Sc.* 

Af 

/ Pawr It, 

THe Revative VoLuMEs oF CarBon AND HyprocEN (a) IN 
THE LiqguiD OLEFInES C,H, |=) AND THE ACETYLENES 
C,H, .|=|, (0) 1x Aromatic aND HypDROAROMATIC 
ComMPouNDS. 

|B a former paper (Phil. Mag. ser. 6, vol. xiv. No. 81, 
_ pp. 324-350) the normal paraffin hydrocarbons C,H,,,, 

were dealt with. The apparent volume ofa particular hydro- 
carbon under all physical conditions, from the melting to the 
critical point, was considered to be measured by the product 
of a number W, which represents the number of valencies, 
and a variable 8, called the unit-stere, the magnitude of 
which depends upon the physical circumstances of the 
experiment. The unit-stere S is equal to the apparent 
volume of hydrogen in the combined state; the apparent 
atomic volume of carbon being equal to 48. The relation 
C=48 thus connects the apparent volumes of the atoms in 
the individual hydrocarbons under the circumstances already 
mentioned, and as a result the equation 

Mol. vol. of C,Hy,49= (6n+2)S=WS 
is always true, at least approximately. 

It is obvious that no direct comparison of the apparent 
volumes of the atoms in each compound is possible, but the 
validity of the above equation can be demonstrated from a 
consideration of the volumes of successive members of the 
paraffin series under coincident conditions. The relation is 
however, not always quite strictly followed in such a series, 
and this constitutes the first limitation of the principle of 
strict additivity to be met with. The explanation given of 
this is that the relative volumes of the carbon and hydrogen 
atoms are very closely in the ratio of 4:1 in a single 
compound, but that the apparent volumes of like atoms 
may change very slightly from compound to compound 
under most physical conditions. Another way of stating this 
is that there is no one physical condition except perhaps 
absolute zero at which ALL the compounds of a series are 
really comparable. Thus the molecular volumes of a series 
of homologous hydrocarbons under corresponding conditions 

* Communicated by Prof. W. J. Pope, F.R.S. 
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are approximately in arithmetical series, sometimes exactly so. 
If this series divided by a second, necessarily arithmetical, 
that of the valency numbers, the respective ratios are constant 
or nearly so. 

Thus, | 
Vi 32 Vo a V; ae ae S SAW 

a constant, which has already been referred to. 
By simple arithmetical processes it is usually possible to 

prove that the apparent atomic volume of H is equal to the 
volume of the unit-stere, and the volume of carbon equal 
to 48. This method is important, because it is the most 
direct method of proving the relation 

Vv 

C=4H=4 Ww" 

It is, however, sometimes not possible to obtain very 
exact values of small numbers by the method of differences, 
and it is also necessary to exclude other relations. The 
following method has been devised to supplement that given 
above. 

Let it be supposed that the apparent volumes of a series 
of homologous compounds like the paraffin hydrocarbons 
under a number of physical conditions be obtained, then, 
assuming that the relation V=WS is true for a single 
compound, 

Vi, Vo, V3, a) Pei e) te « = WW 8, W, S, W; 5. 

Mais Ves Vee OMG Oe wOEE = W, Nie. W, Sis W; Ss 

If the volumes in each series be successively divided by 
those of the first members, then | 

ee ) Weve vee | 

Vi Val Vy See Orne 
Wee War ae? nk | 1 1 

oc ee eee ee ee ) : 

The ratios so obtained must be additive, that is, the differ- 
ences must be equal or nearly so, and also they should be 
reproduced by dividing the valencies of the successive com- 
pounds by the valency of the first. 

Both of these conditions are fulfilled under corresponding 
conditions in a surprising manner, although sometimes not 

’ quite strictly. 
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Divide the volumes of the members of the successive 
series by the corresponding members of the first ; then 

Vi Nee ee NG 1g sss = 97/5, 

Vi /Vp NEV 0 V3"/V3; i IR came Sees A ee ae of 
constants. 

a, ae Pp GAG AME as 

The reference points are generally the critical temperatures 
or pressures, but it has been found convenient to utilize the 
melting-points in the case of the more complex hydrocarbons. 

It is no doubt a fact that the apparent molecular volumes 
under corresponding conditions are proportional to their real 
volumes, approximately at any rate. Let it be supposed that 
these are respectively equal to V,’, V2’, V;°,.... 

Then 
Vi Ni. V; S | 
V 0? V.,.”” V 0? Gy (8. (0) (oF ‘ese 4 ee S°? : 

a a ° | a series of constants 
WaaMauuy & __S’ + of increasing mag- 
WEEN YR NAO 5 4 oe is We | nitude. 

Cy) One Bie eS fe, 6. Uh Matai 4 

The real volumes are known to be about + of the molecular 
critical volumes, and no doubt are equal fractions: of the 
apparent volumes under corresponding conditions. In sup- 
port of this conclusion one finds that the molecular refractions 
are equal fractions of the apparent volumes of the compounds 
under coincident conditions. meas | 

In consequence of this proportionality the molecular 
refractions themselves are subject to additive relations similar 
to those of the apparent molecular volumes of the compounds 
under such conditions. 

UNSATURATED COMPOUNDS. 

The Olejines and the Acetylenes. 

In view of the very interesting relations found among the 
saturated paraffins under corresponding conditions, the pos- 
sible extension of the theory to other series is a matter of 
peculiar interest. Attention will be directed in this section 
to unsaturated hydrocarbons, (1) the olefines C,H,, |=] and 
the acetylenes C,H,,_.|=|, (2) aromatic compounds. 

In spite of the very great amount of experimental mate- 
rial very little of it is suitable for our present purpose, since 
most of the observations refer to some common temperature 
like 0° or 20°. In the case of compounds belonging to the 
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aliphatic series, additive volume relations will be considered 
at the melting-point and at the boiling-point. It is natural 
to suppose that some constitutive effect is noticeable, as 
appears to be the case when other physical properties are 
taken into consideration. Although there is a contraction in 
both the olefines and the acetylenes at the melting-point, 
apparently due to unsaturation, none is found when the 
molecular volumes of the simpler homologues of the unsatu- 
rated series are considered at the boiling-point. Very much 
more experimental work will have to be done before it is 
possible to draw any very general conclusions, and under as 
great a variety of physical conditions as possible. Only the 
barest outlines of the theory can be presented under the 
circumstances, and it is possible that it will have to be modi- 
fied in certain of its details in the light of fuller knowledge, 
and with much more extended experimental material than is 
available at present. 

(a) The Olefines, C,H,,|=|. (Krafft, Ber. 1886, xvi. p. 3018.) 

AU Aveta. 

Table of Volumes of the Olefines at the M.P. 

M.P. 

No,|  Olefine, OnH2p |=). US VE ko. 0 BER ah age 
| (15 mam) ae 

lee Dodecviene SC irs iene | QMO e.. 656 211-4 
; 1 \Bo'F 

2, | Tetradecylene, C,,H.5 |=) ...| 84 | 246°9) 652 247:03 |. 
| 36:0 

3, | Hexadecylene, C,,H,,|=| ...| 96. | 2829... | 647 | 282-7 
30°7 

4. | Octadecylene, C,,H5,/=| ..-| 108 | 3186) 644 318°3 

Mean vale. 2.) iececaseers 358 

12x 2°98 

The value of S used in the calculation of the molecular 
volume is 2°970—a number which is justified by the very 
close approximation of the calculated to the observed values. 

The contraction for unsaturation is 2°50 at the melting- 
point in the above cases. | | 

In order to obtain a more extended view, it is, however, 
necessary to study the liquid volumes of the olefines above the 
melting-point. For this reason, calculations similar to those 
followed for the saturated paraffin series are here worked out. 
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TABLE I]. 

Table of Constants. 

| | 
| M.-P. ; 

Olefine, C,,H»,| =!. |W. 4 MW, (Mee a a. B. 

Dodecylene, ©,,H,,|=!... 72 | 168 | 242° |-7954 |—-0008997 | —-00000022 

Tetradecylene, C,,H,, (=| ... 84 196 | 261° | -7936 |—-0008869 | —:00000017 

Hexadecylene, C,,H,,|=| +... 96 | 224 | 277°°|-7917 |—-o008556 | —-00000040 

Octadecylene, O,,Hj, |=] ... 108 | 252 | 291° |-7910 |—-000872 

The method which is adopted for calculating the amount of 
the contraction is expressed by the following formula :— 

M.V. of Ue 
—M.V. of C,H,,, |=] = A for H.+ !=I, 

fe —— A WV eoleror dy, 

The apparent volume of H at corresponding temperatures, 
that is, those which are equidistant from the respective 
melting-points, are given in the tables of results for the 
normal paraffins. Column 4 gives V the molecular volumes 
of the olefines at the different temperatures, and column 5 the 
volumes V’ for the corresponding normal parafins. 

Taste III. 

Dodecylene, CyoHo, |=|. M.W.168. W.72. M.P.—31°, 

d,,='7954{1—:0008997 t—00000022 7}. 

te Calc. sp. gr. Observed sp. gr. 
nie.) ues 3 7954 
PG tas 7731 30} 
ey dl 7621 7620 
re eo, "511 7511 

diy | | 
T. Meee | v'. 4. | Be 

Vee ae 7954 | 1-0000 | 211-21 | 21993 | —872 | 5-94 |—2-78 
Ty an 7882 | 09910 | 21314 | 22184 | —870 | 600 |—2-70 
Bait watlwncd 7810 | 0-9819 | 215-11 | 22386 | —875 | 6:05 |—2°70 
A EE 7739 | 09730 | 21708 | 22591 | —8-83 | 610 |—2°73 
Sapee yih '-7664 | 0:9636 | 219-21 | 22806! —s-s5 | 615 |—2-70 
aes hae v 7592 | 09544 | 221-29 | 23023 | —8-94 | 622 |—2-72 
Bi decd... 7518 | 09452 | 223-45 | 23249 | —9:04 | 6:28 |-2°76 
1 aie 7445 | 0-9360 | 225°67 | 234-77 | —9-10 | 6:34 |—2°73 

Mean contraction 
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Values of V/W in C,,Hl=|. W. 72. 
| 
| 

Vol. of 

es ee ee ee eee oe 

ae PAVE | V+i=|. | V/W. OTE: V/W. 

i EO ar eee | 211-21 | 213-94 2971 | 219-93 2-970 | 
| Eee os ee | 21314 | 21587 |. 2-998 | 221-84 2-997 | 

| 4 a ee ee | 21511 | 21784 | 3:025 | 293-86 3:025 
. EO oo. daccass | 217-08 | 21981 8053 | 225-91 3-053 

SS eee | 219-21 | 221-94 | 3-082 | . 228-04 3:081 | 
See oi: | 221-29 | 224-02 S1t 2380-23 3-111 | 
» 60° oe) 22345 | 226-18 | 83141 | 232-49 3:142 | 

22840 | 3171 | 284-77 a173 | 

Tetradecylene, CyH g |=). M.W.196. W.84. M.P.—12°. 

dy = *7936{1—-0008869 ¢ —-00000017 ¢?} 

ie Cale. sp. gr. Observed sp. gr. 

Tk Bere ye seeks: “7936 

Lh EEC 2 ae ae ‘7851 "7852 

iene Saas “1745 “1745 

; Ssiiay Be es ‘7637 ‘7638 
| 

d 
ih tie | ieee | LY ue As.j, Hie |=] | 

mp! 

2 eee eee 7936 | 1:0000 | 246°90 | 25540 —8:50 | 5:94 |—2-56 
= ee eae 7865 | O'9911 | 249-20 | 25768 | —848 | 6:00 |—2-48 
BE Sees thes. 7795 | 0°9822 | 251:43 | 260:03 | —860 | 6°05 |—2:55 
Bey ite xcins kus. “7723 | 09732 | 258°78 | 262-45 —867 | 6:10 |—2°57 
=U eee eee ‘7652 | 0°9642 | 25614 | 26488 —874 | 616 |—2°58 | 
2ON eee |-7580 | 0:9552 | 25857 | 26734 | —877 | 6:22 beater 

Mean contraction |=| —2°55 

Values of V/W for C,,H9s \=|. 

Vol. of | | My Oar | rT. Roe ee lee ee 

ae eee 246-90 | 249-45 | 2970 | 255-4 2-970 
Bee et0e |... 24920 | 251-75 | 2-997 | 257-68 | 2-996 
Mee ren yay i ies 951-43 | 25398 | 3-023 | 26003 | 3-023 
OMI Canara 253-78 | 25633 | 3-051 | 262-45 | 3-051 
ie 25614 | 25869 | 3-080 | 264-9 3-080 _ 
a Sete 25857 | 26112 | 3109 | 26997 | 3-108 

Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. FP 
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Hlexadecylene, CygHs,. M.W. 224, W.96. M.P. 4°. 

d, = *7917{1—-0008556 ¢ —-000000 #}. 

te Cale. sp. gr. Observed sp. gr. 

3 ee EE TAG Re ne ‘7917 

PED Tee. baubles 7842 "7842 

St: aa SAS AP 11089)” « ‘7689 

mt | 
At d : sdk V Ve A | H i . vps dy . | . . | 9° = 

DTN Ae eka Be | 7917 | 10000 | 282°94 | 291-47 | —853 | 5°94 |—2-59 
DST vc cone eee "7849 | 09914 | 285°37 | 29405 | —8°68 | 6:00 |—2°68 
DOT cacmedc tore | ‘7780 | 0°9827 | 287°92 | 29666 | —874 | 605 |—2-69 
DOT Ca eerenent ics 7710 | 0°9789 | 29053 | 29934 | —880 | 610 |—2°71 

Mean contraction |=| —2'6b 

Values of V/W for C,,H3, |=}. 

| 

7. y. | ve). | vw.) Sees 
14°~30 

it a a eae 997-94 | 28560 | 2975 291-47 | 2-974 
Ue Goni. oe 985°37 | 28803 | 3:000 29405 | 3-000 
ay oe Mieemeers 987-92 | 29058 | 3027 | 29666 | 3-027 
tn EBON Wal. 29053 | 29319 | 3054 | 29934 | 3:054 

Octadecylene,. CygHsg |=|.. M.W. 252. W.108. M.P. 18°. 

dy = °7910{1—-000872 ¢}. 

t. Cale. sp. gr. Observed sp. gr. 

A 189° isigertes eee ‘7910 
Le ee ane ‘7881 ‘7880 
DOO en teeeia sivas ‘7788 ‘7790 

| | | | 
ac feel a | Hy. | j=! ms | diy a | 2: | [== 

SA Dah sis es 8 7910 | 1:0000 | 31858 | 82711 | —853 | 5:94 |—259 
Wk: panba una nine ‘7841 | 0°9913 | 321°39 | 329°95 | —8'56 | 6:00 |—2:56 
SUL gous caves ‘7771 | 0°9825 | 32428 | 332'89 | - 861 | 6:05 |—2°56 
See nnsrecad ‘7702 | O'Y738 | 327°17 | 335°89 | —872 | 610 |—2°62 

ES i a 

Mean contraction |=| —2°55 

Mean) Of L008 iss feed... +s 03. cee ven eee —262 

See - - eee 
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Values of V/W for CygH3, |=}. 

| Voi. of | V V+i=|. | V/w. eee hy VY T ==) | | /W Cet. ik | 

Beier Oe AIL it 21858 | 32113. | 2-973° | 327-11 | 2-973 
Syst 1005 2h; seed. 321-39 | 323-94 .| 2.999 | 32995 | 2-999 
Mee 08. es sii, 824-28 | 32683 | 3-026 | 33289 | 3-026 
ie ee Bee 327-17 | 329°72 | 3053 | 33539 | 3-053 

So far as can be seen, the contractions for unsaturation are 
independent both of the temperature and of the complexity 
of the above olefines—or at least there is no clear difference 
between the numbers. The contractions for unsaturation 
depend only upon the olefine bonds, for the apparent volumes 
of the atoms in the saturated portions of the molecules 
possess similar volumes under particular conditions to those 
of the normal paratiins. The mean value of |=) is 2°62. 

By the simple process of adding the mean value of the 
contraction for each olefine to the apparent volume under 
each of the conditions, and then dividing by the valency 
number W, the validity of the valency rule is shown, which 
rule of course depends apon the fact that C=4H in each 
case. The apparent molecular volumes of the compounds 
are thus expressed as the sum of two terms one of which 
is proportional to the valency numbers W, and the other is 
constant. 

M.V. of C,H», |=| =6nS —2°62 =WS—|=| S=2°970 at 
the melting-point. 

TaBxe LV. 

Table showing the Values of V/W for the Olefines at equal 
intervals of Temperature from the Melting-points. 

| 

T. | C,,H,.. C,H, ss C,,H.,|=!- Ci¢H3, |=. C,3H36|=|- 

MP. ey | 2970 | 2-971 | 2-970 2-975 2-973 
102.4), 2987 2-998 | 2-997 3-000 2-999 
3 £20°......| 3025 3-025 3-023 3:027 3-026 
SESE Be: ny | SOa80 8] BOSS S051 3054 | 3:053 
Ny 3081 | 3082 | 3-080 | 
<n ia eM sii | 3-108 | | 
Bape EgO k Pia s-p47 | 
Sans ae 3173 3-171 | 

| 

The above table shows in a remarkable way that the 
apparent volumes of the compounds above the melting-point 
become comparable at equal intervals of temperature there- 
from, exactly as was found to be the case with the normal 

FW 2 
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paraffins. It is thus concluded :—that the relation M.V. of 
C,H», |=| = 6nS — 2°62 = WS—|=! found to be true for 
the olejines at the melting-point ts also true for temperatures 
which are at equal intervals therefrom. 

It is possible to show by a method adopted for the saturated 
normal paraffins that under the conditions just stated additive 
relations hold, and also that the valency rule is alone capable 
of explaining the facts. In this instance dodecane C1,H4¢ is 
taken as the standard substance, and use is made of the 
apparent volumes under the different circumstances, plus 
the contractions |=]. 

TABLE V. 

Table showing the validity of the Valency Rule 
for the Olefines. 

T. C,H... Caen C,,H,,+|=|. CjgHs.+|=|-| CygHa.+!=|. 

1 pe een rs 60010 0:9728 11342 | 1-2986 1:4601 
eee ae ‘ 0-9731 1:1349 1:2983 1:4602 
eeOOe: Lad £ 0-9731 11350 | 1:2980 14599 
a Caer L 0-9730 11846 | . 12978 14595 
ee AG, 1c. és 0-9732 11344 | 
er vit Me 09730 | 1:1842 
By eG O0.- si! si 09728 | 
et (ee 3 0:9729 | | 

Mean values ...| 1:0000 | 09730 11345 1:2981 | 1:4599 

Theoretical | 74 72 84 96. | 108 
dead ye! 74 74 74 | 74 

) 1:0000 0:9730 11351 | 1:2973 | 14595 

Miptone ee sca, +0 +0:0006 | —0-0008  —0-0004 

The above table shows in a striking way that the relations 
attaching to the apparent molecular volumes of the olefines 
under the above circumstances are additive, for the differ- 
ences between the mean values of the ratios are nearly equal 
to °1620. 

Also, the validity of the valency rule, under the different 
conditions, is evident from the fact, that the mean values of 
the ratios follow very closely those obtained by dividing the 
valency numbers of the various olefines by the valency number 
of dodecane Cy. Hog. 
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The remarkable consistency of the numbers representing 
the ratios suggests the possibility of obtaining approximate 
values of V/W; and thus of the apparent volumes of hydrogen, 
without taking the contractions into consideration. This is 
done by finding by difference the apparent volumes of the 
homologous increment CH, and then dividing by 6. The 
following table shows the closeness of the correspondence 
between the values of V/W obtained in this way and those 
derived by taking the contractions into account. 

an a 

. we ia 

Tasue VI. 

Volumes of V/W for the Olefines by differences. 

: 

1. Vol. of Vol. of | . 4 V/W from Diff 

(C,H. |=: C,,H.,|=|. ee 12 12H, | me 

M.P. Pe 246-90 211°21 35°69 2°975 2°970 +0°005 
= 10°...) 249-26 213°14 36:06 3°005 | 2-997 +0:008 
PoeseeOriw  25b43 D1SAULE A S632 3'027 3°025 +0:002 | 
ste309...| . 253:78 217-08). |; 36:70 3'058 3°053 +0:005 
» +40°...| 256714 212 3698 3°078 3°080 — 0:002 
me OOo ss) 25S:OT 221529" | ST-28 3°106 o 109 — 0-008 

| | 

| Mean difference ... +0:002 

The differences only affect the third decimal place and the 
‘mean error is quite small, and this in spite of the unavoidable 
discrepancies introduced by this method of calculation. The 
apparent volumes of carbon and hydrogen are thus similar 
in the paraffin and the olefin series at the melting-point and 
at equal intervals of temperature therefrom. 

It has been shown that the specific gravities of the normal 
paraffins at equal intervals of temperature from the respective 
melting-points are equal to fractions of their specific gravities 
at those points. It is remarkable that similar relations are 
true for the olefins, and since these substances are not 
believed to be associated, the probability that the 4:1 rule 
is a natural relation is greatly increased. 

The results that have been obtained by a study of the 
saturated normal paraffins and of the olefins are placed side 
by side in the following table (p. 70) for purposes of 
comparison. 

: 
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Taste VII. 

Comparison between the Values of = for the Parafiins 
au 

and the Olefines under similar circumstances. 

| | ec 
fT. C,.H.. C,H, |=| C1450 C,,H,,|=| C,H) C),H3.!=| |C,,H3, C,H, |=| 

| 
M.P. ......|1:0000/ 1-0000 |1-0000' 1-0000 |1-0000' 1-0000 |1-0000, 10000 

,» +10°}0-9913) 0:9910 |0-9911 0-9911 |0-9913| 09914 |0:9913 09913 

+20°| 09824} 0-9819 | 0-9822} 0:9822 |09826 0:9827 |0:9826 09826 

» +30°|0:9725| 0-9730 |0:9732) 0:9732 |0-9738 69739 |0:9738) 0:9738 

, +40° 09644; 0:9636 | 0:9642, 0:9642 | | 

0-952! 0:9544 |0:9556 0:9556 | 

» +60°) 0:9459| 0°9452 ; | 

» +70°|0:9368} 0-9360 

+ Or fon) {e) 

The conclusion is that: 

the specific gravities of the olefines C,H2,|=| at equal intervals 
of temperature from the melting-points are equal fractions of 
their specific gravities at those points. 

(b) The Acetylene Hydrocarbons, C,Heny~2 |=}. 

The data for the acetylenes are those of Krafft (Ber. 1887, 
Xvil. p. 1371), and are for the liquid state at the melting-point. 

Tasuey 1. 

The Volume relations of the Acetylenes at the M.P. 
—— 

No.| Acetylene, GnH2n-2|=|. | W.|V (obs.)., a. | WS. ws—3,| So 

“1. | Dodecylidene,. . 0,,H,, | =| ...| 70|. 205-0. | 2079 2049 | 2071 
| 2.| Tetradecylidene, O,,H,, | =|...) 82] 2405 bbs 243°54 | 240°54 | 2970 

| 3.| Hexadecylidene, C,,H,, | =]... O4 276'1 i 279:18 27618 | 2-970 

| 4.| Octadecylidene, ©,,H,, | =|... 106. 314-82 i i 314-82 | 81182 2-970 

at 4 Mean values... es peer 35-6 ed nl re 

The calculated molecular volumes are seen to be in ex- 

cellent agreement with the observed values, and the ratio 
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oe i is equal to the mean value of the unit-stere, viz. 2°970. 

The difference for C,H, is 35°6, which equals 12 x 2°967. 
It follows that the volumes for hydrogen and carbon are the 
same in the acetylenes at the melting-point as in the normal 
saturated paraffins under similar circumstances. 

The contraction for unsaturation is evidently not far from — 
3 units per gramme molecule—a number which happens to 
be about equal to the apparent volume of hydrogen at the 

melting-point. The significance of the cater: is thus 
Weer 

obvious. The contraction for the acetylenes also apie to 
be a little larger than that for the olefines. 

Owing to the fact that data exist for the formulation of 
interpolation equations similar to those which have been 
used in the discussion of the members of the two former 
series, it is possible to examine the volumes of the acetylenes 
above the melting-point in a similar way. 

The ranges of temperature over which Krafft’s deter- 
minations extend are sufficiently restricted to justify 
the use of linear formulse, as a comparison between the 
observed and the calculated specific gravities show. Inter- 
polation formule have been worked out for the three acety- 
lenes dodecylidene C,H. |=|. tetradecylidene  C,,H,, |=|, 
and hexadecylidene C,,Hz) J=!, the constants for which 
appear in the appended table. 

TABLE [X. 

Table of Constants. 

No. | Acetylene, CrpH2n—2 | =|. | W.| M.W.| M.V.| dy’. a. 

1.| Dodecylidene, C,,H,,| =|... 70 | 166 | 264 | -8097 |—-00092 

2.| Tetradecylidene, C,,H,,| =|... 82| 194 | 279°5|-8064 |—-00090 

3. | Hexadecylidene, C,,H,, | =| ...| 94 | 222 | 293 |-8039 0087 

As before, V represents the molecular volume of the 
acetylene, and V’ that of the corresponding saturated normal 
paraffin under similar circumstances. 
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TABLE X. 

Dodecylidene, CyoHo.|=|. M.W. 166. M.P. 264°. 

d,, = *8097{1—-00092 t}. 

t. Cale. sp. gr. Observed sp. gr. 
ey RES es ees ‘8097 
SMD eutedss "8029 "8030 
ye alata’ ‘7918 . ‘7917 
+32°5......... ‘7788 ‘7788 

| dy ! 2 py! | Ni: Mss A. Hy. jee 
| dy 

BGA ees 8097 10000 | 2050 | 21993 | —14-93 | 11:88 /—3+05 
DTA gunicnk soseck "8022 | 09908 | 206°92 | 221°84 | —14:92 | 11°99|—2:93 
Coe eee OT 7948 | 0:9816 | 20886 | 223°86 | —15-00 | 12-10 |—2-90 
UES oarake "7873 | 09724 | 210°85 | 22591 | —15°06 | 12:21 |—2-85 
BOL Gis. ds 7799 | 09632 | 212°85 | 22804 | —15°19 | 12:33 |—2°86 
CD nares eee 7724 | 0°9540 | 214-91 | 230°23 | —15°32 | 12:44 |—2°88 

Mean contraction |= | —291 

Values of V/W for Dodecylidene C,,H5.|=|. 

mele: Qi ie 7864 | 09730 | 247°26 262:49 | —15°23 |19-92 —3- 
| 

2 V. of T. Vv. Vai! Vw. : V/wW. 
+! i Cage / 

fad te ea | 205-0 ‘207-91. | 2970 | 219998 | 2-972 
NY AEGS: OISE AAPA 206:92 | 209:83 | 2-996 221-84  2:998 
At ON 4 are hae 20886 | 211-77 | 3:025 | 22386 | 3325 
SRL gh 210°85 | 21376 | 3054 | 22591 | 3-053 
LW Ae aste ee ae 21285 | 215°76 | 3-082 | 22804 | 3-082 
Sian Nni ie wii et 21491 | 21782 | 3112 | 23023 | Sil 

al 

Tetradecylidene, Cy4H9, | =|. 

dy, = °*806441—:00090 ¢}. 

t. Calculated sp. gr. Observed sp. gr. 
eG OES: “8064 

15-2 8001 8000 
ne Oe 7092 ‘7093 

T ad ie ee ee v' a. | 4 peed 
Mislen Kt’ lik 204 seu |) 
ee | -8064 | 1:0000 | 240°57 | 255-4 | —14-83 |11°88 |—2-95 
OO cs ‘7991 | 0:9910 | 24278 | 257-71 | —14-98 | 11-99 204 
a 7918 | 09820 | 244-98 | 260°08 | —15-:05 | 12:10 |—2-95 

3:02 

/ 

| Mean contraction —2-97 ) 
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Values of V/W for TetradecylideneC,,H.,! =. 

i | 
V. of | | T Vi bvVeic | vw v/W. 

| | 7 / C,,H,, / 

ee 24037 | 24354 | 2970 | 2554 2970 | 
Bee 10% 2 Y. | 24278 | 245-75 | 2997 | 257-71 | 2-996 | 
ee 20 8). 222. cbs. | 244°98 | 247-95 3024 | 26003 _ 3-023 
ee re | Bae 26 | 250-23 | 3:052 | 26249 , 3:052 

| | 

Hewadecylidene, Cy,H30 | = |. 

d, = °8039{1—-00087 ¢}. 

t. Cale. sp. gr. Observed sp. gr. 

Se ek asda. 8039 
31 ame co Sara ‘7969 ‘7969 

Bric - € 

/ d Vet 4 A Begiccccle Sm so Was bl VW. vw. 
; | dy dy’ | y st | / | C,H. | a | 

q | 3 ae 8039 | 1:0000 | 27615 | 27915 | 2-972 | 291-47 |2-974 | 
a *7969 | 09913 | 27859 28159 2-996 | 294-05 | 3-000 | 
i 7899 | 0-9826 281-05 3022 | 296-65 | 3-027 | 

| eee | 7829 | 09739 | 283-54 | 3-048 | 299-34 |3-054 
} : | 

The contraction due to unsaturation is about 3 units per 
gramme molecule in these acetylenes, although the apparent 
volumes of carbon and hydrogen atoms are the same as for 
the normal saturated paraffins. 

The general formula for the acetylenes is thus :— 

M.V. of C,Ho,—s|=| = 6nS—28—3= WS— | =|. 
It will now be convenient to compare the value of S for 

the different acetylenes, plus the amounts of the contraction, 
that is to say, the volumes of H in these compounds, with 
the values found for the paraffins under similar circumstances. 

TasLe XI. 

Table showing the validity of the Valency Rule 
for the Acetylenes. 

PE ee ee eee 

| 

| 
r C,H... | C,H, |=. C,,Ho, | = i= |- = C,H, bls C,.H,, = - a ie) DS need NS ea ae A TI 

(a i a 2970 | 2-970 2-970 Bp a aTe | 
10° | 2-997 )-))> B997 2-997 2-996 
CE AE ysl. 3025 | 3-025 3-024 3:02 
» $80......0- 3053 | 3-054 3-052 3-048 
bag) S081. /Y y 3082 
oo E50... SIL | 3-112 
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The above values are significant because they represent 
the volumes of H in the acetylenes under the different cir- 
cumstances. 

The following alternative method, which has already been 
utilized, is valuable for the purpose of demonstrating the 
validity of the valency rule in a different way. Use is made 
of the observed volumes of the acetylenes at the different 
temperatures, plus the contractions as in the former table. 

TABLE XIT. 

Table showing the validity of the Valency Rule 
for the Acetylenes. 

T. | C,,H,.. | C,H. | =I. | CyyHo¢ | =|. | CysH30] =. | C,H, |= |. 

Mabie s ww... 10000 | 0:9453 1/1073 1-2692 14315 | 
ee PE UO Beihy | HRR 08459 -1-1078 1:2693 

sc LOO ole Ihe $0047 1-107 1:2688 
| Pi, ey ag he ingen UO) 11077 12684 
40... Nae 0 9461 
Sate eae 0-9461 

; | | 
| | 

Mean values .... 1:0000 | 0-9460 11081  —«-:1-2689 1:4315 

| 74 70 Bo) ee 106 
| Wy Wes Gcecktess ehh orig 4 74 | 4 74 

1:0000 0-9459 11081 | 1:2702 14324 

Wayans setae een —0-0001 +0:0005 | +0:0013 +0-0009 | 

The above table shows unmistakably that the volume 
relations of the acetylenes under the conditions are essentially 
additive, and further that the valency rule with the requisite 
modification for unsaturation, is alone capable of adequately 
expressing the results. 

It is thus concluded that the general formula M.V. of 
C,,Homn—2|= |= 6nS—28— \=| holds good not only at the 

melting-point but also at equal intervals of temperature 
therefrom. 

The average contraction for unsaturation is evidently not 
far from 3 units for these acetylenes, and it is apparently 
constant, both as regards complexity and temperature, at 
least in the cases that have been considered. 

It now remains to tabulate the results that have been 

obtained with reference to the values of “e 
At 
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TABLE XIII. 

The validity of the Law of Coincident States. 

CHa Cry Hie pF, =|\C,,H,,|C,,H,,|=||C,,H = C,, Tgp Ore = |C, pHa» ea 14-30! 
set! — |-—- | | 4 | 

|MP. ...\1-0000/ 1:0000 | 1-:0000 /1:0000) 1-:0000 | 1-0000 10000) 1-0000 | 1:0000 | 
+109}09913/ 0:9910 | 0:9908 09910; 0-9910 | 0-9910 |0-9913} 09913 | 0-9913 | 
+20 |0:9824; 09819 | 0:9816 [0:9820! O-9821 | 09820 |0°9826} 09826 | 0-9326 
+30 |0:9735| 0:9730 | 0:9724 10-9780} 0:9731 | 09730 10-9733] 0:9738 | 0:9738 | 
+40 10-9644 0-9636 | 0:9632 | | | 
+50 09552) 0:9544 | 09540 | | | | 

| It is concluded that the following rule holds for the 
; acetylenes as it does for the paraffins and the olefines. 
. . The specific gravities of the acetylenes at equal intervals of 

temperature from the melting-points are equal fractions of their 
specific gravities at those points. 

The law of additivity and the law of coincident states are 
thus considered to be true under similar circumstances for 
the members of the three series which have been studied, 
namely: the normal saturated paraffins, the olefines, and the 

_- acetylenes, and they are mutually dependent, 
j 

The Simpler Olefines and other Unsaturated Compounds 
at the Boiling-Point. 

A study of the complex saturated paraffins in the neigh- 
bourhood of the melting-point, has led to the conclusion that 
there is an eatra contraction when two or four hydrogen 
atoms have been eliminated. It will be interesting to find 
out if this is true when the volumes of the compounds are 
examined at the boiling-point. 

An extended study of the data at this point shows that 
there is no extra contraction to be considered, that is to say, 
the olefines and the acetylenes differ in volume from the 
saturated paraffins by an amount equal to the volumes of the 
hydrogen atoms by which they differ in composition. 
Horstmann has made a very thorough study of the differences 
to be observed between the volumes of saturated and olefinoid 
compounds at the boiling-point, and has found that the 
elimination of two hydrogen atoms is responsible for a 
contraction of about 7:4 ¢.c. per gramme molecule. This 
number has already been shown to represent the volume of 
H, under the circumstances. The evidence in favour of the 
relation C=4H is thus reasonably certain as it hes been 
obtained under a great variety of circumstances. ‘It is also 
worthy of note that the above-mentioned constant differences 

ee a 

=... ¢ = 

— 
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observed by Horstmann, which have long been known, now 
find their place in a scheme of molecular volumes. 

The data referring to unsaturated compounds are far too 
incomplete both as regards the number and variety of sub- 
stances observed and as regards the ranges of temperatures 
to attempt to account for the different results respecting the 
effect of unsaturation on molecular volumes which have been 
obtained at the melting- and boiling-points respectively. 

The following table shows that at the boiling-point the 
normal par affins and the unsaturated series of hydrocarbons 
fall into one scheme owing to the fact that carbon and 
hydrogen respectively possess approximately the same volumes 
in each. This is also true of hydrocarbon residues saturated 
and unsaturated. 

TABLE XIV. 

The Volume Relations of the Atoms in Unsaturated 
Compounds at the Boiling-Point. 

Compounds. | Ww. Le A. | V/W. | Author. 

(Pentane,  CsHyy on | 32.) 178 | seca 3:68 Young. | 
| jae \ e | ; 

Aumylene, OE 5. cai sahiees | OD |) SELOO : | | 867 | Sebiis 

ieee Cus ae: }23 | q4ap | 4X882) ge | Bast | 
| ( Hexane, CHS Oe eee 36 13898 | oy36 3°68 | Young. | 

py lisanhenne, | OPED, cic scex 60s 534: Puneet 4 3°68 | Schiff, | 
| ! a / / ‘ e/ 9 r 

| Diatly, a ae s2)| 19g | 2%? | at | 
Heptane- | O7Hy is..e-..- | 44) 16256 | 55.9g| 3°69 | Young. | 
Heptylene OH, ............ 42) 1548 | | 368 | Schiff, | 
Geipleney (Osis, hctlsesss. (48 | 1776 | | <Bs70%q Fame 
Propyl alcohol, ©,H,O 22] 815 | o.¢5| 370 | Zander. | 
Allylaleohol, C,I,0 | 20) 742 $71 és | 
eee amine, O,1[,N | 24| 85-7 2% 3:60 3:57 | Schiff. | 

ae amine, C,H, M.)| 22 | 78 307 sa 

Tripropylamine N(C,H,), | 60 | 222-4 6x362 370 | Zander, 

om lamine | N(O,H,), | 54 | 200°7 | 371. 4 | 
; ) : |  Propyl acetate, O;H,,O, +... 1288 | o seg) | Schiff. | 

} Allyl acetate, Cee, Saw 2216") |) oo | 

Propyl chloride 0,H,Cl }...| 917 |ougoe| 3. | 
; Allyl chloride, -.O,H,Ol-, | sra S44 > | 

a ee - eS ——— 

It will be observed that the oxygen in the alcohols and 
the nitrogen in the amines possess volumes respectively equal 
to2 Sand 3 S, thus following the law of valency, It is also 
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seen that the differences for H, in the acetates and chlorides 
are about the same as in the other compounds. Their volume 
relations are thus clearly additive. The fact that such small 

; differences as those of H, are fairly concordant, and that the 

. volume of H is found by this means to be equal to 8, and 
consequently to H in the paraffin hydrocarbons at the boiling- 
point, is sufficiently remarkable. The numbers 3°7 and 14°8 
for hydrogen and carbon respectively thus replace the numbers 
55 and 11 in Kopp’s scheme. 

Diamylene ©,)H.) is a derivative of the olefine series and 
is formed by the polymerization of two molecules of amylene. 
It is not, however, supposed to belong to the olefine series, 
but to possess the formula 

CH = peae-elag 

CH,—OH—CH (Or (Ber. 1890, xxix. p. 1550). 

Diamylene is thus a ring compound, which: fact may be 
expected to be indicated by its molecular volume. 

EY ota te tebe t ls: leur case aa, Pabtet 
2 vols. of amylene C;Hy) ......... 220°3 

Contractiony..... :24:.; 8:6 

This contraction is far too considerable to be ascribed to 
unsaturation, and must be attributed to the profound change 
in its chemical constitution indicated by its ring structure. 
The real contraction is, however, greater than that shown 
above, for the value of S in a compound of the complexity 
CyoHy is 3°71 (ep. Octane CysHi, W50 S=3°72, tripropyl- 
amine N(C3;H;); W60 S=3:71). The normal volume of 
Ciglleg ts: thus. 3°71 X60=222-6. Contraction 10:9. .Con- 
tractions such as the above are a second departure from the 
principle of additivity, and are due to the effect of ring 
structure on molecular volumes, a matter which will be 
discussed more fully when aromatic and hydroaromatic com- 
pounds are considered. 

The Aromatic Hydrocarbons and other Cyclic Compounds 
: at the Boiling-Point. 

G.) A consideration of the apparent Atomic Volumes of 
Carbon and Hydrogen in the Side Chains at the 
Boiling-Point. | 

The compounds that are commonly called aromatic and 
hydroaromatic belong to a totally different class to those 
which have been discussed in previous papers. Whereas 
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the latter are usually considered to consist of straight chains, 
the former are distinguished by more or less complex nuclei, 
the constituent atoms of which are supposed to possess a 
cyclic arrangement. 
Before an attempt is made to work out the volume rela- 

tions of the atoms in the nucleus, it will be necessary to 
consider the side chains, particularly those consisting of 
aliphatic hydrocarbon residues. It might be anticipated 
from their character that they should possess volumes com- 
parable with those of equivalent residues in the hydrocarbons. 
This is indeed shown to be the case from the fact that the addi- 
tion of the homologous increment CH, causes an increase of 
22 units at the boiling-point—a number similar to that whica 
has been found from an examination of the molecular volumes 
of the paraffin hydrocarbons under similar circumstances. 

The fact that the nucleus and the side chains have little 
reciprocal influence cther than that which might be attributed 
to the two parts of an aliphatic hydrocarbon on each other, 
is strikingly shown by subtracting the volumes of the com- 
plexes nCH, from the volumes of each benzene, and so 
obtaining the volume of the nucleus. In all cases the volume 
of the free nucleus, as found by experiment, is reproduced 
by making the subtraction already referred to. 

The experimental study of the benzene derivatives is 
largely due to Schiff and also to Lossen and Zander. 

TABLE XV. 

The Volumes of the Nucleus and the Side Chains in 
Monocylic Compounds. 

| Hydrocarbon. Ve A so ig ho. | 

Benzene, OR ccte Mecek | 96 | [96] | 

| Toluene, COBRA cunt cas | 1183 vila | 96°71 

| Xylene, ROME snes, tape 140% 7a | 95°9 

Mesitylene, CyHyp.....-...--, 162:8 “a | 96-2 
Cymene, OAT ay figcateaat | 1849 afi 96-1 | 

Mita * steidesitaes pons a. “caus 96°07 | 

Pyridine, C,H,N-...| 893 | Be [89°3] | 
6 Picoline, OgbiaN: , +.:|6 iim aay 89°35 

Hexahydroxylene, C,H,, ...) 141°8 ; [141°8] 

pi Hesabydrpsylenty OH.) ee | 142-1 
: 
! 

The conclusion to be drawn from the above figures i is that 
the side chains occupy similar volumes to those of equivalent 
paraffin hydrocarbon residues, and that the volume of the 



a 
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nucleus in derivatives of this kind remains the same as that 
of the free nucleus. It follows that the volume of combined 

hydrogen 1s kes 3°7 and of combined carbon 14°8 as 
before. 6 

(ii.) The volumes of the six extra Hydrogen atoms in 
Hydroaromatic Compounds. 

The six extra hydrogen atoms in hydroaromatic compounds 
may be viewed in the light of side chains, in which case they 
might be supposed to possess volumes similar to those of 
hydrogen atoms in the paraffin hydrocarbons under similar 
circumstances. It will be found that they usually do. 
Exceptions are found in the cases of hexamethylene and 
hexahydropyridine or piperidine. The extra hydrogens in 
these compounds appear to be more closely associated with 
the nucleus than is the case with hydrocarbon side chains. 

TaBLe XVI. 
Table showing the Volume of H, in Hydroaromatic 

Compounds. I. | 

| Compound. batwe | osem: | H. 

| Benzene, TO REL notes ans | 96 20°3 3:38 

| Hexamethylene, C,H,, ...... | 1163 

| Pyridine, POEM an 808 ane 
py | | 19°5 3°25 
| Piperidine CAEEAIN 255. | 108°8 
{ | 

The smaller value of H found by ditterence indicates that 
the six extra hydrogens are closely associated with the 
nucleus. A more extended study of benzene and hexamethy- 
lene under corresponding conditions shows that this con- 
clusion is correct. 

This, however, ceases to hold when one or more side chains 
are added to the nuclei, as the following table will show. 

TasLe XVII. 
Table showing the Volume of H, in Substituted Aromatic 

Compounds. IT. ° 

) Compound. | Wen | 6H | Slab 

| Ls Eo ONE Fee) eee i ees Toluene, Gels a Pee ) 118°3 23-8 3-97 

_ Hydrotoluene, CoAT eae 142°1 

i Xylene, COE este LAOS 24-0 4-00 | 

| Hexahydroxylene, C,1,....... 164:3 
rr H a | Naphthalene, ye Ets 22 a2, 24-0 4-00 | 
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The volume of a single hydrogen in these compounds is 
about 4, that is, a little higher than its volume in the parafiins. 
The ae is, however, much higher than that found in the 
unsubstituted hy Aionreratic compounds, and this may be 
attributed to the effect of the side chains or to spatial con- 
siderations. Curiously enough, the unsaturated part of the 
naphthalene has precisely the same effect as that of an 
aliphatic side chain. 

Tt is thus concluded— 
(a) That the volume of CH, is 22°2 on the average in 

the homologues of benzene. 
(>) The volume of the extra hydrogens in the hydro- 

aromatic hydrocarbons varies from 3°25 to 4 at the 
boiling-point. 

(Giii.) The apparent Atomic Volumes in the Nucleus at the 
Boiling and the Critical Points. 

Having studied the volumes of carbon and tigi in 
the side chains, it is now necessary to examine the nuclei 
more particularly. Itis natural to suppose that the apparent 
volumes of carbon and hydrogen still stand in the relation of 
4 to 1 in the nucleus, although their absolute values might 
differ from those in the paraffins under similar circumstances. 
The following table gives the value of V/W for a number 
of single ring compounds, none of the hydrogens being dis- 
placed by substituents. Thus the relation C=4 H is assumed. 
Nitrogen in pyridine and piperidine is considered to possess 
the volume 38 in accordance with its fundamental valency 
number, that is to say, it is equal to 3 H. 

TaBLE XVIII. 

Table showing the values of V/W for a number of simple 
cyclic arrangements. 

| Compound. Vi, | W.|V/W ¥=-ee v. | W/W. | 
| | Re 
|—_——_——_ —_ —_—_—_— ———_|——|—_— 

“Benzene, oH so. 88 “0 3:20 | 2563 0 B58 | 
_Hexahydrobenzene, O,H,,...... 1163, 36 | $'23 3067 | 36 | | 8:52 | 

| Pyridine, 0 5 89:3| 28} 3:19 | A=49°6 | for | 5 

_ Piperidine, OH N sca} 108'8| 84 | 3-20 H =) (6B. 

| i | 966 | BCD ch cc a oe a ee me RI ME! sats ve | 3°70 

The above ila) shown very r clearly that the rollin 
between the volumes of carbon and hydrogen is the same in 
the nucleus as in the side chains, and as in the paraffins. 
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Incidentally, nitrogen is shown to possess the volume 358, so 
aennebe 2 Oh No seis Ars) 3. 
A remarkable result of the above calculations is that no 

allowance for the so-called double bonds is to be made in 
benzene and its homologues. This is especially noticed in an 
extended study of benzene and hexamethylene to be made 
later (see Table X XII.). 

The absolute apparent volumes of carbon and hydrogen in 
the compounds included in the table are considerably smaller 
than those found in aliphatic hydrocarbon chains under similar 
circumstances. It is clearly inadmissible to compare their 
volumes, and to work out volume relations, without first 
taking into account their different constitutions: this may be 
done by allowing a definite contraction for ring-structure. 

Conclusion.—The relative volumes of C and H are still as 
4:1 in the nuclei, but their absolute values differ from those 
in the side chains or in the paraffin hydrocarbons. 

(iv.) The Amount of the Contraction in Aromatic Com- 
pounds for Ring-structure at the Boiling-Point. 

Because benzene and its derivatives have almost the same 
— volumes as those of certain homologous paraffin hydrocarbons, 

Kopp supposed that the apparent atomic volumes of C and 
H at the boiling-point are 11 and 5°5 respectively. This 
conclusion no doubt was arrived at because of a similarity 
in the volumes of certain paraffin hydrocarbons and a series 
-of homologous benzene derivatives. The above compounds 
are shown in the following table. 

TABLE XIX. 

Table of comparison of the Volumes of Aromatic and 
Paraffin Hydrocarbons at the B.P. 

Aromatic Compounds. eed Paraffins. Mee 

Benzene, (1s banc,’ 96 Butane (C,H een duey 95:9 | 

Toluene, 8 2 ei I@3 > Pentane, CHa... ss 1178 | 

m-Xylene, CgH,, ....-. 140°0>)))Hexane, |) Cg Hagy.. docs:; 139°93 | 

Mesitylene, C,H, s..... 1628 || Heptane, _ O,H,...-..... 16266 

Oymene. ir) C7 be ts.3 18S Octane, WCpEL p.decsncst 186°26 | 

| sec, Ocianes CoM it. 9.0000. 184 | 
| | . 

Beit. Wag. 8. 6. Vol. 16. No. 91. July’ 1908. G 
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Kopp’s reasoning was somewhat as follows :-— 
MOV of BenveneOsHe it ib. eee 96 
IMs Viuot utanes (C.F. 33 eee 96 

Thus 2 vols. of C = 4 vols. of H, and C = 2 H. 
Hub. vol. or CHy = 22. 
Therefore 

22 7 11 
Lol pers == > =11, and 1 vol. of H ==> 

The similarities found in the above table, however, are 
illusive, for the two series are not comparable ; that is to say, 
the apparent volumes of the atoms in the nucleus of aromatic 
compounds are not the same in size as those in the paraffin 
hydrocarbons. The well-known difference in their constitutions 
is marked by a very important difference in their volumes, a 
constitutive effect which is of the nature of a contraction. 
The complex C,H,in the paraffin hydrocarbon series possesses. 

a volume of 30X3°7=111 at the boiling-point, so that on 
passing from the aliphatic to the aromatic series a contraction 
of 111—96=15 occurs. This is characteristic of all com- 
pounds possessing the hexacyclie ring. 

Vel. jot complex, (arian .6. 964+15=111. 
Vole OF Sombanie,. Aa Main nibs ie se 96. 

Therefore 2 vols. of C = 4 vols. of H +15=8 vols. of H,. 
and:1 vol.of C =4 vols. of H =4 8. 

Buteleyol vols bly is = 3°66; 1 vol. of C =22—73=147 
: =4x 3-67. 

It must be remarked that the similarity between the amount 
of the contraction and an integral number of unit-steres of 
hydrogen volumes is quite a coincidence and does not hold 
under other conditions. 

Direct evidence for the above contraction is found in the 
following :— 

= 9°). 

M.V. of Heptylene, pei fe tacanetooweurene 1548 ee 

M.V. of 6 Hydrotoluene, C,H), ......--...see0e 142°3 

M.YV. of Octylene, DFE i onus i shares 1776 oa 

M.V. of 6 Hydroxylene, O,Hy, .....-.seeeeeeeeee 1643 é 

The above comparisons have already been made by Horst- 

mann (Ber. 1890, xx. p. 766). The following further 
evidence may be adduced :— 

M.V. of Benzene, O,H, +6H=(C0,H,,)= 96+4+22°2=118:2 
14:2 

M.V. of Hexylene, C Hy, ....cccceceecssenseeeeeenneneeeearens 1324 

M.V. of p Xylene, C,H,,+6 H= (0,H,,)=1405422°2=162°7 14-9 

M.V. of Octylene, C,H), cscsescscseesesseesereneees eed unikeens 1776 
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TABLE XX. | 

The following gives the values of the Contractions for 
a number of Hexacyclic Compounds. 

Compound. Formula. Baio OW; mxo7t.| A, i 

eA D.: pat Pig apse) 1 07 1 a oe em 

| CH= CH, sega 
Eee Ca .. CH CH 96 | 30 | 111-0/—-15 | 

Ch Ch | 
| | 

Hexamethylene, CHC 
Cie... CH, OH, 116°3| 36 | 133-2 | 

| OH, CH: 

| On; CH. 
Toluene, C,H, ... CH C—CH, 118-3| 36 | 183-2 |—14°9 

\cH-cHY 

Hexahydrotoluene /UH.,— CH, | 
Cire 66s. CH, CH—CH, 141-8} 42 | 155:°2|—13-4 

CH, —CH,” | 

CH, 7 /PH=CH, 

Cymene, C,H... CH—C C—CH,| 1844| 54 | 200 |—15°6 
ae \cH_cH 4 

Fae) en EN | 

Styrolene, C,H;.... CH C—CH=CH, | 131-2| 40| 148 |—168 
\cH—cHZ | 

| CH=CH Phenlyacetyl as fon pee |i! CH C—C=CH 1262) 38 | 140-6|—14-4 
\cr—cHl 

ON CH 
| Pyridine, C;H;N. CH N 89°3| 28 | 103-°6|—14:3 

ae ae \ eon 

| 

Piperidine, /CH— CH 
OER | Neisas inne CH, NH 108°8 | 34 | 125:8|—17-0 

NCH, —CH,/ 

az Picoline, Yi CH= CH. 
OU). ee OH N 111°7| 34 | 125°8|—14-1 

Neon 26" 
| 
CH, 

RBS eo ses. c.003 Jd Gea ere teers are $5 vate Ta? 
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It is seen from the above table that a contraction of about 
15 is observable in compounds possessing a hexacyclic ring. 
Paraldehyde C,H,,03, which is a fatty. derivative, with a 
cyclic structure, also manifests a similar contraction (15°8). 
Certain other compounds, such as thiophene, pyrrol, furfurla, 
also possess a very marked contraction, that is one of about 
11 units. This smaller value is due to the fact that the com- 
plexity of these rings is less than those given in the above 
table. A consideration of the above compounds is reserved 
for the present. 

Diamylene C,)>H5) may, however, be mentioned here. 

Formula : CH; 

| 
CH CH=CH, ‘cH,’ 
Pie | 
CH, CH,—CH—CH 

| 
CH; 

V. 211°3, W. 60, n x 3°7 222°0, contraction — 10°7. 

This case of diamylene, as well as that of paraldehyde, is a 
striking verification of the idea that there is always a con- 
traction when a compound possesses cyclic structure. 

It is now necessary to consider rings of higher compleraee 
than that of benzene for instance (Table AX. pare 

The last compound is referred to in Trans. Chemical Society, 
1906, exi.p. 312. Camphor, which is also considered, may be 
shown to be subject to a contraction of 30°9 ; but since it is 
only intended to deal in this paper with those compounds 
which follow the law of valency, as itis generally understood, 
a number of ring compounds for which data referred to the 
boiling-point exist cannot be now considered. 

The results brought out by Table X XI. show unmistakably 
that not only is there a special contraction when a com- 
pound possesses ring-structure, but that also the amount of 
the contraction is a function of the complexity of the ring. 
The above compounds which are distinguished by similar ring 
structure are the subjects of similar contractions, The 
average value of the contraction is shown to be —30°6. It 
is remarkable that borneol, and of course camphor, substances 
which have only recently been shown to possess bridged 
rings, should manifest contractions similar to those of naph- 
thalene or quinolene, which are bicyclic. Camphene would 
no doubt manifest a similar contraction. 
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TABLE X XI. 

Table showing the Contraction for Double Rings. 

Compound. Formula. Vio Wwe rg! A, 

CH CH 
Vi Noe 4 \ | 
CH C CH 147-2 48 | 1776 |—30°4 

| i | | 
CH (¢ CH 

\ or on! 

Naphthyl hydride, yey 
sino CLO CH 171:2| 54 | 200 |—28°8 

Naphthalene,C,,H,. 

10 Bs OOO UICC COCr 

Quinoline, C,,H,N.| CH © 
N=38. | | 187-4] 59 | 218-3 |—30°4 | 

CH,——_CH——CH, 
Borneol, C,,H,,0. | 

=@- |= 2.8. | 

CH,__CH-—CH,, (OH) 
| 

| | 
OH: 6 —cH. 190-5) 60 | 222 |—31:5. 

CH, | 

Miean contmachiom ..|.! . tp seriesse<jeme aye | ae ... |—380°6)° 

A determination of the molecular volume of a compound 
at the boiling-point enables us not only to show that it is 
cyclic, but also, to some extent, the nature of the ring inde- 
pendently of whether it is aliphatic or aromatic. 

If the case of carvene C,)H;, be considered, it will be 
found to be subject to a contraction similar to that character- 
istic of benzene compounds, and thus the ring is shown not 
double. 

M.V. of carvene C,)H,, at the B.P. is 190°3 ; W=56. | 
Volume of the complex C,)Hj, in the fatty series is 

== 56, 4. — 200 2 eoeconiraenion, — Grd: 

The following table includes two isomeric ring-compounds 
of high complexity, namely anthracene and phenanthrene. 



86 Mr. Gervaise Le Bas on 

They will be shown to manifest still greater contractions than 
those which have been associated with the cyclic compounds 
previously considered. This the following table shows. 

TABLE XXII. 

Table giving the Contractions associated with 
Anthracene and Phenanthrene. 

Compound. Formula. howe | Ww. X37 | A. 

CH. CH. CH. | 
SS ge i 48 3 ae a 

Anthracene, O©,,H,,|0H © | G Of 11955) 66 | 24421487 

ay Pa iat pe 
CH C C CH 

\oH” \co’” \cH” 

ye | | 

Phenanthrene, C,,H,,| CH CH | CH |196°2| 66 | 244-2 |48 

fas" 
CH C | C 

Nou~ \ ¢7 oH 

Paes Baad 
GED, GE abt ee 

yale 4 | 
CH | | | 

The contractions brought out by the above calculations are 
quite considerable. No doubt chrysene C,sH, would manifest 
a still higher contraction. 

The above investigations show that when compounds 
possess what is usually considered to be cyclic structure a 
notable contraction occurs. The contractions have magni- 
tudes which are probably dependent on the number of atoms 

in the nuclei, and on the kind of nucleus. It is seareely to 
be doubted that significant additive relations are also to be 
noticed under all corresponding conditions. Only the barest 
outline of the theory can here be given, but it is hoped to 
amplify it as other compounds come up for consideration. 
A point of practical utility is likely to be found in the 
possibility of identifying cyclic or nuclear structure in 
aliphatic compounds, a matter for which there is very litile 
physical evidence at present at command. A paper on this 
subject is in preparation. 



The Volume Relations of Benzene and Hexamethylene 
under corresponding conditions. 

Tt will be found that a similar thorough treatment is 
possible for benzene and hexamethylene as was the case with 
the paraffin hydrocarbons. The references are Young, Trans. 

the Unit-Stere Theory. 87 

Chem. Soe. 1889. 

(a) At adentically reduced Pressures. 

TABLE X XIII, 

Relation between the Values of V/W and also of V/V x for 
C,H, and C,H. under corresponding conditions. 

Bee ner Mel w/we |) v/v erm. ee) vw) PVN K* 

001474| -5096 |1063 | 2:95 | -3466  -5098 | 87:86 | 2:93 | -3424 
002949! -5354 10814 3-00 : | 3526 || -5359 | 89°45 | 2:98 | °3489 
005898 | -5646 | 11082 | 3:06 | -3597 5648 | 91°24 | 3:04 | -3560 

3684 || -5989 | 93:50 | 3:12 | 3648 O11L797| -5985 |112°97 | 3-14 
022411] -6330 |115°85 | 3:20 | -8777 || 6334 | 95°91] 3:22 | -3742 
044232 | -6759 11982 3:33 | 3907 | 6765 | 99°19 | 3870 
088465 | -7277 12537 | 348 | -4088 | -7282 10360) 3:45 | -4053 
14744: | -7714 | 13089 | 3:64 | -4263 || -7725 |108-49 | 3-61 | -4233 

: | 20642 | | 3-77 | -4424 || 8052 |11249 | 3-75 | -4389 

eS) SY) (=) 

s C,H,» W=36. | C,H,, W=30. 

[e.2) © es pon a Ww Or (op) (ee) 
29488 | -8428 | 14954 3:96 | -4648 || 8429 11795 | 3:93 | -4602 
44232 | -8901 153-27 426 | -4997 | “8906 |127-12 | 424 | -4960 

| | 58978 | 9267 |165:17 | 4°59 | -5885 || 9270 |1387-2 | 4:57 | -5353 
| T3721 | -9566 | 18013 | 500 | 5873 | +9566 1498 | 498 | -5845 | 
82568 | 9720 191-74, 5°32 6252 9725 16019 5384 | 6250 
“92363 | 9914 | 220-87 | 613 | 77201 || 9915 |1823 | 607 | -7113 

| 
| 

| 

iota |. 9960 | 23596) G55 || °7693. ||... 
1:00000 | 1-0000 306-7 8-52 | 1-0000 -1-0000 
| | | ; | 

(2563 | 8:54 | 10000 

The above table is very instructive. It shows in the first 
place that the volumes of benzene and hexamethylene are 
very nearly in the ratio 30:36 under conditions of corre- 
sponding pressure. This ratio is similar to that between the 
valency numbers. It is thus seen that the ratio of the 
volumes of carbon and hydrogen is still as 4:1, although 
the series is quite different to that of the paraffin hydro- 
carbons. Such a regularity is most remarkable, and the 
probability is very great that the additive relations found to 
exist under corresponding conditions will ultimately be found 
to be connected with a kind of liquid structure which has 
been little suspected. 
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The volume relations of the atoms in benzene and hexa- 
methylene at the critical point may also be investigated in a 
direct way. 

M Vt Clg ok oo la) eT 
eo)? G's Bare es 256°3 

Volume of 6H ~=—_-50°4 

Therefore H has a volume of 8'4. 

The volume of 
6C=vol. of C,H,—vol. of He=256°3—50°4 

- The volume of 
6C=vol. of C,H,,.—vol. of H,,.=306°7— 100°8 

= 2059 

ae — 34-3 =4 x 8°57. 

It is thus conclusively shown that the volumes of benzene 
and hexamethylene are proportional to their valency numbers 
at the critical point, and that the volumes of carbon and 
hydrogen are respectively as 4 to 1, which is the same as the 
relation existing between their valency numbers. This has 
been shown to be approximately true at all corresponding 
pressures. 

One other point connected with the above table deserves 
attention. It has been shown that the homologues of benzene 
as well as benzene itself possess volumes at the boiling-point 
which are the same, or nearly the same, as those of certain 
hydrocarbons of the paraffin series. Thus benzene C,H, has 
a volume at the boiling point, which is the same as that of 
butane C,H) (96), and this is also approximately true at the 
critical point. Vx for benzene 256°3; Vx for butane 251 
approx. The volume of toluene C;Hg at the boiling-point is 
also similar to that of pentane C;H,.. Hexamethylene C,H, 
has a volume (116°3) not very different from that of pentane 
117°8. Itis found that if the volumes of pentane and hexa- 
methylene be compared under conditions of corresponding 
pressures from the critical vapour-pressure downwards, the 
parallelism between the two series of molecular volumes is 
maintained. No doubt the molecular volumes of butane and 
benzene under similar conditions are the same or nearly so. 
These results are of course due to the validity of the law of 
corresponding states. 

It may not be without interest to show in one table that 
the law of corresponding states and the law of additivity are 
approximately true for CgH, and C,H jp. 

The volume of C is thus = 
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Taste XXIV. 

Table showing the validity of the Law of Corresponding 
States and of Additivity for CgH, and C,H». 

89 

Opis hes C,H». 

P/E V. V/Vx Ve Mi Ge WN 

‘001474 87°86 "3432 106°3 3466 1-209 
005898 91°24 3560 110°32 "3597 1-208 
022411 gore “3742 115°85 ‘OTT7 1-208 
"088465 103°60 4042 POT ‘4084 1:210 
‘20642 112-49 “4385 135-68 4423 1°206 | 
44232 L272 “4960 15327 A997 1°206 
‘73721 149°8 5845 18013 GDN: 1-202 
94363 182°3 “TAZ 220°87 7202 1-211 

1-00000 256°3 1-0000 306-7 1:0000 eg 70 

Vie ane eh Meenas ORAM ie a0 vaiinialvcs nga ¥ nbs ras’ 1-206 
aieomettcal Cl sl irulle )\ 4) ee fa. ester. w cle misitiet slo ecloa'nie 1:200 

The above results show in the first place that the ratio 
V/Vx for C.H,, is somewhat larger than that for O,Hg. 
This is also true of the ratios V/W. 

Secondly, the ratio V'/V, which gives the volume of hexa- 
methylene relative to benzene, is very nearly equal to the 
quotient of their respective valency numbers. 

Table XXV. gives the volumes of the compounds under 
conditions of corresponding pressure, but owing to the fact 
that the values T/T, are nearly the same in the two cases, a 
special investigation of the volume relations of benzene and 
hexamethylene at corresponding temperatures is unnecessary. 

TABLE X XV. 

The relation of W to the Critical Coefficients of 
Aromatic Compounds. 

r | if 

Compound. Vel Merete fi eh, «Tx see Wiss ous 
Px W Py Ty 

Pentane, C;H,,| 32 | 2510 | 470-2) 1873 | 00585 | 309:2| 1650 

Benzene, C,H, | 30 | 3639°5) 561°5 | 1544 | -00514 | 2563) 1661 

Hexamethylene, C,H,,| 36 | 8025-2) 553:0| «1828 | -00508 | 306-°7| 1677 

* Tx is expressed in degrees centigrade, Px in cms. of mercury. 
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While the values of ie are very similar for the two 

compounds C,H, and C,H,., they are quite different from 
the value attaching to C;H,. ‘The difference amounts to 
about 15 per cent. of the whole. This indicates a large 
constitutive effect which has already been traced to ring- 
structure. | 

In order to show the great probability of similar additive 
relations being observable at the critical point as at the 
boiling point in the case of the homologues of benzene, 
a table is given of criticai coefficients quoted by Guye 
(Bull. de la Soc. Chim. (3) xiii. p. 34). These are shown 

to be subject to a nearly constant diminution in aap The 
Px 

critical temperatures are absolute and the pressures are 
expressed in atmospheres. 

Taste XXVI. 

Table of Critical Coefficients. 

T | a 
Compound. P Plus 2:1.) W. yy (crit. coeff.) 

Hexane, O,H,,| 1692 2 ee 445 | 
Octane, O78 22°58 ~ si oe ane 451 
Decane, C..H, 2832  g3 4 ain 
Benzene, CoH, || 11°25 13:35 | 30 | “445 
Toluene, Er | 14°28 16°38 36 455 
o Xylene, OF = (erat nae | 
m | 17°66 a gl he Plas rae Cok | Po jeg’ 1707/1917 | 42 | 
Ethylbenzene 16-24 | 
Propylbenzene, C,H,, 198 | | ) 
Mesitylene 193 19°6 21:70 | 48 452 
Pseudocumene ©,,H,, 19°7 | 
Cymene 22:8 24-90 | 54 461 | 

| 

When the number attaching to benzene and its homologues 
is augmented by 2°10 and the sum divided by the valency 
numbers, the quotients are found to be about equal to those 
obtained by dividing the critical coefficients of the paraftin 
hydrocarbons by their respective valency numbers. It must 

therefore be concluded that 2°1 represents the change in = 
K 

which occurs on passing from the paraffins to the aromatic 

compounds, Since Vy= P. x constant, the molecular 
K 
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critical volumes are proportional to the critical coefficients and 
are thus subject to similar additive relations. It is, however, 
highly probable that these would be still more clearly shown 
in the molecular critical volumes. The volumes of the side- 
chains in the benzene homologues are thus equal to corre- 
sponding paraffinoid residues, while the nucleus undergoes a 
contraction. 

W.V. of C.H,, at B.P. 1163. M.V,. of O,H,.=306'7. 
Ratio 2°64. 

M.V. of C,Hy (Toluene) at B.P.118°3. Calculated M.Vx. of 
C7 Ai ze] So x 2°64 => Bika 

Vol. of CH, at the Critical Point= Vol. of C,H,— Vol. of C,H 
= loro = 200 a=; 

Vol. of H in side-chain = = = 75) 

which is about equal to that in the paraffin hydrocarbons. 

SUMMARY. 

It has been found that at the melting-point and at equal 
intervals of temperature therefrom the molecular volumes 
of the olefines may be expressed by the following formula : 

M. vol. C,H>,|=|=6n8 —2°62= WS —|= 

the acetylenes by the following : 

M. vol. Ce | =6nS—28—-—3= Ws) = | 3 

the specific gravities of the above compounds are at equal 
intervals of temperature from the melting-points equal 
fractions of the specific gravities at those points. 

The mojlecular volume of a single olejfine and acetylene is 
at the boiling-point expressed by the following formule :— 

M. vol. of C,H», =6nS (Olefines). 

M. vol. of C,H», 2=6nS—28 (Acetylenes). 

The value of S is usually about 3:7, but may vary slightly 
from compound to compound. In so far as 3°7 is constant 
the above formulz are general for a series. 

3°7 is the atomic oie of H. The atomic volume of 
carbon is 14°8, which numbers are also those of similar atoms 
in the paraflins. 

Thus C=48= Nee the symbols having the same meaning 
as balore, 
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Aromatic Compounds. 

It is found that the possession of ring structure on the 
part of a compound corresponds with an extra contraction— 
that is to say, the atomic volumes in ringed molecules are 
always less than the volumes of similar atoms in straight 
chain compounds, so that the total molecular volume is on 
the whole less than that of a similar complex in the fatty 
series. 

The relative volumes of atoms in the nuclei are the same 
as those in straight chain compounds. 

Thus it is found that the volumes of benzene and hexa- 
methylene are proportional to their valency numbers from 
the critical point downwards, so that C=4H as before. | 

The volumes of the atoms in aliphatic side chains are, 
however, the same as in the paraffins. 

It has been found that the critical coefficients of benzene 
and its homologues manifest similar relations to those shown 
by the molecular volumes. 

Note.—It should be mentioned that Barlow and Pope take the view 
that the relative volumes of the atoms in the molecular complexes, 
aromatic as well as aliphatic, are always maintained and that the 
volume of an atom in a compound is always proportional to itsfundamental 
valency. 

Municipal School of Technology, 
Victoria University, Manchester. 

V. The Decomposition of Water Vapour by Electrie Sparks. 
By Aurrep Hort, Jun., and Epwin Hopxinson *. 

ae decomposition of a compound gas such as water- 
vapour, or carbon dioxide, by electric sparks, and the 

separation and arrangement of the resulting products about 
the electrodes, is of special interest since it may be expected 
to show how far the hypothesis of electrolysis in liquids is 
applicable to gases. 

Almost half a century ago Perrot (Ann. Chim. et Phys. 
1861, p. 161) showed that the decomposition of water-vapour 
took place along the entire path of the spark and not only in 
the neighbourhood of the electrodes, and that the gas col- 
lected from the anode contained an excess of oxygen, while 
that from the cathode contained an excess of hydrogen, 
their amounts being equivalent to the copper deposited in a 
voltameter placed in the same circuit. His experiments 

* Communicated by the Authors. 
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proved, therefore, that an electric current is conducted 
through water-vapour in a similar manner as through liquid 
water. 

J. J. Thomson (‘ Recent Researches in Electricity and 
Magnetism,’ Appendix), in repeating the experiments of 
Perrot, found that the pole at which the excess of oxygen or 
hydrogen appeared depended on the length of the spark, for 
when it was extremely short and resembling an are the 
hydrogen was found at the anode and the oxygen at the 
cathode ; whereas with a long spark, the excess of hydrogen 
appeared at the cathode and the excess of oxygen at the 
anode. A critical position could be found between long and 
short sparks at which the excess of hydrogen was sometimes 
collected at the anode and sometimes at the ‘cathode. If, 
under these circumstances, Leyden jars were introduced into 
the circuit, the hydrogen always appeared at the anode and 
the oxygen at the cathode, while the critical spark-length was 
found to be increased. This was explained by Thomson by 
supposing that the separation of the oxygen and hydrogen 
was the result of the motion of charged hydrogen towards 
one pole and oppositely charged oxygen towards the other, 
the charges on the molecules of the gases being different 
when the discharge resembled an arc or spark. 

In a separate series of experiments he showed that there 
was an alteration in the sign of the charges on the molecules 
of these gases when the discharge changed from an are to a 
spark, or vice versa. 

More recently, Chapman and Lidbury (J. C. 8. Trans. 
1902, p. 1301) noticed that the position in which the water- 
vapour entered the spark had a marked effect on the separa- 
tion of the products of decomposition, for the excess of oxygen 
always appeared at the pole situated furthest from the point 
at which the current of vapour entered. It followed, there- 
fore, that a position could be found at which there was no 
separation, pure electrolytic gas being collected at either 
pole. They further observed that when the vapour entered 
near the anode, the amount of separation of the oxygen and 
hydrogen was very much less than when it entered near the 
cathode. Their experiments led to the conclusion that it was 
not possible to give a complete explanation of the phenomena 
by an hypothesis based solely on the theory of electrolysis in 
liquids. 7 
 Wehaile carrying out another investigation, one of us noticed 

that oxygen and hydrogen could be separated to a consider- 
able extent by the difference between the rates at which they 
diffused through water-vapour at low pressure. 
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This separation was well shown by the following experi- 
ment :—A stream of water-vapour at about 15 mm. pressure 
was drawn into the tube B (fig. 1), where it divided, one 

Fig.1. 

)° CONVENSER 

AND Pump 

pene 
=SSsr B —_—> D 

aMen UT ON Lit DER Lo 
VAPOUR AND PumP 

half passing straight on to a condenser D and pump, while 
the other half passed through the spark between A and C, 
and on to a second condenser, E, and pump. Both con- 
densers were kept at the same temperature, and both pumps 
were worked at approximately similar rates. Under these 
conditions it was found that the hydrogen produced by the 
spark diffused into the stream of vapour passing from B to D, 
where it appeared in excess, while a proportionate excess of 
oxygen was collected from H, since this gas could not readily 
diffuse back against the water-vapour current passing from 
‘Bsto i. 

j —— 

No. of Vol. of excess | Vol. of excess / Total vol. of electro- 
ae ,. | of hydrogen coJ- | of oxygen col- lytic gas collected 

| experimen’. | lected from D. | lected from E. from D+E. 

f_AEE ES Fen) ace ae a eS ee ee pees 

BsiCanch tence 2°14 e.c. 1:04 c.c | 112 ee 

Sas «athens 1°94 c.c 0°94 c.c 10°5 ce 

Sie Adal 2:20 «.¢. 1:07 ec. | 10:0 ee 

Se | 

It seemed possible that the separation of the oxygen and 
hydrogen in the spark might really be a diffusion-pheno- 
menon, for most of the results obtained by Perrot and by 
Chapman and Lidbury can be explained by this hypothesis. 
When electric sparks pass through water-vapour contained 

in an apparatus like that used by Chapman and Lidbury, a 
mixture of oxygen and hydrogen is produced in the path of 
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the spark. The hydrogen, on account of its great power of 
diffusion, tends to become uniformly distributed throughout 
the apparatus, even if a rapid current of vapour is passing 
through it. 

The distribution of the oxygen, however, depends far more 
on the water-vapour current ; it will be divided according to 
the position of the entrance-tube. When this tube is in the 
neighbourhood of the cathode, the greater portion of the 
oxygen is driven out at the anode, the result being that an 
excess of oxygen is found at the anode and an equivalent 
excess of hydrogen at the cathode. 

If this entrance-tube is brought to the anode, the hydrogen, 
on account of its power of diffusion, again tends to become 
equally distributed through all parts of the apparatus. The 
greater portion of the oxygen, however, is now swept out at 
the cathode, so that it appears in excess at that pole while 
hydrogen is found at the anode. 

If equal quantities of oxygen are swept towards both poles, 
pure electrolytic gas should be collected from both anode and 
cathode, and Chapman and Lidbury found that this condition 
was reached when the entrance-tube was situated near the 
centre of the spark-gap. 

The faster the stream of vapour passes through the appa- 
ratus the less easily does the oxygen diffuse against it, whereas 
the distribution of the hydrogen is almost unaffected, so the 
amount of separation of the decomposition products should 
increase as the stream of vapour becomes more and more 
rapid. 
iin order to investigate the truth of this view of the part 

played by diffusion, we have carried out a number of experi- 
ments with both water-vapour and carbon dioxide, for it 
should be impossible to obtain any separation of the oxygen 
and carbon monoxide produced by the passage of sparks 
through this latter gas, since both carbon monoxide and 
oxygen diffuse at almost similar rates, and would, conse- 
quently, become uniformly distributed in all parts of the 
apparatus. 

In the first series of experiments, the discharge from an 
induction-coil with a large condenser was passed through a 
spark-tube of the shape shown in fig. 2 (p. 96). A rapid 
current of water-vapour entered the bulb D, which was blown 
in the centre of the spark-gap. The stream divided, any gas 
which might diffuse out of the spark was driven away through 
the side-tube E to a condenser which was surrounded by a 
freezing - mixture, while the decomposition - products re- 
maining in the path of the spark were swept by the stream 
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of vapour through the two side-tubes G aad H, which commu- 
nicated with another condenser also surrounded by a freezing- 
mixture, 

Fig, 2. 
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After condensation of the vapour in the condenser, the 
gases, which consisted of mixtures in different proportions of 
oxygen and hydrogen, were removed by automatic Sprengel 
pumps, and were collected separately and analysed in the 
same manner as in the experiments of Chapman and Lidbury. 

A voltameter was placed in the circuit so that comparison 
could be made between the amount of decomposition of the 
water-vapour and the quantity of electricity passing in the 
spark. 
the rate at which the water-vapour passed through the 
apparatus was varied, and it was noticed that when the current 
of vapour was slow the separation of the oxygen and hydrogen 
was small, but that it increased rapidly as the stream became 
faster, until practically pure hydrogen was collected from the 
diffusion-bulb D. 

If the separation of the oxygen and hydrogen is really a 
diffusion phenomenon, one would expect that with this appa- 
ratus the gas collected through E should contain an excess of 
hydrogen, while that from G and H should contain a propor- 
tionate excess of oxygen ; for it is improbable that any large 
amount of oxygen could diffuse back into the bulb D against 
the rapid current of water-vapour passing from D to & and 
rom D*to H. The faster the stream of vapour was passing, 

the less easily could the oxygen diffuse against it, and hence 
the larger the excess of hydrogen found in D. 
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The following results were obtained with this apparatus :— 

| | Excess of Hydrogen Excess of Oxygen 
| . 

| 4 from Bulb D. from G and H. 
- iS 

ae} = ABP ate 
ne 

. 3 | a O @ ’ 
2 an qd fo A. = 3S 
oO 2 iS) te 2 = FE 

se haem 3 = a Cee asi 3 . iva Bo em 

a | = qs 2 n Sa! =o ao} eg 
v roles Maal pes: (= Da a enc are | Mi a =| : er 
Q, | 5) oe 2 mo a SO°Feo] +s mo .2 Sua ss 
i} 1} n> on WM 5.2 S | Gay DA A - 5 OD 

oO ea 1| vse 2P2 Oo er | ore Sp OR} 

Sic, i Se aa [Stas] 2F Ga [Sass re | ~ 

= = eae | Sea Es au pe|| o& 4 laate @ 
) oF 4 2 mn & © °=t P| Rone ee ont SH 

Say = A ica > | B = > 

| 

1. 0°545 c.c| 6-06 c.c. | 6-05 cc. [11°10 ec. | 2-96 c.c. | 289 cc. | 512 cc. 

Be ogee ecole ese (AIT .c,|p413:e0, | 9. 4.4519 eco. 

3. |1175¢.e.|7-88.ec.| ... | 6-70 ee! 3-8700.| .. -|380ec 

4. |1:005 c.c.|| 6°41 c.e. | 6°38 ¢.¢. | 6°35 c.c.| 3°16 ¢.c. | 3°14 ec. | 3°12 cc. 

6. 0312 c.c.) 5:11 c.c. | 5:01 e.c. AS cc. 2°52 ¢.c. at | 8:07 c.c. 

In three experiments the total gas collected from the 
bulb D was carefully analysed in order to see whether the 
percentage of oxygen contained in it diminished as the stream 
of vapour became more and more rapid. 

In the first experiment (No. 6) the stream of vapour was 

comparatively slow, and the ratio . was found to be : 
1274 
AGA 0-169, 

therefore the gas contained 16°9 per cent. oxygen. 
In the second experiment (No. 2) the current of water- 

: a © 
vapour was more rapid, and the ratio = was 

H, 
0°34 
== 0:035, 

so that the gas contained only 3°5 per cent. oxygen. 
In a third experiment (No. 5), in which the stream of 

vapour was extremely rapid, nearly pure hydrogen was 
obtained. These results are exactly what one would expect 
if the separation of the oxygen and hydrogen is a diffusion- 
phenomenon. A number of experiments were next per- 

Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. H 
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formed with the same spark-tube, but a stream of carbon 
dioxide was substituted for the water-vapour. 

The arrangement of the apparatus is shown in fig. 3. 

Fig. 3. 

3D, peer 
iL: 

i) 

The carbon dioxide was generated by heating in an air- 

bath, pure sodium bicarbonate, contained in the tube A. 

The water produced by the decomposition of the bicarbonate 

was partly condensed in B, which was immersed. in cold 

water, after which the gas was passed through a mixture of 

fused calcium chloride and anhydrous sodium carbonate con- 

tained in C so as to completely dry it. The dry gas next 

passed through a very fine capillary tube, O, dipping into 

concentrated sulphuric acid contained in the vessel D. The 

capillary tube was of such a bore that when there was prac- 

tically a vacuum on one side of it and carbon dioxide at 

atmospheric pressure on the other, the gas would pass through 

at the rate of about five litres (at N.T.P.) per hour. This 

was about the mean rate of the water-vapour current in the 

previous experiments. a. 

After bubbling through the concentrated sulphuric acid, 

any spray being removed by the glass-wool H, the gas entered 

= a 
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the spark-tube, where, as in the water-vapour experiments, it 
divided into two streams. After being sparked, the gas 
passed through the absorber L, in which the carbon dioxide 
was removed by concentrated potash solution. The residual 
carbon monoxide and oxygen were then pumped off and 
analysed by explosion. 

The quantity of electricity passing in the spark was again 
measured by a voltameter placed in the circuit. 

Several experiments were carried out, but in no case could 
the separation of the carbon monoxide and oxygen be detected, 
for the gas collected from the bulb G and from H and K 
always contained these gases in the proportion to form carbon 
dioxide. The rate at which the current of carbon dioxide 
passed through the apparatus was varied by altering the 
diameter of the capillary tube O, but it was found to be en- 
tirely without effect except as regards the total amount of 
decomposition, which increased as the stream of gas became 
faster. 

Since carbon monoxide and oxygen diffuse at practically 
the same rate, one would not expect to find any separation 
occurring in the spark, and the above results show that there 
is none. 

The next series of experiments consisted of a repetition of 
those carried out by Chapman and Lidbury on the effect 
caused by the position in which the stream of gas entered 
the spark. 

A stream of carbon dioxide was again substituted for the 
current of water-vapour. : 

The gas was allowed to enter the spark-tube at either the 
anode or cathode, or at any intermediate position, and the 
size and shape of the bulbs round the electrodes were also 
greatly varied, but in every experiment the products of de- 
composition consisted of carbon monoxide and oxygen in 
combining proportions. 

No separation could be detected. 
A further series of experiments were carried out in 

order to study the effect of passing a more rapid current 
of water-vapour through one end of a spark-tube than 
through the other. The apparatus employed is illustrated 
in fig. 4. : 
rani of water-vapour passed along the tube B and 

divided, one portion passing through the bulb A to a condenser 
and pump, and the other passing through C to a second con- 
denser and pump. The tube from A to C through which the 
spark passed had a bore of one millimetre. 

Naley. 
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By altering the temperature of one of the condensers or by 
changing the speed of one of the pumps, the current of water- 
vapour passing through A could be made either faster or 
slower than that passing through C. 

The amount of separation of oxygen and hydrogen ob- 
tained with this apparatus was found to depend on the dif- 
ference between the velocities of the two streams. When 
the more rapid current passed through the bulb containing | 
the cathode, an excess of hydrogen was obtained at that pole, 
while oxygen appeared at the anode ; but if the faster stream 
passed through the anode bulb, the poles at which the 
excesses of oxygen and hydrogen were collected were 
reversed. 

Fig. 4. 

WATER VAPOUR 

To CONDENSER To CONDENSER 

AND PUNT AND PUMP 

Further, the amount of the excesses of oxygen and 
hydrogen was much less when the more rapid stream of 
vapour passed through the anode bulb. 
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The following details of an experiment will illustrate these 
observations :— 

1. More rapid current through cathode bulb. 

Hydrogen Excess of hy- Excess of 
| collected in oe us drogen for 1 c.c. ERG TS oxygen for 1 c.c. 

yarogen : . oxygen : voltameter ee hydrogen liber- pcan hydrogen liber-| 
in same ated in volta- ated in volta- 

ee cathode. anode. 
circuit. meter. meter. 

3°055 c.c. 4°529 c.c. 1482 c.c. 27241 c.c. 0°733 c.c. 

2. More rapid current through anode bulb. 

Hydrogen ie Excess of hy- Excess of 
collected in ees es drogen for 1 c.e. ca oxygen for 1 c.c. 
voltameter y F 2 hydrogen liber- sees hydrogen liber- 
in same ae ated in volta- ated in volta- 
cas anode. cathode. 

circuit. meter. meter. 

ae ae i aii 
2°678 c.c. 0-622 c.c. 0:232 c.c. - 01738 c.ce. | 0:065 c.c. 

These different results obtained with the same apparatus 
are easily explicable as a diffusion phenomenon, for when the 
current of water-vapour which passes down one limb is more 
rapid than that down the other, it is evident that there is 
a larger volume of gas in the quicker stream into which the 
hydrogen can diffuse, and since it becomes, or tends to become, 
equally distributed throughout the water-vapour, the greater 
part of it will be collected where there is the more rapid 
current. The oxygen can only be affected to an extent equal 
to one-sixteenth that of the hydrogen, so that very little more 
of it is found to pass into the faster than into the slower 
stream. 

A consideration of these experiments leads to the conclusion 
that the products of decomposition of a compound gas are not 
arranged in such a manner that one constituent is liberated 
at the anode and the other at the cathode. 
A homogeneous mixture is first formed in the path of the 

spark, and the separation is due to gaseous diffusion against 
the current of water-vapour. When both the decomposition 
products diffuse at nearly similar rates, there is no perceptible 
separation. 
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Though many of the phenomena attending the decom- 
position of a gas by electric sparks can thus be readily ex- 
plained by diffusion, this explanation, in its unmodified 
form, is insufficient to account both for the important fact 
observed by Thomson that when very short sparks are used 
the poles at which the excesses of oxygen and hydrogen 
appear are reversed, and for the interesting observation made 
by Chapman and Lidbury, that the total amount of water- 
vapour decomposed and the extent of the separation of the 
decomposition-products is very much greater when the current 
of vapour enters the spark-tube in the neighbourhood of the 
cathode instead of near the anode. 
When sparks are passed between platinum electrodes in 

water-vapour, some of the metal is shot or sprayed off the 
electrodes in the form of extremely minute particles which 
adhere to the surface of the glass, and gradually produce a 
metallic film on those portions of the spark-tube which imme- 
diately surround the anode and cathode. The amount of 
metal deposited from the anode is extremely small compared 
with that from the cathode. 

The minute particles which constitute this metallic spray 
have in all probability a very powerful catalytic action, since 
they must closely resemble platinum-black, and the film which 
they form when deposited on the glass would also have, 
though in a lesser degree, the property of combining electro- 
lytic gas. 

It appeared to us that this metallic spray and deposit, with 
its catalytic action, must influence the amount of water- 
vapour decomposed by the sparks, and might possibly account 
for the various phenomena not wholly explicable by the 
hypothesis of gaseous diffusion. 

In order to study this catalytic action, it was necessary to 
carry out parallel experiments with platinum and some metal 
which did not give any perceptible spray under the influence 
of the spark, and which did not react chemically with water- 
vapour when heated to a moderate temperature. 

Aluminium seemed very suitable for this purpose as it does 
not readily oxidize in water-vapour, and no metallic film can 
be formed from it. 

A series of spark-tubes of the shape shown in fig. 5, A 
and B, were used, the sole difference between them being the 
diameter of the bulbs surrounding the electrodes, whink in 
type A was 1 cm., and in type B 5 cms. In some tubes the 
electrodes were of aluminium, and in others of platinum. 
With this latter metal various thicknesses of electrodes were 
tried in order to see whether the results were affected, for 
the thinner the electrode the hotter would the cathode become 
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under the influence of the spark discharge, and the amount 
of metal shot off increases with rise of temperature. 

= ~ Fig. 5. 

To CONDENSER 

AND PUMP 

To CONDENSER 

AND Pum? 

Sa 
WATER WATER VAPOUR 

VAPOUR 

Ua B 

The stream of water-vapour at about 12 mm. pressure 
entered the tubes at C, and after being decomposed by the 
spark passed out at D toa condenser surrounded by a freezing- 
mixture whence the electrolytic gas was removed by a pump, 
and estimated by explosion. The electrode at C or D could be 
made anode or cathode at will by simply reversing the current. 

The experiments were carried out as follows :— 
The whole apparatus being completely evacuated, a current 

of water-vapour, the velocity of which was measured by the 
volume of water collected in the condenser per hour, was 
passed through the spark-tube, and C was made the cathode. 

After ten minutes’ continuous sparking the current was 
switched off and the electrolytic gas produced was removed 
by the pump and estimated. D was then made the cathode, 
and sparks were passed for another ten minutes, when the 
resulting oxygen and hydrogen were pumped off and esti- 
mated as before. The ratio of the amount of the electrolytic 
gas obtained when the cathode was at C to that when it was 
at D could then be calculated. 

The two observations were made as rapidly as possible so 
that the rate of the stream of water-vapour might be assumed 
to be the same in each case. No voltameter was placed in 
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the circuit, but care was taken that the amount of electricity 
passing during each ten minutes of sparking was approximately 
the same. 

Without altering the apparatus in any way or admitting 
air to it, a series of pairs of experiments were made in the 
manner just described. 

The reason for doing this, and not cleaning off the metal 
deposited on the glass of the spark-tube during each of these 
experiments, was to see to what extent the metallic film, 
apart from the actual spray, exercised a catalytic influence. 
During each ten minutes’ sparking the film would become 
thicker and denser, while the amount of spray round the 
cathode would remain fairly constant, since it only depends 
on the spark and the consequent heating of the electrode. 
If, then, the ratio of the amount of electrolytic gas collected 
when the cathode was at C to that when it was at D was found 
to alter through successive pairs of experiments, it would show 
that the metallic film exercised a catalytic influence apart 
from that of the spray round the heated cathode. 

The following table gives the results of some of these 
experiments. 

| Vol. of | Vol. of | 
No. of 1:. _ electrolytic | electrolytic 
pairs of q Diameter of gas collected! gas collected} Ratio 

: Electrodes. bulbs round ®& Z |e d 
experi- electrodes, | 12 10 mins. | in 10 mins. | B/A. 
ments, * | when cathode when cathode 

| was at C. was at D. 
A. B. 

ty Platinum lem. ip e00'.c. 2-08 c.e. | 0°242 

9, || Wire 0) mm. 809ec. | 162ec, | 0-201 
diameter. | 

3. 8:96 c.c. 162¢c. | 018] 

4, Aluminium 1 em. 2°44 ee. 2°49 cc. / 1018 

5. |. Wize 0 mm. 5-96 c.c Gl4ec, | 1081 
diameter. 

6. 717 c.c 7°50 e.e 1:047 

8 Platinum lem. 2°58 c.c. 1°78 c.e. | 0-690 
wire 1 mm. 

8. diameter. | 1:99 ce. 1°32 c.c. 0-663 

9. Platinum | 5 ems. | 3°18 c.e. 2-94 ec. 0:924 
wire 0°5 mm. | . 

10. diameter. Sl4cc. | 287 ce. 0-914 
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In the above table, experiments 1-3 when compared with 
4—6 show the enormous effect the metal composing the 
electrodes exerts on the amount of electrolytic gas obtained 
when the stream of water-vapour enters the spark-tube at 
the anode and cathode respectively. Experiments 1-3 com- 
pared with 7-8 show the difference between thick and thin 
electrodes. In experiments 7-8, where the electrodes are 
thick and therefore become only slightly heated, there is a 
very small amount of spray, and consequently the difference 
in the amount of gas collected when the vapour enters at the 
cathode compared with that when it enters at the anode is 
smaller than in experiments 1-3. 

Experiments 1-3 and 9-10 show the effect of large and 
small bulbs round the electrodes. It will be noticed that 
when the bulbs are large, the effect is the same as when the 
electrodes are very thick. This difference between the amount 
of gas collected when the water-vapour enters at the anode 
or cathode can be explained by the catalytic action of the 
platinum spray. 

In the first experiment of any series the spark-tube is clean 
and C is made the cathode, as already mentioned. The 
vapour enters at the cathode, is partially decomposed by the 
spark and passes over the anode on its way out of the tube 
at D. The amount of spray and heating at the anode being 
negligible, and the surrounding glass being clean, no re- 
combination of the electrolytic gas produced in the spark 

_ takes place. 
D is next made the cathode; the electrolytic gas produced 

in the spark passes over its heated surface, from which par- 
ticles of metal are being shot off ; and some recombination of 
the oxygen and hydrogen occurs ; consequently a smaller 

- amount is collected than when the cathode was at C. 
When the electrodes are thick the heating of the cathode 

is less, and a smaller amount of metal is shot off: there is 
therefore less recombination ; and if a very thick cathode is 
used there may be little difference between the amounts of gas 
collected according as this pole is at C or D. 

It will be noticed in the table that in the case of platinum 
each successive pair of experiments gives a lower value for 
the ratio B/A, that is to say the amount of recombination 
increases every time D is made the cathode. Since the 
amount of spray shot off the cathode does not vary from one 
experiment to the next, this increase of recombination must 
result from the catalytic action of the metallic film which is 
deposited on the walls of the tube. This film becomes denser 
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with each experiment, and so presents a larger active surface 
to the electrolytic gas, as it passes over it. 
When the bulbs round the electrodes are of large diameter, 

less oxygen and hydrogen is combined by the metallic particles, 
since there is a larger volume of water-vapour into which the 
electrolytic gas produced by the spark can diffuse, and so 
escape the catalytic action. 

As the difference between the behaviour of aluminium and 
platinum when used as electrodes during the decomposition 
of water-vapour by electric sparks Beenied of considerable 
interest, we were led to examine the action of other metals 
as well. 

A number of spark-tubes of the shape shown in fig. 4A 
were used, and the pairs of experiments were carried out 
exactly as already described. As it was not possible to obtain all 
the metals in wires of equal thickness, the values for the ratio 
B/A for one metal are not strictly comparable with those for 
another. 

The following tables give a summary of the results obtained 
with different metals :— . 

| Vol. of electrolytic | Vol. of electrolytic 
eeiodes: | gas collected in gas collected in | ——- Ratio 

| | 10 mins. when 10 mins. when B/A. 
| cathode wasatC. | cathode was at D. | 

i Vee Eee ) 

Gold 6°38 c.c. | 1°19 c.c. 0-929 | 

jae ep Nt. 8:12 ec | 7'32 c.¢ ool | 
; 5°66 c.c. 4:27 c.c. O754 | 

| Silver | 8-41 cc, 818 cc. 0974 | 
HS as 7-94 e.0. | 771 cc. 0-971 | 

7°84 e.c. 761 ce. 0 970 | 

| Copper | 736 c.c. 688 c.c 0936 | 
Vite maa 8:24 e.c 752 ec 0-912 

| Tron | 509 e.e. D'41 c.e. 1062 | 

Chet sho di 5:22 e.e, 44 ce, 1-042 | 

_ Nickel | 5°83 e.c. 5°87 c.c. 1-006 

ees ® 2mm, | 5°75 c.c. 595 e.c. 1-035 
| 
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Vol. of electrolytic Vol. of electrolytic | 
Bilsckrod gas collected in gas collected in Ratio 
aoa 10 mins. when 10 mins. whon B/A. 

cathode was at C. eathode was at D. 
A. 

Wel niumn 6:04 c.c. | 6°50 e.c. 1:076 

Aare eet 6°41 c.e. 6°55 c.c. 1-023 
1:0 mm. 
diameter. 

{ Mane 4-65 c.c. 4°70 cc. 1-058 
q strips of foil : ne =e 
j oe 459 c.c. 4°98 c.e. 1077 

4 diameter. 

eh ils 

Tantallum | 4°70 c.e. 4-96 e.¢. 1:056 

a | 4-68 c.c. 4-52 c.0. 1108 
amp. 

} 

4 Magnesium 4°39 c.c. “75 ec 1-082 
wire 0°5 mm. : = oe 

q = ner a 4°39 c.e. 4°71 ¢.c 1074 

. Palladium 8°54 ec. 0°99 c.c 0-116 

eae 0:89 c.c. 0:31 c.c 0-352 
; diameter. O76 ere: 0:28 c.c 0-510 

a | 

; | Rhodium 2°84 c.c. 1°84 c.c 0648 

| ec 1°70 cc. 0-79 ec 0-464 
-| diameter. eek Giese 0°95 ec 0°340 

| Rutheniune 2°63 e.c. 2°23 ¢.¢ 0:°845 
small] buttons | : ; ee 3 

ae sateet Ae | 2°51 c.e. 2°18 c.c 0-803 

diameter. 

| Osmium | 7°34 cc. 5°05 e.¢ 0:685 

filament 675 ce. 3°62 ec 0:536 
from ‘“‘ Osmi” 
lamp. | 5°36 c.c. 3°35 c.c 0°625 

Iridium 6°34 e.e. 0°71 ce 0112 

wae 21 543 c.c. 0:59 ec 0-108 
1:0 mm. 
diameter. — 6°38 e.c. 0:57 ce 0 090 
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It will be seen from these tables that all those metals which 
oxidize when heated in air behave like aluminium. They 
give no spray and cause no recombination of the electrolytic 
gas produced by the spark. They do not appear to be oxidized 
by the water-vapour, but possibly a very thin skin of oxide is 
formed which prevents any metal being shot off the cathode, 
for several of them have been shown by Crookes (Proc. Roy. 
Soc. 1891, vol. 1. p. 88) to disintegrate in other gases. 

Those metals which do not oxidize when heated in air to a 
moderate temperature, or which form a volatile oxide as in 
the case of osmium, behave, with the exception of silver and 
palladium, exactly like platinum. They disintegrate in water- 
vapour and bring about more or less recombination of the 
electrolytic gas. Silver, though spraying readily, does not 
appear to combine oxygenand hydrogen. Palladium behaves 
exceptionally, for the ratio B/A is found to steadily increase 
in each successive pair of experiments, instead of decreasing, 
as in the case of the other metals. 

When this metal is in a state of very fine subdivision 
(palladium black), it is known to exert intense catalytic action 
on a mixture of oxygen and hydrogen. The metal rapidly 
becomes heated through the energy with which these gases 
are combined on its surface. 

During the experiments with electrodes of this metal, it 
was noticed that the film deposited on the tube about D 
became heated when C was the cathode, a phenomenon not 
observed in the case of any other metal; and though the 
amount of gas collected when D was the cathode was found 
to diminish in each successive experiment, yet when C was 
the cathode it was found to diminish far more rapidly, espe- 
cially at first, and hence caused the increase in the ratio B/A. 
As the film around D became heated, it was probable that the 
steady diminution in the amount of gas collected in each 
experiment when C was the cathode was the result of 
recombination. To see if this was the case a series of expe- 
riments was carried out in exactiy the same manner and with 
the same spark-tube, only when C was the cathode, the 
metallic film round D was kept cold by water so as to prevent, 
as far as possible, any catalysis. The results then obtained 
were in exact agreement with the other platinum metals 
(table, p. 109). 

The observations of Chapman and Lidbury that the degree 
of separation of the oxygen and hydrogen is less when the 
stream of water-vapour enters the spark near the anode than 
near the cathode can now receive a complete explanation. 
When the vapour enters near the anode the greater part of 
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Volume of electrolytic | Volume of electrolytic 
No. of gas collected in gas collected in Rati 

Experiment. |10 mins. when cathode 10 mins. when cathode B/ has 
| was at C. was at D. a Ukaah| 

A. B. 

il 6°739 c.c. 2°607 c.c. 0°386 

2. 6293 ¢.c. 0644 c.c. 0-102 

3. Occ. | Worl ce. 0-060 

4, G 237 ‘C.c. 0317 c.c. 0-051 
| 

the oxygen is swept towards the cathode, where it appears 
in excess, while the hydrogen is equally distributed between 
the two poles. A considerable quantity of the electrolytic 
gas passing over the cathode is, however, recombined there, 
so that less oxygen is left to appear in excess at that pole, 
and the hydregen collected at the anode is proportionately 
diminished. . 

If the point of entry of the stream of vapour is near the 
cathode, a volume of oxygen equal to that which in the 
former case passed over this electrode, and was partially 
recombined, is now-driven out at the anode, but its amount is 
not sensibly diminished there, since hardly any recombination 
takes place near this latter pole. 

An explanation of the results obtained by Thomson can 
also be given, though the conditions in his experiments and 
in ours were somewhat different, since his steam was at 
atmospheric pressure, whilst our water-vapour was at about. 
12 mm. pressure, and the amount of metal shot off the cathode, 
and hence the extent of catalysis, increases as the pressure 
decreases. The cathode is surrounded by particles of metal 
which exert a catalytic action on electrolytic gas, so that a 
zone of recombination is found around that pole; and one of 
us has already pointed out that ifa homogeneous mixture of 
oxygen and hydrogen (as is found in the path of the spark) 
is produced inside such a zone, an excess of hydrogen may 
be expected outside it, while the oxygen becomes concentrated 
within (Phil. Mag. 1907, vol. xiii. p. 630). | 

If the electrodes are close together, almost the whole spark 
may be inside this recombination zone; and as, under these 
conditions, the gas swept through the cathode by the water- 
vapour current will chiefly consist of that portion within the 
zone, an excess of oxygen should be found at the cathode, 
and a proportionate excess of hydrogen at the anode. When 
the spark is long, the greater portion of the electrolytic gas 
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is produced outside the zone. The water-vapour enters at 
the centre of the spark ; and if no recombination occurs near 
the cathode, equal quantities of oxygen will be swept towards 
each pole, and the hydrogen being uniformly distributed, 
pure electrolytic gas would be collected at both anode and 
cathode. 

But recombination is taking place near the cathode, and 
consequently some of the electrolytic gas is removed there, 
so that a smaller quantity of oxygen is swept out at that pole 
than at the anode. The hydrogen, however, still tends to 
become distributed uniformly throughout the apparatus, so 
that it now appears in excess at the cathode. 

The experiments described in this paper lead us to the con- 
clusion that when electric sparks pass through a compound 
gas such as water-vapour or carbon dioxide, the separation 
and arrangement of the decomposition products is not an 
electrical phenomenon, but results from gaseous diffusion. The 
hypothesis of electrolysis in liquids is therefore inapplicable. 

The University, Manchester. 

VI. Interaction of Dynamical Systems. 
By R,. HARGREAVES *. 

‘TF there are two groups of coordinates g and y with corre- 
sponding velocities g and X, the kinetic energy of a 

system embracing both groups generally contains terms 
which are products of g and x, as well as functions quadratic 
in the velocities of the separate groups; and the product- 
terms give a mutual or composite action of the groups in an 
explicit way. This is also the case when the kinetic energy 
is expressed in terms of the momenta. But if the velocities 
of one group and the momenta of the other are used, it is 
characteristic that the energy shall appear as a sum of 
detached quadratics, and all trace of composite action is lost. 

It is proposed to deal with this and other cases where a 
mutual action is concealed. For the case stated a kinetic 
potential of mixed type is introduced, 7. e. one involving the 
velocities of one group and the momenta of the other. It 
is clear that when coordinates of the second group are 
absent and the momenta invariable, we have the problem of 
ignored coordinates, which therefore appears as a special case. 

§ 1. Potential energy in the form of a function of co- 
ordinates only may be omitted, as its presence or absence 
does not affect the questions considered. A kinetic energy 

* Communicated by the Author. 
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expressed in terms of velocities only is denoted by Q(4) ; 
from it are derived 

0Q 
| 04, : . (1) 

A kinetic energy expressed in terms of momenta only is 
denoted by P(p) ; from it are derived 

momentum rao, and force =p;— 

UO ates), Si igi ie 
locity 7,= —— df =Ppt a. .. velocity 4 Bp. and force =p,+ ae (11) 

It will then be shown that a composite system for which the 
kinetic energy is given in the form 

HS OCd) Pla)... 8S) Gik@) 

may be treated with the aid of a kinetic potential of mixed 
type, V1z. :— 

E—@@)-— PG) 16g ay oo hte Gib) 

where I is a bilinear function of ¢ and @ with coefficients 
dependent, like those of P and Q, on the coordinates g and 

In this mixed form L is to be taken as a function of type 
(1) for the coordinates gq, and —L as a function of type (ii) 
for the variables y. From (iii 6) are derived in this way 

momentum m= oe = o +2, sn nee LEE) 

leg I eee Qe 
velocity v= Qa. |= aa, ~ Oe, sere (iil d) 

i ae Recent fea he. 
d for oe erst See Oa and forces Ps ae @s+ 5x, ( L) 

oa DOM Ol) = Oly i 
dt O04, O0r’ Ss Ox, e « ° . e qu e) 

Since I is a bilinear function of (g, a), we have at once 

2 4,7—= 20-6 and > ays=2Q—I1 ; so that 

, 
L4pdy oh Savy, i Q +P= i, \ 

, (1) 
and 23pdr—>ha,y,= Q—P+1=L. 

The latter equation gives the reason for the use of —L in 
the case of the variables y. 

Now E can be made homogeneous in two ways, (a) as a 
function of velocities by eliminating @ through the linear 
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system (iii d), and (b) as a function of momenta by eliminat- 
ing ¢ through (ilic). I take it to be the criterion of regularity 
in the above system, that it should show the same dynamical 
quantities as the methods of (1) or (ji) when applied to the 
homogeneous forms of E. The requisite analysis is furnished 
by the lemma relating to transformation to be given in the 
next section. This is an extension of the usual theorem of 
reciprocity, and for convenience of general reference it will 
be given in an independent algebraical notation. 

2. Lemma.—Let Z be a quadratic function of n variables 
z,and J a bilinear function of z and of m other variables 2, 2. e. 

I= Bl Gtres. . «ee 
(aes Gssit 

Z can be expressed as a quadratic function of 2 and of n new 
variables y, specially correlated with z, by means of the n 
linear equations 

oF (say é;) =y+ 22 =YstZewar . . . (3) 

Calling this expression Z(2,7), we prove 

OL(2,y) OF O4(x,y) 
Oar &. 2.5 04s 

=f «(4 

For the first, 

O4(x,) ae 02s = 0 See —> 
(ok Ss ” Of; a 02, s $ Oay 

OL (x, 2 ; 

= 20) erst, by (3) 3 
7” 

that is 

For the second, 

aie rama 
ge 2, by (3)3 

bait! Oeil eae 
OYs 

We then prove that if the coefficients in Z and J depend on 
any parameter 6, 

~ 
~ se 

OZ(x,7) acs 0d OZ ed net ee) 
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where in Z(2,y) the coefficients of x, zy ... are differentiated, 
in Z the coefficients of 2?...,and in J those of #,z, Thus 

Z(x,y) depends on @ directly through the coefficients of Z(z), 
and in an implicit way because z as expressed in terms of wy 
is also a function of 6 through the coefficients. Hence 

OZ(2,7) aes OZ 02s OZ ac 

00 =a9t2&ag > 30 + ebee a 

OZ , 4 O4(#,y) 0 Od 
Be Y; — 2e5 sag? YS): 

But oe is a linear function of z, viz., it is J with Oe 

written for ¢,s, and therefore 

Be 0 Od _ od > OL (zy) OZ od 

Aree 8 ag haa = 30 
In the usual theorem of reciprocity, the letters x and the 

function J do not occur. 
§ 3. To express E or Q(4)+P(@) in terms of velocities 

only, we make use of 

"= =X > a (2. é. lay 

to eliminate a ; consequently (ZJzy«) of the lemma are re- 
placed by (Play q). Hence 

Ohman ob° aPl.xype 
by (A eS . y (A) cee Oe ak eo 

ae Chay). ol dP t 
m Se ag j 

@ being one of the coordinates g or x, or indeed any other 
parameter involved in the coefficients of PQ and I. Thus 

and by (B) 

OE(4,X)_ 9Q oH(ZxX) _ 0Q | 
Tig. Od: aE ie Gee Oe | 
and r (5) 
dE( 4%) _ ag ooh Sa ab | 
= 00. 00 00° | 

Thus the criterion, stated in § 1, for the normal character 
of the system derived from the use of the mixed kinetic 
potential L, is satisfied. Here L is a general quadratic 

Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. li 
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function of Yand @w having the part quadratic in ¥ only 
essentially positive, that in @ only essentially negative ; 
these conditions secure the positive character of E. The 
latter is derived from L by the formule 

OL | L (—L 

B=34g72 L, or B= BeOS? —(—L)=L Seg \ 
Oi AFB OL | 

ca Due oe eer 5 
The alternative transformation is to make use of (iii¢) to 

eliminate Y and express E as E(p,a) ; as the latter is the 
reciprocal of E(4,X) it is not necessary to give details. It 
is also possible to use (iii c) and (iii d) in conjunction to effect 
a transformation from 4 and @ to p and’ X, these being 

m+n linear equations. It will be sufficient to state that 
L(p, X) is the reciprocal of L(4,a), 2. e. L(p,X) is a kinetic 
potential of type (ii) for the variables g, and —L(p,X) is a 
kinetic potential of type (i) for the variables y. Thus 

OL(yX%) OLX), ng 8b %) , Ola) F 
= 3 36 = 

NOR RG codgee a ar 30 s 

is true for coordinates of either type. 
§ 4. The force corresponding to the coordinate q, is, by (iiie), 

4 2Q@_30,3P ad. _ at - 
dt Ory Ogee 09%, di O09.) OF ame 

If I is taken to be 
2 Cp Gye, 4 . 2 

the terms due to the function of interaction are 

dat _ ot 
dt O%e Or 

. OCrs . rere OCms ) 6 , 

= 2 s ns ane m™ se 9 
ie > corm “Bese OXn A +3 (Sm 09» Lm ( ) 

The force corresponding to the coordinate x, is 

ee OC On. 
wT OX, OXs OX,’ 
OP = 0Q Cm ; 

or ata Pe ie rt aX, YWine se 

If no coordinates y appear in the coefficients of PQI, and 
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there is no external force tending to alter a, the outcome of 
the second group of dynamical equations is that each @ is 
constant. P then becomes a function of coordinates g, and 
behaves as a potential energy, cf. (7). In (9) the effect of the 
function of interaction is reduced to the last term, viz. : 

M,8 7 5 a ) ins 7 hat Sle @ b) 

§ 5. If the value of Lis given as a difference of like ex- 
pressions Q( 7) —Q’(X ) or P(p)— P'(a), we have counterparts 
of the original case. Thus if 

Ihe@ 6G) — O (XP ovr ke ye ELLY. 

we form momenta from 

H=Q(%)+Q'(X)+1(G4),- - + . C2) 

which being homogeneous isa kinetic potential of type (i). 
The equation 

ee ee an icuk yaa) Me Sek, ax, 
may be used to eliminate X from (11) and so express L in 
terms of and w. Here (ZJzyx) in the lemma are replaced 
py (Q’, —L x, @, gq), and 

(A) gives 0Q'( OQ 4,0) _ mls 0Q'42) =X, 
fol oe O@s 

«| I Gp) or Oly.) BQ". 
(B) gives mag 1 ABR. 3G: 

and therefore ; 

oL@=)_ 0Q, dt _ dE — dL(%e) _ ] 
Oa - See BT on ent | 

and > (14) 

i). _2Q, 30, OT_ aE | 
Soe. OF empe . oe. oe ‘ 

The transformed value of L is therefore a kinetic potential 
of mixed type. The treatment of the case L=P(p) —P'(a) 
is similar. I is here subject to the limitation ee EK must 
be essentially positive. 

§ 6. Some light is thrown on both cases by considering 
the contrary process, the passage from a homogeneous to a 

I 2 
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heterogeneous expression for energy. Here we suppose H od 
given as 

Qu(g) + Q(x) + Q(x), - - - + (15) 

and that y is to be replaced by a, through the equation 

OH AQn | OQe2 OQ. s= ae So t+ tS =a + SS say, . (16) m= 37 OK Oa Ox, 
Qi. being the bilinear section so that «; 5a linear function 
of 7. The actual transformation needs minor lemma. Jf 
Q(x) is a quadratic function of a, and !\(y) its reciprocal, 1. e. 
the function obtained by transforming to variables y, where 

Yys= ge. then the transformation of Sksa's + Q(z) by means of 

Hone or eae 06 
Ys Ks + Ao we its equivalent a,= ae. K(y—«) . (17) 

makes DKsts t+ Q(x) =K(y)—K(e). . (18) 

oy 3 vie “fOKG) ole Bip Sits Stcass Wy) = kod oe oe a 

= 34,9 — 2K) Ase 

and Q2) =Ky—W) =K(y) + Ke) — Se, OY) . ae 
and (18) follows by addition. ; 

Using K now for the reciprocal of Q,., we have 

E(4,7)={Qu(Z) —K(«)} +K(e) =T(7 )+ K(e) say. (20) 
At the same time L, defined as =4p,/,—X3a5X,, is equal to 

Qii(Z ) ~ Qoo(x) ; and this expressed in terms of Ya is 

L(4,7)=Qu(7) —K(a—«) 

=T(¢ )—K(a) $31, 2), o's : (21) 

Thus in (20) we do in fact reach the energy-form treated 
in § 1, and L(4,a) is the difference of the quadratics in (20) 
with a bilinear function of 7 and @w added. 

§ 7. The mutual action of the two systems in § 1 appears 
in the facts that p, contains terms linear in , and y contains 
terms linear ing, The coefficients of either set of terms are 
the coefficients in the function of interaction, which there- 
fore expresses the mutual action directly. Suppose the 
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coordinates y absent, the momenta @ constant, and the energy 
given as Q(7)+P(a@), and that the only object of referring 
to a homogeneous expression for energy is to ensure the 
regularity of the composite system; then the method of § 3 
gives that assurance without calculating Hig7,xX). If the 
method of § 6 is applied, then T and K in (20) are given 
forms and (15) a presumed original. Q . can be constructed 
at once, but not Q,, without a knowledge of the coefficients 
of x; the linear function of 7. These are the coefficients of 
Q:2, equal in number to those of I(¢,a), but they are not 
immediately connected with any information we may possess 
as to the mutual action. In this case therefore the method of 
§ : . indirect and laborious in comparison with that of § 1 
and § 3. 

But if (15) is an original form which is to be reduced in 
virtue of the absence of y and constancy of a, then T and K 
in (20) are derived forms and are the Q and P of (iii). The 
bilinear section is in a different form from that of (i116), but 
may be connected with it. For if 

Que = Yins GiXs; and K(a) =m BrsOrsy ) 

so that ar ' 
, K 

t= 2 Vins Ems and ome) =2Brv@e 5 > ‘ (22) 

then | 
oK L 

DQks a => orn maa rst¥ms 
Ss Mm, 8 ; J 

and the bilinear forms in (21) and (iid) are identified by 
writing 

Cnr Sens Viger ise he Pee at eee (23) 

If the reader compares this with the work in Thomson & 
Tait’s ‘ Natural Philosophy’ (p. 323, § 319 F’), he will find 
that the coefficients c correspond to M, N,...; and the transfer 
to this final form is in fact essential to a compact statement 
of the result. Or, in other words, the problem for the remaining 
coordinates is conveniently restated in the form (iii), after 
finding T and K as in (20), and ¢m, as in (23). 

§ 8. A brief summary of the position may be given. We 
have just shown that the appearance of HK as the sum of 
detached energy-forms of unlike type, viz. : 

E=Q(¢)+P(o) ... . . fiiia) 
is consistent with a mutual action. That action is expressed 
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in a general way by the use of a mixed kinetic potential, 

L=Q(HM—P(a)+1(qa). . . . (ib) 

On the other hand, L may appear as the difference of two 
detached energy-forms of like type, viz. :— 

L=Q(—O(%)).  ? aa 

or L=P(@pi—P'(e).: . | eee 

This is consistent with a mutual action expressed by the 
use of 

B=Q()+Q(%)+1G,%)  . . . (ivd) 
or E=P(p)+P(@)+1(po) . . - (vd) 

respectively, as energy-forms and at the same time kinetic 
potentials of types (i) and (ii). But here I must be such as 
to make E essentially positive. 

In relation to the product-forms 45 p, 4, and ays, E is 

in all cases the sum, and L the difference. E is a kinetie 
potential when its expression is homogeneous, L is a kinetic 
potential when its expression is heterogeneous. When H 
is expressed as a sum of unlike forms, or L as a difference of 
like forms, all mutual action of the groups or systems is 
concealed, and these forms are unsuited for use as kinetic 
potentials. , 

§ 9. As an example of the method we take the problem of 
a perforated solid moving in a perfect liquid. Kirchoft 
wrote a potential yy of acyclic motion in the form 

Wwouyyt... +r be, 

and obtained an energy function T quadratic in u...r. Here 
(uvw) is translation, (pq7r) rotation ; in some respects it is 
more convenient to use w;...us, and then to write &...& for 

components of momentum linear and angular, i. e. for i ere e 

Kelvin added a cyclic potential w=«,w,+ Ko@.+..., rer 
obtained an energy-function K quadratic in «. The energy 
of the whole motion is T+ K, involving no products of u and x, 
and there are reasons for assigning to « the character of a 
momentum. Now when the momenta of the liquid motion 
are found by evaluating 3 

A Wa dx dy dz, {\\e (wv —yu)da dy de..., 
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the resulting values are given by 

ol 
= ou, + C411 4+- Cy9K 9 + Shri) 8b ble 

Here o, a2... refer to the surfaces of barriers, (JImn) are 
direction-cosines of the normal to a barrier, and dv an element 
of this normal. The second suffix in ¢ refers to the barrier, 
the first to the velocities w,...,in order. If we write the 
bilinear function I= % ¢,e va x, the momenta are given by 

a,b ; 

EAU, =< oe ae 2 eMedia hey 9 

Also if we set down the value of I having regard to the 
meanings of ¢ in (24), we find 

T=3 [)(W + mV +2W—S) edo, Pah se (26) 

where U=u+qz—ry.. , 1.¢. (UVW) represents the velocity 
of a point of a barrier supposed to be in rigid connexion with 
the solid. 
Now taking « to correspond to of the general method, 

if there were no motion other than cyclic we should have 

= Se = N30 
or 7, would mean the flux through the barrier due to the oyclic 
motion. The conditicn that the composite dynamical scheme 
shall be regular requires a modification to 

ae Miho snl Ma By 
Thus 

Pyle (oY + 82 10 —mV—nW) don, ey at) 
X= 

or it is the flux relative to the moving barrier, due to the 
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whole motion cyclic and acyclic. Momenta and fluxes are 
then derived from a kinetic potential of mixed type, viz. :— 

L=T-K-+I1 

ols ee a 
f= Qua b) xX = OK 

in precise correspondence with the general scheme. 
In the above statement of the case, the evidence of inter- 

action is supposed to be first noticed in connexion with the 
value of momentum: the moditication of flux obtained by 
assuming the regularity of the dynamical system then takes 
an entirely convincing form. If the modifications are taken 
concurrently, the proof of regularity is given by the co- 
existence of 

ae or ol ee oK al 
ian tag Ou’ X= Bie. oe 

I being a bilinear function of wand «. The whole forms an 
excellent example of the mode in which the coefficients of I 
are determined in a special problem. As the expression for 
I in (26) is an interpretable quantity, its treatment in the 
further development for several bodies and general coordinates 
offers no difficulties which do not also appear in treating 
T and K. 

The conception of correlated expressions for energy is 
not confined to mechanics, and the generalized theorem of 
reciprocity in the lemma is applicable in all cases. Maxwell 
gave two such expressions for the energy of a system of 
insulated conductors, one a quadratic function of charges, the 
other a quadratic function of potentials. The former has a 
close analogy with the function of constants of circulation 
appearing in Kelvin’s problem. In each case we have in the 
character of momentum a quantity unalterable so long as the 
degrees of freedom of the system are maintained, a quantity 
which is virtually a constant of integration in one group of 
the equations. It may be well to bear in mind, in dealing 
with different branches of physics, that the existence of a 
total energy in the form of detached expressions does not 
exclude interaction between the separate forms of energy. 
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VII. Condensation of the Actinium and Thorium Emanations. 
By 8S. Kiyosuita *. 

N their well-known experiment, Rutherford and Soddy + 
have shown that the radium emanation begins to con- 

dense at —150° C., and that there is only a slight difference 
between the temperatures of complete volatilization and of 
complete condensation. They also showed that the ema- 
nation of thorium behaved in a very different manner. 
The emanation began to condense at —120° ©., but a 
much lower temperature, viz. about —150° C., was required 
in order to completely condense it. The temperature, at 
which the same number of particles of the emanation 
remained uncondensed, was different when different gases 
were employed to convey the emanation. Thus the tem- 
perature was higher for hydrogen than for oxygen, but 
the difference was not more than 3 degrees for the half 
value. A greater proportion was found to condense when 
the emanation was left for 90 seconds in the spiral than for 
30 seconds. The different behaviour of the two emanations 
was ascribed by them to the great difference in the number 
of particles of emanation present. 

Goldstein { made some experiments on the condensation of 
the actinium emanation by a different method, using a pre- 
paration of the “ Emanationskérper ” of Giesel, now known 
as actinium. An exhausted glass tube was taken, at one end 
of which was placed the actinium preparation, and at the 
other a zinc-sulphide screen. The emanation diffused along 

the tube and produced phosphorescence on the screen. The 
luminosity was found to decrease when a glass tube, 
cooled by liquid air, was placed between the actinium and 
the screen, showing that some of the emanation was con- 
densed on the walls of the tube. This experiment, which 
was made in the early stage of the enquiry, lacks quantitative 
precision. 

The determination of the temperatures of condensation 
and volatilization of actinium emanation has been carried out 
by the writer, using the electrical method which has been 
adopted by Rutherford and Soddy for thorium and radium 
emanations. 

A gas conveying a definite amount of the emanation is led 
directly into a partially exhausted copper spiral, the tempe- 
rature of which, while rising slowly from that of liquid air, 

* Communicated by Prof. E. Rutherford, F.R.S. 
+ Phil. Mag. vol. v. p. 361 (1908). 
1 Berichte d. deutsch. phys. Geselischaft, p. 393 (1903). 
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can be measured. After leaving it for a certain time in this 
spiral to attain its temperature, and to let the emanation 
condense on the walls of the spiral, the gas is quickly led 
into a partially evacuated emanation electroscope, by means 
of which the activity of the emanation, escaping uncondensed 
along with the gas, can be measured. 

The actinium emanation loses its activity very rapidly, 
its period being only 89 seconds, so that the activity 
decreases to 7 per cent. of its initial value after 15 seconds, 
and to 0°5 per cent. after 30 seconds. To get measurable 
effects it was, therefore, practically impossible to leave the 
emanation for more than 30 seconds to cool, although 
1°5 grammes of actinium preparation had been taken, the 
activity of which was about 6000 times that of uranium oxide. 
It was, however, found experimentally that the proportion 
of uncondensed emanation at a given temperature is the 
same whether the emanation is lett in the spiral for 15 or 
24 seconds, provided the pressure is the same in both cases. 
Consequently 15 seconds seems sufficient time to allow for 
condensation in the spiral employed. At a temperature a 
few degrees below that of complete condensation, the ema- 
nation only took two or three seconds to condense. The 
rapidity of decay of activity of the emanation makes the 
experiment extremely difficult. An error of one-fifth of a 
second in the time during which the emanation is left in the 
spiral to condense causes an error of 3°5 per cent. in the 
final result, and one of 0°5 second, of 8°5 per cent. 

The spiral was made of copper tubing, 127 em. long, 3 mm. 
in internal diameter, and 1 mm. thick. This was wound into 
a double spiral of 11 turns, 8 em. long, the mean diameter of 
the outer one being 2°5 cm., and of the inner 1°3 em. One 
end of the spiral was connected by means of a rubber tube, 
14 em. long, with a glass tube A (fig. 1), in which the active 
preparation was kept. The other end was similarly connected 
with the emanation electroscope, a stopcock interposing in 
each case, so that both the tube A and the electroscope could 
be shut off from the spiral when necessary. The copper 
spiral itself was used as a thermometer, a constant current of 
0:24 amp. being sent throngh it, while the change of resist- 
ance was measured by the fall of potential between two 
fixed points on the spiral by means of a D’Arsonval galvano- 
meter (G). The current was adjusted by means of a sliding 
resistance, so as to keep the potential difference constant 
between two other points in the circuit, which were at the 
ordinary temperature, the potential difference being read by a 
Weston’s milli-voltmeter. The reading of the galvanometer 
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was proportional to the difference of potential. The heating 
effect of the circuit through the spiral was found to be 

Fie. 1, 
MILLI-VOLTMETER 

: TO EARTH ees 

XX e 7 Sern PALL Se 

{ Gi og : Srpostie | ACTIVE se ; TO BAROMETER PREPARATION 52% ce ts Xe 
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| Se Se ies PSs cS ae JS) : To pump Rey 
4 Cac, on 
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ey = pre 
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negligible. The thermometer was calibrated from three 
different temperature readings, viz. 0° O.; the freezing- 
point of ethyl bromide, —125°°5 C.; and the temperature 
of liquid air, which had been determined by the aid of a 
hydrogen thermometer just before calibration. Subjoined. 
are the results :-— 

Temperature. Galvanometer reading. 
ich aero ogee : 

2A. a eee eee een 41:2 
=a SEES: EE i 24:3 

When plotted, these points do not lie on a straight line ; 
but since the deviations therefrom are very small, intermediate 
temperatures can be determined by interpolation. 

Now, if the emanation for initial activity I) is led into an 
electroscope after being left for T seconds in the spiral, its 
activity will be Ipe-*7, if no condensation takes place. And 
the rate of fall of the gold leaf is proportional to Ipe—”; thus 

| ds 
eee dt 

where & isa constant, s the reading of the gold-leaf at time ¢, 

—_ —AE 
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»% being the radioactive constant of the emanation. Let 
sr and so be the values of s at t=7 and t=O respectively, 
then by integration 

k(sr— So) = 2 (ieee), 

or (N. (Sr— So) 
lL;= Pieces: 

The experiment therefore simply consists in measuring the 
number of scale-divisions passed over in a constant interval 
of time t. This number is proportional to the activity, 
2. é., to the amount of emanation escaping with the gas. A 
correction must be applied for the active deposit which is 
formed from the emanation. 

As a verification of the method, the radioactive constant of 
the actinium emanation was determined by measuring sr—Sg 
for T= 25 and 20 seconds. The results are as follows :— 

T=26 seconds. | T=20 seconds. 

i 3°6 | 87 
eed, 3°6 oke f: 
OT oa 0) eeesece 3°6 8°64 

ee 8°75 
Mean... 3.¢ Mean... 3-705 

8°705 
This gives X=} log, #6 =0°176 or period=3:92 seconds, 

which agrees very well with previous determinations. 

EHaperiment with Actinium Emanation. 

The copper spiral was immersed in a Dewar’s vessel, the 
mouth of which was closed with cotton-wool, and when the 
spiral had cooled down, all the liquid air was removed by 
inverting the vessel, after which the temperature was allowed 
to rise. The rate of rise of temperature was about 1°1 to 
1°-3 per minute. The electroscope and the spiral were 
evacuated by a water-pump to a pressure of 10 mm. of 
mercury, then all the stopeocks Ci, C., Cs, and Cy were 
closed, A being at atmospheric pressure. C, was then 
opened, the gas in A which conveyed the emanation rushed 
into the spiral ; and after a few seconds C, was again closed. 
Seventeen seconds after C, had been opened, the stopcock C3 
was turned, when the gas rushed into the electroscope, and 
the gold-leaf began suddenly to fall. Two readings so and 
s, were taken, the former just before opening C; and the 
latter after 20 seconds. Act. A was deposited rapidly on 
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the inner surface of the electroscope, but the correction due 
to this cause could be easily made by measuring the activity 
after 50 or 60 seconds, when all the emanation had practically 
died away. At the same time the galvanometer reading was 
taken to obtain the temperature of the spiral. The position 
of the zero point of the galvanometer was verified between 
each pair of readings. The process was repeated about every 
5 degrees. It was found that the actinium emanation began 
to condense at about —120° C., and, just as in the case of 
the thorium emanation, some romenicd uncondensed below 
that temperature, The behaviour was the same whether the 
emanation was conveyed by air or by hydrogen within the 
limits of error of observation, but it varied largely according 
to the pressure at which the condensation took place. 

To test the nature of this variation, glass tubes varying in 
volume were inserted between A and the stopcock C. The 
results are shown in fig. 2, in which the abscissa represents 

Fig. 2. (Actinium Emanation). 
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Temperature. 

Amount of Emanation which escapes uncundense 

the temperature, and the ordinate sr —s,, which is proportional 
to the amount of emanation escaping uncondensed. Curve (1) 
is the experiment without any glass tube, (2) with a glass 
tube about 2°5 mm. in diameter and 6 cm. long, (3) with one 
of 185 cm., (4) with one of 24 cm., and (5) at atmospheric 
pressure. The scale of (5) is slightly reduced in the diagram. 
Each curve is obtained from two or three experiments under 

BS ROR 
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the same conditions. The pressure in the spiral at which the 
emanation condensed was calculated from that in the spiral 
itself, and from the ratio of the volume of the spiral to that 
of A (the portion between C, and C,), allowance being made 
for the difference in temperature between the two systems. 
The difference in the final values of the ordinates of these 
curves is due to the fact that, when a glass tube is inserted, 
more emanation goes into the electr oscope. Theoretically 
the curves should attain maximum. values at certain tempe- 
ratures and then decrease, because the higher the temperature 
of the spiral, the less emanation passes into it. But, on the 
other hand, when the spiral is cooler, it retains more ema- 
nation when the stopcock C; is opened. The magnitude of 
this last correction was determined, but found to be smaller 
than the experimental error. 7 

Ffg. 3. (Actinium Emanation.) 

ne Anas ame 
: el A 

{00 

S60 “155 -150 -14S -140 -135 -130 -125 -I20 -lIS -ll0 -10S =IG00=85 

Temperature. 

The experiment at atmospheric pressure was very difficult, 
and the result can only be considered approximate, because 
when the spiral was at atmospheric pressure and the stopcock 
‘C3 was opened, the gold-leaf fell a few divisions, even if no 
emanation were pr esent. The cause of this is not very 
evident, but is possibly due to electrification of the gas, 
rushing rapidly through the rubber tube, If the electroscope 
were evacuated at a pressure much higher than 10 mm., viz. 
200 or 400 mm., in order to admit a smaller quantity of gas 
into the electroscope, the discharging power due to the active 
deposit increased very greatly, and exact measurements could 
not be taken. 

“at Amount of Emanation which escapes uncondensed. 
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It is difficult to fix the exact points at which the curves in 
fig. 2 attain maximum values. However, the temperature at 
which a fixed amount of emanation escapes at different pres- 
sures can be found with more accuracy by reducing these 
curves to the same scale, as shown in fig. 5. The tempe- 
ratures for 5 per cent. and 95 per cent. of emanation remaining 
uncondensed can be seen from the second and last columns of 
the table (p. 129). These are the inside limits of tempe- 
ratures of initial and of complete condensation. 

Exneriment with Thorium Emanation. P 
Since the thorium emanation had been investigated by 

Rutherford and Soddy, its determination was made only 
under the same conditions as actinium emanation; so that 
we can compare the behaviour of both more closely. The 
emanation was left for 17 seconds in the spiral, and the same 
glass tubes were inserted between A and C,, to vary the 
pressure. The fall of the gold-leaf was, in this case, mea- 
sured for 60 seconds. The activity due to the active deposit 

Fie. 4. (Thorium Emanation.) 
80 

o 

16 

10) S - 
“160 -I55 -150 -I45 -I40 -I35 -I30 -125 -120 -IIS -IO0 -105 -l00 -95 

Temperature. 
Amount of Emanation which escapes uncondensed. 

of thorium was negligible. Consecutive readings as tempe- 
rature rose could not be taken so rapidly as in the previous 
experiments. An interval of 6 or 7 minutes was therefore 
allowed between two readings (corresponding to 7° or 8° C. 
rise in temperature of the spiral). The amount of thorium 
emanation in A had then reached about 99 per cent. of its 
equilibrium value. Fig. 4 shows the direct results and 
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fig. 5 is reduced to the same scale as for the actinium 
emanation. The temperatures at which 5 and 95 per cent. 
of the emanation remains uncondensed are similarly given in 
the table (p. 129). 

CT oleae ol 
yee | oe 
CA 
To 
a/R 
Po/Elqnnael 
WT ) 

-160 -I55 -ISO -145 -140 -135 -I30 -I25 -I20 -IIS -lO -105 -100 -95 
Temperature. 

Q oO 

Oo to) 

b Oo 

nN 12) oO oO 

°/o Amount of Emanatiun which escapes uncondensed. 

ro) 

It was not thought necessary in these experiments to use a 
bath of liquid to keep the temperature of the copper spiral 
constant. The liquid air vessel extended a considerable 
distance above and below the spiral, and the slow rise of 
temperature observed (about 1° per minute) allows time for 
temperature-conduction to become steady. In any case, the 
reading of the galvanometer gives the average temperature 
of the spiral. As an indication of the accuracy of the tempe- 
rature readings, it may be noted that the temperature of 
initial condensation of the thorium emanation obtained under 
these conditions was close to that found by Rutherford and 
Soddy, who used a copper spiral immersed in a bath of 
ethylene kept well stirred. 

Comparison of the Condensation and Volatilization Temperature 
of the Thorium and Actinium Emanations. 

The experiment brings out the very striking fact that both 
emanations are so similar with regard to condensation and 
volatilization, that we can hardly distinguish one from the 
other. Curves representing the temperature at which certain 
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proportions of the emanation remain uncondensed at different 
pressures can be derived from those in figs. 3 and 5, and are 

O 20 40 60 80 100 120 140 160 180 200 220 240 
Pressure in mm, 

shown in fig. 6 for 5, 25, 50, 75, and 95 per cent. A point 
marked with (*) was taken from the paper of Rutherford and 
Soddy{. From these we get :— 

—_——— — 

Percentage | 7 
‘remaining 5 per cent 25 per cent. 50. per cent. 79 per cent. 95 per cent. 
-uncondensed. 

Act. Th: Act. Th. Act. Th. Act. Th. Act. The 

Pee a IAGO) .3.... | 1408) .... |= 1387'S) |+—185°3 | —182:0)| «2.26. |= 122°2) en 

Bis ae —=148:0)) ...... '=1427 | 33.... | 1883 |—13864|—1383'1) ...... [—1238°7 |... 

Bt Aton —149°8 }—149'1 —144°5 |—143°7 |—140°5 |—188°3 |—135°5 | —131°7 |—126°2 | —120°5 

140........., 151-4 |—150°3 —146-0 |— 145-0 |— 142-2 |— 140-5 |—137°5 — 1345 |—128°5 |—124:0 

MOO 2: sce —152°7 161-4! 1475 — 146°2 |—144-0 |—142:2 | — 339-5 | — 137-0 |—180'8 |— 127-7 

LS Saha —154:0 1523 —148-9 — 147-5 |—145°8 |— 144-0 |— 141-4 | — 139-5 |— 183-0 |—130°5 

Bee os ai —154°5 —152'8 —149°6 = 14811 |-1465 |—144°8 | — 149'5 |—140°5 |—134:0|—132°0 

ce Ae ee eer |—155'8 |— 154-2 | 153-0 |—152°8 |—149°6 | —150°5 | 143-2) — 1443 

Thus emanations remain partially uncondensed below the 
temperature of the initial condensation over a range of 20° C. 
or 30° C., according to the pressure. The temperature at 

+ de. tit. 
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which a certain proportion of the emanations remains un- 
condensed depends largely on the pressure, especially when 
this is low. But the variation becomes less when the 
pressure increases. Thus the temperature, at which 50 
per cent. of the actinium emanation remains uncondensed, 
varies from —137°4 C. to —146%5 C. as the pressure varies 

from 90 to 190 mm., 7. e. 9° C. for a difference of 100 mm. 
in pressure, but only 6°°5 C. from 190 mm. to atmospheric 
pressure, 7. e. for 570 mm. difference. The thorium ema- 
nation is similar to the above, but condenses at a temperature 
2 or 3 degrees higher than the actinium emanation at the 
low pressure. The difference is not sensible at atmospheric 
pressure. The variation in the amount of condensation of the 
emanation at different pressures is probably connected with 
the greater rapidity of diffusion of the emanation at low 

pressures. : . 

It remains to compare the number of particles of the 
thorium and actinium emanations which entered the spiral in 
the experiments described above. Let N and N’ be the 
respective numbers which are present in the spiral at the end 
of the time during which each is left in it, when neither 
condenses. Then, assuming that the a particles from both 
emanations are similar, and possess the same ionizing power 
upon the gas under the same conditions, we have from the 
equation obtained before 

N’ _ In’ A _ s7’—sy) 1—e7*7 
TT cee TEN a oe y. > pie a. 

N IX 8-58) “1—e-*™ 

for given pressures, where I’, X’, and s’ are values for the 
actinium emanation. By substitution of the experimental 

Beats i -aNG e ; 
values in this equation wis found to be nearly 4. But since 

the rate of decay is different for the two emanations, the 
number of particles of actinium emanation, on entry into the 

’ 1 wn ' 
spiral, must have been 5. x 8 about 7 times more numerous 

a 

than those of the thorium emanation. Still, these numbers 
are of the same order of magnitude, and the experiments 
were thus made as nearly as possible under identical 
conditions. 

When this work was finished a paper was published in 
Le Radium, by Henriot*, who applied the method used by 
Goldstein to find the temperature of condensation of the 

* Le Radium, tom, v. No, 2. p. 41 (1908). 
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actinium emanation. He placed half a gramme of an 
actinium salt, of activity of about 4000, in a glass tube. 
This tube was connected through a series of U-tubes to 
another, in which a screen of zinc sulphide was enclosed. 
By exhausting the tubes to a high vacuum, the actinium 
emanation dittused rapidly through them, and the scintil- 
lations on the screen were observed through a microscope. 
The U-tubes were cooled in petroleum ether to —170° C. in 
a Dewar’s vessel, and the temperature was allowed to rise 
slowly. A thermo-couple, inserted in the vessel, was used 
to measure the temperature. In this way, he observed that 
the scintillation began at about —143° C., this being the 
mean of four experiments giving values of —149° C., 
—140° C., —148° C., and —140° C. The scintillation 
attained a maximum intensity in the neighbourhood of 
—100° C. These two temperatures of complete and initial 
condensation are not widely different from those found by 
the writer, but the method is merely qualitative in character. | 
In the present research a quantitative comparison of the con- 
densation phenomena of the emanation of thorium and 
actinium has been made by the electrical method, under 
varying conditions of pressure and temperature, similar in 
general character to that made by Rutherford and Soddy 
for the emanations of thorium and radium. 

Summary of Results. 

The actinium emanation begins to condense at about 
— 120° C., and some of the emanation remains uncondensed 
below that temperature. At about —150° C. it condenses as 
awhole. These,and the intermediate temperatures, at which 
a certain proportion of the emanation condenses, vary with 
the pressure, but the variation becomes less when the pressure 
increases. Experiments on similar lines with thorium 
emanation show thatit condenses at about 2° or 3° C. higher 
temperature than the actinium emanation, the dependence of | 
their condensation-points upon pressure being very similar. 

In conclusion I wish to thank Prof. Rutherford for sug- 
gesting the experiment, and for his continual interest and 
advice during the progress of this research. 

Physical Laboratory, 
Owens College, Manchester. 
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VIII. Notes on the Plug Permeameter. 
By Cuaruss V. Dryspaue, D.Sc.* 

[Plates II, & IIL.] 

a 1901 the writer described a permeameter f, devised with 
the object of enabling permeability-tests to be made on 

castings and forgings for dynamo-work. The apparatus 
consisted of a special drill, which could be employed to bore 
a hole in the casting or forging, leaving, however, a small 
piece of the metal in the form ot a rod or pin standing in the 
centre of the hole. A split iron plug, arranged to fit both 
the conical sides of the hole and over the pin, was employed 
to complete the magnetic circuit ; and this plug carried a 
bobbin wound with magnetizing and search coils. A special 
portable testing set was also designed with the object of 
making permeability-tests by direct reading of H and B. 

It was noticed at the time that the magnetization-curves 
obtained by this method fell below those obtained by mea- 
surements on a long bar of the same material. This would 
naturally be attributed to a bad magnetic joint between the 
pin and plug ; but experiments made at the time seemed to 
point rather to the effect being due to the reluctance of the 
return path at the point of entrance of the flux, due to 
the concentration of the lines of force at these points. 
This seemed probable from the fact that the readings were 
remarkably consistent when the plug was removed and 
replaced. 

This hypothesis rendered it probable that there might be 
a more or less definite relation between the value of the 
true magnetizing-force H in the specimen, and the apparent 

ies Aor Cn 
magnetizing-force H/= iT? and arrangements were made 

to test this relation. The most perfect method was suggested 
by the double-yoke method of Prof. Ewing. It consisted in 
finding the relation of the induction density and the mag- 
netizing current for the ordinary drilled specimen, and after- 
wards when the length of the specimen was doubled by drilling 
to a greater depth with a second drill. The increase of the 
magnetizing current for the same induction should give 
the true H. A large number of tests were made in this 
manner, but proved of little value, as, although the first 
drilling presented no difficulties, it was found impossible to 
perform the second drilling accurately enough to preserve 
parallelism of the pin. 

* Communicated by the Physical Society: read March 27, 1908, 
+ Proc Inst. Electr. Eng. vol. xxxi. p. 283. 
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Recourse was therefore had to the more simple device of 
obtaining some specimens of cast and wrought iron and 
steel, in the form of rings; testing them by the ordinary 
ring method, and afterwards cutting them up and drilling, 
for tests by the plug. Rings of this kind were made for us 
by Messrs. G. Wailes of Euston Road, and were of ordinary 
east iron (O.C.L.), special cast iron (S8.C.L.), wrought iron 
(W.L.), and mild steel (M.S.). Two rings of each material 
were tested, and each ring was cut into four quadrants. 
Hach of these quadrants was drilled in both ends, so that 
eight drillings were made in eachring. Readings of B were 
then made with the plug method, at nominal values of H of 
30 and 100 on the eight drillings, and the drilling selected 
for final test, the readings on which corresponded to the mean 
of the eight. It may be mentioned that the whole of the 
64 drillings on the eight rings were made with the same 
drill, which was none the worse after. None of the drillings 

gave a bad fit with the plug. Fig. 1 shows the form and 
mode of cutting and drilling the ring, which was 5 in. ex- 
ternal diameter and 1 in. square in section ; while Table [. 
-shows an example of the readings on the various drillings of 
one ring, and the amount of variation usually found. It 
-should be specially noted that these variations are not appa- 
rently due to variation in the fit of the plug, but rather to 
actual differences in the magnetic quality of the iron. 
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TABLE I, 

Readings on Wrought Iron Ring. 

| 
Hole Fit Hs. 41. a= a 
No : B. is 

epee Fair. es de. my at 15, 15,600 
Oh ee Moderate. 12,880 15,820 
ont Good. 12,400 | 15,130 
Ay" htc Good. 12,040 | 14.550 
Sweetin Fair. 11,730 | 14,550 
(ieee Good. 12,930 15,080 
TR hote Good. 11,00 14,190 
© whore Fair. 11,670 14,550 

1 (Check-reading) ......|—...... 15,600 

Means | 2 eee! (25,.43,250 | 14,900 

Figs. 2-9, Pl. II., show magnetization-curves taken on the 
ring and by ‘the plug on the mean drilling for each specimen. 
It will be noted that the curve obtained by the plug lies below 
that for the ring in every case; but there is no evidence to 
show that this is due to an air-gap. If such a gap were 
present, of approximately equal amount in each of the 
specimens, the shearing-over of the curves of the wrought- 
iron and mild-steel specimens would be much more marked 
in comparison to those of the cast-iron specimens, owing to 
the much greater permeability and induction-density in the 
former. 

Table II. is obtained from the curves by finding the value 
of H’, the nominal magnetizing force in the case of the plug- 
test, for each value-of H from the ring-test, for a given 
induction-density; and fig. 10, Pl. IL., gives curves showing 
the relation of H’ to H for each of the materials and for the 
mean of all. It will be observed that although there are 
considerable differences between the values in the various 
columns, they appear to have no relation to the permeability 
of the specimen, and must therefore be regarded as acci- 
dental. In fact, the difference between H and H’ is greater 
in the case of the special cast-iron than for either the wrought- 
iron or mild-steel specimens, which is exactly contrary to the 
effect which would be produced by an air-gap. The difference 
must consequently be attributed to the shortness of the spe- 
cimen ; and the results therefore may have some general value 
in indicating the amount of the end effect in the case of yoke- 
permeameters, in which the specimen is only five diameters 
long. 
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TABLE II. 

Relation of H to H’. 

H Mean H’ = § £=Mean H’ Mean H’ Mean H’ M 
; for ©.C_E. |. for S.C.L for W.I. | for M.S. eee 

ms...) 0 | 0 0 0 0 
pale 8:5 9-7 8:5 8:0 8:7 

MO). oc3e 172.5 bee 9-2 18°75 185 18°4 
7 eet 96:9. |  >90"4 28-2 29-0 28:2 
my 2... 340 | 390 35°7 37-7 36-6 
ioe rey ADD» tee eee 42-2 46°5 44-7 
Par. PV aay «lee ao 0 48.0 54-2 51:5 
BB... cn | - SFO | 65:25 54-0 61:0 59°3 
A. 5c! Li Sn Seputca bs waren ne 60°5 66°5 66:0 
ee | 695 | 8175 64:5 72-2 71:9 
2) ae 765 | 90°75 69°7 TTD 78:5 
2a [43 2kBB- Sy OL: 885 75:0 82-0 84-7 
—_— | S00. 1.1060 79°5 88:5 91:0 
= ie [. oe ee eo 83:7 93-2 96-9 
70 a 103-0 121-5 89-0 97°5 102:8 
Be... | 109-2 129-0 94-2 102-2 108-6 
ee... Hae, 185°7 99-0 108°5 1146 | 

| | 
{ 

In order to show the result of correcting the indications of 
the instrument, the curves figs. 2-9 have points marked by 
crosses, in which the readings of the plug-permeameter are 
shifted backwards along the H axis by amounts corresponding 
to the mean curve in fig.10. The agreement with the ring- 
tests then becomes fairly good. Fig.11, Pl. III., shows readings 
taken by one of the portable testing sets, in which the H scale 
has been marked off in this way. The curves are those given 
by the ring method, while the points are taken by the testing 
set. The agreement is as good as in most of the recognized 
permeameters. | 

Fig. 12, Pl. III., shows two curves taken by the plug perme- 
ameter: one on a cast-steel pole-piece for a large generator, 
which was sent us by the dynamo-builders under the impres- 
sion that it was of poor magnetic quality. The test shows 
the permeability to be very good. The other curve is for 
another specimen of steel, and indicates the remarkable 
variations of quality which are found in practice. 

It should be mentioned that when the plug used in these 
tests was replaced by a second one, the results agreed within 
an accuracy of 14 per cent. 

The general conclusion to be drawn from these experiments 
is that the plug permeameter, in reasonably careful hands, 
gives as good results as any other method of iron testing, so 
far as permeability tests are concerned. In a recent paper 
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by Mr. Murdoch* this permeameter was criticized as 
employing a very small specimen; but this is precisely 
what has been aimed at in its design. It appears to be of 
great importance that permeameters for castings or forgings 
should be capable of being employed on the bulk of the 
metal itself, without extra machined specimens, and up 
to the present no other instrument has been devised which 
meets this requirement. 

The writer’s hearty thanks are due to Mr. A. C. Jolley for 
the considerable amount of work involved in carrying out 
the tests. Mr. C. M. Dowse has also rendered considerable 
assistance in the later tests. 

IX. The Use of Shunts and Transformers with Alternate 
Current Measuring Instruments. By CHARLES V. 
Dryspaz, D.Sc.t 7 

[Plate IV.] 

| eas growing demand for instruments for alternate-current 
measurement, of considerable range and accuracy, has 

called attention to some of the difficulties attending their 
production, especially to their limited range. As alternate- 
current instruments measure the root-mean-square values of 
the P.D. or current, it necessarily follows that the deflecting 
torque falls very rapidly as the P.D. or current is decreased, 
For most commercial instruments, it may be taken that a ten- 
fold range of torque is the utmost possible for accurate 
reading, so that when the deflexion is proportional to the 
torque the range of an A.C. instrument can only be of the 
order of 3 to 1 except by the employment of double coils or 
auxiliary devices. The auxiliary devices which may be 
employed are transformers for electromagnetic ammeters, 
voltmeters, and wattmeters ; shunts for ammeters and watt- 
meters, series resistances for electromagnetic voltmeters, and 
condensers and split resistances for electromagnetic voltmeters. 
Of these, the use of shunts and transformers may give rise to 
serious errors, and it is proposed here to investigate the 
amount of these errors and the conditions for their elimi- 
nation. 

In dealing with any shunting or transforming device we 
must bear in mind that it may cause errors in two ways:—(a) by 
the multiplying power of the shunt or the ratio of the trans- 
former being atfected by frequency, &c.; and (6) by a phase 
displacement being introduced between the current or P.D. 

* Electrician, vol. lx. p. 245. 
+ Communicated by the Physical Society: read March 27, 1908. 



£6; Vol. 16, PI. IV. 
i 

i 

age Transt 

Gai, 

% 

mT 

ae 
+ 

‘ 
tn 

3 i 

Pee 
ti + 

- 

; ' 
H ’ j 
i 2 i 

. . i 

f 

a, Hl 
dew gi " 

‘ ; \ ao { 

| i 
‘ ; ae 4 

{ i 

t 
i 

t 

i 

1 





Phase Displacement between Primary and 

Dryspate (2). 

100 

Fic. 7.—Ratio Tests on Current Transformer. 

0:98 

0:96 

0:94 

ee cy eae 

cos TOGETHER SECONDARY SHORTCIRCUITED 

iy 

gue Lone 52 

22 TAGGING 
Tost * 

oie | 
cea 

° 100 200 300 400 500 600 700 800. 

PRIMARY AMPERE-TURNS. 

Fic. 8.—Phase Displacement on Current Transtormer. 

Secondary Currents, in Degrees. 

° 100 200 300 400 500 | 

PRIMARY AMPERE-TURNS. 
600 700 600 

Fic. 9.—Ratio Tests on Voltage Transtormer, 

1-000 

| 

mal toe | lee 17 | OPEN CIRCUIT | 

00 = tt fF INOUCTIVE LOAD | 
> 4r i 

Pas NON-INOUCTIVE LOAD | ol | 
OLEO|— oi S == ; + - 4 | 

| O° ieee | | | a 
| | (eee | ———————E———E i = — ee i | OPEN CIRCuiT | 

0-994} — t 
| | | | i = ee + =| | 

lo bohe | [a ee | 
0-992 wl : — 1 NONZINDUCTIVE Loan |_| i - 

i | | [e= i P| 

é | | 0-990 Bi } } | |We ° | | [ea PS a | | (ei jet} | | 
] T a ees wi | Pern eae | ec a | 

0 1000 2000-3000 4200 5000 6000 7000 $000 

CORE INDUCTION. B GAUSSES. 

Fic. 10.—Displacement Tests on Voltage Transformer, 

ti 

é 

9 a 

2 cy 

P.D. PHASE DISPLACEMENT IN DEGREES. 

8 

j000 2000 3000 Booo 5000 6000 7000 

CORE INDUCTION. B GAUSSES. 

Fic. 11.—Relation between Gore Loss and 
Magnetizing Curent, 

MAGNETIZING CURRENT. AMPERES. 

os aT) ory "20 ‘RS 
CORE LOSS CURRENT AMPERES. 

Fia, 12,—Relation between = and 

RATIO. 

DISPLACEMENT IN DEGREES. 

098 

Phil. Mag. Ser. 6, Vol. 16, Pl. IV. 

Fig, 13.—Ratio Tests on Current Transformers, 

096 

O94 

092 

0:90 }- 

088 

ooo 

1 2 3 Cd 5 

2 + 6 8 10 

+ 8 Zz 16 20 

CURRENT IN AMPERES. 

Fig, 14,—Displacement Tests on Current Transformers. 

o8 

O4 

oco 

| 

| 
| 
| 
I 

Zz 4 6 
4 

2 3 + 5 
8 10 

8 12 ‘6 20 

CURRENT IN AMPERES. 





with Alternate Current Measuring Instruments. 137 

on the instrument and the main current or voltage. Am- 
meters and voltmeters are of course only affected by the first 
error, but the phase-displacement may be of much greater 
importance in wattmeters. 

SHUNTS. 

Multiplying Power.—In fig. 1, we have an instrument or 

Fig. 1. 

resistance 7, and reactance x, shunted by a circuit of resist- 
ance 7. and reactance z,. ‘Then, if V is the P.D. between 
the terminals, and C, and C, are the currents in the instrument 
and shunt respectively, we have 

V Vv V Vv 
=—_— = and .Co=—-= — 

: 1 11) ; J, 'g—J&2 
C 

Hence the total current in the circuit C=C,+C, 

=Vi if Se it } — yt J (1+ 2) (1) 

My—J%y M2 JLo (71 —J21) (1%—J&2)’ : 

and the virtual current C=. where I is the impedance alsa a nie 

of the whole cireuit formed by the instrument and shunt 
in serves, and I, and I, are the impedances of the instrument 
and shunt respectively. 

: A ie 
Consequently, since C; = L the multiplying power of the 

1 

shunt 
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Hence 

(7 = ae (= + =) 

me, / Ce) At ey +72) Giles i 19 2 

To as Lo” 1 4 (#) 

But the multiplying power of the shunt for direct currents 

M = mon from which 7; =(M—1)r,. In addition 4 =p 
1 “ 

where T, is the time constant of the ae and p is 2a 

times the frequency as usual. Similar ly = 2 = T,p, where T, 
is the time constant of the shunt. "2 

Putting these values in the expression above we have 

a ag / Ma Dae ea 

a 1+ T.?p? 

which after a little further simplification reduces to 

M—-1(M—i)1,+(M+11,.. on 
mM’ = My /14 22 np 2 i Te.) 

This formula at once shows that if T,=T, the shunt has 
the same multiplying power for both direct and alternate 
currents, as is well known. It further shows that if 

ate 3 fie we M—1 

the shunt is again correct. ‘This would be the case if the 
instrument is shunted with a resistance 7, and capacity K 

M—-1, x 
such that Kr, = M+1 dtd ° 

If the instrument is inductive, and is shunted with a non- 
inductive resistance, T,=0 and the formula reduces to 

v= / +(e ") T,2p?. ee 

As an example, a Kelvin centiampere balance was found 
on test to have a resistance of 62°4 ohms and an inductance 
(by secohmmeter) of 161 millihenrys. The time constant of 
this instrument was therefore ‘00258 second. The instrument : 

* Mr. Alexander Russell has cast doubts on this formula, and I have 
found that it is only true in special cases. It was based on the assumption 
that a shunted condenser could be treated as an pe with negative 
time constant, which is not strictly true. 
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was then shunted with a non-inductive resistance, and it was 
found that a current of ‘878 amp. gave a reading of ‘17 amp. 
on the balance with direct current, thus giving a multiplying 
power M of 5°16. Hence at 50 periods, which is the usual 
frequency of the supply, M’ should be 

Vf SOURS ONO en IP 

516 eae 00208) x 518 ee 

while on testing a current of ‘927 amp. gave a reading of 
"15 amp. or a multiplying power of 6°18. It should be 
noticed that the formula may be expressed in the form 
7. VME 
Oe | 

testing the inductances of ammeters, Xe. 
For commercial work, therefore, we see that the only 

legitimate method of employing shunts is to make the time 
constants of the instruments and shunts either negligible or 
approximately equal. If T, and T, are nearly equal since 

which gives us a convenient method of 

Vith=1+ 5 nearly when h is small, 

M—1(M—1)T,+(M+1)T 
M ae {it PINE ee eee *F-0) 
It will be noticed that for a given difference in the time 

constants the correcting term is greater the greater the value 
of M and the less that of T,. Consequently, if we take in 
our formula M so large that M, (M+1) and (M—1) may be 
regarded as equal and at the same time neglect T,p in com- 
parison with unity, we have: 

m=M {14 5 *,— Typ" | =M1+(-T)Tp}, ©) 
where T is the average value of the two time constants 
T; and use 

This may be written in the form a = Pw AT 07, and 
finally , 

abe at SAT 
TW soi) P oat San ele ke.t vine! bee (7) 

7 Consequently, to ensure that the ratio M shall not be altered 
~by more than a per cent. with alternating current of given 
frequency, the time constants must be adjusted to equality 
araee v 

within T2p! per cent. 
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In the case of the Kelvin centiampere balance before 
mentioned, T= °00258 at a frequency of 50, therefore 
Tp = 314x ‘00258 = °810 and T?p? = °655. Consequently 
the time constant or the self-induction of the shunt must be 

adjusted to . o = 1:53 per cent. for an accuracy of 1 per 

cent. in the multiplying power. ‘The simplest method of 
adjusting or checking the shunt is of course to test the ratio 
with both D.C. and A.C. or with A.C. of two different 
frequencies. 

Phase Displacement.—Returning to formula (1) and 
rationalizing the denominator, we get 

V 

er PI? (tr + 12) —j(a1 + a2) (71 +72,) 
(72 +)%2) 

Vv 

= TIe : (7, +19) (ry72— &yLq) + (1 + Ly) (7122 + 7221) 

Hy L (7, +72) Grr + 1°91) — (@ + £2) (7172 — & Xp) | t 

and consequently 

= Cet) Guat rot) — (214 eal 
(77) +12)(7%g— LLq) + (21 +L) (12+ 7924) 

where ¢ is the angle of lag of the main current behind V. 
Inserting the values of M, T), and T, as before, we get 

fang TOLD + (OLE + DH M+ {(M—1) 12+ TP yp 
Similarly tan ¢;= Tp where ¢, is the lag in the instrument. 
Hence ; 

tan d;—tan d Ped eer T-tan o wae 
is the tangent of the angle of lag of the current in the instru- 
ment behind the main current. Putting in the values of 
tan d; and tan @ and simplifying, we have as the result 

tan = tan (d,;—¢) 
1+T,2p? 

= (MAINT 8)? NE MT EM 1D, +1} PY = 1), + PT 
M-1 (1+'T,2p?)4(M—1)T, +7, }T, p? 

— “MM (T,—T)p | wid M+ {M2*+(.u~1 jC a $ee+{y(M—-1 yt ae p 

The phase-displacement is consequently zero for either 
M=1 or T,=T, as is obvious, and also for 1+T,?p?=0, 
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which is impossible. If the shunt is non-inductive T,=0 

and tany =~ Tips while if the instrument is non- 

inductive and the shunt inductive, 

M—1 
tan py = — M+T 2p 

aan, if both T, p and T,p are small compared with unity, 

5 Vo p- 

the expression for tanyy reduces to a (T,—T,)p. This 

of course means that the tangent of ac phase-displacement 
1 

between the instrument and mains is the fraction ae of 
| M 

that between the instrument and shunt, as is obvious 
geometrically. Finally, if T, and T, are nearly equal, 

{— 
tanyp=y= renee an dy enemas CG) 

where T is the mean time constant as before. When T is 
small this reduces to the last expression. 

As an illustration of the error produced by shunting a 
wattmeter, we may assume a case where the time constant of 
the main circuit has a value of ‘0025 as in the Kelvin balance 
above cited, and suppose that it is shunted with a non- 
inductive shunt of a nominal multiplying power of 10. We 
then have M=10, T,=0, and T,p at 50~ 

== ee 020,49 1 Oo, 
Hence 

M—1)\? jack: pelts fete Ake 
=i /1 1g (a) eps = 10 4781-785? = 1225. 

The phase-displacement is 

tan yy = Typ = Fh x “785 = “705; 

so that the current in the wattmeter lags about 35° behind 
that in the main circuit. Hence the instrument would read 
22°5 per cent. too low owing to the error in the ratio, while 
the phase-displacement would cause the power factor to be 
apparently about -5 when actually zero. 

This strikingly illustrates the enormous errors which may 
be produced by shunts in wattmeters. For any given small 
displacement Ww we have from - 

ee ue 1-1 =a =yD fi a Pap. Romer): 
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and y will then be the maximum error in the power factor 
for loads nearly in quadrature. Consequently, in the above 
case, if the error in the power factor is not to exceed °01, 

AT _10(1—-7852) 
x °01=°00542 or 54 per cent.; Daag 985, 

and we saw before that for the ratio to be correct to 1 per cent. 

= = 1°53 per cent. 

TRANSFORMERS. 

In dealing with the application of transformers to instru- 
ments, we shall have to consider separately their employment 
as “current transformers” or as “ voltage transformers”; the 
former being employed in conjunction with ammeters for the 
purpose of utilizing instruments of convenient range, and to 
insulate the instrument from high voltage circuits ; the latter 
with electromagnetic or hot-wire voltmeters to avoid undue 
waste of energy, and again as with ammeters to disconnect 
them from the high-pressure circuits. In wattmeters and 
energy-meters of the induction type, transformers are fre- 
quently employed in both the main and shunt circuits 
simultaneously. 

The relations between the primary and secondary currents 
and voltages have been obtained by Steinmetz and others 
from the well-known vector diagram, but it will be well to 
treat the problem ab initio as we require the results to be 
exhibited in the most convenient form. 

Current Transformers.—Ilt is most convenient to deal at 
first with the magnitudes and phase relations of the currents, 
and we can afterwards apply the results to the investigation 
of the voltage relations. | 

Let A, = primary ampere turns=C,n,. 

A, = secondary . 5 Si 

A,» = magnetizing ,, 3. | ees 

A. = core loss ie 5) ora NUelps 

A, = no load A >» ae Cong, 

dp = lag of primary current behind core E.M.F. 

os; = lag of secondary _,, mi pa Se 

a = lag of no load . is g sj 

yr = phase displacement between primary and 
secondary currents. 
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Pig. 2. 

Then we have 

i +A, = A, vectorially ; 

or writing the currents in the Steinmetz notation, 
w~ 

pa COND. 9A, SIM Gs. gi. 2 (LL) 

ihe ae +7Am: 

Hence 

A,=A,—As= As cos ds +A-+ (A,sin dstAmn) . (12) 
and 

A,= V(A, cos 6; +A)? + (Assinds +A, 

= VA?2+2A,(A,cos¢s+A, sin d;) + A,2. 

If Ay is small in comparison with A, as it should always 
be in practice, we may write 

A A. Ai 
re alt cos ds + es ds. = Pe! (Gis) 

If R, is the ratio of the primary to secondary currents, 
and R: the ratio of secondary to primary turns, we have 

A, LOM 
ba — ie (1+ ING COs ds + aaa sin @.). ones (14) 

Hence the ratio of the currents can only be equal to the 
transformation ratio if A, and A,, are both zero or 
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This implies that the secondary current should be in 
quadrature with the no load current, as is geometrically 

- obvious. 

To test the constancy of transformation we have 

TN ame { A i ) cos ds +A (=) sin et, . (id) 

which shows that for constant ratio of transformation both 
A, and A,, must be proportional to A, or that 

A, 

= x) 
Aun 

tangd=—— ~~. . .. . . (16) 

a(x) 
For constant secondary impedance A, is proportional to 

the core E.M.F. and hence to the induction density in the 
core, B. Hence the current vector should be perpendicular 

= , representing the to the curve of which the ordinate is 

reluctance of the circuit, and the abscissa is 2 or the ratio of 
aAs 

the core-loss current to B. It is obvious that this is when 
the secondary load is a leading one, and this result is contrary 
to the frequently quoted experiments of Mr. Campbell *, who 
is claimed to have found experimentally that better constancy 
of ratio is obtained with an inductive instrument. In the 
case, however, where there is an air-gap in the transformer, 

the curve connecting ed with _ may be practically hori- 
s $s 

zontal, and in this case the regulation will be worst on a non- 
inductive instrument, and better the greater is either the lag 
or lead of the secondary current. In estimating the value of 
Mr. Campbell’s experiments it must not be forgotten that the 
two Kelvin balances employed by him must have been of 
very different impedance and consequently the core inductions 
would have been decidedly different. This of itself would 
probably have been sufficient to produce the effect found. 
Experimental evidence will be found below on this point. 

Effect of variation of frequency.—Increase of frequency 
increases the impedance of the instrument if inductive, but 
at the same time increases the E.M.F. for the same core 
induction. With a fully inductive instrument, therefore, and 
if eddy currents are absent, variations in frequency should 

* Phil. Mag. vol. xlii. p. 271; Journal I, E. E. vol. xxxiii. p. 654, 
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have no effect upon the ratio. This agrees with Mr. Campbell’s 
theoretical and experimental conclusions. 

Phase Difference—Reverting to equations (11) and (12), 
we have 

en As sin ds + Am 

a ae A; cos ds + Ac’ 

Hence 

a cos ¢, — *sin dh; 

tan 8 = tan(¢,—¢,) = a : 32> EZ) 
1+ iy Pons ch ansin bs 

which is zero for A,,and A, both zero or for tan ¢, = =~ 
is obvious. oh 

Hence for zero phase-displacement the instrument should 
be so inductive that the ratio of its reactance to resistance 
equals the ratio of the magnetizing to the core-loss currents 
of the transformer. 

as 

As the relation between 
7 Ay ° . a = 

ro and cs is not in general linear 

it follows that the phase-displacement cannot be constant, but 
it is fairly evident that the best constancy would be approxi- 
mately obtained when the actual displacement is smallest, 
2.e. with an inductive instrument. 

With variation of frequency it is again obvious that with a 
fully inductive instrument, without eddy currents in the 
transformer, the phase-displacement should be unaffected 
by frequency. The less inductive the instrument the 
more rapidly should the phase-displacement decrease with 
frequency, owing to the drop in the induction density. 

P.D. Relations—Writing the secondary current in the 
form A,(cos ¢.+) sin ds) and the primary 

A.cos ¢,+ A,+ )(A,; sin $,+An), 

let r, and r; be the primary and secondary resistances and 
#, and x, the primary and secondary reactances for coils of 
a single turn each. 

Then 

V,=EH+{A, cos ¢;+A,+)(As sin ps +An) }(%—/J27) 

— V,=H—A.(cos s+) sin $,)(7s—Jes), 

_ Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. L 
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from which 

V> =E+ A, 4 1f (cos $, + AL) + & (sing. =) 

=j\ eat cos b, + +7) it »(sin @, +3)] I - (18) 

and 

—V,=H-A.Jr, cos h,+ asin pg —j(#s COS fe—7, sin $s)} (19) 

Voltage Ratio.—Taking the ratio of vy , simplifying, and 
p 

neglecting squares of small quantities, we have 

Ro = Ref 1 FL (npr) cos be + (ap + 2s) sin @, | i a nj 

which will be seen to be correct from the vector diagram. 

Denoting r,+7, by r the equivalent resistance, 

Upey DY 2. 5 ss reactance, 

and r+ a! hy £. «5 re impedance, 

he =R,{1-7 BH (7008 bs +. sin d,) — a ee (20) 

For an electrostatic or high-resistance voltmeter, A,=0 
and we have 

R, =R,4 1- ae a 

For a hot-wire instrument ¢=0 and 

Bea Ae er: 3 

Returning to formula (20) we have 

AR, ican Ac 4 An math) (9) 
v0 

if the instrument and internal impedances’ are constant. 
This is independent of the phase of the secondary current and 
can only be zero if A; and A, are proportional to E, which is 
only the case for an air-core transformer. For an iron-core 

_ transformer the best constancy of ratio is thus obtained by 
making A, and A,, and also 7p and wy as low as possible, the 
core being of the best quality iron, and the coils subdivided 
and intercalated. 
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| P.D. Phase Relations —From equations (18) and (19) we 
obtain 

| 7 al tp( cos ,-t Ne a tal os+ 

H+A, {79 ( (cos b.+ x) + 20( sing,+ “oF 

Ls COS Ps—1s SIN 
tan = Fp A s{s cos bs+ &s Sin ea 

If, as should be the case with voltage transformers, the 
resistance and inductive drop in the transformer are small 
compared with E, we have 

i GES A.(x cos ds— 1? Oke Ait (23) 

as is geometrically obvious. 
For the phase-difference to be zero it follows that either 

the resistance and inductance must be zero, or that 

Agra t (Act,— Amp) J AP? +7") — (Acty— Ante) . (24) 
Ag” = (A.2, —Antp)” 

tan $, = 

In this expression if As is large compared with A, or Am 

tan ds= < , or the ratio of the reactance to the resistance of 

the instrument should be the same as for the transformer, and 
the instrument should therefore be fairly inductive. 

With a non-inductive instrument 

At + Agty—Anr 
B = as 3 Went x Nine (25) 

. and if the instrument takes no appreciable current compared 
with A, or An, 

i aa 
: pe Sete Sar es G26) 

To find the variation of phase-displacement with voltage we 
have evidently from (23) 

Hi An 2e=n(8) ~na(t) 
and this is evidently zero for an air-core transformer. 

Relation between the Secondary Current and the Magnetizing 
and Core-Loss Currenis.—If | is the length of the magnetic 

Li2 



148 Dr. Drysdale on the Use of Shunts and Transformers 

path, a its area of cross section, and I, the total secondary 
impedance (reduced to 1 turn), we have 

Effective core E.M.F. ¢ = ai ae volts per turn ; 
(10° /2x 10° 

Secondary ampere turns A, = r = see 

from which 

Bev2xi0LA, | | ae 
ap 

Assuming the core loss to be Be ergs per c.c. per cycle :— 
Total core loss 

and the core-loss ampere turns 

Wn 2 2 1 ‘TAs Ser: Aoa tea ONE g {2x ; } . + ee 

For the magnetizing current 

An => 
10 Bl 
Aqr 

or Li)’ 
Gh — Age juayp LA. . = 1S) (29) 

These relations are sufficient to enable the magnetizing and 
core-loss currents to be calculated when the total secondary 
impedance is known. ‘The resistances are of course readily 
calculable, while the equivalent inductance of the whole 
transformer for a single primary and secondary winding may 
be calculated from the following formula, deduced from that 
given by Prof. Kapp : 

V2 Pigg L= og LK? O88 +7) —— ll 

P being the mean perimeter of the coils in inches, 
L the length of gap from iron to iron, parallel to 

insulation between coils, 
S the thickness of the insulation in inches, 
K the number of sections per coil, 
T the length of the winding space, 

and Ca constant given as 44 for core and 55 for shell 
type transformers. 
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‘From personal experiment, however, the author has found 
_ that the value 44 is more nearly correct for shell type 
transformers. 

Experimental.—As some of the conclusions arrived at are 
of importance, and are somewhat at variance with existing 
ideas, some experimental evidence will be of value. A brief 
reference only will be necessary here as some of these tests 
have already been published *, together with a description of 
the methods by which the results were obtained. 

Fig. 3.—Isometric view of Transformer Core. 

————> 

SSS 

vel 
| 
i 
———_—¥ 

( 
| 

The principal transformer tested was made for the tests, 
and was of the shell type ; the core having a magnetic path 
of 35°3 cm. and a sectional area of 71 sq.cm. Four inde- 
pendent coils, each of 150 turns of No. 18 D.C.C. copper 
wire, were wound side by side, the resistance of each coil 
being 1:2 ohms. Fig, 3 shows the core, and fig. 4 the 

* “Phase Displacements in Resistances and Transformers,’ Elec- 
trician, No. lviii. p. 160. 
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Fig. 4.—Relation of Magnetizing and Core-loss Currents to Induction. 
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relation of the magnetizing and core-loss currents to the 
core induction, determined experimentally. 

Figs. 5 and 6 show the connexions for determining the 

Fig. 5.—Connexions for Current Test. 

PRIMARY. 

. SECONDARY 

current and P.D. ratios and phase displacements. The 
current ratio is determined by an ordinary wattmeter instead 
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of the differential wattmeter previously employed. Figs. 7 

and 8 (Pl. IV.) show the current ratio and phase-displacements 

for this transformer, while figs. 9 and 10 give the P.D. relations 

Fig. 6.—Connexions for P.D. Test. 

which have been determined over a greater range of core 
induction than before. 

As a test of formule 14 and 17 for the ratio and phase- 
displacement when used as a current transformer, we will take 
ease VII., where the coils were separated and a secondary 
load of 5°9 ohms non-inductive was employed. The core 
induction was then found from the voltages in the unused 
coils and was taken at 1565 for a secondary load of 5 amps. 
On measuring the equivalent reactance of the transformer it 
came out at 5°12 m or 2°56 w for the secondary leakage 
reactance. [From this we get a total secondary resistance of 
71 @, reactance of 2°56 w, and impedance of 7°5 @ approx. 
cos $,='94 and sin ¢;="34. 

Formula 14 gives us as the loss of ratio ner cent. 

R:— R, A. A he 
R, Say) ie cos s+ aa sin so, 

which works out at 1:92 per cent., while the experimental 
value is 1°8 per cent. 

The phase-displacement in the same case may be taken as 

= cos ds — sin d,, 
& 

100 

a which works out to *58°, the experimental value being °75°. 
In the case of a lagging load as in curve VI. but with the 

coils close together, the calculated loss of ratio is 1°87 per 
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cent. as against 2°7 per cent. by experiment, and the phase- 
displacement works out at °57°* which agrees with the 
experimental value. The agreement between calculation and 
experiment is not always therefore very close, but this is 
probably due to the difficulty of determining the core induc- 
tion. Ina current transformer the magnetic leakage may be 
quite comparable with the main working flux, owing to the 
small value of the latter, and hence the distribution of flux in 
the core is very irregular. The mean value of the induction, 
however, as calculated by formula 27, agrees very fairly with 
the experimental value, being 1575 as against 1565 in case 
VII., and 1345 as against 1385 in case VI. Calculations have 
not been made in other cases, as the induction densities are 
too low. 

The statement on p. 144 that a non-inductive secondary 
circuit should give a better ratio than an inductive one of the 
same impedance, is amply borne out by comparing curves V. 
and VI. The advantage of a low induction density is also 
manifest. 

Calculations of P.D. ratio and phase-displacement show an 
agreement within ‘1 per cent. in the ratio and ‘01° in the 
displacement, which is sufficient for most purposes. The 
theory is in each case confirmed. 

Tests made with instrument transformers of various makers 
have in no case shown anything like such good results, and 
the writer is of opinion that these results represent nearly the 
best that can be obtained without using some special alloy of 
low core-loss, and also of high permeability. In view of the 
importance which magnetic leakage assumes in current trans- 
formers, the secondary current nearly always lags 20° to 30°, 
and the magnetizing current is therefore nearly as important 
as the core loss-current. 

Fig. 11 (Pl. LV.) gives the relation between A, and A,, and is 
consequently the locus of the end of the no load vector A, for 
various inductions. This vector is therefore over a con- 
siderable part of the range, at about 45°, and consequently 
the best ratio should be obtained with a secondary eireuit 
leading by about 45°. In fig. 12 a curve is given for 

the relation of = to a which is of use in working out the 

P.D. ratio and phase-displacement. 
Figs. 13 and 14 show curves of ratio and phase-displace- 

ment for three current transformers made by Messrs. Everett & 

* The curves for current ratio and phase-displacement appeared in 
the ‘Electrician’ (doc. cit.), but in case VI. the phase-displacement was 
unfortunately given with reversed sign. 

ee 
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Edgeumbe and Messrs. Nalder Bros. & Thompson. In the 
former, the primary and secondary windings were close 
together, giving good ratio but large phase ‘displacement ; 
and it is noticeable that throughout lower phase- displacement 
is got by greater loss of ratio, as indicated in the tests on the 
experimental transformer. In the Nalder transformer, the 
primary and secondary coils are wound on thick porcelain 
bobbins side by side. The leakage is therefore somewhat 
large, producing a variation of ratio of about 8 per cent. 
between 2 and 18 amperes; but this is accompanied by a 
phase-displacement which is less than *2° over the range 
from 6 to 18 amperes or the upper two-thirds of the range. 
Such a transformer therefore, if used with a wattmeter, and 
calibrated with it, should do fairly well for commercial 
testing. 

~ In conclusion it should be noted that-the tests on all four 
transformers give results which are not very widely different, 
and the results may therefore be taken as fairly repr esentative 
of the behaviour of instrument transformers. 

The writer wishes to express his thanks to his senior 
Demonstrator, Mr. A. C. Jolley, for great assistance in the 
experimental ‘work, and to Mr. A. F. Burgess, B.Sc., for 
checking the calculations. 

X. On the Dispersion of Magnetic Rotatory Power in the 
neighbourhood of Bands of Absorption in the case of Rare 

_ Earths. Remarks on the subject of recent communications 
by Prof. Rk. W. Wood and Mr. G. J. Elias. By JEAN 
BECQUEREL *. 

[Plate V.] 

| ae question of the variation of magnetic rotatory power 
in the neighbourhood of bands of absorption. has given 

rise to numerous researches and stimulated much controversy. 
The various explanations of the phenomenon of magnetic 

rotatory polarization can be grouped into two principal 
theories t, which give results which are almost identical for 
the rotatory dispersion in transparent regions, but which are 
different for variations of the rotatory power near to and 
within an absorption-band. 

_ According to “the molecular current theory ” the rotation 
will be produced in opposite senses on the two sides of a 
band, On the contrary, according to the hypothesis based 
on the Hall effect, the rotations will be in the same sense on 

* Communicated by the Author. 
+ See Drude, Lehrbuch der Optik, 1906, p. 406. 
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each side of a band, and in the opposite sense in the interior 
of the band. 

Experiments performed with vapours exhibiting the 
Zeeman effect gave results in entire agreement with the 
latter theory*. For solid bodies and solutions not merely 
the theories but the experiments themselves have been subject 
to much discussion. The results obtained by Schmausz T 
with solutions of colouring matters and with salts of didymium 
were in agreement with the molecular current theory ; but 
according “to Bates { these experiments are not free from 
criticism. Moreover, R. W. Wood §, in the chloride of 
praseodymium, found opposite rotations on the two sides of 
certain bands. 

Until 1906 no observation with a solid body or a solution 
had confirmed the truth of the theory based on the Hall 
effect—the theory which at the same time represented the 
effects in vapours. 

It seemed to me that magnetic rotatory polarization in 
solid bodies should result, at least in certain cases, as with 
vapours, in a modification of the bands of absorption under 
the influence of magnetism. I then endeavoured to observe 
directly whether or not the bands were displaced in a magnetic 
field. 
My first experiments, carried out with solid bodies pos- 

sessing the finest possible bands, viz. with xenotime (phosphate 
of yttrium and erbium) gave me extremely definite results, 
which I have since been able to extend to all crystals and to 
those solutions which possess bands sufficiently narrow. The 
phenomenon observed with crystals is of the same nature as 
the effect discovered by Zeeman in the spectra of vapours, 
but presenting fundamental differences from the Zeeman 
phenomenon of which the two following are the most 
important :— 

(1) The order of magnitude of the displacements for many 
of the bands of crystals i is notably greater than for the effects 
observed with vapours. The separation of the components 
of some doublets produced by the magnetic field surpasses in 
fact 1 wp in a field of 30,000 gauss. This is the case for the 
bands of wave-lengths 642°27 and 643°45 wy of xenotime. 

(2) When the optic axis of a uniaxal crystal is oriented 

* Macaluso and Corbino, Bari Ao Rendus, 127. p. 548 (1898). Henri 
Beequerel, Comptes Rendus, 125. p. 679 (1897). and 127. p. 899 (1898) ; 
P. Zeeman, Arch. néerlandaises, vii. p. 465 (1902). 
+ A, Schmausz, Ann. der Phys. ii. p. 280 (1900) ; viii. p. 842 (1902). 
p. 853 (1903), 
{ Bates, Ann. der Phys. xii, p. 1080 (1903). 
§ R. W. Wood, Phys. Zeitechr. vi. p. 416 (1905). 

X. 

one 

eee —. 



Power in the neighbourhood of Bands of Absorption. 155 

parallel to the lines of force of the magnetic field and the 
direction of propagation of the light is the same, the bands 
corresponding to the absorption of the circular components 
of given sense are not all displaced in the same direction in 
the spectrum. 

The most probable explanation of this behaviour appears 
to me to be that amongst the various bands some are due to 
vibrations of negative electrons (as in the phenomenon of 
Zeeman), but that others are produced by positive electrons 
which thus appear for the first time in optical phenomena. 

These results can be seen very definitely in figs. 1 & 2 (P1.V.) 
which represent for two groups of xenotime the spectra of 

the two circular components in a field of about 12,000 gauss. 
The crystal was immersed in liquid air with the object of 
obtaining, as we shall see later, the most definite and sharpest 
bands. These figures are a reproduction (magnified 3°7 
times) of negatives obtained with a Rowland-grating spectro- 
graph. 

In this note I shall content myself with enumerating those 
new phenomena which are related to magnetic rotatory 
polarization alone, asking the reader to refer for the description 
of the experiments and the detailed results to the publications 
made by me 26th March, 1906 to 30th March, 1908%*. 

Placing the optic axis of a crystal of xenotime parallel to 
the lines of magnetic force and to the direct'on of propa- 
gation of the light, I showed that the bands, which are. 
variable under the influence of the field, give, when the 
components corresponding to the two circular components of 
opposite senses have appreciably the same intensity, the same 
effects as for rays through vapour; we observe, consequently, 
a magnetic rotatory power of the same sense on each side of a 
band and of the opposite sense inside the band. The direction 
of the rotation depends upon the direction of the displacement 
of the absorption bands of the circular components. The 
variation of the rotatory power is positive outside and 
negative inside the band if this arises from negative electrons. 
The opposite takes place if the band arises from positive 
electrons. 

These are the first results in agreement with the theory 

* Jean Becquerel, Comptes Rendus:—1906, 26 March, 9 April, 
41 May, 19 Nov., 3 Dec., 10 Dec.; 1907, 21 Jan., 25 Feb., 25 March, 
13 May, 17 June, 19 Aug. , 11 Nov., 25 Nov., 9 Dec., 30 Dee. ; 1908, 
30 March.—Le Radium, iv. No. 2. p-. 49, No. 3. p- 107, No. 9. p. 328, 
No. li. p. 385 (1907); v. No. k. p. 5 (1908) ——Phystk. Zeitschr. viii. 
No. 19. p. 632, No. 25. p. 929 (1907); ix. No. 8. p. 94 (1908). 

Jean Becquerel ae Kamerlingh Onnes, K. Akad. v. Weten. te 
Amsterdam, 29 Feb, 1908 ; Comptes Rendus, 23 March, 1908. 
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based on the Hall effect ever observed in the case of a solid 
body. A crystal of xenotime behaves, therefore, from the 
magneto-optic point of view, like a vapour exhibiting the 
Zeeman effect. Moreover, one obtains experimentally this 
new and supremely important result: the effect of an ab- 
sorption band depends, assuming the existence of electrons 
of two signs, upon the sign of the charge of the electrons 
producing the particular band under consideration. 

Fig. 3 represents the variations of the magnetic rotatory 
power of xenotime, at the temperature of liquid air, in the 
neighbourhood of the bands shown in the group in fig. 1. 
The spectrum (1) of fig. 3 shows the dislocation of the black 
fringes obtained in the spectrum by placing against the slit 
of the spectrograph a Babinet compensator placed between 
two crossed Nicol’s prisms in such a manner that the central 
fringe is normal to the slit, and preceded by a quarter-wave 
plate which transforms the two circular cemponents of 
opposite senses into two rectilinear vibrations parallel to the 
two principal directions of the compensator. The displace- 
ments of the fringe measure the rotatory power. The fringe 
and the components of the band 522715 uu form a very 
remarkable V-shaped curve. 

The spectrum 2 of fig. 3 was obtained by polarizing, at 
45° to the horizontal, the light which falls on the erystal, 
and placing in front of the slit of the spectrograph a rhombo- 
hedron of Iceland spar which gives two images polarized 
horizontally and vertically respectively. The two contiguous 
images are identical if the field is not excited ; but when the 
erystal is submitted to a magnetic field, a rotation of the 
plane of polarization of theincident vibration corresponds to an 
increase in the luminous intensity in one of the images and 
a decrease of that of the other. For the components of the 
bands 522°15 and 525°17 wp the phenomenon is exceedingly 
definite. 

Identical results were obtained with all crystals or solutions 
of salts which produce bands responsive to a magnetic field. 

Some months after my first experiments on the magnetic 
rotatory polarization in xenotime*, Klias+ obtained quite 
similar effects with a solution of chloride of erbium which 
he recalls in a recent communication f. 

On each side of a broad band of a solution of chloride of 
erbium (about 520 wy) the rotation is negative, whilst it is 
positive in the midst of the band. The experiments of Elias, 

* Jean Becquerel, Comptes Rendus, 21 May, 1906. 
+ G. J. Elias, Physik. Zeitschr. vii. p. 931, 15 Dec, 1906. 
t Phil. Mag. [6] vol. xv. p. 538, April 1908. 
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made by a method having great precision, permit one to 
follow the details of the variation of rotatory power in the 
neighbourhood and in the interior of the band, and it is 
manifest, from the numerous irregularities of the curve, that 
the band is complex, 7. e. it is formed by the superposition 
of several components. Itis quite impossible to deduce from 
these results any certain conclusion relative to the effect of a 
simple band. 

On the contrary, with crystals which exhibit fine bands, 
such as xenotime, tysonite, porisite, apatite ; and especially 
if we study the absorption at a very low temperature (as we 
shall show later on), we have the advantage of being able to 
observe simple bands ; and we then see the connexion which 
exists between magnetic rotatory dispersion and the modifi- 
cation which each band undergoes. The variation of the 
magnetic rotatory powers appears indubitably as the conse- 
quence of the simultaneous effect of anomalous dispersion 
and of the separation, under the influence of the magnetic 
field, of bands into two components absorbing circular 
vibrations. 

In tysonite, after having studied, at ordinary temperatures 
and at the temperature of liquid air, the variations of the 
index of refraction in the neighbourhood of one of the bands 
(523°5 wu) and measured the separation of the components 
in a magnetic field, I was able to predict from the formula 
given by Voigt, what the magnitude of the rotation should 
be in the interior of a band, at 20° C. and —188° C. The 
calculated and observed numbers are in as satisfactory 
agreement with one another as possible *. 

R. W. Wood, in a notef published in the month of 
February last, shows that very complex effects occur in the 
neighbourhood of a group of bands of nitrate of neodymium. 
In erystals, I have for a long time observed and pointed out 
the existence of phenomena near certain bands which do noi 
possess the simplicity of those which I have just described ; 
in particular, a strong band of tysonite (577 wu) gives a 
negative rotation on the side of smaller wave-length and a 
positive rotation on the side of greater wave-length. This 
result appears at first to be in agreement with the molecular 
current theory ; but, before coming to any conclusion, it is 
important to learn whether one has to deal with a simple 
band, or if, on the contrary, the band is a complex group. 
It is evident that a combination of bands of negative and 

* Jean Becquerel, Comptes Rendus, 11 & 12 Nov., 1967; Le Radium, 
y. No. 1. p. 11 (1908). 

+ R. W. Wood, Phil. Mag. [6] vol. xv. p. 270, Feb. 1908. 
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positive electrons, of various degrees of responsiveness and 
whose effects are superposed, may give rise to phenomena 
possessing very great complications. It is effects of this 
nature, I think, which were observed in nitrate of neodymium 
by Professor Wood. 

The only means of elucidating this question consists in 
separating complex groups into their components: and I 
have shown that we may in a number of cases succeed in 
doing this by studying the absorption at very low tempe- 
ratures. 

Having been led to investigate whether or not changes of 
period produced by a magnetic field depend upon tempera- 
ture, I observed a new phenomenon”*. Under the injluence 
of a lowering of temperature (in the absence of any action of 
a magnetic field) the absorption bands of solids and solutions 
become much finer ; so much so indeed that at the tempera- 
ture of liquid air the salts of rare earths, either crystallized 
or in frozen solution, exhibit absorption spectra having very 
remarkable sharpness. 

Measurements made upon several bands of tysonite showed 
that, down to the temperature of liquid air, the breadth of 
these bands varies proportionately to the square root of the 
absolute temperature. Besides this+, at — 190° C. the bands 
have an intensity which is in general much greater than at 
ordinary temperatures ; not only because they are more con- 
stricted, but also. as I have established, because the quantity 
of energy absorbed increases in the case of nearly all bands. 

These researches have just been pushed to the lowest tem- 
peratures at present realizable. In the cryogenic laboratory 
in the University of Leyden, Professor Kamerlingh Onnes 
and myself t have been able to study absorption and magneto- 
optic phenomena in crystals at temperatures down to that of 
the solidification of hydrogen (—259° C©.). 
We observed that the majority of bands continue to narrow 

down, but in general at a less rate than according to the law 
which was proved to be valid down to the temperature of 
liquid air. 
We have shown, moreover, that for each band a tempe- 

rature exists for which the absorption passes through a maximum. 
Certain bands which, on cooling to —190° C., became ex- 
tremely intense, diminished afterwards till they became 

* Comptes Rendus, 25 Feb., 138 May, 17 June, 1907. 
+ Comptes Rendus, 11 & 25 Nov., 1907 ; Le Radium, iv. No. 11. p. 385 

(1907); Physik. Zeitschr. ix. No. 8. p. 94 (1908). 
{ K. Akad. Amsterdam, 29 Feb., 1908; Comptes Rendus, 23 March, 

1908. 
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invisible at —259° C. Some bands which made their first 
appearance at low temperatures still continue to increase in 
intensity at —259° C.; we think they all should possess a 
maximum, but at a temperature which we have not yet 
attained. 

The study of magneto-optic phenomena at very low tem- 
peratures has considerably extended the field of research 
and has led to new results of very great interest. In the 
first place, the separation between bands of absorption 
of the two circular components, that is to say, the changes of 
period of oscillating systems under the influence of an external 
magnetic field are independent of the temperature. Even in 
paramagnetic bodies these changes of period constitute pheno- 
mena which are connected with diamagnetism*. 

Moreover, at very low temperatures, an unforeseen effect 
is observed. The bands which correspond to the absorption of 
the opposite circular components are very often of unequal 
intensity. At temperatures of —253° and —259° the com- 
ponents which the magnetic field displaces towards the blue 
increases at the expense of the other component. The dis- 
symmetry is greater to such an extent as the field is more 
intense and the temperature is lower. 

An example of this dissymmetry is visible on fig. 1 for 
the band 525°17 py of xenotime at —188°. We clearly see 
that in one of the two spectra of the circular components the 
band 525 which is displaced by the field towards the violet 
side is more intense than the band corresponding to the 
other spectrum. | 

To return to the question with which this note is specially 
concerned : the variations in the intensity of the bands and 
their magnetic components draw in their train, as we might 
expect, modifications in the magnetic rotatory dispersion. 
The magnitude of the effects produced for each band depends 
upon the intensity of absorption and on the breadth of the 
band. When a band becomes finer and more intense the 
variations of rotatory power increase at the same time; 
moreover, the dissymmetry of intensity for the two magnetic 
components is accompanied by a dissymmetry in the rotation 
produced by the band. I have indicated on fig. 1 the inequality 
of the circular components of the band 525°17 wy of xeno- 
time ; in fig. 3 it is seen that, on the edges of the band, 
the two maxima of positive rotation are unequal ; the more 
intense are on the violet side because the circular component 
displaced towards the violet is more intense than the other 

- * Jean Becquerel, Le Radium, vy. No. 1. p. 5 (1908) ; Jean Becquerel 
and Kamerlingh Onnes, loc. cit. 



160 LNspersion of Magnetic Rotatory Power. 

component. The inequality of these two maxima of rotation 
enables us even to measure the dissymmetry in the intensity 
of the two components. 

At the temperature of liquid or solid hydrogen the dis- 
symmetry is sometimes such that the direction of the pheno- 
menon is the same as if there existed only one of the cireular 
components, corresponding to vibrations in one direction 
alone ; we then obtain rotations in opposite senses at the two 
edges of the band. This result again is a consequence of the 
simultaneous effects of anomalous dispersion and of the 
modifications undergone by the band under the influence of 
the field: it is in good agreement with the theory based on 
the Hall effect; but we must take into account the new fact 
that no theory can yet explain the dissymmetry of intensity 
of the two components corresponding to opposite circular 
vibrations. 

Lastly, in a general manner, the constriction of the bands 
which takes place under the influence of cooling enables us 
to separate many complex groups into their elements and to 
explain certain effects. Thus, to return to an example cited 
above, the band 577 wu of tysonite, which gives opposite 
rotations at the two edges, appears double at very low 
temperatures ; and it is constituted of a band of positive and 
one of negative electrons in juxtaposition; the effects of 
these are superposed. 

The variation of magnetic rotatory power near an absorption- 
band seems then to be related to the hypothesis of the Hall 
effect, according to which they are a consequence of the 
simultaneous action of anomalous dispersion and of the 
change of period of the absorbing electrons in a magnetic 
field. 

It is not proved as a matter of fact that a simple band in 
any case gives rise to the phenomena indicated by the molecular 
current theory. 

The single effect which it might perhaps be possible to 
bring into relation with the latter theory is the increase of 
the magnetic rotatory power of paramagnetic crystals when 
we lower the temperature*. 

I found that this rotatory power is very nearly in inverse 
proportion to the absolute temperature. But one is not 
concerned in this phenomenon with the perturbations pro- 
duced by bands of absorption. 

In conclusion, I will add a few remarks relative to biaxial 

* Comptes Rendus, 23 May, 1907 ; Le Radium, vy. No.1, p. 12 (1908). 
Jean Becquerel and Kamerlingh Onnes, loc. cit, 
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erystals. Certain crystals, such as the sulphates of neodymium 
and praseodymium, possess at the temperatures of liquid or 
solid hydrogen true rays of absorption of a fineness as great 
as the rays of metallic vapours. The rays which correspond 
in the three principal spectra are very sensibly of the same 
wave-length, but differ in breadth and intensity. 

Let us denote by 1, 2, 3 the three principal directions of 
absorption relative to one of these rays. We shall transmit 
the light along the direction of the magnetic field. We can, 
in succession, align the directions 1, 2, 3 parallel to the 
light and to the field; the two vibrations simultaneously 
observed being normal to this direction are then respectively 
parallel to 2 and 3, 1 and 3, 1 and 2. When the rays are 
very fine and occupy exactly the same position in both 
spectra, experiment proves* that in the first case the vibra- 
tions 2 and 3 are connected together by the fact of the field 
which is perpendicular to them giving magnetic doublets 
having the same separation ; in the second case the vibrations 
1 and 3 also give rise to a doublet, but this doublet is different 
from the first ; lastly, in the third case, the vibrations 1 and 2 
give rise toa third doublet which differs from both the others. 

These results can be interpreted, according to the theory 
of a quasi-elastic force, by the existence of three principal 
electromagnetic magnitudes for the absorbing electrons in 
biaxial crystals. | 

This phenomenon must be considered as the generalization 
of phenomena which, in isotropic bodies or in uniaxial crystals, 
are connected with magnetic rotatory polarization; for it 

4 proves experimentally in the more complex case of biaxial 
.. crystals, that the magnetic field produces a connexion 

between the two principal vibrations which are perpendicular 
to it. 

April 23, 1908. 
\ 
\ 

XI. On Cathode and Canal Rays from Hollow Cathodes. 
By Jaxos Kunz, Dr. phil., Privatdozent fiir Physik am 
eidg. Polytechnikum, Zurich. 

N his paper, “ Ueber die Canalstrahlengruppe,” Ver- 
handlungen der deutschen physikalischen Gesellschaft im 

Jahre 1902, p. 228, E. Goldstein describes canal-rays starting 
from cathodes made of two separated parallel metal plates of 
different shape. The nature of these rays not being fully 
determined, the following experiments were made. 

* J. Becquerel and Kamerlingh Onnes, Joc. cit. 
+ Communicated by the Author, 

Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. M. 
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Experiment 1.—The vacuum was made by means of a 
mercury-pump in a bulb of the form shown in fig. 1. The 
cathode is a cylindrical tube of brass, 24 cm. long, 0°4 em. 
in diameter. The anode is a ring of Fic 1 

i aluminium. The wires in the tube are at 
| insulated from one another by glass tubes, 

and the bulb is sealed up with ebonite 
Hl and sealing-wax. If now the air is 

| gradually pumped out, at a certain stage 
| the cathode is found to be surrounded 
| by a comparatively dark space, called 

Crookes’s. Beyond this dark space and 
ai enveloping it, there is a very bright 
| luminous ring, called the negative glow. 

This ring passes through the hole of the 
cathode and emits a very vivid violet 
light Beyond the luminous region there 
is another comparatively dark space— 
Faraday’s dark space—of a very variable 
length even at constant pressure. Be- 
tween this dark space and the anode 
there is a luminous column, called the 
positive column, which, when the current and pressure 
are within certain limits, exhibits the well-known alternations 
of dark and bright spaces—the striations. If now the 
pressure is diminished, a thin layer of yellow luminosity 

begins to spread all over the inner and outer surface of the 
negative electrode, the negative dark space gets bigger, the 
light in the hole of the cathode becomes more intense ; it is 
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also very bright just at the points a, and two spots of green 
phosphorescence appear at b, where the prolonged axis of 
the tube cuts the glass bulb (fig. 2). 

On the outside of the cathode, the boundary of the dark 
Space is approximately the surface traced out by normals of 
constant length drawn to the surface of the cathode ; in the 
tube itself, however, the width of the dark space is much 
smaller than outside. 

As the pressure is decreased, there appear two beautiful 
well-defined rays of bright blue light starting from both ends 
of the cathode, spreading out as they approach the wall of 
the tube, and producing the yellow-green phosphorescence 
due to cathode rays. The rays start from a short distance 
within either end of the tube, the centre appearing quite 
empty except for a faint yellow light enveloping the cathode 
inside and out. The very sharply defined bright central 
beam of blue light is deflected by a magnet in the same way 
as ordinary cathode rays. Under the given pressure, a pale 
bluish misty luminosity fills the whole tube, due to secondary 
cathode rays produced by the ionization of the gas by the 
primary rays. At the same time, a band of weak phos- 
phorescence appears round about the meridian of the bulb, 

Fig. 3. 

if we consider the axis of the cathode-tube as polar axis of 
the sphere. This phosphorescence is produced by cathode 
rays, which are invisible in the gas and which start nearly 
at right angles from the outer surface of the cylindrical 

_ cathode. 
When the vacuum advanees, all the phosphorescent spots 

on the glass wall become brighter ; the general dim bluish 
luminosity gradually disappears. The bright blue polar 
cathode rays remain visible for a long time, but get very 

M 2 
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much fainter when the vacuum is the best possible, becoming 
prolonged through the centre of the cathode; so that the 
middle of this tube is found to be filled with bright bluish 
light. The phosphorescent spots at the poles in fig. 3 become 
surrounded by a system of circular phosphorescent rings, 
separated from one another by almost dark intervals. The 
limits of these rings are sharply defined: the ring which 
appears first is the ring a in fig. 4, being separated from the 
central spot by a dark band with limits of geometrical 
distinctness. With decreasing pressure, a fresh ring (0) 

appears, followed by the two broad faint rings ¢ and d; and 
finally the central spot is contracted into a small circle 
distinctly separated from a ring e which seems much fainter 
than the ring 6. The limits of ring d are far from being as 
sharp as those of the other rings. 

At the most complete vacuum, the yellowish light sur- 
rounding the cathode nearly disappears ; but there is to be 
found a very thin layer of red light quite close to the 
cylinder visible only when looked at in a direction parallel 

| 
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to the axis of the tube. The inner edge of both ends of jthe 
cathodic cylinder glows also with a dim red light.4 | 

The question now arises as to what is the origingZof the 
blue polar beam, and how the various rings are brought into 
existence. 

_ Experiment 2.—If the outside of the cylindrical tube and 
the edge at either end are covered with ebonite, so that only 
the inner metal surface is free, the same succession of 
phenomena occurs as in experiment 1, except that the two 
faint rings c and d and the three layers round the outer 
surface do not appear. Neither are they to be found when 
only the outer edge of both ends is covered with a ring 
of ebonite. These rings c and d take their origin, theretore, 
at the end of the tube on the outer surface of the cylinder. 
They might be considered as belonging to the meridian band 
of phosphorescence, with which they have the same con- 
nexion as have the two rings a and 6 with the central spot in 
fig. 4. If the whole tube is insulated except for the inner 
surface, the blue polar rays are very bright, spreading out 
wider than in the first experiment and producing rings of 
variable diameter. In this case, at a certain not-too-low 
pressure, beautiful striations of red positive light were found 
to reach the region of the blue cathode light, as a rule only 
in the beginning of a new discharge and going back to the 
anode without change of pressure. This aspect is given in 
fig. 5. 

Experiment 3.—A glass tube is introduced into the cathodic 
tube so that the inner coating of the cylinder is perfectly 



166 ; Dr. J. Kunz on Cathode and 

insulated, the outer coating being free. The negative glow 
now never enters the tube, no blue beams of cathode rays 
appear, neither the rings a, b, ¢ of fig. 4. At the iowest 
pressure, however, a faint small spot of phosphorescence 
appears at the poles of the bulb, flitting hither and thither 
in a very unsettled fashion. Small sparks move round about 
the edges of the tube, giving rise to irreglar cathode-rays. 
The rings c andd of fig. 4 are found to be indistinct. At 
the most complete vacuum, a small amount of yellowish-white 
light is to be seen in the centre of the glass tube of the 
cathode, 

If two short glass tubes about 4 mm. long are introduced 
into the metal tube from both ends, so that only the inner 
edges are covered, the phenomena in the beginning of the 
exhaustion are different from those just described in so far as 
the negative glow enters into the tube from both ends without 
going through the whole tube, and as the blue central cathode 
rays Just appear at the ends of the tube producing a spot of 
weak phosphorescence at the poles of the glass bulb. As the 
air is pumped out, this blue hight disappears again : but the 
polar spots in front of the openings of the cylinder are much 
brighter and more fixed than in the previous experiment, 
much as in the first experiment. The inner edges of the 
glass tubes exhibit a red glow, as if due to the impact of 
positive rays. As in the case of small glass tubes put at the 
inner ends of the tube, the blue central beam and the rings 
a and 6 of fig. 4 do not appear, we see that these phenomena 
take their origin from the inner edges of the metallic tube. 
The bright central spots 7 of fig. 4 are due to rays starting 
from the central parts of the tube. The difference in the 
appearance in the case of one glass tube filling the whole 
metallic cylinder, and of two short glass tubes at the ends of 
the cathode for a certain not too low pressure, is illustrated 
in fig. 6. If the pressure becomes lower, the central blue 
light of fig. 6 disappears, the polar spots p get fainter, and 
the first, second, and third layers in fig. 6) give the same 
aspect as those in fig. 6a. The polar spots of phosphorescence 
p in fig. 6 6 become very bright again with still decreasing 
pressure, while the corresponding spots in the case of the 
long glass tube filling the whole cathode are found to be very 
dim and unsettled. 

If a short glass tube is introduced into the cathode so that 
at either end about 2 mm. of the inner surface of the metal 
cylinder is free, we should expect from the last experiment 
the same succession of phenomena as those observed in the 
first experiment, and that is indeed what happens. With 
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increasing vacuum, the central blue beams and the spots of 
yellow-green phosphorescence surrounded by a bright ring on 

Fig. 6 a. 

the glass wall gradually appear. The blue polar beam and the 
Fic. 7. central spot are, however, not so intense 

: as in the first experiment, owing to the 
fact that the rays starting from the central 
parts of the tube are cut off by the glass 

tube. The ring d of fig. 4 does not appear 
until we reduce the length of the glass 
tube to about half that of the cathodic 
cylinder and introduce it into the middle 
of the cathode. 
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In the last two cases the glass tube glows at low pressure 
with an intense orange light, which might be brought about 
by the impact of positive particles. After the experiment 
a brown deposit was found on the inner surface of this glass 
tube. This experiment tells us again that the rays producing 
the ring a of fig. 4 start from the inner edge of the cathodic 
cylinder, the ring } from a part nearer to the centre, and the 
central spot f from the middle of the hollow cathode. 

The blue cathode rays propagating in the direction of the 
axis arise from the edges of the cathode, as will be seen 
directly from fig. 3. 

The phenomena observed on each side of the cathodic 
cylinder seem to be independent of one another. If, for 
instance, a short glass tube is introduced covering the inner 
end of the metallic tube, or if this end is closed by a short 
metal bar, the phenomena observed on the other side of the 
tube coincide with those observed in experiment 1. 

If at one end of the cathode a metal wire or a small piece 
of ebonite is pushed over the inner and outer edge of the tube, 
the disturbance of the picture produced by the cathode rays 
will be found to be at a place opposite to the obstacle in the 
tube, showing that the rays giving rise to the ring a of fig. 4 
cross one another. With decreasing pressure, the rings of 
phosphorescence illustrated in fig. 4 appear in the order 
a, b, e, f- It is also worth mentioning that the diameters of 
the rings depend on the pressure. With decreasing pressure 
the diameters of the rings become smaller. A reduction of 
5*4 cm. to 5:0 em. was observed in the diameter of the ring a, 
and of 3°8 cm. to 2°9 cm. in ring 0. 
We shall now proceed to explain the appearance of the 

rings quite distinctly separated from one another, as indicated 
in fig. 4. The cathode rays are deflected in an electric field, 
which is very intense in the Crookes’s dark space. When the 
pressure is not very low, the field close to the cathode is 
more intense than that at some distance away from it. The 
corpuscles being still close to the cathode, will acquire so 
much kinetic energy that they will not be much deflected 
from the path along the normals of the surface ; they will, 
however, soon be absorbed and ionize the air in the opening 
of the tube of the cathode to a very great extent. This 
ionization is accompanied by a very bright luminosity of the 
gas column inside the tube. The component of the electric 
force acting parallel to the axis of the tube, will move the 
ions parallel to this axis. Thus the rays shown in fig. 2 may 
be produced. If now the pressure decreases, the dark space 
gets bigger and fills the whole metallic tube. The ionization 
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taking place mostly outside the cathode, penetrates the tube 
for only a short distance ; and the negative corpuscles driven 
by the electric field in the direction of the axis constitute the 
blue beam represented in fig. 3. 

According to this view, the intense blue beams are to be 
considered as the negative glow of the inner surface of the 
tube. The negative glow belonging to the outer surface gets 
fainter and more uniformly blue as it recedes from the outer 
surface. The total amount of ionization taking place all over 
the region of the negative glow, however, may remain nearly 
constant with decreasing pressure. The narrow region in 
which the central blue beam occurs is a place of strong 
ionization and weak electric field. The ionization is due to 
corpuscles moving from the inner surface of the metal. 

The faint blue luminosity filling almost the whole glass 
bulb, and produced by cathode rays starting from the outer 
surface, is as it were concentrated for the inner surface into a 
sharp beam whose colour is found to coincide with that of the 
misty luminosity. In pureair the blue colours predominant; 
in damp air a change into a reddish colour takes place; while 
in the presence of mercury vapour the rays appear to be of a 
bluish-white colour. The polar visible beams, being a con- 
tinuation of the negative glow of the inner surface of the 
cylinder, appear in the same interval of pressure as that faint 
misty luminosity due to secondary cathode rays. As the 
bright central beam and the faint luminosity of the negative 
glow of the outer surface die away together with decreasing 
pressure, the yellow phosphorescence caused by the primary 
cathode rays gets brighter. The fact that with decreasing 
pressure the blue central beams enter deeper into the hole of 
the cathode, is connected with the change in direction of the 
lines of electric force and with the appearance of the bright 
rings of phosphorescence on the glass wall. 

The positive ions are mostly attracted by the negative 
metal cylinder just in the inner edge of the cylinder, giving 
rise to primary cathode rays which get more and more 
deflected as the pressure decreases and the length of the 
dark space becomes greater. Since the strength of the field 
only changes slowly as we recede from the eathode, the 
velocity acquired by the corpuscles will be smaller than at 
higher pressure. In addition, the deflecting electric force 
will be greater at a greater distance from the cathode. For 
both reasons, the cathode rays get more and more deflected 
from the path perpendicular to. the inner surface of the 
cathode. 

At a certain stage of pressure these primary rays start 
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between the normals of the surface and the electric force and 

produce phosphorescence around a circular ring on the glass 

wall. 
Fig. 8. 

Fig. 8 will give an idea of the distribution of the electric 

force round the cathode at the low pressure. The cathode 

rays begin to ionize the gas at the boundary of Crookes’s dark 

space and the negative glow. If now the path of the cathode 

rays is curved, and if the positive ion is produced at P (fig. 9), 

then, in consequence of the difference in mass between the 

positive and negative ions, the former will not follow the path 

of the negative corpuscles up to the cathode. They will take 

another way and strike against the inner surface of the cylinder 

along a circle distant a certain length from the end of the tube. 

Fig. 9. 

++++ line of electric force. 
—— path of negative ions, 
bei & path of positive ions. 

Along this circle there is a new source of cathode rays startin 

in asmaller electric field than those at the end of the tube an 

‘ya direction between the normal and the electric force, but 

more parallel to the axis than the rays considered just before. 

Leaving the hole of the cathode, they come into a stronger 

electric field by which they are necessarily more deflected 
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than those producing the ring a of fig. 4. As they pass 
through a longer interval of air than the latter ones, their 
ring b of phosphorescence will onlv appear at a pressure a 
little lower than those of the ring a. The same consideration 
applies to the rays of the ring } as well as to those of ring a 
of fig. 4, and shows us that at a still lower pressure we should 
expect a further dark ring inside the ring 6, and afterwards 
a central bright spot of phosphorescence: and that indeed 
happens. 

This explanation seems to account for all the phenomena 
observed, and recalls the distribution of the phosphorescent 
patch observed by Campbell Swinton. 

The positive particles playing an important part in this 
interpretation, we might expect to find the same outside the 
hollow cathode as within. Positive rays have not been 
directly observed so far in the above experiments. An 
interesting observation, however, wants mentioning. If the 
discharges take place at a high degree of exhaustion, the 
brass cathode will be disintegrated to a large amount and a 
brown deposit will spread over the glass bulb with a uniform 
thickness except at the poles. If now the cylindrical cathode 
is turned, say, 60° about the supporting axis, a small circular 
part of the deposit will be found to get swept out at the new 
poles of the bulb under the action of the discharges. This 
effect may be due to canal-rays. E. Goldstein showed, 
indeed, that the positive rays have the property of sweeping 
away metallic deposits. If a conical hollow cathode was 
used, rays different in colour and magnetic deflexion were 
found to start from the narrower end at a very low pressure ; 
the yellowish-white colour and the absence of magnetic 
deflexion of one part of these rays seem to indicate that we 
are dealing with a mixture of positive and negative rays. 
The blue beam starting from the wider end goes deeper back 
to the point of the cone with decreasing pressure, and is 
continued by a faint yellowish ray. The central patch of 
phosphorescence due to the blue beam is surrounded by two 
bright rings, whereas at the opposite pole of the glass bulb 
we find only a faint central spot surrounded by the outer 
ring. This is exactly what we should expect from the view 
given above, because the rays which would produce the inner 
ring cannot escape from the pointed end of the cone. 

If we draw perpendicular lines from the coating of the cone 
outwards, a certain zone of the spherical bulb will be cast 
out, and this zone is found to glow in a dim phosphorescent 
light due to cathode rays. If the middle of the cylindrical 
tube used for the above experiments is surrounded by a metal 
wire, this meridional band will be divided into two parts 
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separated by a dark space. On the side toward the poles of 

the bulb each part is accompanied by a small strip of phos- 

phorescence. 
Fig. 10. 

Very beautiful geometrical figures of phosphorescence are 

obtained when the cross section of the hollow cathodic tube 

is not spherical but of any other shape. In the case of 

a triangular tube I found a central cross, a bright spotZat 

each end and in the middle of each side, anda phosphorescent 

ei of the triangle connecting with the cathode, as 
indicated in fig. 11. 
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Experiment 4.—A further series of experiments was under- 
taken in order to find out the conditions under which canal- 
rays occur outside the cathode. A tube shown in fig. 12 was 
employed. The anode is a disk of aluminium about 1 cm. 
in diameter. The cathode at first was a sphere of brass, 
perforated in three directions perpendicular to one another. 
A bar of brass surrounded by a glass tube was screwed into 
one of the six openings, the diameter of the opening being 

about 3mm. The distribution of the first three layers next 
to the cathode changes in a very interesting way during 
the evacuation, as will be seen from the three following 
figures. One of the openings is directed towards the anode. 
The Crookes’s dark space in fig. 13 is exceedingly small; the 
metallic sphere is enveloped by a spherical shell of red-violet 
light. This is the negative glow, and is pierced at the five 
openings by a red beam of the shape of a flat table-plate. 
The holes are filled with bright violet light; a column of 
faint red light goes up to the anode without striations. At 
this comparatively high pressure the surface of the glass bulb 
already begins to get fluorescent. As the vacuum increases the 
light flaming out of the openings assumes the shape of an open 
umbrella, Crookes’s dark space becomes much larger, the velvet 
glow covers the surface of the sphere (fig. 14). At the following 
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stage of pressure (fig. 15) we observe five bright well-defined 

blue beams starting from the holes of the cathode and nearly 

reaching the surface of the glass bulb. These rays reach a 

maximum of luminosity and then get fainter with increasing 

Fig. 13. 
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vacuum ; while the phosphorescent spot on the glass wall, 

due to these blue beams, becomes surrounded by a dark ring 

which itself gets limited outwards by a new bright ring. At 

the lowest pressure obtained, the central circular spot is 

found to be surrounded by a ring of faint luminosity. This 

is followed by a dark ring, then a bright ring, continued by 

a general faint phosphorescence of the bulb due to cathode 

rays starting from the surface of the cathode. 

At low pressure the phenomena observed coincide with 

those made with a cylindrical tube. The five holes of 

the spherical cathode give rise to the same kind of rays. 

The blue colour in the air, the yellow phosphorescence on 

the glass wall, and the amount of magnetic deflexion are the 

same for all the five beams. It is especially worth noting 
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that the rays travelling from the cathode towards the 
anode appear to have the same properties as those going in 

QB AI &S 
Vo. S& 

the opposite direction, whereas in the ordinary tube used for 
canal-rays we find these positive rays starting from the 
cathode in a direction opposite to the cathode rays. In the 
present arrangement, however, no canal-rays were found at 
the surface of the glass wall; but a red light was observed 
not unlike the velvet glow along the surface of the holes. 
Nevertheless it is possible that some canal-rays escape from 
the openings without being capable of observation under the 

. given circumstances. 
In the following experiment the metal sphere was sur- 

rounded by a sheet of sulphur 2 mm. thick, so that only the 
walls of the five holes and a part of the surface in front of 
the anode were free from insulation; so we might expect 
to get canal-rays in the opposite direction. Very bright 
blue beams start, however, from all the five holes having the 
same qualities in each direction; a red glow in the middle of 
the cathode may easily be observed, recalling the colour of 



176 Dr. J. Kunz on Cathode and 

positive rays. In hydrogen the phenomena at low pressure 
coincide with those observed in air. ° 

EKaperiment 5.—In place of the sphere used in the last expe- 
riment, the cathode consists of two parallel triangular plates 
3 or 4mm. apart held together by means of three thin pins 
and supported by a bar of brass entering into the middle of 
the plane of one of the plates. The triangular hollow space 
between the two plates lies in the same horizontal plane 
as the anode towards which a corner of the triangle is 

directed. At a comparatively high pressure we observe a 
narrow dark space surrounding each plate. Beyond this is 
the negative glow, and this is exceedingly bright between the 
two triangles. Three blue beams start from this central light, 
in a direction perpendicular to the sides of the triangle, 
giving the aspect shown in fig. 16 when looked at in a 

™m mt 
I 

direction perpendicular to the plates. As the air is pumped 
out, the velvet glow appears, Crookes’s dark space gets wider, 
the light between the plates disappears, the blue beams from 
the sides of the triangular hollow space contract into sharper 
beams spreading out over a longer distance than before, as 
will be seen from fig. 17. 

At a still lower pressure the blue cathode rays A get very 
bright and distinct, causing quite distinct patches of phos- 
phorescence, while from the corners of the triangle short red 
beams start into existence. The difference of colour between 
the two kinds of beams is most remarkable in hydrogen and 
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helium. As we goon lowering the pressure the cathode rays A 
cease to be visible in the gas, while now the red rays B, of 

Fig. 17. 

il 
figs. 18 and 19 (p.178), pass through a maximum of brightness. 

The phosphorescence on the glass wall due to these rays is very 
faint. In one case only I was able to detect the sodium line in 
the spectrum of the same. The red rays travelling from the 

corners of the triangle seem not to be deflected by a magnetic 

field of moderate strength. Professor J. J. Thomson, who 

applied a very strong field to these rays, could find so far no 

deflexion at all. He found, moreover, that rays of this kind 

not only leave the triangle from the corners but also from 

the sides without being susceptible of magnetic deflexion. 

At a very low pressure the cathode rays also, though invisible 

in the gas, start nearly round about the triangle and produce 

along the meridian of the glass bulb a band of phosphorescence. 

This phosphorescence presents a maximum of luminosity at 

regions in front of the sides of the cathode. It is scarcely 

interrupted opposite the corners and is accompanied on either 

Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. N 
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Fig. 18. 
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side by a narrow phosphorescent band. Its aspect is repre- 
sented in fig. 20. The redrays B closely resemble the positive 
canal-rays. The facts, however, that their maximum of 

luminosity does not quite coincide with that of the cathode 
rays, that they are visible only for a short distance from the 
cathode and do not seem to be capable of magnetic deflexion, 
make further measurements necessary. The absence of 
magnetic deflexion may be explained by the assumption that 
the positive particles ionize the gas through which they pass, 
get neutralized by the impact of a corpuscle, and travel in 
the neutral state through the magnetic field. 

If the red rays prove to be positive rays, we have in the 
last experiment an interesting case in which positive particles 
travel against the field from the cathode up to the anode. 
The question arises how the current between the two electrodes 
is closed. | 
If we turn the cathode 60° round the supporting axis the 

distribution of blue and red rays remains unaltered, the red 
ones starting from the corners, the blue ones from the sides 
of the triangle. In this case, cathode rays form the bridge 
between the electrodes. 

If we consider the red rays as positive rays corresponding 
to ordinary canal-rays, and if we take the well-known view 
of the origin of cathode rays as produced by the impact of 
positive particles which themselves are due to ionization by 
cathode rays, we should expect that by cutting off the negative 
rays at one side of the triangle, the red rays from the opposite 
corner would disappear. And that is what happens. If we, 
however, by an obstacle prevent the positive rays from 
escaping from one corner, the cathode rays starting from thie 

opposite side of the triangle do not disappear. This fact 
also agrees well with the view of mutual dependence of the 
rays of opposite sign. Let us consider a positive particle p,; 



180 Dr. J. Kunz on Cathode and 

it will ionize the gas between the two plates and travel along 
the line AB,. 

Fic. 21. 

A positive ion such as p,, driving from the negative glow 
in the direction D G, will be deflected from its straight course, 
being attracted by the electricity stored up along the side s, 
and at the corner C3. The path of p, will theretore be along 
the dotted line DB,, while the path of p; will be along EB. 
All the positive particles attracted from the negative glow 
between D and H will leave the triangle in a narrow bundle 
from the opposite corner, whereas the beam of cathode rays 
will be much broader, and this in many cases has been observed 
(see figs. 17 and 19). The same considerations apply to the. 
two other sides of the triangle. We see from fig. 21 also 
that there will be at each corner a small angular interval 
such as EF, from the negative glow of which the positive. 
particles, few in number, are subject to the same torce of 
attraction from the side s, as side ss. These ions will 
leave the triangle from the opposite side s;. As they pass. 
through a field of strong negative electrification they are 
very likely to get neutralized. 

It follows from this explanation that by closing the side 
ED between the two plates, both the blue beam perpendicular 
to this side and the red beam starting from the opposite 
corner should disappear, whereas by putting an obstacle 
between the two plates at the corner C; the red positive ray 
trom this corner should disappear, while the cathode rays 
from the opposite side should not. Both deductions agree 
well with the facts observed. 

The blue beam, the length of which is increasing with 
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decreasing pressure, as will be seen from the figures 16 and 
17, corresponds to the blue beams, starting from cylindrical 
tubes, indicated in the figures 8 and 10. We have seen that 
these blue beams begin to disappear while the rings of 
phosphorescence shown in fig. 4 gradually start into existence 
with decreasing pressure. Those rings are due to cathode rays 
produced by the impact of positive ions against the inner 
surface of the metal tube; the positive ions themselves are 
due to the ionization of the gas in the negative glow pro- 
duced by the corpuscles. Just as in the case of a cylindrical 
cathode the rings appear gradually while the blue beams, 
different in origin from the primary cathode rays, disappear, 
so we are to expect from the view given that the maximum 
of luminosity of the blue cathode rays will appear at a higher 
pressure than the maximum of brightness of the positive rays. 
And that is exactly what happens. 
A further argument in favour of the view developed is the 

appearance of the narrow strips of phosphorescence repre- 
sented in fig. 20, which accompany the central band. They 
occur at the same stage of pressure at which the red positive 
rays get very bright. These narrow bands are obviously of 
the same origin as the ring a in fig. 4. Positive particles 
travelling inwards from the negative glow DE may either 
strike against the metal or pass through between the two 
plates. The former ones cause cathode rays which are 
indicated by the bright bands of phosphorescence; the latter 
constitute the red beams from the corners of the triangle. 

Wealso understand that the three bands of phosphorescence 
along the meridian of the bulb are widening out at places in 
front of the corners and contracting before the sides of the 
triangle. If we consider a corpuscle just leaving one plate 
at a corner in the direction towards the other plate, it will be 
attracted by the stream of positive electricity, and its deflexion 
from the normal or polar direction will be less in the 
beginning of its career than when it starts from the middle 
of one side, in which case it will be driven away from the 
normal direction by the stream of negative electricity between 
the two plates. Thus corpuscles rising from the corners will 
move in a path further apart from the meridian plane lying 
parallel to the triangular pletes, than will corpuscles which 
start from the middle of a side of the triangles. 

From the theory illustrated in fig. 21 we draw the follow- 
ing conclusions :— 

(1) If we compose a cathode of two circular plates instead 
of two triangular ones, we should expect starting from any 
point of the circumference of the free space between the 
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plates cathode rays as wellas positive rays. The blue cathode 
rays reach a maximum of luminosity before the red positive 
rays. As the latter pass through a field of negative electri- 
fication, they will be neutral to a large extent and not much 
liable to magnetic deflexion. 

(2) If we connect the two triangular plates not by means 
of thin pins but by larger masses of metal, so that the only 
free space between the plates is in the form of three rect- 
angular ducts (see fig. 22) crossing one another, we should 
expect the six holes to behave in the same way at a certain 
comparatively high pressure, that is to say, we should expect 
them to emit bright blue beams corresponding to those 
observed in the case of perforated cylindrical and spherical 
cathodes. As the air gets exhausted, the visible cathode rays 
from the openings of the middle of the sides will still be 
bright, whereas the rays from the corners become nearly 
invisible. Atastill lower pressure the difference in luminosity 
becomes smaller. Invisible cathode rays start from all the 
six holes, probably accompanied by a weak stream of positive 
ions and neutral molecules. The difference of appearance in 
the previous stage is due to the fact, that the negative glow 
before the sides of the triangle is very much stronger than 
before the corners, a phenomenon observed without exception 
in every case of cathodes having sharp corners. As there is 
no large open side from which the positive particles may be 
collected into a sharp beam, we cannot expect to find a distinct 
beam of canal-rays. The experiment has perfectly justified this 
inference from the theory. The state of things, in which 
the difference between the beams is most conspicuous, is 
represented in the figure 22, which shows also that the 
negative glow in front of the sides is more intense than before 
the corners of the triangle. 

(3) If the cathode is made of two parallel square plates 
separated 3 mm. from one another and connected by thin 
pins, we should expect to find at a comparatively high pressure 
four blue broad bands starting perpendicularly from either 
side of the square. These rays will disappear with decreasing 
pressure and will be replaced by red beams accompanied by 
cathode rays, invisible in air and hydrogen, but producing 
bright spots of phosphorescence. This expectation is satisfied 
by an experiment made first by E. Goldstein, who also found 
that the canal-rays passing between the two plates mark 
their paths by a system of curves drawn on the inner surface 
of the plates. The positive red rays were found to be very 
bright and sharp in hydrogen. They are not deflected by a 
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magnetic field of moderate strength. If the electromagnet is 
placed near to the point where the red rays cut the glass 

Fig. 22. 

wall, the cathode rays will be collected into a sharp blue 
beam turning, by a suitable motion of the electromagnet, 

; round the surface of a cone whose vortex lies in the red 
j beam. , 
. In conclusion I wish to express my heartiest thanks to 

Professor J. J. Thomson for his kind interest and suggestive 
] help throughout the course of this research, which was carried 

| out in the Cavendish Laboratory. 

Cambridge, 5th March, 1908. 
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XII. On the Emission of Polarized Light by Fluorescent 

Gases. By R. W. Woon, Professor of Experimental Physics, 
Johns Hopkins University. 

Pees attempts to detect polarized light in the 
. emission of fluorescent vapours have yielded negative 

results. Schmidt’s observations were made with a nicol only, 
and he failed to detect any difference in the brilliancy of the 
fluorescence as the prism was rotated. he 

I have always felt that the apparent absence of polarization 
was difficult to reconcile with the theory that the fluorescence 
is merely a re-emission by electrons vibrating synchronously 
with the waves of the exciting light. Quite recently I have 
attacked the problem anew, and by carefully studying the 
conditions have succeeded in getting as much as 30 per cent. 
of polarized light in the resonance radiation of sodium and 
potassium vapour. The polarization of light produced in this 
way appears to be a wholly new effect, and its study throws 
considerable additional light upon the mechanism of radiation. 

The phenomenon was first detected in the case of potassium 
vapour by means of a Savart plate which is capable of 
showing two per cent. of polarization. It was immediately 
picked up in the fluorescence of sodium and iodine, and it is 
probable that other vapours will be found to show it as well. 

The apparatus used in the work consisted of a steel tube 
with a lateral branch brazed to its centre for the observation 
of the fluorescent light at an angle of 90° with the exciting 
beam. This tube was used in the earlier work upon fluores- 
cence, before the expedient of ‘“* end-on” examination bad been 
adopted. The metal was contained in a small retort also 
brazed to the large tube, immediately below the lateral 
observation-tube (fig. 1). The light of the are was focussed 

Fig. 1. 

by a large lens at the centre of the large tube immediately in 
front of the lateral branch. Owing to the sensitiveness of the 
Savart plate it was necessary to eliminate all other possible 

* Communicated by the Author. 
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sources of polarization, such as fog or mist in the tube. 
Exhaustion with a Gaede mercurial pump while the tube was 
heated was sufficient to completely banish all trace of fog. 

The complete absence of fog can be told by iiluminating 
the vapour with an intense beam of light embracing the 
spectrum region comprised between wave-lengths 5400 and 
59700, obtained by prismatic dispersion. Such a beam is 
incapable of exciting any fluorescence, and if fog is absent 
the cone of light is absolutely invisible when viewed through 
the lateraltube. The Savart tringes were very distinct, and the 
percentage of polarization was determined by compensating 
it with a pair of glass plates which could be turned about on 
a vertical axis furnished with a graduated circle. This method 
gives by far the most accurate results when we are dealing 
with small percentages of polarization. Cornu’s method, 
which depends upon the unequal brilliancy of two images 
seen through a Rochon or other double-image prism, cannot 
be used when there is less than twenty-five or thirty per cent. of 
polarized light present, for with less than this amount it is 
difficult or impossible to detect any difference in the brilliancy 
of the two images.’ This is true at all events for the green 
fluorescent light of sodium vapour. The first measurements 
were made with the exciting light polarized (electric vector) 
vertically. 

It was found that the polarization was strongest when the 
temperature of the tube was comparatively low, 2.e. when 
the fluorescence first appeared. At a higher temperature, 
with very bright fluorescence, compensation was secured 
with a single plate at an angle of 59°, or with two plates at 
an angle of 47°. Taking the refractive index of the glass as 
1°52, and making use of the formula which expresses the 
ratio ot the amplitudes of the components of the vibration in 

7 and perpendicular to the plane of incidence 

Pe, 
—* — _—*eos? (h§—y)* ST ie 2 

we find the percentage of polarization to be 20. 
At the lowest temperature consistent with a fairly bright 

fluorescence compensation was secured with two plates at an 
angle of 52°. This gives us 30 per cent. of polarized light. 
The change in the intensity of the fluorescent spot when 
viewed through a slowly revolving nicol was easily observed 
in this case, and a separate determination was made by Cornu’s 
method, which gave 28 per cent. of polarized light. 

* *Drude’s Optics,’ page 265, 1st edition. 



186 Prof. R. W. Wood on the Emission of 

If the exciting beam was polarized with its electric vector 
horizontal, no trace of the Savart fringes could be detected, 
which was to be expected as everything was then symmetrical 
about the line of sight. 

If the exciting light was unpolarized to start with the 
fluorescent light was found to be polarized, but not to the 
same extent, the percentage in each case being one half of its 
former value, which was also to be expected. The question 
at once arose as to why we have only a partial polarization of 
the fluorescent light when we start with plane-polarized light. 

As I have already shown (Phil. Mag., May 1908) excitation 
of the vapour with monochromatic light causes it to emit this 
same wave-length and a large number of other waye-lengths, 
the spectrum exhibiting in the most typical case a number of 
very sharp lines spaced at nearly equal intervals along a 
normal spectrum. It at once occurred to me to see whether 
the polarization was confined to the line corresponding to the 
exciting line, for it seemed not impossible that the electron 
vibrating in synchronism with the exciting light might emit 
light which was completely plane-polarized, whereas the other 
disturbed electrons might emit unpolarized light. The vapour 
was accordingly excited with the light of the cadmium are, 
and the spectrum examined with a small spectroscope furnished 
with a nicol prism. It was found, however, that the polariza- 
tion was quite as strong in all parts of the spectrum as it was 
at the lines coinciding in position with the exciting lines. As 
a check on this observation the following experiment was 
then tried. The light from the are was passed through a 
filter which removed everything above wave-length 5000, 2. e. 
which transmitted a deep blue light. In front of the Savart 
polariscope I placed a dense screen of aurantia which cut off 
everything below 5000. This removed all the wave-lengths 
from the fluorescent spectrum which were to be found in the 
exciting light, transmitting, however, the upper end of the 
fluorescent spectrum. This light was found to be strongly 
polarized, the fringes appearing quite as distinct as in the 
absence of the screens. It will be observed that this experi- 
ment completely eliminates all possible sources of error, such 
as polarization produced by fog or by reflexion from the back 
wall of the tube. 

The D lines appear in the fluorescent spectrum stimulated 
by white light, and the spectroscope showed that they were 
polarized to about the same degree as the rest of the spectrum. 
As I have shown, the D lines can also be caused to appear by 
stimulation with blue light, but in this case they are too faint 
to make a study of their polarization possible. 
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The foregoing experiments prove that we must seek else- 
where for the cause of the partial polarization. The decrease 
in the amount of polarization with increasing temperature 
made me think that the increased density of the vapour might 
have something to do with the phenomenon, in other words, 
that the depolarizing factor might be the molecular collisions. 

To test this hypothesis a small amount of nitrogen was 
introduced into the tube, sufficient to raise the pressure to 
12 mms. The number of collisions must now be vastly in 
excess of what obtains with sodium vapour in vacuo, for in 
this case the actual pressure of the metallic vapour is probably 
never in excess of a millimetre or two, if it is as great as that. 
In fact I now feel sure that the partial pressure of the sodium 
vapour can never be greater than the pressure of the residual 
gas in the tube. In my earlier work I overestimated the 
density of the vapour, and imagined that it must possess a 
viscosity, but I am now convinced that this is not so. 

The polarization did not appear to be decreased by the 
presence of the nitrogen, which made it seem probable that 
molecular collision was not the depolarizing agency. Tem- 
perature appears to be the only remaining factor, and I am 
inclined to attribute the depolarization to the rotation of the 
molecule while itis traversing its mean free path. The speed 
of rotation will increase with the temperature, for the energy 
of a gas is partly energy of translation and partly energy of 
rotation, the ratio being constant. (Sodium is, however, 
regarded as monatomic, and the relation may not hold.) 

That there is a depolarizing agent is probable from the most 
elementary theory. If we assume the electrons to be free to 
move in any direction, under the influence of the electric 
forces in the light-waves, it seems probable that with a 
polarized beam of exciting light, we should have plane- 
polarized light emitted by the vapour in directions making 
an angle of 90° with the exciting beam. If the stimulating 
light were plane-polarized to start with, there would be no 
fluorescent emission at 90° in directions parallel to the electric 
vector in the exciting light. In other words, the vapour 
would behave in much the same way as a fog composed of 

- very fine particles, though the physical processes involved 
would be quite different in the two cases. 

Let us now assume that the electron is able to move along 
a straight line, the position of which is fixed within the 
molecule. While it is quite improbable that this condition 
actually holds, the conception of it will enable us to see how 
the introduction of constrained motion will decrease the 
amount of polarized light emitted by the vapour. We can 
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imagine as a rough model of our molecule a hollow sphere 
with a wire passing through its centre, along which a bead 
can slide. Consider the polarized exciting waves as travelling 
along the w axis towards the origin (fig. 2), with their 

Fig. 2. 

direction of vibration parallel to the z axis. It is clear that 
the bead will vibrate with the greatest amplitude when the 
direction of the wire is also parallel to the zaxis. If the wire 
lies in the 2 y plane no vibration will occur. In other 
positions there will be vibrations of greater or less amplitude, 
according to the component of the force in the light which 
is directed along the wire. We may represent the fluorescent 
gas by an enormous number of these vibrators with their 
wires pointing in all possible directions. The vibrations of 
the beads along the wires can each be resolved into two com- 
ponents, one parallel toe the x axis, the other parallel to the z 
axis, and the integrated effects of these components, or rather 
of their squares, will give us the measure of the intensity of 
the emitted radiation vibrating parallel to the 2 and ¢ axes. 
These integrals stand in the ratio of 6 to 2, which means, since 
the total intensity is 8, and their difference is 4, that we are 
to expect a polarization of 50 per cent. with a vibration 
direction parallel to the z axis. By experiment we find only 
30 per cent. 

As the percentage of polarization appears to decrease as 
the temperature of the tube is raised, it is possible that at 
lower temperatures than any which can be employed satis- 
factorily, the percentage may be higher. As to possible 
depolarizing agencies, rotation of the molecule would doubtless 
act in this way if the electrons continued to emit light after 
the cessation of the incident light, or—expressing it in terms 
of our imaginary model—if the bead on the wire continued 
to vibrate after the wire turned into the < y plane. It must 
be remembered, however, that sodium is regarded as mona- 
tomic, and the question arises as to whether we can ascribe 
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much of the energy of the gas to rotation of the molecule. 
Another possible depolarizing factor is what may be termed 
secondary fluorescence, or flnorescence excited, not by the 
primary ray but by the resonance radiation of the gas. Lord 
Rayleigh has considered the possibility of an analogous action 
in his treatment of the theory of the colour of the sky and 
its polarization. The fluorescent light is of course rather 
feeble in comparison with the exciting light, but it must be 
remembered that its frequencies are just right, and the 
radiation from one molecule would without doubt be able to 
excite vibrations in a neighbouring one. 

The discovery of the polarization of light by fluorescing 
gases will perhaps give us a satisfactory theory of the solar 
corona. 

The radial polarization of the corona amounts to about 
11 per cent., its spectrum is continuous, though some observers 
have found faint indications of the Fraunhofer lines, and it 
appears to be cold, that is no deflexions are obtained with the 
bolometer. Polarization is usually ascribed to scattering by 
small particles, the continuous spectrum to an emission by 
larger particles (white hot), while the apparent absence of 
radiant heat cannot very well be reconciled with the presence 
of white-hot particles. If we regard the corona as a cloud 
of mixed metallic vapours fluorescing under the terrific 
radiation from the sun, there seem to be fewer contradictions. 
‘The polarization is just about what we should expect, a 
continuous spectrum, at least with all resolving powers which 
can be brought to bear, would be almost certain, and there is 
no inherent difficulty in explaining the absence of radiant 
heat. The presence of faint traces of the Fraunhofer lines 
could be ascribed to light from the sky, which is largely due 
to light from the exposed edge of the sun. The so-called 
coronium line, and other bright lines peculiar to the corona, 
may be merely fluorescent lines of well-known elements. As 
I have shown already, the fluorescent lines of sodium bear no 
relation to any of the lines excited by other means. It 
appears to me to be even possible that the Fraunhofer lines 
are produced by the absorption of this outlying cloud of 
vapour rather than by a comparatively shallow layer as is 
usually supposed. These are of course questions that can be 
more intelligently discussed by those engaged in work upon 
solar physics, and | am merely drawing attention to a new 
factor that may possibly be introduced to advautage. 
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XIII. On the Radium-Content of Deep-Sea Sediments. By 
J. Jory, SeD., F.RS., Professor of Geology and Mine- 
ralogy in the University of Dublin* . 

N a paper appearing in the Philosophical Magazine of 
March this present year I have recorded some ex- 

periments which appear to show that sea-water possesses a 
richness in radium not hitherto suspected. 

Although the actual amount of radium per cubic centimetre 
is minute (approximating to 0°02 x 10-” grams), the quantity 
distributed in the ocean is, of course, enormous. We do not 
as yet know in what state the radioactive matter exists in the 
water—whether in true solution, or as (possibly) a precipitate 
or dust in suspension. I have found in some recent experi- 
ments that a part of the radium may be filtered from sea- _ 
water which contains much organic matter and has been left 
standing some weeks. Possibly it is precipitated as a sulphate 
by bacterial actions in the decomposing organic particles. 
This observation may have a bearing on the results obtained 
on deep-sea sediments which I have now to record. But 
whether this be so or not, it is certainly in harmony with the 
high radioactivity of sea-water to find that the deep-lying 
sediments of the ocean are exceptionally rich in radium— 
far richer than average terrestrial rocks. 

The materials dealt with in the following experiments are 
partly trom the ‘Challenger,’ partly from the ‘ Albatross’ 
collections. lJowe these to the kindness of Sir John Murray, 
F.R.S. For a specimen of Globigerina Ooze, brought up 
in trawling, I have to thank Mr. 8. W. Kemp, of the Irish 
Fishery Department, and for a specimen of the mud elevated 
by the volcanic disturbance of 1906, in the Bay of Bengal, 
Mr. Stephen Dawson, C.E. 

Although these materials have been in my possession for 
some months, most of the experiments are of recent date, and 
where two are recorded, the second is, in every case, a recent 
re-examination of the same material. The reason for this 
postponement was my desire to arrive at a fuller knowledge 
of the most reliable conditions of investigation before using 
up material of such value. In the process of acquiring 
experience of the experimental difficulties involved, various 
methods of extraciing the emanation were tried. According 
to the nature of the substance these methods have been applied 
in the observations on deep-sea deposits. It would be out 
of place to consider these methods here, and their relative 

* Printed with additions from the Proceedings Royal Dublin Society, 
vol. xi, p. 288. Communicated by the Author, 
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merits. A short list has to be given, however, of such as have 
been used in obtaining the data which follow. A reference 
letter attached to the experiment will then suffice to show the 
mode of extraction adopted. 

(A.) The substance is fused in a platinum crucible with 
the mixed carbonates of sodium and potassium, and the melt 
leached in hot water. ‘This is filtered, and the filtrate is closed 
as the alkaline solution. The residue is treated with hydro- 
chloric acid, and closed as the acid solution. If the acid 
solution contains or develops a precipitate, this is filtered out 
and re-fused with the carbonates, the melt being treated as 
before, 7. e. divided between the alkaline and the acid solutions. 
Both solutions are subsequently examined for radium. Ina 
variation of this method the melt after leaching is acidified, 
and but one acid solution closed. 

(B.) The substance is boiled in HCl, and the filtered solu- 
tion enclosed the requisite time. ‘This is applicable only 
when there is good reason to believe that the insoluble part 
contains but little radium. 

(C.) The substance is fused with the carbonates, and the 
leaching effected as in (A). The thoroughly softened and 
diffused melt and solution are enclosed in the one flask with- 
out further treatment. After the lapse of the requisite period 
it is attacked with HCl, and the emanation withdrawn along 
with the CO, evolved in the process of decomposition. 
Vigorous boiling finishes the process of extraction. The 
arrangement of apparatus is such as to secure the absorption 
of the CO,, the air and emanation only being transferred to 
the electroscope. ‘This is a very effective method where the 
attack with acid secures complete solution. 

(D.) The substance in the form of a fine powder is placed 
in a small flask, and acid run in upon it, the remainder of the 
treatment being as in method (C). It is, of course, only 
applicable to carbonates, or soluble substances like manganese 
dioxide, calcium sulphate, &e. 

(E.) The substance is enclosed in a very thin blown glass 
bulb, which is sealed by the blowpipe. This is preserved for 
about twenty days. The bulb is then placed in a flask, and 
after this is attached to the train of receiving apparatus, the 
bulb is broken by shaking the flask. Acid is then run in, 
and the process proceeds as in (D). The object here is to 
correct the loss which attends the direct treatment of powders 
owing to the large surface and consequent escape of emana- 
tion. This loss is shown in experiment (2) on the Globigerina 
Oeze, from the ‘ Albatross’ collection, when compared with 
experiment (1) on the same material. 
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The weights of material used in the several experiments are 
not corrected for contained hygroscopic moisture. The 

. . >) . 

substances are weighed “ air-dry,’ except in the cases of the 
calcareous mud and the green sand, which were dried over 
the water-bath. The radium is in each case recorded in 
billionths of a gram per gram of material examined. 

Blue Mud. Chall. Station, 45. Lat. 38° 34’ N., long. 72° 
10’ W. 1240 fathoms. (Off the east coast of N. 
America. ) 

This deposit contains a considerable proportion ef small 
rounded pebbles and sand, composed mainly of 
quartz. 

On 8°86 grams treated according to method C. 
Radium 3:1. 

Terriginous Mud elevated by mud volcano 9 miles N.W. of 
Cheduba Island, coast of Arakan, Bay of Bengal ; 
Dec. 1906. 

For an account of this temporary island see ‘ Nature’ 
of Feb. 28 and March 14, 1907. 

On 10 grams by method A. 
Radium 2°9. 

Green Sand. S.s. ‘ Albatross.’ Locality not given. 
On 9 grains by method A. 
Radium 45. 

Globergina Ooze (from Mr. Kemp). Lat. 51° 37’ N,, long. 
12° 5’ to 12° 14’ W. 557 to 579 fathoms. (Brought up 
in trawling off west coast of Ireland.) 

This Ooze is not quite free from mineral detritus 
derived from the land. 

(1) On 20 grams by method B (soluble parts 11 grams). 
Radium per gram of whole quantity 6*0. 
(2) On 10 grams by method A (all in solution), 
Radium 6'6. 

Globigerina Ooze. Chall. Station, 338. Lat. 21°13'S., long. 
14° 2’ W. 1990 fathoms. (Middle of South Atlantic. ) 

(1) On 25 grams by method B (soluble part 22°25 
grams). 

Radium 6°4. 
(2) Same ; on fusing insoluble part and adding to acid. 

extract. 

Radiwn 6°7. 

a 

a 
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Globigerina Ooze. Chall. Station, 296. Lat. 38° 6’S., long. 
88° 2’ W. 1825 fathoms. (Pacific Ocean, west of S. 
America.) 

On 10 grams by method A (soluble part 9°44 grams). 
Radium TA, 

Globigerina Ooze. Albatross Station, 4739. Lat. 22° 11"15%., 
long. 133° 21! W. 2042 fathoms. (Central Pacific.) 

(L) On 5°3 grams by method H. 
Radium per gram of whole sample 8:0. 
(2) On 7:1 grams by method D (soluble part 6°815 

orams). — 
Radium per gram of whole sample 7-1. 

Calcareous Mud. S.s. Albatross, 4531. Lat. 21° 4’ 6"S8.; 
long. 133° 1! 2" W. 2225 fathoms. (Hast of Society 
Islands.) A pale buff-coloured mud. 

On 6°36 grams by method A: one solution. 
Radium 22:2. 

Red Clay. S.s. Albatross, 4544. Lat. 10° 38! N.; long. 
05° 47) 6 We 955) fathoms. (CN. Paeifie,; east of 
Cential America.) 
A chocolate-coloured clay containing much manganese. 
On 2°4 grams by method A; one solution; not free 

from precipitate. 
Radium 13:0. 

Red Clay. Chall. Station, 5. Lat. 24° 20’N., long. 24° 28’ W. 
2740 fathoms. (N. Atlantic, off coast of Africa.) 

(1) On 20 grams, method A (14°5 grams soluble). 
Radium 15°4. 
(2) On 10 grams of the first to settle from about 30 

grams suspended in distilled water; by method A. 
Radium 13:0. 
(3) On 10 grams of the last to settle from the 30 grams ; 

by method A. 
Radium 28:0. 
(4) On 7 grams by method A, but all in one acid 

solution; some precipitate left. 
Radium 13°9. 

Red Clay. Chall. Station, 276. Lat. 13° 28’ §., long. 
149° 30’ W. 2350 fathoms. (Central Pacific, near 
region of Radiolarian Ooze, see under.) 

(1) On 8°42 grams by method C. (Some precipitate 
and undecomposed particles remained.) 

4 Radium 36:9. 

_ Phil. Mag. 8. 6. Vol. 16. No. 91. July 1908. O 
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(2) Same, but with re-fusion of undissolved particles ; 
all in solution. 

Radium 545. 
(3) On 10 grams. 

Part soluble in HCl (7:21 grams). By method B. 
Radium per gram of soluble part 64:3. 

Insoluble part (2°79 grams). By method A. 
Radium per gram of insoluble part 15:7. 

Mean radium content per gram of whole amount 50°7. 

Radiolarian Ooze. Chall. Station, 272. Lat. 3° 48! 8., long. 
152° 56’ W. 2600 fathoms. (Central Pacific.) Mag- 
netic particles had been removed by Sir John Murray. 

On 5°61 grams by method A; one solution. 
Radium 22°8. 

Radiolarian Ooze. Chall. Station, 274. Lat. 7° 25'S., long. 
152° 15' W. 2750 fathoms. (Central Pacific.) Mag- 
netic particles had previously been removed from this 
Ooze by Sir John Murray. 

(1) On 20 grams by method A. 
Radium 50:3. 
(2) On 8 grams by method A. 
Radium 50:7. 
(3) On 6°33 grams, method A, but all in one acid 

solution. 
Radium 49°8. 

Manganese Nodule. Chall. Station, 274 (as above). 
On 25 grams by method B (nearly all dissolved). 
Radium 24:0. 

Manganese Nodule. Albatross Station, £658. Lat. 8° 29'5 8., 
long. 85° 36°6' W. 2370 fathoms. (Pacific Ocean, off 
coast of Africa.) 

On 12 grams by method B, the hard manganese shell 
only used. Nearly all dissolved. 

Radium 21:0. . 

Magnetic particles. Chall. Station, 241. (N. Pacific.) 2300 
fathoms. 

On 1:1 grams (supplied by Sir John Murray) by 
method A; one solution. 

Radium 0°6. 

Tt will be seen that the deposits richest in radium are those 
which occur in the most central parts of the Pacifie Ocean. 
From this region not only the Red Clay, but the Radiolarian 
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Ooze, is remarkably radioactive. The Globigerina Ooze from 
the Pacific is also somewhat richer than Atlantic Ooze. The 
manganese nodules from the central Pacific are, again, rich 
inradium. The radioactivity of the Blue Mud of the Conti- 
nental border region is on the other hand comparable with 
that of some ordinary sedimentary rocks. There is nothing 
specially remarkable about the mud from the Volcanic Island. 
With the result for the Green Sand may be compared one 
which I recently obtained from a Green Sandstone of Werl, 
Westphalia :—4:°9x10-¥. The Globigerina Oozes may be 
contrasted with a result on Marsupites Chalk which afforded 
2% 10—-\, 

It may be inferred from the following statement of the 
comparative amounts of radium and calcium carbonate in 
some of the deposits, that the amount of radium increases 
with the antiquity of the sediment. This appears from the 
inverse relation of the quantities. 

Calcium Carbonate Radium 
per cent. 4 1) ai 

Globigerina Ooze, Chall. 338 "92°54 67 

ms $5 206 64:34 7-4 

Red Clay sae alii) 12:00 15-4 

9 | ey WANG 28:28 52°6 

Radiolarian Ooze ,, 272 10°19 22°8 

” ” are 3°89 50:3 

The table shows that the deposits richest in calcium car- 
bonate are poorest in radium. This would follow at once if 
I am correct in assuming that the radium may reach the 
bottom precipitated in decomposing organic matter, for in 
the greater depths there would be a diminished quantity of 
calcareous matter accompanying the precipitated radium. 
Thus the concentration of the radium would depend upon the 
supply of organic materials from above, and at the same time 
would be the greater when the conditions were such as to 
reduce the amount of associated calcium carbonate. The 
intensity of the latter conditions determines to a great extent 
the rate of growth. The more slowly accumulating sediments 
would thus necessarily become the richest in radioactive 
matter, | 
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The Red Clay of Chall. Station 276 might appear to be 
exceptional. It is, however, recorded of this clay that the 
dredge came up with many manganese nodules and sharks’ 
teeth. ‘This is evidence of high antiquity. The richness in 
calcium carbonate of this clay may be due to conditions no 
longer prevailing. 

It might be inferred from & prior considerations that the 
uranium which is parent to the radium must be present 
either in the waters of the ocean or in its deposits: for it is 
evident that a substance so perishable as radium—disappearing 
in a very few thousand years—cannot be supplied from the 
land at a rate adequate to make good its disappearance from 
so vast a reservoir. Again, we have the evidence of the 
Chalk, &c., that uranium must enter precipitated deposits. In 
the legitimacy of any deductions which may be founded on 
the high radioactivity of the deep-sea oceanic sediments, 
however, it was necessary to ascertain whether uranium 
actually existed in these radioactive deposits. So far as lam 
aware this substance has not hitherto been found either with 
manganese nodules or in the Oozes and Clays. In the 
nodules it has been sought in vain (‘ Challenger’ Report, 
p- 419). Mr. Pollock, of the Royal College of Science, 
Dublin, who has done so much to extend the availability of 
Professor Hartley’s spectroscopic methods of quantitative 
analysis, after going fully into the matter found that the 
spectroscope was not sufficiently sensitive for the research 
owing to the lack of distinctive and accentuated uranium 
lines. On the other hand, following the method of P. H. 
Walker (Journ. Amer. Chem. Soc. 1898, p. 20). Professor 
Werner, of Trinity College, successfully established the 
presence of uranium, and even obtained an approximate 
colorimetric estimate of its amount in the 8:42 grams of the 
Red Clay of Chall. Station 276, as used in the experiment 
given above. In a letter dated 28th April, Werner writes : 
“One can say without doubt that the uranium is present— 
not less than 0°0006 and not more than 0:0007. It is 
difficult, however, to be sure that one has got all the uranium, 
so that the result probably underestimates the real thing,” 
The theoretical quantity of uranium present in the 8°42 grams 
would be 00012. 

The result on the magnetic particles seems to show that 
the cosmic particles which Sir John Murray detected in the 
slow-forming Oozes cannot be regarded as concerned in the 
supply of radium or uranium to the ocean, It would there- 
fore be inferred that the oceanic radioactive elements are 
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derived from the land. The total quantity given up to the 
ocean during geological time must be enormous. It can be 
determined within limits by methods which I have described 
when dealing with the derivation of sodium from the land in 
connexion with the age of the earth. Doubtless much of it 
has at one time existed in the earlier sediments and been 
abstracted by secondary denudation. 

It is possible to show that a very slow rate of collection of 
Calcareous Oozes on those areas in the Pacific from which 
arise the Coral Islands, might, in the course of such periods 
as geological time permits, give rise to depths of deposit with 
radio-thermal effects in their more deeply buried parts, 
adequate to elevate considerably the temperature in the 
underlying crust of the Earth. This effect will be of greater 
intensity if the buried sub-oceanic earth-crust is itself 
radioactive, as it very probably is. The mean radioactivity 
of igneous and sedimentary rocks of the upper crust is not 
less than 4x10-” upon my experiments, and if certain 
specially radioactive rocks are taken into account the mean 
result would be higher still. The igneous rocks stand some- 
what higher than the sedimentary, and the sub-oceanic crust 
probably partakes of the qualities of the latter. The thick- 
ness of this radioactive layer over the earth we do not know. 
But on the assumption that it extends toa depth of five miles, 
and assuming a rate of accumulation of Calcareous Oozes of 
five centimetres in a century over the disturbed and relatively 
shallow areas of the Pacific, and that this rate has persisted over 
10 millions of years; I find the resulting radiothermal effects 
would be adequate to reduce the thickness of the rigid crust 
by as much as 25 or even 30 per cent. That is, if the isogeo- 
therm of 800° is a temperature at which crustal materials 
lose their rigidity, this isogeotherm will be shifted upwards 
from its probable existing depth sufficiently to reduce the 
rigid crust as stated. 

Thus it seems not improbable that the problem of the 
unstable areas of the Pacific is in its nature continuous with 
that of mountain-building along the continental margins, 
and that both alike are dependent on the thermal effects 
accompanying radioactive transformations progressing in 
sedimentary accumulations. 
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} XIV. Notices respecting New Books. 

The Theory of Light: a Treatise on Physical Optics. By RicHaRD 
C. Mactavrin, M.A., LL.D. In three parts, Part I. Pp. vii 
+326. Cambridge University Press, 1908. 

HERE have been so many advanced treatises on Physical Optics 
in the last few years that it might be thought superfluous to 

produce another. The present volume is, however, of so singuiar 
_ and at the same time of so important a character that no excuse 

is necessary for its birth. ‘‘ If Thezetetus, you have a wish to have 
| any more embryo thoughts, you will be all the better for the 
| present investigation, and if not, you will be soberer and humbler 

and gentler to other men, not fancying that you know what you 
. do not know” (Plato). Such is the superscript to Chapter I. on 
| the scope and method of the enquiry, in which, after a somewhat 
| metaphysical discussion on the chief end of science (which seems 
| somewhat remote from the particular subject of the treatise), he 
. decides. on a selection of the Principle of Least or Stationary 
. Action as one which is wide enough to comprehend the whole of 
| mechanical science, including all physics in that sense, and the 
| aim of the author is “ to show by means of it that all the varied and 

complex phenomena of physical optics may be woven together 
harmoniously by regarding them as due to periodic disturbances 
in a medium that we call the ether.” 

The work consists of much that is common to other treatises on 
Optics. The distinctive feature is that a large part of the volume 
embodies in a modified form the substance of a series of papers by 
the author published within recent years by the Royal Society. 
These deal with reflexion and refraction by transparent crystals, 
propagation of light in absorbing isotropic media, Newton’s rings 

| formed by metallic reflexion, and on some optical properties of thin 
a metallic plates, together with other kindred topics. 
| | We may observe that in the treatment of the question of 
| | Newton’s rings, the author perpetuates the time-honoured method 

of developing the formula from the case of parallel plates. 
Fringes so formed are strictly speaking attributable to Haidinger 

| and not to Newton; and it is not rigorously correct to develop the 
| formula for the latter from the case of parallel plates. It would 
| give an erroneous notion of the book if we were to lay stress ona 

| small consideration like this. In its thoroughness of treatment of 
lim the more recondite cases of interference there is ne treatise in the 
| field to compete with it. Not the least merit is that although the 
:| book is mathematical in nature (actual experiments are seldom 

referred to), every important result is illustrated by curves which 
. serve to reveal the nature of the conclusions which would be 
| hidden from many readers if they remained merely in the form of 
. an equation. We recommend this book to every serious student in 

physical optics who has previously gained familiarity with the more 
ordinary experimental phenomena and theoretical methods from 

| 
| 
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other text-books, such as Mascart’s T'ravté d'Optique or Preston’s 
Light. But we recommend him at the same time to complete the 
purpose of the book by himself conducting an experimental 
enquiry, and thus extend our knowledge of this recondite subject. 

Text-books of Physical Chemistry. Edited by Sir WM. Ramsay, 
K.C.B.: Thermochemistry by Juxr1us THOMSEN, translated from 
the Danish by Karuarine A. Burke, D.Sc. Pp. xv+495. 
Longmans, Green & Co.: London, 1908. Price 9s. 

Every student and other worker in physical chemistry will 
welcome this translation of Thomsen’s classical treatise. Although, 
of course, great advances have been made, both experimentally and 
theoretically, since the fourth volume of the ‘Thermochemische 
Untersuchungen’ appeared (1886), yet in it we have the founda- 
tion of all subsequent work in connexion with heats of com- 
bustion in their chemical bearing. This treatise was unique 
inasmuch as every conclusion was based exclusively upon measure- 
ments made by the author himself. The measurements were all 
carried out in a uniform manner, with the same apparatus and 
under the same external conditions ; and the results were all 
calculated for the same temperature and physical condition in 
order that they might be directly comparable. This is one of the 
characteristics of the work which render it of permanent value. 
With regard to the present translation, we congratulate Miss 
Burke on the character of her work. ‘The translation does not, as 
is so often the case, bear unmistakable evidence of passage from 
one language into another. It has also been most carefully edited ; 
we have detected no serious slip, typographical or otherwise. We 
have only one criticism. As stated in the preface, certain state- 
ments have been modernised in order to represent more correctly 
the current conceptions. We think that this plan has been a 
mistake, especially as it has not been carried out uniformly. In 
a volume which has great historic interest it is most important to 
preserve the original thought. The student who is anxious to 
trace out the historical development of physical chemistry must 
not take the existing translation as a guide. We think this is so 
important a point, that we venture to express the hope that in 
a future edition (may it be soon called for!) every modernised 
phrase will be recast into the equivalent of the original form; and 
that where any explanations are necessary, in order that the 
modern student may interpret the statement in terms of modern 
conceptions, these should be reserved for footnotes or appendices. 

One other slight criticism. The character of the volume is so 
exceedingly different from the other volumes in the series that we 
hardly know why it is grouped with them. These are emphatically 
critical collections and expositions of the work of many observers, 
especially of those whose work is most recent. Thomsen’s treatise, 
as we have indicated, is individual and classical. It would have 
been better, and it is able, to stand by itself. : 



XV. Proceedings of Learned Societies. 

GEOLOGICAL SOCIETY. 

(Continued from vol. xv. p. 580. | 

March 4th, 1908.—Prof. W. J. Sollas, Sc.D., LL.D., F.R.S., 
President, in the Chair. 

_ following communications were read :— 

1. ‘On Metriorhynchus brachyrhynchus, Deslong., from the 
Oxford Clay near Peterborough.’ By E. Thurlow Leeds, B.A. 

2. ‘The High-Level Platforms of Bodmin Moor, and their 
Relation to the Deposits of Stream-Tin and Wolfram.’ By George 
Barrow, F.G.S. 

In this area there are three platforms:—one, which is marine 
and of Pliocene age, terminating in a steep slope at 430 feet above 
the sea; a second, at a height of 750 feet, seen about Camelford 
and at the foot of Delabole Hill ; anda third, a little under 1000 feet, 
first recognized on Davidstow Moor. ‘The valleys cutting the lowest 
platform are found to have been much deepened since the uplift of 
the platform to its present level; but the features thus caused 
gradually die out in the higher part of the valleys, disappearing 
in the River Camel about 22 miles from the sea. At the higher 
parts of all these platforms, marshes are frequently found. 

The superficial deposits which bear tin above the 750-foot 
platform differ markedly at times from those below it, as here 
ancient wash is preserved—possibly protected, by a snowfield or by 
being frozen, from the denudation which has destroyed them below 
this level. These deposits are not so concentrated as the stream- 
sorted material below, but they have been frequently worked 
in past times until the industry languished, in consequence of the 
difficulty or impossibility of separating the wolfram contained in 
the enriched portion of these deposits from the tin-ore. This 
difficulty having been overcome, and the wolfram being even more 
valuable than the tin-ore, the industry is now reviving. The 
veins from which the wolfram is derived have been found close 
to the points where the ‘ wash’ is enriched by their denudation. 
The method of working is described, and it is shown that the 
success of it depends to some extent on the slope of the granite- 
floor on which the detritus rests ; otherwise the deposit becomes 
water-logged, and the method of separation adopted is expensive to 
carry out. 

On Bodmin Moor, the larger marshes have a floor of kaolinized 
granite; but there is a difficulty in working it at many points, in 
consequence of the water-logging by peaty water. This difficulty 
does not exist at Stannon Marsh, which has sloping sides 
instead of a flat base, the cycle of denudation in this case being 
incomplete. 
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XVI. On Orthobaric Volumes in relation: to “Pressure and 
Temperature. By Eywarp Hatcu, M.A. B.Sc., Senior 
Master at Monkton Combe School, near Bath * 7° 

[Plates VI. & VII.] 

Introduction. 

\\| Goo years ago, in connexion with an attempt to obtain 
a corrected form of van der Waals’s equation, the 

writer commenced a detailed study of the particular case in 
which a liquid is in equilibrium with its saturated vapour. 
Tt is evident from the numerous theorems which have been 
formulated relating to “corresponding states,” that those 
properties of a substance which depend upon the relations of 
pressure, temperature, and volume are intimately connected 
with the values of the three critical constants. Reduced data 
have accordingly been employed almost exclusively in this 
paper, the primary aim of the investigation being to ascertain 
whether any equation could be found connecting pressure, 
temperature, and volume without the employment of any 
other constants than simple functions of the critical values of 
these variables. The problem has long baftled solution, but 
recently it has been found possible to formulate an equation 
of the desired type which is in substantial agreement with 
the results of experiment. On a pressure-volume diagram, 
the equation connects the coordinates of two isobaric points 
on each isothermal below the critical point. Since no 
attempt has been made to take account of the anomalies due 
directly to polymerization, the equations given below have 

* Communicated by Professor Young, F.R.S. 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. : 
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202 Mr. E. Haigh on Orthobaric Volumes in 

only reference io that class of substances in which no marked 
degree of polymerization is apparent. 

§ 1. Ona Reduced Equation connecting 
Orthobaric Volumes with Pressure and Temperature. 

The fundamental proposition which it is the object of this 
article to establish may be stated as follows :-— 

The orthobaric volumes of all “normal” substances are 
connected with vapour-pressures and temperatures of ebullition 
by the reduced equation 

{-+(- 9-2) +8} 0-9) 
Oe) 9) Cr ae 

In the above equation 7, @ represent reduced vapour- 
pressure and temperature, ¢, Ww are respectively the reduced 
volumes of the saturated vapour and of the liquid. 

Hssentially, the equation is « dual form of van der Waals’s 

reduced equation, for if the function (1 ~ é) (aoe 
is removed, it becomes 

(= + 4.)(36—1) + (= + J.) (34-1) = 100 . (2) 
This latter equation, though approximately true, does not 
exhibit the close agreement with experimental results which 
will be shown to be a characteristic feature of equation (1). 

At the critical point (1 _ \(a,-7) vanishes, and 

since ¢=wy the equation reduces to van der Waals’s well 
known form. 

Since equation (1), or any of the forms in which it can be 
expressed, connects the properties of two phases of the same 
substance, it will be referred to as the “ dual” equation. 

* 

The introduction of the function ( 1— @) (ap-7) 

is due to an attempt to take account of the interacting forces 
between a liquid and its saturated vapour at the surface of 
separation. It may be well to state at once that the equation 
obtained must be regarded as an empirical result, since the 
method of investigation has been necessarily tentative, though 
with some guidance from theoretical considerations in the 
selection of the functions employed. 

* See paper “On the Variation of Molecular Surface Energy with 
Temperature,” by W. Ramsay, I.R.S., and Dr, J. Shields, Phil. Trans. 
vol. 184 A, p. 647. (The factor 1 — @ corresponds to r, the temperature 
from the critical point measured downwards. ) 
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Dividing both sides of equation (1) by 0, and rearranging 
the terms, we obtain the more concise but less suggestive form 

{+05} 
Be (go ‘Naw * ay} OY ' 
= ae ead 

Tt will be observ Pe re He left. co id a fe Se 
is now an invariant function of the variables, and is also 
symmetrical with respect to $, v. Putting 

F(s¥)={7+(5 ae | ag} (38 — 1), 
we have 

E(w #)={" +(—Yag + apf (OF 2) 
and hence 

Pie Ee (ys oj) = 16" eA) 

or briefly >= 16: 

Both forms of the fundamental equation can of course be 
expressed in terms of any other system of units by sub- 
stituting 

where v, u fee aeesont the volumes of unit mass in the vapour 
and liquid phases respectively, ¢ the absolute temperature, 

' p the vapour-pressure, and pg, fo, vo the critical values of the 
pressure, temperature, and volume. 

Equation (1) thus transformed becomes 

Pa (i= (E-2)+ 8-2) 
{Ee 0-DE- OE 9 
= 16>. 

to 
It is obvious from its form that this equation is one of 

great generality, and the degree of concordance with 
experimental results is shown in the tables given below. 

In compiling these tables the values of the invariant 
function, which forms the left-hand side of equation (3), 
have elait calculated for various substances from the ex- 
perimental data supplied by the researches of Young, 
Ramsay, and their collaborators. 

For the sake of comparison, tables for methyl alcohol and 
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propyl alcohol have been added. Ramsay has proved that 
these alcohols are polymerized in the liquid state to a high 
degree, and it will be seen that the agreement of the dual 
equation with the experimental values is in these cases less 
precise. In some of the tables the reduced data have been 
given in full, but where this is not the case, the reduced 
pressure has been tabulated for convenience of reference, and 
Young’s published papers will supply the remaining data. 

A short table has also been annexed giving the critical 
constants employed in obtaining reduced data, where such 
results have been directly calculated by the writer from 
values given in another form. 

TABLE 1.—Fluorbenzene. 

) Mean 5° 

re dy ales 0) ¢. | p | 3=16, | Deviation. | 

(ieee ee 0295 6565 81:36 | -8805 | 15:92 —:08 | 
Oe ‘0442 | -6827 55:47 ‘3887 | 15°99 — Ol 
5 eee 0590 | °7028 42°16 3957 | 15°98 |e 
BY Padiesh 0885 | “7835 | 2840 | -4069 | 16:02 +02 — 
enue 1179 | °7574 21°39 | -4166 | 16-01 +01 | 
Giias: 1474 | -7771 1714 | -4252 | 1601 +01 
vA Lae 1769 | °7940 1426 | -4329 | 15:98 —02 
oie ae 2064 | 8092 12-20 4406 | 1600 | ...... | 
Ge is 2359 | -8228 1062  -4482 | 16-04 A-Qaniin 

Fe CWey Ses 2949 | --8464 8376 | -4624 | 1602°| +702 
toile eee 3589 | -8667 G886 4763 | 16-02 +02 
Wo Cee -4423 | -8930 5352 | -4979 | 16:04 +:04 
ae ae lé “5898 | -9288 3-731 | -5865 | 16:02 +°02 
gee hue "7372 | -9579 2-711 | *5858 | 15-98 — 02 

ae edie 8256 | -9731 2293 | +6263 | 15-95 —05 
RG ane ik ‘8846 0838 1908 | 6635 | 15°82 —18 | 

Med aa cots 9436 | -9919 1627 | -7188 | 1587" —13 

Mean value ...| 15°98 | 

TABLE II.—Jsopentane. 

TT. ==16. Deviation. 

in | “0224 15-98 05 
Bic ) 04423 | 15°95 —-05 
MS eae | ‘OS847 | 15°99 —Ol 
ahs oad 14744 | 16:04 +04 
Be inte 2064 | 15:99 — Ol 
ee 2949 16-02 +02 
hate 44932 1600, > - ince ee 
Buide 5898 1600 ..4 Va 
ers! "7372 1595 — "05 

410 42 3 ‘8257 15-95 —05 
rare “8846 16°01 +01 
1S ices ‘9436 | 15°98 — U2 
Bae ‘9731 | 16:00 °° 1 

| dil eh said ak. 15°986 
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TABLE IV. | 

Carbon Tetrachloride. 

T. 6. ?. ae =. Deviation. 

Lewes 04263 ‘6707 54:20 | °3876 15°77 |; —23 
a Scoot 06995 ‘7067 34:02 | -3998 15°85 — 15 
Pee “1090 7426 22°40 | -4133 15-97 —03 
7 aE be! (6 "7786 15°23 =| -4282 15°97 —'03 
OE 2311 8145 10°59 | 4457 15°95 — 05 
Oy aes "3200 "8505 7493 | °4676 15°94 —'06 
Mh kee "4529 8865 5347 | “4951 15°95 — 05 
See "D774 "9224 3797 =| °5322 16°00: 4 >a 
Sey: "7469 "9584 2°590 | °5908 15°93 — O07 

UN ale Bea 9604 ‘9943 1545 | 7282 15°99 — Ol 

| Mean...| 15-93 

Stannic Chloride. 

7. | 0. @. w. =. Deviation. 

dies le oles | 6304 | 1288 ‘3678 | 15:33 | —67 
2) ie 03189 | -6642 | 74-69 3780 | 1553 | —-47 
ae 05331 | -6980 | 45:95 | -3892 | 15°66 | —-34 
A ae. 08433 | -7318 | 29°62 ‘4017 | 15°76 | —-24 
Ane -12660 | -7656 19°75 4154 | 1577 | —-93 
Ae 18323 | -7994 13°62 ‘4310 | 15:80 | —-20 
pees ‘25776 | +8332 9607 | -4503.| 1588 | —-12 
Braces 35310 | -8670 6852 | -47388 | 15°93 | —-07 
nies ‘47339 | -9008° 4-385 | -5034 | 15°95 |° —-05 
Lee 62158 | 9346 3-437 | -5448 | 1594 | —-06 

| | Mean...| 15°75. 

TABLE V.—Either. 

7. 0. ¢. | 

LF sitet 0340 ‘6702 70°51 
oy wii « ‘0472 ‘6917 51°80 
oD i dae ‘0641 ‘7131 38°86 
flaws ‘0851 "7345 29°49 
Kivouate "1099 “7559 22°78 
Os nei 1415 ‘T7735 17°81 
((eecor "1794 ‘7987 14-09 
By avert "2251 8201 11:20 
eee ‘2776 8415 8969 
a "3383 "8630 7'232 
Se - 4084 "8844 5861 
are ‘4901 ‘9058 4738 
hie etes 5831 9272 3807 
ee ‘6900 ‘9486 3012 
er "8046 ‘9700 2319 
| o Ra ‘9428 9914 1°624 
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TaBLE VI.— Alcohols. 

Methyl Alcohol. 

Q. @. w. | x. | Deviation. 

0016 | -5711 | 16015 3435 | 1560 | —-40 
00436 | -6101 | 618 3505 | 15°61 _-39 
01046 | -6491 | 270 3595 | 15°83 —17 
02246 | 6881 | 13033 | -3692 | 15°97 —-03 
0439 | -7271 6815 | -3804 | 1611 aio tus 
0796 | -7661 98-02 | -3984 | 1619 | 4-19 
1352 | -8051 92:33 | -4086 | 16-27 4:27 
2182 | 8441 13-62 | 4982 | 1631 4°31 
3365. | 883 8525 | -4540 | 16:37 4:37 
-499 929 5349 | -4991 | 1614 |. 4:14 
‘713 961 3141 | 5540 | 16-09 +09 
844 981 2-287 | -6160 | 16-01 4-01 
964 996 1618 | -7330 | 16-04 | +-04 

| _ Mean 16-04 

Propyl Alcohol. 

tat | } 

vg 6. d. | Waa) th Deviation. 

0221 | 6946 | 1216 3756 | 1553 1 —-47 
0316 | 7182 | 8586 | “3811 | 1558 | —-42 
0441 | 73199") Pere") -3a69 °| 15-54 1°46 
0602 | -7505 | 4540 | 3935 | 1558 | —-42 
0806 | 7691 | 3412 | -4004 | 15°65 | —-35 
‘1063 | 7878 «9581 |. -4084.:«| «15-67 33 
‘1381 | -8064 19:90 | -4169 | 15°80 20 
1756 | 8250).) 0152. |. 4270. | 15-72 _.98 
2199 | 8436 | 19:95 | -4378 | 15:83 | —-17 
2746 | 8692 | 974 | -4504 | 1593 | —-07 | 
3358 | 8808 | 779 | 4648 | 1586 | —14 
‘4086 | 8994 | 6233 | -4815 | 15:97. | —-03 
-4900 | -9181 4953 | -5016 | 1596 | —-04 
‘5816 | -9367 3910 | 5261 | 1587 | —13 
6870 | -9553 3043 | -5592 | 15°86 14 
‘8076 | -9740 2339 | -6082 | 15:82 | —18 
9470 | -9926 1706 | 7047 | 16-05 | +05 

. Mean...} 15°78 
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TasLe VII.— Critical Constants and References. 

| p, in mm. | ¢, Cent. 2, in c.c. Authority. | 

ee 
| Fluorbenzene (1) .......-. | 33,912 | 28635 | 28224 Young. | 

Brie be essen aes 27,060 a 194 | 3801+ | Ramsay & Young. | 

Methyl alcohol (3) «..... 59,700 | 240 3-683* do. | 

| Propyl alcohol (4) ......| 38120 | 264 3634+ do. | 

Carbon tetrachlofide (5).) 34,180 283:15 | 1799T Young. 

Stannic chloride (5) ...... 98,080 | 3187 | 1347+ do. 

Tsopentane............0. |“ Thermal properties of Isopentane” (Youn | 
| Proce. Physical Soc. vol. xiii. p. 657). (Re- 

| SBBNIZEUIG -Wpeheatan bu... 144 5 | duced data.) ) 
N-~Pentane ...cscecerscess \ 2% 

mation “Vapour pressures, ete. of di-isopropyl and 
eat amd os Pe Bik di-isobutyl”” (Young & Fortey, Jour. Chem. 
ee a se ; Soe. Sept. 1900, pp. 1141-42). (Comparative | 
Den ae h ay || mele of reduced data.) | 
Hexamethylene f | Jour. Chem. Soc. Sept. 1899, p. 882 (Young & | 

Fortey). ) 

} 

(1) Jour. Chem. Soc. 1889, vol. lv. pp. 486-521. 
(2) Phil. Trans. 1897 A, p.57 e¢ seg. ‘‘ A study of the thermal! properties 

of Ethyl oxide.” (Ramsay & Young.) , 
(3) Phil. Trans. 1857 A, pp. 313- 334. “Thermal properties of Methyl 

alcohol.” (Ramsay & Young, ) 
(4) Phil. Trans. 1889 A, pp. 137-158. ‘Thermal properties of Propyl 

alcohol.” (Ramsay & Young.) 
(5) Jour. Chem, Soe. 1891, vol. lix. pp. 911-936. 

t See Dr. 8S. Young’s paper, “ On the determination of the Critical Volume,” 
- Phil. Mag. Dec. 1822, p. 503. 

* See paper (3) named above, Phil. Trans. 1887 A, p. 380. 

Nores on tHp TABues. 

Taste I.—Fluorbenzene has been frequently employed by Young 
as a standard substance with which to compare the properties of 
other compounds which he has experimentally investigated, and 
this substance was selected by the writer (in 1895) as a typical 
example for detailed study. From the data of the table here given 
the properties of a very large number of functions have been 
examined, and from these results equation (1) was ultimately 
obtained. For this compound the deviations from the normal 
value, S=16, are generally small and irregular in sign. It is only 
in the near neighbourhood of the critical point, where the experi- 
mental difficulties are greatest, that the deviation exceeds one per 
eent., and the mean deviation, —*02, is only a small fraction of 
this amount. 
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Taste IJ.—The maximum deviation for isopentane in no case 
exceeds one-third per cent., and the mean deviation, —:014 in 16, 
is less than one part in one thousand. These magnitudes are not 
far removed from the limits of experimental error. In view of the 
fact that this substance has been investigated in great detail, and 
with especial care to make due allowance for all known sources of 
error, it is highly satisfactory to find so close an agreement of the 
equation with experimental results. 

Taste III.—Benzene, di-isopropyl, and hexamethylene closely 
resemble each other in the magnitude and character of their 
deviations, which are small and mainly positive. In four other 
cases, Viz., n-pentane*, n-hexane, di-isobutyl, and n-octane, the 
deviations are negative in sign and numerically much greater, being 
highest at the lowest temperature and decreasing numerically as 

_ the temperature increases. 

Taste [VY.—Carbon tetrachloride closely resembles n-hexane in 
the negative sign and numerical magnitude of its deviations, and 
consequently in the value of the mean. 

Stannic chloride f similarly resembles n-octane, the deviations 
being numerically much greater. 

Taste V.—This table has been calculated at intervals of 
10° C. from 40° C. to 190° C. (0=:6702 to 6=:9914),. Asa dis- 
tinctly normal substance the deviations for ether are greater than 
one would expect to find, being not much less than for propyl 
alcohol. 

Leduc (‘Nouvelles recherches sur les Gaz,’ Paris, 1899) has 
similarly found that his calculated results for the isothermals of 
ether are in defect. He attributes the deficiency to a possible 
experimental error. [‘ Il faut remarquer que le volume occupé par 
la vapeur dans le piézometre n’est que d’un centimetre cube environ. 
Lécart . . . . doit étre attribuée sans hésitation 4 une erreur de 
0,0™sr sur la pesée, ce que correspond a 5™™¢ ou 6™™e sur la volume 
observée.” | 

Taste VI.—Results for two alcohols have beer added as examples 
of substances for which there is evidence of marked polymerization. 
It will be seen that even in the case of a highly polymerized sub- 
stance like methyl alcohol the equation is still approximately true. 

Taste VII.—Many of the numerical calculations required for 
this investigation were made at a relatively early date, and this 
table gives only the critical constants actually employed in 
obtaining “‘ reduced” values of the variables. Some of the critical 
volumes have since been slightly altered by later determinations of 
the critical densities. [See Young, “ Note on the law of Cailletet 
and Mathias,” Phil. Mag. vol. 1. p. 291 (1900). The differences 
between “old” and “corrected” critical densities usually are so 

* See note by Dr. 8. Young. 
+t See note by Dr. 8. Young. 
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small that the general results contained in Tables I-VI. would 
hardly be affected. With the necessary alteration the first value 
of S for benzene, Table III., becomes 15°857, and in other cases 
the correction would be still smaller. } 

It is evident from these tables that the initial proposition 
of this article is substantially true, but there are, in some 
cases, outstanding deviations of considerable magnitude which 
remain unaccounted for. It is difficult to say in what pro- 
portions such deviations must be ascribed to the inadequacy 
of the equation, to experimental error, or to circumstances 
ot the problem which have not been taken into account. For 
example, no allowance has been made for any degree of poly- 
merization whether occurring in the vapour or in the liquid 
phase of the substance. 

Stress may rightly be laid upon the closeness of the agree- 
ment in the case of isopentane, for if the dual equation were 
radically defective, its inadequacy would at once be made 
evident by employing it to represent the properties of a 
compound for which the experimental investigation has been 
of the most exact character. The contrary is, however, the 
case and in some instances, where the agreement is not 
so satisfactory, there is reason to believe that the determi- 
nation of some of the magnitudes involved has been less 
precise *, Stannic chloride gives values of = deviating from 
the norm to a much greater extent than those of carbon 
tetrachloride ; but reference to Young’s paper on the former 
compound will show that there is some doubt as to the exact 
value of the critical temperature, and consequently of the 
critical volume, in this case. 

Where the law of Cailletet and Mathias does not strictly 
hold good a slight uncertainty attaches to the value of the 
critical volume, if determined by this method, and small 
errors in the value of this constant have a marked influence 
on that of the invariant function when caleulated for low 
temperatures. The factor 3y~—1, or w—} (which in the 
reduced equation is the analogue of van der Waals’s factor, 
v—b), is very sensitive to small variations in the values of its 
terms when these approach equality. Such variations may 
be due to small errors in the measurement of the volume of 
the liquid, in the determination of the critical volume, or may 
be caused by variations in the value of “0.” In van der 
Waals’s original investigation it is pointed out that the intro- 
duction of the factor »—) is subject to the condition that “b” 
is relatively small compared with “v” and that below the 
limit v= 2b the formula for gases cannot be expected to hold 
good owing to the inter section of the spheres of action of the 

* See note by Dr. 8. Young. 
¢ 
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molecules in configurations of greater density *. This con- 
dition is violated when the equation is applied to volumes of 
a liquid at temperatures much below the critical point where 
the limit v=6 (or w=="3333....) is more nearly approached. 

Taking a few examples : 3 
Carbon tetrachloride, Deviation = — +23 when w=°3876 
Stannic chloride, : GEL pee On8 
n-Pentane, Ly ss ST Nees 255) 
n-Octane, 7 ——— On as | Ur" O26 
Di-isobuty], e =—")d |, w=-3864 

- Benzene, B aa gl Lichen 4 tratoW 0, 

It must, however, be observed that relatively large de- 
viations are not invariably connected with small values of 
vr, for we have also 

Isopentane, Deviation = —°05 when yr ="3908 
Fluorbenzene, 33 nS) F40) i——"aOUo 

Whilst, therefore, a diminution in the value of “6b” would 
increase the value of 3~%—1, and tend to annul deviations of 
negative sign, it is evident that such variations can only be 
of very small magnitude, for otherwise deviations of positive 
sign would be produced. 

As showing the sensitiveness of the invariant function to 
shght changes in volume, one or two numerical examples 
may be given. In Table IV. the values for carbon tetra- 
chloride have been calculated, at temperature intervals of 
20° C., from 100° C. to 280° C. inclusive. The calculated 
value at a lower temperature, T=90° C., gives }=15°72, 
the volume of unit mass of the liquid being *6971 cc. A 
difference of ‘O01 c.c. in excess of this value would make 
+=16°01. The critical volume of unit mass is 1'799 c.c., 
and a similar result would be produced on reducing this 
value by one and a half per cent. Again, in the case of 
stannic chloride the values of ¢ and w& have been calculated 
from the critical volume v,=1°347 c.c. If we take the 
smaller value v,=1'325 c.c., the following results for the first 
and last lines of the table will be obtained:— 

Line (1), }=15°86 in place of 15°33. 
(10), }=16-10 in place of 15°94. 

_ * There can be no doubt that molecules are not spheres in shape 
Bee 3 they are more probably, without exception, flattish discs of very 
small thickness.” (O. E. Meyer, ‘Kinetic Theory of Gases.’ English 
Translation from 2nd Revised Edition by R. E. Baynes, p. 323.) 

Hence it is open to question how far conclusions based upon the 
hypothesis of the spherical character of molecular action can be pressed 
to the limit when, as in the liquid state, molecules are densely packed, 
however conyenient the conception may be from a mathematical point of 
view. 
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The extreme difference between the values of = is reduced 
by this change from ‘61 to 24. 

Whatever emendation equation (1) may still require, it is 
obvious, from these examples, that it can only be successfully 
attempted when data of very great exactitude are available. 
It certainly does not seem advisable to modify the dual 
equation by ‘the introduction of small arbitrary constants 
(which would destroy its generality) until the necessity for 
their presence has been more fully demonstrated. 

It should also be noted that the usual integral value, 
— 273° C., has been taken as the absolute zero of temperature. 
The changes in the value of 6 which would be produced by 
using any other admissible value.* can only he of minor 
importance, but yet are not quite negligible, at temperatures 
much below the critical point, if it is desired to arrive at the 
closest approximation warranted by experimental evidence. 

Analogy with the Law of Cailletet and Mathias. 
This well-known law expresses the fact that the means of 

the densities of a liquid and its saturated vapour are a linear 
function of the temperature. It is obvious from its form 
that the dual equation may be similarly stated. 

Putting T(¢, w)=0. Fd, ) and 

Tb, $)=9-F Cb, $), 
equation (1) may be written 

21 (hv) +f, ) f =38, 
2.e., for normal substances, the means of the values of the 
Junctions f(b, Wr) and f(r, b) are proportional to the absolute 
temperature. 

Or again, taking the invariant form, equation (3) may be 
written 

i.e., the means of the values of the functions Fd, Ww) and 
F(ab, ) are constant. 

The following tables and accompanying diagrams (Plates 
VI. & VII.) illustrate this relation in the case of Fluorbenzene. 
As, for this compound, the values of the two functions are 
rather irregular in the neighbourhood of the critical point, 
few corresponding values for isopentane have also been 
calculated and plotted on an enlarged scale. 

* Ledue (Nouvelles recherches sur les Gaz) employs the value — 273° 2. 
(The following note has been kindly communicated by Dr. 8. Young.) 

D. Berthelot, “Sur les thermométres 4 Gaz,”! finds —275°°09 and 
KE. Buckingham, “ On the establishment of the thermodynamic scale of 
temperature by the constant volume thermometer,’ ? —273°'13, 

L' Travaux et Mémoires du Bureau International des Poids et Mesures, 

1903. 
* Bulletin of the Bureau of Standards, vol. iii. p. 237 (Washington, 1907). 



relation to Pressure and Temperature. F443 

Fluorbenzene. 

Values of I (¢, yw) and f(a, d) in relation to 86. 

‘ad Sat So ), a v)—80. | Fd, 9). | 80—F(u, $). | 

Baba i, 22H) | eben 2262, oi 2986 |. 2816 
| -6827 | 5462 | 7-609 2-147 3306 | 2156 
| °7028 | 5°622 | 7-637 2-015 3-596 2°026 
aoe 5868 | 7°730 1-862 4-018 1-850 

‘7574 | 6059 | 7:787 1-728 4351 1-708 
‘TTT | @217 7828 1-611 4613 1-604 

| 7940 | 6352 | 7877 1:525 eso ts Tata 
| 8092 | 6474 | 7926 | 1-452 5023 1451 

“225, |\troeo rope i, L887 || 5-227 1355 
‘S16tL Gre. aost |} . 1-258 5 547 1-224 
8667 | 6934 | 8069 | 1:135 5813 1-121 
8930 | 7144 | 8137 | 0-993 6195 | 0-949 
9288 | 7430 | 8181 | 0-751 O70L |), 20929 

| 2579) |) Poon, pase, |° 0-486 7169 0494 | 
‘9731 | 7785 | 8074 | 0:289 7436 0°349 

| 9830 7864 | 7990 0136 | 7547 0317 
| 9919 >| 7-935.5| 73943. |, . 0008 | .7-792..|. 0-148 

| Isopentane (in the neighbourhood of the critical point). 

| 

he 
‘9800 | 7:840 8-046 0-206 7644 | 0-196 
‘9918 | 7-934 | 7-034 0-100 7813 07121 

-9963 | 7-970 | 8-006 0:036 7933 0°037 
| | 

Fluorbenzene. 

Values of F (¢,v) and F (fb, ¢) in relation to the constant 8. 

| 6 |FOWIFOW-8| Fu,9. | 8-FW 9. 
—_— | 

ie eer 6365 | 11-45 3-45 4-47 3°53 
| teat 6827 | 11:15 315 4-85 3-15 
bebe 7028 | 1086 | 286 512 2:88 
aes 7335 | 10°54 2-54 5-48 2-52 . 
oe gare |) 1027) 2ae 5-74 2-26 
| 6 | 277 | 1007 | 207 5-94 206 
LF coke RAO 1. 9°92 1-92 6-09 BOW, au 

8 ...-..| 8092 | 980 1:80 6-20 180 | 
9 ....1.) “8228 | 969 | 1:69 6:35 165 | 

10 .....| 8464 | 9-48 1-48 6-54 fg) 
[AL ..'...) 607 |) gal 131 6-71 139° hi) 
12 ......| 78980 | 941 111 6-93 L-07 
re 9288 | 881 0-81 7-21 0-7 | 
14 ......| 9579 | 8-50 0:50 7-48 One 
oe. | 9731 | 8:30 0:30 765 0°35 
| 16 ......| 9830 | 813 0:13 7-69 031 
117 ......| 9919 | 801 0-01 786 | O14 | 

| Isopentane (near the critical point). | 
| 9800 | 821 021 7-30 0:20 

‘9918 | 810 010 7-88 0-12 
9963 | S04 0-04 7:96 0-04 
! | ¢ 
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§ 2. On the Determination of Critical Constants from Obser- 
vations at Temperatures considerably below the Critical Point. 

The invariant form of the dual equation may be directly 
employed as a test to ascertain whether given values assigned 
to the critical constants of a normal substance form a con- 
sistent system. If these values are substituted in the 
function 

P 4 (4% _1\% 4 dete (*" -1) 
eae Sgt vt | V : 

ps (to _ = Beye) (au 
a ba © : ai u’t ih Ge 1), 

the result must approximate to the constant value 16. From 
the fact that every experimental determination of orthobaric 
volumes at a known vapour-pressure and temperature gives a 
relation between the values of the three critical constants, a 
still more important deduction may be drawn. The law of 
Cailletet and Mathias makes it possible to express the critical 
temperature in terms of the critical volume. The critical tem- 
perature being thus eliminated, an equation is obtained 
connecting the two remaining critical constants in which the 
eritical pressure occurs only to the first power. From two 
such equations the critical pressure is easily eliminated, 
giving finally a cubic.equation in vp of the form 

Pry —Qry? + Rey -S=0, 

where P, Q, R, S are functions of the orthobarie volumes, 
vapour-pressures, and temperatures obtained from any two 
determinations. 

Let w, wv, be the volumes of unit mass of liquid, and 2%, v, 
the volumes of unit mass of saturated vapour, determined 
respectively at vapour-pressures p,, 2, and temperatures 4), fa. 
Let A, B be constants in the linear function of the tempera- 
ture which expresses the sum of the densities, 7. e. 

== A —Bt 
U v 

=S() 
or briefly 4B 

2 
Hence also m =A—Bh, 

0 
1 a) or a .  - ty= 5(A an 



1, =3fPA— 6A + 271m, 

M,=9/7,7+ If, A—8n, 
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Employing the substitutions, 

Cr 

fi== + - f= a+ 

db i 
oi uy CK Usty? 

H,=2p,t,, | eats 

Ky=3pii( +1), K,=dpoto(uz + v2), 

i 3fo A—6q,A == 2fo92; 

i= Of.? + 9f,A — 892, 

N,=16A+8f, Ni=16A 4 8/, 
the critical volume is a root of the cubic 

(HL, == H,L,) Doe a (H,M, — H.M, a K, LE. = K,[,) oe 

+ (H,N,— HN, + K,M,—K.M,)v)—(K\N, —K,N)) =0. 

Deduction of the cubic equation in vy. 

From equation (1) 

{ + (16) ee, —1)+ p+ Gb-D | 

+ {r+—O(j4—7)+ ge POY 1) = 108, 

| On(2b +3 -2) + (1— (5. 3 oe = 

+9(5+ 73 (get ya) = 108, 

magonerdse fal) 
eae pe 2 hike 

G(3p+By—2)= 1604 6( T+ 7 -F 

+54 5) 26+ y)- ge 
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Dividing both sides of the equation by 6, 

am | aed ae reese ace arc) 
Substituting a ia) ~ =, Ag =, 

Po ty Vo V9 

; BU i du as 

po = f vo v9 : a 

oe (1 4h) _ 220 al ue 1 1\ 409 
us Uv u DU uv | 

an equation from which jp, can be found when vy and tg are 
known. 

Substituting in this equation the values of p, ¢, u, and v 
determined by a first observation, 

BY, BY 

ay 

is a ean, — 2 _ diel, (an 
q{16+ BfUy— 2yiWo°$ a cnc VEGA —Ags)o—- 12/3} 

B 
v (Kk, — H,v9) 

= Bef 16-+ 3fyey — 2a} + (Ary —2)1 BFP — 49s) e0— LAP 
From the denominator of this fraction, Bt, can be 

eliminated by means of the relation 

f,=A—Bzt, ; *. Bi =a 

and, rearranging the terms, 

B= as —H U0 

(BfPA— byA+ 2A )ve— (WP + YM, A—8)vo + (16A+8f;) 

I ee 

If the law of Cailletet and Mathias holds good, B, and 

therefore 2° may be regarded as constant ; and hence the 
> i 
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value of the ratio on the right-hand side of the equation is 
the same from whatever set of observations the values of 

the coefficients are obtained. Hence 

Hy a Ky dace = Ky 

Lyo?—Mye, +N, Lyx? —Me+ Ny’ 
from which we obtain the cubic equation 

(H,L,—H,L,)x? —(4,M,— HM, + Ky, L,— K,L:)v,? 

+ (H,N,—H,N,+ Ki,M,—K,M,)uyp— (KN, — K,N,) =0. (8) 

In the eases which have been examined this cubic has 

three real and positive roots, but only the mean root is 
common to all the cubics relating to the same substance. 
As this method of obtaining the critical volume is new, 
it will be well to examine its application in detail, taking for 
the purpose a normal substance whose properties are well 
known. 

Lsopentane. 

From Young’s paper (“ Thermal Properties of Isopentane’’) 
the following data of five experimental determinations are 
taken :— 

sb i ; %, IN C.C. Os 1h CL 
(Centigrade). | (Abs. temp.). P; in mm. | (from curve). | (from curve). 

10° 283° 3904 * 1°5885 607°5 

30° 303° 815°5 * 16413 303°0 

60° 333° 2036°5 T 1°7329 127-9 

100° 313° 5345°5 t 1:8940 49°45 

120° 393° 8018 + 2°0037 32°20 

* Dynamical method. t+ Mean of experimental values. 

The relation between the liquid and vapour densities is 
expressed by the equation | 

Blasts ih Bsy : 
uéewv 

where A = ‘8872 or 8872x107“, 

B =:000908 or 908x107°. 
Phil. Mag. Ser. 6. Vol. 16. No. 92. Aug. 1908. Q 
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From the above data we obtain 

T= 10°C. H,= — 220,966, 

K,= 201,882 x 10°, 

L, = 1,052,960 107°, 
M,= 859,877x10~°, 

N, = 19,237,088 x 10°. 

T= 30°C. H,= 494,193, 
K,= 225,827 x 10°, 

L,= 988,894 107°, 

M,= 824,295x107°, 
N, = 19,091,808 x 107°. 

T= 60°C. H,;= 1,356,310, 
, K,;= 263,734 x 10%, 

Le «) SONGS k 1073 

Wh =) 010791,200 x10 

N; = 18,873,888 x 107°. 

if a ly ee 901, 143, 

K,= 307,120 x 103, 

Lo) 756,698 x 1049, 

Mas" 700,224.% ie 

N, = 18,583,328 x 10. 

T=120°C. H,= 6,302,148, 

K,=  323,335x 103, 
Dees) 682,585 x 10s. 
M,=  664,230x10 ~ 
N, = 18,438,048 x 107°. 

The numerical values of the functions H, K, L, and M 
vary greatly. H increases rapidly, and K slowly, with rise 
of temperature; L, M, and N decrease slowly as the 
temperature rises. 

: , , nn—l 
Since n observations can be combined to form i 

pairs, these five determinations yield data for the formation 
of ten cubic equations, of which the values of the coefficients 
for five have been calculated. As it is important to avoid 
the introduction of errors due to premature attempts at 
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approximation, significant figures have been retained in 
excess of the number probably sufficient for accuracy. 

first Cubic.—The first cubic equation calculated by this 
method was obtained from data at temperatures 60° C. and 
120° C., giving the equation 

469,319 vy? —14,784,759 v? + 83,569,800 v, —123,986,496 =0. 

This cubic has three positive roots, of which the values are 
approximately 

Davie OU, .24°546. 

Second Cubic, from data at 10°C. and 100° C. 

403,175, — 20,326,881 v9? + 129,983,430 7) — 215,643,367 =0. 

The roots of this equation are approximately 

Pode 1, (45°24. 

Comparing these results, we infer that the extreme roots 
of the eubie equation are irrelevant and that the mean root 
gives the true critical volume. In the equations which 
follow only the mean root has been calculated. 

Third Cubic, from data at 10° C. and 60° C. 

123,112x;'—10,765,884 v2-+ 73,280,079 v,—126,317,603=0. 
Mean root, 4:260. 

‘ourth Cubic, from data at 60° C. and 100° C. 

254,067 1? —9,637,135 02 + 57,457,144 1) —89,824,667=0. 
Mean root, 4°231. 

Fifth Cubic, from data at 10° C. and 30° C. (Low 
temperatures and a smaller temperature interval.) 

30,185 vy —4,057,493 vo? + 28,301,939 v1 —48,996,154=0. 

Mean root, 4°315. 

Summarizing these results, we get for vy :— 

First cubic eigen. 2 260 60° and 120° C. 

Second cubitjsen. 2211 10° and 100° C. 
Third eubie ny a 260, 107 and:60>-C. 

Fourth cobre eee eo! 60° and 100° C. 

Fifth. cubic, .a eee oo} 10> and ‘302 C. 

5)21°343 

4.2686 
as against Young's value, 4°266 c.c. 

Q 2 
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Taking Young’s value for the critical volume as a standard, 
the oreatest deviation is in the case of the fifth cubic, where 
the temperatures are both low, and the law of Cailletet and 
Mathias holds less exactly. The deviations from the norm 
are not always in the same direction and we may infer that 
the critical volume will probably lie between the greatest 
and least of the mean roots of the several cubic equations, 
and that the mean of their sum will be a ciose approximation 
to its actual value*. A value for the critical volume having 
been obtained, the critical temperature can be deduced from 
the law of Cailletet and Mathias, and hence also the critical 
pressure from the dual equation. 

The number of substances for which the critical constants 
can be directly determined by experiment is very small, and 
the method here described may therefore be useful in 
obtaining approximate values for these important constants 
in cases where experimental observations can only be made 
at temperatures falling considerably below the critical 
point. 

Regarded as a test of the applicability of the cubic equation 
to determine the critical volume, the foregoing investigation 
is open to the objection that the value of A which has been 
employed has been obtained from the complete series of 
liquid and vapour densities observed between 10° C. and a 
temperature verging closely upon the critical temperature. 
If observations are ¢onfined within a moredimited range, it 
is conceivable that somewhat different values of A, B may 
be obtained, and the values of the roots of the cubic corre- 
spondingly affected. To this objection it may be replied 
that Young’s investigations have shown that in the case 
of normal substances such deviations are only of small 
magnitude, and hence no great alteration in the values of 
the coefficients of the terms in the cubic equation will be 
thereby produced. In the hypothetical case in which it is 
assumed that we have at our disposal only a small number 
of experimental observations, falling within a restricted 
range of temperature, mean values of A and B may be 
det termined from the whole series of available observations 
or, taking each pair of observations independently, values of 

* Perhaps a preferable method would be to “ weight” the results by 
multiplying each mean root by the corresponding interval of temperature 
and divide the total thus obtained by the sum of these temperature 
intervals. Applied to the five roots given above this method leads to 
the ‘ weighted ” mean value vt) =4° 265, 
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A and B may be obtained from the equations 

alata Jats 
to—ty ; 

to ae’ ia 

From the form of these expressions it will be seen that it 
is inadvisable to select pairs of observations in which the 
temperature interval is small. Further to test this point 
the coefficients of the five cubic equations already investigated 
have been recalculated, substituting for A the values obtained 
by treating each pair of observations independently. 

For the first cubic A = °8888, yielding the equation 

470,375 v9? — 14,833,255 vo? + 83,786,976 vy— 125,483,646 =0. 

The coefficients in this equation only differ slightly in value 
from those previously obtained. The mean roots of the five 
cubies recalculated in this manner are respectively 

IM (Co Ca rr 4°176 
MM bien os alk bao LA) 
SENN hen a. exper be 4-329 
TOME yao sel aia bocca AW 26 
eae ae ee 4-280 

Mean of five roots ...... 4°248 

(The “ weighted ” mean is here only 4:240.) 

Compared with 4:266 as a normal value this shows a 
deviation of about three-sevenths per cent. in defect. 

As a test example isopentane is a very favourable case, 
and generally greater differences in the values of the mean 
roots of the cubic may be expected to occur. The validity 
of this method of finding the critical volume depends upon 
the exactitude with which the law of Cailletet and Mathias 
is fulfilled by the substance under investigation. Regarded 
geometrically, if, on a density-temperature diagram, the 
position of a series of points on the line of mean density 
has been determined by experiment, the assumption is made 
that the series of lines obtained by joining pairs of these 
points will, on being produced, pass through the point 
representing the critical density. Any slight curvature of 
the diameter at the extremity, such as Young has observed 
in many cases, will, to the extent that it occurs, invalidate 
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the result. Provided, however, that the substance 1s fairly 

normal and that an adequate length of the mean-density line 

has been experimentally constructed, it is very unlikely that 

the point representing the critical density will lie on the 

same side of all the lines so obtained. Hence a useful 

‘ndication will be afforded of the limits within which the 

true critical volume will most probably le even when 

experimental investigation in the neighbourhood of the 

critical point is not feasible. 
To Dr. 8. Young (to whom the first manuscript copy of 

this article was sent), 1 desire here to tender very cordial 

thanks for the helpful notes and criticism with which he has 

favoured me whilst preparing this paper for publication. 

I am also indebted to Mr. A. G. Wilkinson for careful 

clerical assistance. 

Note by SypNEY Youne, D.Sei; FBS 

Trinity College, Dublin. 

The proofs of the correctness of his “dual” equation 

which Mr. Haigh has brought forward appear to be very 

complete and satisfactory, and it is probable that some, 

though not all, of the deviations of the calculated values 

of = from the theoretical value, 16, may be due to ex- 

perimental errors. 
It may be pointed out that such errors are in general 

most likely to occur in the determinations of the volumes 

of saturated vapour at the lower temperatures, and it is 

probable that the single rather large deviation in the case 

of normal pentane at the lowest temperature may be ex- 

plained in this way. The results with n-pentane should be 

specially accurate, and the greatest of the remaining devia- 

tions, 0°07, is small. Omitting the first result, the mean 

value of S would be 15-965 instead of 15°95. 

Serious experimental difficulties were encountered with 

stannic chloride and carbon tetrachloride, owing to the 

action of these substances on mercury, stannic chloride 

under all conditions and carbon tetrachloride at the higher 

temperatures. In both cases it was necessary to devise 

special methods for the determination of the vapour pres- 

sures and specific volumes, and it is not to be expected that 

the data for these substances can be so accurate as for the 

others. 
I have pointed out (Phil. Mag. vol. l. p. 291 (1900) ) that 

although the law of Cailletet and Mathias is applicable to 

raat ee ae ee er a ee eee de} 

: 

: 
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all the normal substances examined with a close approach 
to accuracy, yet the deviations are too regular to be ascribed 
to experimental error. The relation between the mean 
densities of liquid and saturated vapour and the temperature 
is represented with great accuracy by the formula 

De= Dy + at + BY, 

where @ is always negative and 8 may be either positive or 
negative. The direction and extent of the curvature of the 
diameter is indicated by the sign and magnitude of the 
constant 8. 

The close connexion between Mr. Haigh’s dual equation 
and the law of Cailletet and Mathias is shown by the fol- 
lowing table in which the normal substances, excluding 
carbon tetrachloride and stannic chloride, are arranged in 

Mean value 
of 5. Gx 10): 

Hexamethylene ............ 16:03 + 791 
Dizisapropy ls .cse. +2... 16-03 + 413 
PSCOZEIG |) Naser ecto « «os = 16:02 + 693 
Tsopentane sc. s 2.22... 15-986 + 463 
Fluorbenzene .....:.....-..- 15:98 + 293 
T= POMEINE Sea eeks ase « 15°95 0) 
GD VL CRAIG ane NO eisiera ese 15:95 0 
WEG Rs yee tees «cae. 15°89 — 475 
Diispbuliyl “Jeu sco... 15°82 = Fey 
P-OPGANE eden: » 15°76 — 1046 

Carbon tetrachloride ...... 15:93 +1480 
Stannic chloride ............ gr + 977 

order of magnitude of the mean values of }. It will be 
seen that with one exception the values of @ x10" follow 
the same order, = falling from 16°03 to 15°76 while 6x10” 
changes from + 791 to — 1046. The one deviation, that 
shown by di-isopropyl, is small ; and it is probable that the 
mean value of & for n-pentane should be slightly higher 
and of n-hexane slightly lower than 15:95, and that 8 x 10!° 
for the latter substance should have a small negative value. 

The connexion seems to break down altogether when the 
two chlorides are compared with the other substances, but it 
is possible that a considerable part of the discrepancy may 
be explained by the relatively large experimental errors to 

_ which reference has been made. 
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XVII. The Secondary y Rays due tothe y Rays of Radium C. 
By A. 8. Evez, D.Sc., Associate Professor of Mathematics, 
Lecturer in Radioactivity, McGill University, Montreal *. 

fine Réntgen rays and the y rays from radioactive sub- 
stances have so many properties in common that they 

are generally believed to be fundamentally of the same nature. 
But the secondary radiations caused by X rays and by y rays, 
respectively, appear at first to be widely different. Whilst 
the y rays give rise to secondary radiations following the 
order of the densities of the radiators, the X rays cause 
secondary radiations strongly diverging from that order. 
Thus Townsend + found actually more secondary radiation from 
solid paraffin than from lead. The values he obtained were :— 

Tase I. 
X Rays, Secondary Radiation. 

Radiator. Rays through Air. Raye ee 

UAE gia 2 RNS ee 2 1 

ATT UI Leos: 6:0 3°5 

GES) auecsesn ceo: (gy 30 

f Liccts he Mee yaa Pee ae 24 ; 

Solid Paraffin ......... 30 15d 

SPARS teres conse vedwetices 66 2'5 

ZING toeuewianeesy eueael: | 68 0 

Copper: ..iteeissssares | 70 2°5 

Let us compare the secondary radiations from the y rays 
of radium inclosed in lead. 

Taser II. 
y Rays, Secondary Radiation f. 

Radiator. | 

WIOAUL Suereseenen emi pancsins > 100 

CGDPor \icdeeseereracas tax =>. 61 

IDRAGS sc cee anenedias paca <50 59 

BOUL avhey (ibs: bee ee See 30 

AFIGGS 5, cups gett ea aieeens 3D 

Bold Paratanecissdecksash: 20 

* Communicated by the Author. 
t Proc. Camb. Phil. Soc. vol. x. p. 217 (1899). 
{ Phil. Mag. Dee. 1904. 
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In this case the order of secondary radiation is that of 
density. 

The remarkable dissimilarity in the two cases is at first 
sight perplexing, and the object of the present paper is to 
explain to some extent the cause of the apparent differences. 

In the first place it must be pointed out that a comparison 
of the two tables above given is an unfair one, because the 
first table really shows secondary radiation of the X-ray 
type, for the cathode rays were absorbed by air before they 
reached the testing apparatus. But the second table gives 
mainly the cathode secondary radiation due to y rays, for in 
this case the cathode rays produce a much greater effect in 
the electroscope than the secondary rays of the y type. 
A few experiments recently made may be worth recording. 

The X rays from a very hard tube were employed, such as 
were used in some previous experiments to compare the 
ionizations of various gases by y and X rays. These hard 
penetrating [ rays were found fo ionize gases almost in the 
same manner as y rays. In the present case the X rays 
struck plates of the substances named in Table IJI., and the 
incident secondary rays were measured by the electroscope, 

PARLE: LL. 

Secondary Rays from X and y Rays. 
Cathode rays removed by absorption. 

| Thickness 
Secondary Radiator. me. | X. y- | 

Se | 

| Books (edges) ...... | 11 | 280 : 2-5 | 
: Parade ce | + | 230 | 20 

i ee | 65 | 2-7 
Briek . oi .Jsss ee 6 170 30 

4 yd. eee 14 3-6 
Slate:-:1..7. beatae 6 160 30 

Wood! :)..21:. ee 11 | 125 1:7 
Cement ..2:.. sae e al | 103 38 

Lead(®).22. 2a 5 | 61 / 1-0 

| tron ..:.).,25 5 5 ) 58 / 33 
| 

described later, used throughout these experiments. The 
cathode secondary rays were absorbed by the air between 
the secondary radiator and the electroscope. The incident 

* Phil. Mag. Nov. 1904. 
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secondary radiations from the same plates were also mea- 
sured, due to 14 mgs. of pure radium bromide placed inside 
a hollow steel* cylinder, 2°2 cms. thick, having stopped ends. 
The cathode secondary rays were in this case screened from 
the electroscope by aluminium 1°63 mms. thick, placed Just 
in front of the very thin face of the electroscope. ‘The 
results given show that when the cathode rays are in each 
case removed, the orders are not those of atomic weights. 
Very thick radiators are needed to get the full value of the 
y rays from the lighter substances. 

Lead is a poor secondary radiator in both cases, but iron 
radiates well with the y rays and badly with the X rays. It 
is unnecessary to examine these results more closely, because 
the secondary X rays have been carefully investigated by 
Barkla and others, while the secondary y rays will be discussed 
in this paper. 

As regards the secondary cathode rays from X rays, 
B rays, and y rays, it has been shown by J. J. Thomson, 
McClelland, and Kleeman, respectively, that the radiation 
intensities follow the order of the atomic weights. 

It will be seen later that the secondary y rays from a thick 
block of iron may amount to 25 or 30 per cent. of the total 
secondary cathode and y rays from the same block. Moreover, 
the velocity of the secondary cathode rays due to y rays is 
nearly equal to that of the secondary cathode rays due to 
B rays. The values of the so-called coefficients of absorption 
by a screen of aluminium 0-4 mm. thick, placed before the 
electroscope, I find to be as follows :— 

sulin) eee eS 
Cathode secondary from lead, due to Band y rays, 24°5 
Cathode i " a yrays only, 310 

Hence, the velocities of the cathode secondary rays are a 
little less for y than for 8 rays, and both these groups have 
less velocity than that of the @ primary rays. 

On the other hand, the coefficient of absorption by lead of 
the secondary y rays due to y primary, reflected trom lead or 
iron, is about 4, nearly equal to the coefficient of absorption 
found by Godlewski for the primary y rays of actinium, 
greater than the coefficient of absorption of the y rays from 
uranium, and yet greater than that of radium (Phil. Mag. 
April 1906). It may, therefore, be concluded that y rays 
give rise to secondary rays of the y type, and not merely to 
very penetrating cathode rays. This will be seen more 
clearly from the diagrams given later. 

* After completing the work I learn that this was made of nickel- 
steel, 5 per cent. nickel, 

| 
| 

: 
. 
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The fact that the cathode secondary rays due to 8 or to 
y rays have velocities comparable with that of the primary 
8 rays is a very important one. The secondary cathode rays 
due to X rays have much less velocity. Bragg has pointed 
out that it is probably more than a coincidence that the 
secondary cathode rays due to X rays have velocities of the 
same order as those of the cathode rays in the X-ray tube, 
whilst the secondary cathode rays due to y rays approximate 
in velocity to that of the primary 8 rays. These relations, if 
more than accidental, do not necessarily furnish an argument 
in favour of the view recently advocated with so much skill 
by Professor Bragg as to the material character of X and 
y rays. For it may be that ether pulses striking a solid body 
cause the ejection of some of those corpuscles only which 
have velocities in their orbit or free path approximating to 
those of the corpuscles which first gave rise to the ether 
pulses. 

One fundamental difficulty arises in writing on secondary 
radiation. The investigations of H. W. Schmidt*, and of 
Crowther }, indicate that secondary cathode radiation consists 
mainly, or entirely, of scattered primary rays; for he has 
proved that @ particles, in passing through matter, lose little 
or no velocity and are diffusely scattered. On the other 
hand Kleeman, in treating of secondary rays due to 
primary y rays, writes of “electrons ejected by y rays.” 
Now the electrons which constitute the secondary cathode 
radiation, due to @ and to y rays respectively, have nearly 
equal velocities; andit seems unreasonable to suppose that in 
the one case we have scattered primary rays, and in the other 
case electrons ejected from the atoms ot the secondary radiator. 
t must be admitted that Bragg’s theory of the close similarity 

of @ and y rays—the difference being merely the important 
one of charge—removes all these difficulties as far as 
secondary radiation is concerned. Nor does his theory seem 
more complicated than the conception of an ether pulse with 
discrete centres of energy on the surface of the spherical 
sheli of the ether pulse. But apparently other difficulties 
arise. Again, H. Starke in Le Radium tor February 1908, 
finds that 8 rays striking a solid do not give rise to secondary 
y rays; and my observations tend in that direction also, for 
the secondary y rays appear to be caused solely by the 
primary y rays. Nevertheless, it is remarkable that the 
impact of cathode rays should give rise to X rays, and that 
the impact of @ rays should not give rise to y rays. However, 
we have no knowledge of the effect of concentration of the 

* Phys. Zeit. June 1907. 
+ Le Radium, March 1908. 
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impact of 6 rays. As matters stand at present, the most 
notable ditterence between X and vy rays is that the former 
arise where the cathode rays are stopped or absorbed, and the 
latter where the 8 rays originate. 

The following experiments show clearly that primary y rays 
give rise to secondary y rays, that the intensity depends 
upon the material surrounding the radium employed, upon 
the nature of the secondary radiator and upon the thickness 
and material of the screens placed in front of the electroscope, 
and that the intensity of the secondary y radiation does not 
follow the order of the atomic weight, or of the density, of 
the secondary radiator. In all these particulars there is a 
similarity between secondary X and secondary y rays, and 
this accounts to some extent for the apparent differences 
noted at the beginning of this paper. 

In a previous paper (Phil. Mag. June 1908) I have 
noted that books, carbon, cement, or bricks give rise to 
more penetrating rays than lead, when these substances are 
exposed to the @ and y¥ rays of radium, provided the electro- 
scope is screened from the secondary radiator by a sufficient 
thickness of aluminium, or by a thick book. It was shown, 
too, that some of these secondary rays came from a depth of at 
least 4 ems. in the case of car bon, 6 ems. for wood, 3°5 ems. for 
slate. Moreover, the primary y rays had first ‘to penetrate 
those thicknesses. It is these ver y penetrating rays that are 
under consideration. The secondary radiators and screens 
were all tested, when the radium was not present, and they were 
found free from any radioactive effects under the conditions 
of the experiments. 

Fourteen milligrams of pure radium bromide were placed 
in a test-tube within cylinders of (1) lead, 1 em. thick, or 
(2) nickel-steel, 2:2 cms. thick. The radiators were 5 cms. 
or more thick, and measured 22°5 x.22°5 centimetres. The 
necessarily large size and thickness of the radiators made 
it difficult to procure suitable substances for the experiments, 
and I have worked mainly with lead, iron, brick, and slate. 
The screens placed in front of the electroscope were either of 
(1) aluminium or (2) lead. The electroscope, 10 x 10x 16ems., 
was made of zine and mounted on a platform. One face of 
the electroscope was removed and replaced by two very 
thin aluminium sheets, each -00031 em. thick. The electro- 
scope and screens were guarded from the radium and the 
cylinder containing it by blocks of lead 10 ems. thick. The 
effect with no radiator present, except air, was deduced from 
the effect with the stated radiator present; this was done for 
all the screens used. The secondary rays from air are easily 
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absorbed, so that the results given are quite reliable for 
secondary rays of the v type. 

The electroscope here, as in most cases, is affected not 
merely by the secondary y rays which traverse it, but also by 
all the secondary rays caused by them from the sides of the 
electroscope and from the inner side of the screens. There 
seems no way of evading this complexity; and if all the con- 
ditions are identical, except the radiating plates employed, 
the results obtained do indicate the nature and magnitude of 
the secondary rays of the y type passing from the radiator 
and entering the electroscope. 

The measurements obtained are given in the following four 
tables and the corresponding four diagrams. The radium 
bromide was in the same position, as nearly as possible, for 
all four series. The rays under investigation are all “incident,” 
not ‘ emergent.” 

TaBLE TV. (See fig. 1.) 

Radium in Jead 1 em. thick. 
Aluminium screens. Secondary radiators stated. 

| Thickness of | ' poles Seca mms, Lead, 5 ems. | Tron, 5 ems. | Brick, 6 cms. | 

eet, eee | 12-2 8-4 59 
ie ne Ah bbe 3°81 2-25 
OMe i make 2-56 anon 
Po / DT 1:92 | 1:45 | 
SAIN en | 29 1-78 | 1-43 

| reg Mak. | 16 EEE en BOC ' | 

14mg Ra Br in Lead 
1cm 

K =e 
= 
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TaBLe V. (See fig. 2.) 

Radium in steel 2°2 ems. thick. 
Aluminium screens. 

Thickness of | “ | 
Lead, 5 ems. Tron, 5 cms. | Brick, 6 ems. | 

screens 1n DATS 7 i 

pedetes tee a i041) BOO 
eles | 4-4 470 | 4-09 
Oe 2-21 3°56 3-91 
overt | 1:02 3-41 3:80 
52 (I eae 59 3:28 | 3°35 
ena 56 | 3-04 308 

Fic, 2 

Ra &r,1n Steel 220m 

Aluminium Screens 
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Taste VI. (See fig. 3.) 

Radium in lead. 

Lead screens. 

Thickness of Lead, 5cms. Iron, 5 ems. | Brick, 6 cms. | 

parte 12°7 84 56 
Geta Laue 1-76 3°63 261 

Cm 69 | 2-25 145 

DL, ae te | 31 | 1:08 78 
4:00 -cesees-| a 53 58 | 

14mg Ra Br inLead 
icm. 

Lead Screens 

| 
ke 

TasBLe VIL. a fig. 4.) 

Radium in steel 2°2 ems. thickness. 
Lead sereens. 

| Thickness of 
screens in nuns. 

| 

_ Lead, 5 cms. | Iron, 5cms. | Brick, 6 cms. 

OC i.e . 19-2 9-5 15 

OLS tebe | Yi 50 4-9 
| 6°30 woeoae | 11 44 3:7 

| OVD ee ‘80 31 2°52 

20 0icccuk uh | 34 1:42 1-06 
ily 4:00. 5. <5 debs 30 ‘BT 43 
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Fig. 4. 

16 

2uvassny 

From these results and diagrams the following deductions 
may be made :— 

i. It is noteworthy that the radium in 2-2 ems. of nickel- 
steel gives an effect about 1°5 times as great as when the 
radium is in 1 em. of lead. From the relative densities we 
should expect 2°2 cms. of steel to be equivalent to 1°5 ems. of 
lead and, therefore, the radium in the steel cylinder should 
give, by the density law, two-thirds the effect of the radium in 
the lead. It actually gives one-and-a-half times as much. 
This remarkable result was confirmed by direct reading of 
the primary y rays using different electroscopes. Thus the 
primary y rays traverse “steel much more readily than lead, 
but the rays passing through iron are subsequently absorbed 
more readily by lead than if the radium were in lead. The 
values for 2, the coefficient of absorption by lead, between 
2 and 4 ems. were as follows :— 

Radium in lead(lecm.) A= °47 A 

» steel (2°2 cms.) A=1°1 primary 

y rays. | 
‘3 5s a@cms.) A= *75 

2. The secondary rays of the y type from lead are feeble 
compared with those from iron or brick. This is true whether 
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the radium is in iron or lead, and whether the absorbing 
screens are of aluminium or lead. 

3. It will be seen that 1 or 2 mm. of lead or aluminium 
absorb the cathode rays from the lead, iron, or brick radiators 
acted upon by ¥ rays. 

4, With radium in steel, and with aluminium screens, brick 
gave more secondary rays thaniron. In the other three cases 
brick gave less than iron. However, 5 cms. of iron give 
almost maximum secondary rays, whilst 6 cms. of brick do 
not give full value. Slate gives secondary cathode and 
y rays, both somewhat less intense than brick. 

5. When the radium was in a glass test-tube, without steel 
or lead around it, the 8 and y rays gave froma secondary 
radiator of lead a current measuring 250 scale-divisions a 
minute in the electroscope, the y rays gave 7°5 per cent. of 
that amount. The latter could be divided into two parts, 
cathode and y in type. The y type was the following per- 
centages of the total (cathode and y): for lead radiators 6° 2, 
for iron 25, for brick 28. 

6. The values of the coefficients of absorption by a sheet of 
aluminium, 0°41 mm. thick, are as follows :— 

Primary y rays. 21 
Secondary cathode due to 8 and - y rays ‘striking— 

me) Lead “227. 24 
ee) lron, sii #)/!30 

Secondary cathode due to 4 ays: striking— 
Bae Lead }..)6,) ser hiy thee 
BeMBECOH “x, eee se eB cae 

Thus the 8 rays cause secondary cathode rays slower than 
the primary rays which cause them, and the y rays cause 
secondary cathode rays yet slower. But all these rays have 
velocities of the same general order, and greater than the 
secondary cathode rays due to the X rays. ‘This has already 
been proved by Dorn, Allen, Kleeman, and others. 

7. The values of the coefficients of absorption of the 
secondary y rays due to primary y¥ rays were also determined 
for lead screens, changing the thickness from 2 to 4 mms. 

A. 

Lead radiator 2°46 
(a) Radium in lead (1 em.)... | tren Pere 

ipeiee 7  3'68 
Wicadun sy, so! )\\| 4°50 

(6) Radium in steel (2°2 cms.) | Tron sean Pol 395. 
Brick .,; +460 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. R 
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These may be compared with the coefficients of absorption 
of the primary y rays passing through lead *: — 

A. 

Radium BS i ae 

Uranium . J <° | 

ermine ee 

Hence the secondary y rays, due to the primary y rays, 
using lead, iron, or brick as secondary radiators, are absorbed 
to a degree approximating to that of the primary y rays of 
actinium. It would be inter esting to examine the secondary 
y rays due to the primary y¥ rays of actinium. These would 
prubably be absorbed even more readily, and would approxi- 
mate more closely to the X rays. The eftect would be difficult 
to obtain except with a considerable quantity of actinium. 

The reasons for considering the penetrating secondary rays 
to be of the y type, and not of the cathode, are as follows:— 

1. There is a well-marked bend in the absorption curves 
shown inthe diagrams. This change of character is also well 
marked when the logarithms of the ordinates are plotted. 

2. The primary rays penetrate several centimetres into 
substances suchas brick or slate; some of the secondary rays 
emerge from that depth, and will then penetrate several 
millimetres of lead. 

3. The values of the coefficients of absorption by lead of 
these penetrating rays equal about 4, or nearly the value of 
the coefficient of ron by lead of the primary y rays of 
actinium. 

4. If the peedatany radiator, such as brick, be placed in a 
strong magnetic field, the ionization current in the electro- 
scope, due ‘to the penetrating secondary radiation from the 
brick, caused by x rays, is unaffected by the absence or presence 
or direction of the magnetic field. 

The laws which govern the magnitude of the secondary 
y radiation are not yet clear. 

If possible, further experiments will be made using different 
screens, radiators, and cylinders inclosing the radium. 

McGill University, Montreal. 
April 1908. 

Phil. Mag. Feb. 1907. For “ Omaha Sea-Salt,” read “ InaguaSea-Salt, 
imported by Evans and Saunders, Toronto.” 

Phil. Mag. Sept. 1906. p. 109. For “9X10° per c.c. per second,” 
read “9X 10" ar second.” 

* Phil, Rec. het 1906, 
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XVIII. Acoustical Notes.—VILII. 

Partial Tones of Stretched Strings of Variable Density—Maintenance 
of Vibrations by Impact of Water Drops—Discrimination between 
Sounds from directly in front and directly behind the Observer—The 
Acousticon—Pitch of Sibilants—Telephones. 

By Lord Rayirien, O.M., Pres. RS.* 

Partial Tones of Stretched Strings of Variable Density. 

i p) be the longitudinal density of a string of length / 
stretched with tension Tj, the periodic time (7,) of the 

rth component vibration is given by 

Ae 
Tae = zy, . . - : ° : - (0) 

In ‘Theory of Sound,’ 2nd ed. § 140, an approximate 
theory is given applicable when the density, in place of 
being strictly uniform, has the value p,+ép where 6p is 
relatively small. We have 

E 
0 Po j CT 

“Tf the irregularity take the form of a small load of mass 
m at the point «=b, the formula may be written 

Y 9 a 

co we rosin’ = I eines wel YC) 

These values of 7, are correct so far as the first power of 
the small quantities do and m, and give the means of calcu- 
lating a correction for such slight departures from uniformity 
as must always occur in practice. 

As might be expected, the effect of a small load vanishes 
at nodes, and rises to a maximum at the points midway 
between consecutive nodes. When it is desired merely to 
make a rough estimate of the effective density of a nearly 
uniform string, the formula indicates that attention is to be 

* Communicated by the Author. 
J The 7° in the denominator was inadvertently omitted. It may be 

worthy of note that the method is not limited to the case of density 
originally uniform. In general, if Y be the normal function corresponding 
to a variable density p, rr” is altered in the ratio 

| dp¥° AX 

| pY°dx 
1+ 
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given to the neighbourhood of loops rather than to that of 

nodes. 
The effect of a small variation of density upon the period 

is the same whether it occur at a distance 2 from one end 

of the string, or at an equal distance from the other end. 

The mean variation at points equidistant from the centre 

is all that we need regard, and thus no generality will be 

lost if we suppose that the density remains symmetrically 

distributed with respect to the centre. Thus we may write 

r= a0 (tens. W« bade PT, 

where 
2( 2 2 ( one) 

ay, = — ae 1 —cos da. . . ats 4 

‘Sa Po l \ ) 

In this equation 6p may be expanded from 0 to $/ in the 
series 

) £ ZTVL 
Ds) ok Oe aiaean Kos ee (5) 
Po l l / 

where 
2(#S 1) Daron 

a= Tr P de, At = a EP chs ee dx. . (6, 7) 

0 Po l 0 Po l 

Accordingly, 
a= Ata... nn 

This equation, as it stands, gives the changes in period in 
terms of the changes of density supposed to be known. And 
it shows conversely that a variation of density may always 
be found which will give prescribed arbitrary displacements 
to all the periods. ‘This is a point of some interest. 
_ In order to secure a reasonable continuity in the density, 
it is necessary to suppose that a, a,... are so prescribed 
that «, assumes ultimately a constant value when + is in- 
creased indefinitely. If this condition be satisfied, we may 
take A,=a,, and then A, tends to zero as 7 increases. 

As a simple example, suppose that it be required so to 
vary the density of a string that, while the pitch of the 
fundamental tone is displaced, all other tones shall remain 
unaltered. The conditions give 

hy = Ay = Ay = nie eee =(, 

Accordingly, 

Ap=Ag=A;3= eee = 0. A,;=—2a. 

Thus by (5) 
6p/po= — 2%, cos (2Qma/l). . . . . (9)” 
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I have recently made a few observations on the vibrations 
of loaded wires in illustration of these formule. A simple 
case is afforded by (2). A lump of wax is attached at the 
centre of a stretched wire, so that sin? (r7b/l)=0 when r is 
even, and when 7 is odd takes the value unity, independently 
of the particular value of r. It is easily verified on trial 
that the partial tones of even order are undisturbed, and that 
those of odd order, though displaced, still constitute a 
harmonic series. The observation is best made with the aid 
of resonators by comparison with the partial tones of a note 
on the harmonium. ‘The load may conveniently be chosen 
so as to depress the pitch by one or more complete semitones. 
If also the tension (due to a weight) be suitably adjusted, 
both series of partial tones may be brought into tune with 
the harmonium, either exactly, or (what is better in practice) 
approximately. 
A more elaborate experiment was next attempted in illus- 

tration of the result expressed in (9). But some modification 
is necessary, inasmuch as in practice we are limited to 
positive loads. But a uniform loading has little significance 
from our present point of view, lowering all the partial tones 
by the same musical interval and being capable of compen- 
sation by varying the tension (T,). It suffices therefore to 
take 6p/p9 proportional to 1—cos (27/1); and the experi- 
ment consists in verifying that the first partial is depressed 
relatively to all the other tones, and that these latter retain 
their harmonic relations. 

The length of the wire was adjusted to 720 mm., and loads 
proportional to 1 — cos (27ra/l) were attached at intervals of 
30 mm., beginning at y=0 and corresponding to angles 0°, 
15°, 30°, &. The unit load (about + gm. of wax) was at 

_ the points distant from the ends by one quarter of the length 
(90°, 270°), and the maximum load (2) was at the centre 
(180°). At the ends (0°, 360°) the loads were zero. By 
varying the tension the whole was tuned conveniently to suit 
the harmonium. 

The results agreed fairly well with theoretical anticipations. 
The second and third partials retained very accurately their 
harmonic relation (fifth). The fourth and fifth partials were 
too sharp relatively to the second and third by nearly half a 
semitone. The depression of the first partial relatively to 
the second and third was 3 semitones or a minor third. 

These estimations of pitch were made separately by Mr. 
Enock and myself, and in the case of the higher partials 
demanded some care. Useful indications are afforded by but 
partially depressing the key of the harmonium note, whereby 
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the pitch is lowered relatively to the normal. On the other 
hand it appeared, rather to my surprise, that a lowering of 
the bellows pressure (sometimes convenient in order to 
diminish the intensity of sound) slightly raises the pitch. 

When the Joads of wax were all removed, the first partial 
tone rose nearly an octave, indicating that the loading had 
been very severe. 

In a second experiment the loads were reduced to less 
than half, the unit being taken equal to 0:1 gm., the distri- 
bution of the loads and the length of the wire being as before. 
Comparisons, either directly with the harmonium or with 
forks as intermediaries, gave the following results. The 
second partial of the wire was 5 beats per second flat on (the 
octave overtone of) harmonium B. The third partial was 
4 beats per second flat on the corresponding partial of B. 
The fourth partial was 2 beats flat on B, and the fifth partial 
was 2 beats sharp on B. If we regard the two last partials 
as in tune with B, the second partial is out by 5 vibrations 
in about 256, or one in 55, viz. between a third and a quarter 
of a semitone. The first partial of the loaded wire was 
almost exactly two semitones below harmonium B. 

I had supposed that the small deviations from harmonic 
relations exhibited by the second and higher partials might 
be due to the discontinuity of the loading or to the fact that 
the loads were not sufficiently concentrated upon the line of 
the wire. But subsequent observations upon an unloaded 
wire showed very similar deviations. The length was the 
same but the tension was diminished so as to bring the pitch 
back to B. The first partial of the wire was now one per 
second flat, the second 14 per second flat, the third 2 per 
second flat, the fourth 1 per second sharp, the fifth 3$ per 
second sharp, and the sixth about 8 per second sharp, all 
referred to the corresponding partials of harmonium B, 
Since the partials of the harmonium note are necessarily in 
tune, harmonic relations among the partials of the wire 
would require beats always upon the same side and numeri- 
cally as the natural numbers 1, 2, 3, 4,5, 6. It may be 
noted that the wooden bridges, by which the vibrating 
portion of the wire was limited, were provided above id 
below with sharp edges, and were free to turn. In this way 
the vibrating portion was well defined, and the tension (due 
to weights hung over a pulley) was freely transmitted. 

Maintenance of Vibrations by Impact of Water Drops. 

It is known that jets of liquid tend to resolve themselves 
under capillary force into more or less uniform processions 
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of drops, the distance between the drops, or the number of 
drops passing a given point in unit time, depending upon the 
diameter and velocity of the jet. When a jet, otherwise 
undisturbed, is under the influence of a regular vibrator of 
suitable pitch, the resolation becomes absolutely uniform and 
takes its frequency from the vibrator*. If the procession of 
drops thus regularized is caused to strike a second vibrator 
of like pitch, the latter will usually be excited. The arrange- 
ment is simplified and any question of insufficient agreement 
of pitch is eliminated, if both parts be assigned to the same 
vibrator which at once regularises the resolution of the jet 
and is itself maintained in vibration by the impact of the 
drops. 

The experiment has been tried with tuning-forks of pitch 
- 256 and 320. The reaction between the fork A and the jet 

issuing at B (fig. 1) is effected through a branch tube E 

Bio; 1. 

terminating ina metal box D. The box is provided with a 
wooden socket cemented on a flexible face, to which the fork 
is screwed. The vibrations of the fork, transmitted through 
its stalk, cause the flow at B to be slightly variable, and if 
the adjustments are suitable determine a stream of drops of 
the same frequency. The orifice at B, perforated in a thin 
metal plate, is of about 2 mm. diameter. The tubes are of 
lead, allowing slight adjustments by bending; the supply 

* The theory of these effects, on lines roughly sketched by Savart and 
Plateau, is given in Proc. Roy. Soc. xxix. p. 71, 1879; Scientific Papers, 
i, p. 377; or ‘ Theory of Sound,’ 2nd edition, ii. p. 362. 
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of water may be either directly from a tap or preferably 
from an aspirator bottle. The head of water, about 30 cm., 
must be adjusted; and it is to be remarked that the 
question is not merely one of accommodating the natural 
pitch of the jet to that of the fork. There is also the phase 
to be considered, for the impact of the drops may check, as 
easily as encourage, an existing vibration. A slight altera- 
tion in the distance between A and B may here be useful. 
In practice attention should be given to the place of resolu- 
tion of the jet, easily discerned in a suitable light. When 
this is brought up as near to the orifice as possible, it will be 
known that the vibration is vigorous and that the phase 
relation is suitable. 

The experiment was quite successful. Both the forks 
referred to spoke well and steadily when suitable resonators 
were held near their prongs. But the arrangement is hardly 
to be recommended for general purposes. The use of water 
is messy, and unless care be taken is likely to end in rusting 
the forks. Moreover, the vibrations are not especially 
vigorous—in comparison, for example, with those which 
may be obtained electromagnetically. Another objection is 
to be found in the circumstance that drops of water remaining 
attached to the fork must render the precise pitch uncertain. 

Discrimination between Sounds from directly in front and 
directly behind the Observer. 

As already* mentioned, I am now unable to make the 
discrimination myself, even in the case of the voice used 
naturally ; so that all that I can report relates to the obser- 
vations of others. It would seem, however, that even youthful 
listeners are not always able to pronounce with certainty. 
In experiments made with some young people in a long 
corridor, they were able to discriminate among themselves 
whether a voice came from in front or behind, but when I spoke 
they made mistakes. The speaker facing towards the listener 
gave, for example, the numerals one—two—three &c.; and 
there were enough assistants moving backwards and forwards to 
eliminate information which might otherwise be given by foot- 
steps. Why my voice afforded less foundation for a judgment 
was not clear—possibly in consequence of its graver pitch, 
or because its quality was less familiar. The corridor was so 
long that the observations were not appreciably disturbed by 
echos. 

As mentioned before, Mr. Enock is able in many cases to 

* Phil. Mag. vol. xiii. p. 231 (1907). 
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discriminate front and back when the voice is used naturally. 
But I find that both indoors and outside he could be deceived. 
Thus when standing on the lawn only a short distance in 
front of him, but facing from him, I gave the numerals, he 
judged that I was behind him, and this erroneous judgment 
was not disturbed even when I conversed freely with him. 
It would appear that there is not much to go upon, and that 
when an erroneous impression has once been made it is not 
easily disturbed by the slight indications available. Pro- 
bably the turning away of the speaker softens the sibilants 
and other high elements in the sound, somewhat in the same 
way as is done by the external ears of the listener when he 
faces away from the sound. It must be understood that in 
these experiments the ears were used in a natural manner, 
without the aid or hindrance of special reflectors. 

The repetition and extension of these observations would 
be of interest ; it would be best carried out under the super- 
vision of a physicist young enough to be able himself to form 
judgments as to the front or back situation of the easier 
sounds, e.g. of the voice. The precautions necessary are 
indicated in former papers. 

The Acousticon. 

This instrument, intended to aid the hearing of the partially 
deaf, is composed of a simple battery, microphone, and tele- 
phone circuit. There is nothing special about the battery 
(one or two dry cells) or the telephone. But the microphone 
is unusually efficient. The disk which receives the sound. is 
of carbon, about $ mm. thick, and is clamped at the circum- 
ference. Bearing against it are six groups of small (4 mm.) 

Os Pie Fig. 3. 

carbon spheres, having the appearance of shot, held in hemi- 
spherical cups cut out in a thick plate of carbon (figs. 2, 3)- 
In use the microphone may be worn like a medal upon the 



242 Lord Rayleigh : Acoustical Notes. 

breast, or it may stand upon the table, e. g. at dinner. Ina 
large model there are two microphones, as described, con- 
nected in parallel. The instruments upon which I experi- 
mented were kindly lent me by a friend who had found them 
efficient, though fatiguing to the ear. 

For my purpose the microphone and telephone were placed 
m separate rooms, so that nothing could be heard except 
through the instrument. The reproduction of speech, given 
at about one foot away from the microphone, was better than 
anything I had ever heard before. The first impression was 
that all the consonantal sounds were completely rendered, but 
this turned out to be an illusion. In listening to the numerals, 
given in order, the observer would feel confident that he 
heard the f in jive and the s in siz. But if the initial sound 
was prolonged—/fffive, sssiv, the observer could not tell 
until he heard the sequel which it was going to be. Further, 
if the sounds were given as ssive, ffix, they were heard 
normally as five and six. It was plain that there was no 
difference in the rendering of fand s. I am informed that 
this is a well-known difficulty in ordinary telephoning, and 
that in spelling a name containing 7 or s it is usual to say “f 
for Friday” or ‘‘s for Saturday.” But the articulation of 
the acousticon is so superior that it was surprising to find the 
failure complete. The characterisation of sh was not much 
better, though after a little practice I could distinguish it 
from s or f, but probably only by a greater loudness. 

These failures might have been ascribed to my rather 
defective hearing, but other observers with normal hearing 
did no better. When, however, the iron plate of the tele- 
phone was replaced by one three times as thick, a difference 
between f and s could be detected, though both were rather 
weak. The above observations were made with the small 
model and usually with but one battery cell. In the case of 
the large model microphone and with two cells in action, it 
was just possible to hear some difference between 7 and s, the 
usual iron plate of the telephone being employed. 

The question arises as to how the acousticon aids defective 
hearing. A failure to distinguish f and s seems a bad 
beginning. I could not find that the general loudness of 
speech was increased by the instrument. When the speaker 
stood some 20 feet away from the microphone, I could hear 
better directly from the situation of the microphone than 
when in the further room I listened through the instrument. 
Possibly a clue may be found in the behaviour of the acousticon 
in presence of low notes. These are very feebly transmitted. 
Pure tones from forks making 128, 256, 384 vibrations per 
second, held in front of Helmholtz resonators and close to the 
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microphone, were poorly heard, and of the sound received the 
greater part seemed to be overtones. Of course low notes are 
not necessary for speech, otherwise women would be at a 
disadvantage, contrary to all tradition. But can we suppose 
that low notes are actually deleterious ? 

At this point one recalls the observations of A. M. Mayer * 
upon the obliteration of higher sounds by graver ones. 
These observations have not attracted the attention they 
deserve. The author himself sufficiently emphasises their 
importance but he does not appear to have followed them up, 
as he announced the intention of doing. It was proved that 
while higher and feebler sounds could be entirely obliterated 
by louder and graver ones, on the other hand a feeble graver 
sound remained audible in the presence of a more powerful 
acuter one. ‘‘ Indeed in this case as in all others where one 
sound remains unaffected by intense higher notes, the observer 
feels as though he had a special sense for the perception of a 
graver sound—an organ entirely distinct from that which 
receives the impress of the higher tones. 

‘That one sonorous sensation cannot interfere with another 
which is lower in pitch is a remarkable physiological 
discovery ....” 

If we suppose, as I think we may, that one type at any 
rate of deafness involves obtuseness to the higher elements of 
sound upon which the intelligibility of speech largely 
depends, while the hearing of graver sounds is unimpaired, 
Mayer’s principle suggests that advantage may ensue from 
an instrumental suppression of the graver components. A 
scientific friend has informed me that a relative of his was 
insensitive to grave sounds and that when addressed in a 
railway carriage expostulated against being shouted to, as if 
his hearing was less interfered with by the noises of the 
train than that of normal persons. There is said indeed to 
be one type of deafness which finds advantage in such noises, 
but perhaps only because people speak louder. It would be 
interesting to experiment upon such a case in detail. For 
my own part I can hear scarcely anything of what is said to 
me in the train. 

Another indication of the importance of the higher elements 
in speech is afforded by the advantage experienced by many 
deaf people from placing the hands behind the ears, palms 
forward and curved. The tick of a clock, for example, is 
much enhanced. Perhaps the most striking effect is upon the 
sound of the wind whistling through trees. Artificial 
reflectors may of course replace the hands, but for the best 
results they need to be rather nicely shaped. 

* Phil. Mag. ii. p. 500 (1876). 
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Pitch of Sibilants. 

In connexion with the audibility of sibilants it is desirable 
to have some idea of their character in respect of pitch. 
Doubtless this may vary over a considerable range. In my 
experiments the method was that of nodes and loops *, executed 
with a sensitive flame and sliding reflector. A hiss given 
by Mr. Enock, which to me seemed very high and not over 
audible, gave a wave-length (A) equal to 25 mm. with good 
agreement on repetition. A hiss which I gave was graver 
and less definite, corresponding toX\=32 mm. The frequency 
of vibration would be of the order 10,000 per second, more 
than 5 octaves above middle ¢ fT. 

Telephones. 

Some miscellaneous observations upon telephones may here 
be recorded. From the fact that an improved articulation 

of the sibilants and some other consonants accompanies a 
thickening of the telephone plate, although at considerable . 
cost in other respects, it was thought that a similar advantage: 
might be attained by the introduction of a condenser into 
the electrical circuit. This entails no further complication if 
the transmitter, as well as the receiver, be a Bell instrument ; 
but if a microphone be employed as transmitter, a small 
transformer must also be introduced, whose ratio of trans- 
formation may, if desired, be 1:1. ‘The line, receiver, and 
condenser then constitute electrically a secondary circuit, 
and by choice of a suitable capacity the proper tone of this 
circuit may be tuned to any desired pitch. The earliest con- 
sideration of resonance in an electrical circuit in response to 
a periodic force was probably by Maxwell { in connexion 
with Grove’s “ Experiment in Magneto-Hlectric Induction.” 
If L, R be respectively the self-induction and resistance of a 
circuit, C the capacity of the interposed condenser, the 
current (dx/dt), elicited by the imposed electromotive force 
He”, is given by 

(— Li? +i Rn+ =) Veal Dee 

* Phil. Mag. vii. p. 149 (1879); Scientific Papers, i. p. 406. 
+ Compare W iersch, Drude Ann. xvii. p. LOO1 (1905). ‘sone man von: 

ihren tiefsten Partialtonen ab, welche lediglich infolge Resonanz der 
Mundhohle beigemischt sind, so entstehen die eigentlichen Reibelaute 

~ durch eine Schwingungszahl, welche minimal derjenigen des Grundtones 
der Luttsaule einer einseitig gedeckten Pfeife von ca. 14 mm. Lange 
entspricht, maximal aber im Bereiche der Unhorbarkeit liegt.” This 
paper contains some interesting observations upon the influence of the 
proper tone of a telephone plate upon the articulation. 

{ Phil. Mag. May 1868; Maxwell’s Scientific Papers, i1. p. 121. 

— Sa 
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so that the maximum effect occurs when 

Cin = 1, 

i. e., when the natural frequency of the circuit coincides with 
that of the imposed force. For this pitch the self-induction 
is compensated. The effect of short-circuiting the condenser 
may be represented by taking C = «. If, apart from phase, 
the current is unaltered by short-circuiting the condenser, 
the capacity in action must be equal to one-half of the most 
favourable capacity, or else must be so great as not to be 
distinguishable in experiment from infinity. It is to be noted 
that the accurate compensation of self-induction can be 
effected for only one pitch, and that in practice the 
advantage will be limited to a range of pitch not exceeding 
an octave. 

Such experiments as I have been able to make did not 
exhibit any improvement in articulation as the result of 
including a condenser in the circuit. It is possible that the 
simple theory above stated is too much interfered with by 
complications such as eddy-currents in the iron or hysteresis 
in the action of the condenser. A distinct resonance could 
be attained in the region of the higher notes of my harmonium 
(about 2000 vibrations per second) when an additional self- 
induction was included in the circuit. Such resonance 
would be practically limited to a region including 3 or 4 semi- 
tones, and when at the best pitch the condenser was put out 
of action by a short-circuiting key there was a very marked 
falling off of intensity. It is probable that this subject has 
already received attention from those engaged in the endeavour 
to improve the telephone as a practical instrument ; if not, I 
think it would be worthy of investigation. There should be 
no great difficulty in securing several electrical resonances at 
pitches suitably distiibuted, in addition to the mechanical 
resonance of the plate. 

if my memory serves me, it was observed in the early days 
of telephony that the sounds remained audible even though 
the usual ferrotype plate were replaced by one of other 
material. The experiment is easily tried. When a telephone 
provided with a copper or aluminium plate was included in a 
circuit with a battery (of one or two cells) and a simple 
carbon microphone (after Hughes), the ticking of a watch 
placed near the microphone was easily audible, and (it hap- 
pened) with different quality in the two cases. On the other 
hand a plate of mica was silent under similar conditions, 
although when the excitation is very violent, as with a make- 
and-break arrangement, sounds may be heard without a plate 
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i at all. The telephone employed was bipolar and of modern 

manufacture. 
In another experiment the permanent steel magnets were 

| removed from the telephone and replaced by a soft-iron U 
which could be magnetized at will by an independent electric 
current, the coils and pule-pieces of the telephone remaining 
undisturbed. Without a magnetizing current but little of the 
ticks of the watch could be heard from the copper plate, but 
when the soft iron was magnetized the sounds became distinct 
as before. 7 

I had supposed at first that this experiment might dis- 
criminate between the two possible explanations of the sound, 

| the one depending upon traces of iron as an impurity in the 
| copper or aluminium, the other invoking the action of 
| induced currents circulating in the metallic plates. But it 

appears that in either case the efficiency would be promoted — 
by a high constant magnetization of the pole-pieces. 

| The copper disk, weighing about one gram, was of a kind 
i) | unlikely to contain appreciable iron and its action was not 
i | affected by washing with hydrochloric acid. When a mica 
ig disk, which of itself gave no sound, was dusted over with 1 mg. 
i of fine iron filings attached with varnish, only a very faint 
i | sound could be made out. A similar mica disk coated with 

| 3 om. of copper filings from the same material as that of the 
: | disk, yielded no sound. A similar telephone with copper disk 

Sauna et 

Ee ei eee Tae 

oo 

was included in the circuit for the sake of rapid comparison 
throughout the experiments. 

if From these results it appeared unlikely that the effects 
| were to be attributed to traces of iron in the other metals, 

: and this conclusion was confirmed in a varied form of the 
| experiment tried later. Mr. Enock prepared two flat coils 
| of fine covered copper wire weighing together about 2 gms. 
| These were mounted separately on pieces of mica afterwards 

cemented with wax to the main disk so as to encircle the mag- 
| netic poles. When the ends of the flat coils were disconnected, 
| nothing was heard ; but on completing the circuit of one or 

both coils the effects were very distinct, both with the carbon 
| microphone and watch as before used or with another arrange- 
| ment giving a more powerful action. We may conclude, I 
| think, that the sounds of a copper disk are due to alternating © 

i currents induced in it and reacting upon the nearly constant 
| magnetism of the pole-pieces. 

| Terling Place, Witham, 
| Jan, 1908. 
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XIX. Researches upon Osmosis and Osmotic Pressure. By 
L. Vecarp, Cand. real. (Research Student at the Cavendish 
Laboratory, Cambridge) *. 

[Plate VIII.] ie 

Introduction. 

L HE following paper gives some results obtained from 
a series of investigations upon osmotic properties. 

Most of the work has been done at the Physical Institute, 
Christiania; butsome experiments carried out at the Cavendish 
Laboratory are also included. 

These researches have been going on for about two years, 
as the construction of the cells and first pieces of apparatus 
was done as early asin March 1906. The reason why such 
a considerable time has been required to obtain the results is 
due to several circumstances. In the first place the difficulties 
to be dealt with were greater than anticipated, and secondly, 
for most of the time I had only a few hours of the day to 
devote to the work. ‘The greater part of this time has been 
spent in preparing the cells and working out the method, 
and most of the experiments have been made during the past 
autumn and winter. 

During the experiments I have had the advantage of 
gathering experience from the works of Morse and Frazer f, 
and later from the work by Berkeley and Hartley f. 

Besides a description of the method used, the paper will 
deal with the following subjects :— } 

1. A study of the properties of the membrane by its 
behaviour for electric currents. 

2. General theoretical considerations as to the direct 
measurements of osmotic pressure. 

3. Measurements of the equilibrium pressure for the cane- 
sugar solutions. 

4, Experimental determination of the velocities of osmotic 
flow corresponding to different pressures. (Velocity- 
Curves.) 

. The effect of temperature upon the reversion pressure 

(77 )- 
* Communicated by Prof. J. J. Thomson, F.R.S. 
+t H. N. Morse and J. C. W. Frazer: “The Preparation of Cells for 

Measurements of High Osm. Press.,” Am. Ch. Journ. July 1902; 
“‘ The Osm. Press. and Freezing-points of Solutions of Cane Sugar,” Am. 
Ch. Journ. July 1905. 

{ Earl of Berkeley and E. G. J. Hartley: ‘‘On the Osm. Press. of 
-some Concentrated Aqueous Solutions,’ Phil. Trans. of R. 8. London, 
series A, vol. ccvi. pp. 481-507. 

Or 
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§ 1. 

2. The constructions of the various pieces of apparatus 
that have been tried have (all of them) been made upon the 
principle that the solution, and consequently the pressure, 
was to be placed outside the cell. This arrangement allows 
a better tightening of the cell, and at the same time the 
latter will be more capable of resisting great pressures, as 
by a proper construction we can always arrange matters so 
that the cell substance is only subject to compression. The 
same principle with other arrangements has been used by 
Berkeley and Hartley. 

The construction of the apparatus finally used is shown in 
Pl. VIII. figs. 1, 2, 3. It consists essentially of three parts : 

The osmometer itself (fig. 1), the compressor (fig. 2), and 
the manometer (fig. 3). 

The osmometer again chiefly consists of three parts: the 
cell C and the two pieces A and B made of cast-steel. 

The cup A, which has an inner volume of 118 cm.’, can 
be fixed to the disk B by means of six set-screws with nuts 
passing through perforations equally distributed round the 
circular edge of the cup and the disk. The tap (c) that 
serves for fastening the cell forms a part of the disk B, and 
is cast in the same piece. 

The cell has at the top a cylindrical form, but the bottom 
is made spherical as to ensure that the cell is only acted 
upon by stresses tending to compress it. The upper part of 
the cell is glazed. The fastening of the cell to the osmometer 
is easily seen from fig. 1. I have used the principle to let 
the osmotic pressure itself take care of the fastening 
and tightening. To this end the steel tap as well as the 
glazed part of the cell are covered witha piece of rubber 
tubing of a suitable diameter. By this arrangement it is 
ensured that the pressure will have no tendency to produce 
any leak between the steel tap and the cell. An increase of 
pressure, on the contrary, will only cause the cell to be 
pressed with a great force up to the steel tap, and at the 
same time the extensible rubber is pressed with the whole 
pressure up to the walls of the cell and the steel tap. 

In order to prevent every possibility of leak at this point 
the ends of the rubber tubing during the experiments have 
been tied round with a cotton thread. 
By the arrangement here shown one of the corrections 

required by the method of Berkeley and Hartley has been 
eliminated, namely, the so-called “ guard-ring leak.” 

The disk B besides the six screws already mentioned has’ 
three other cylindric perforations (a, a’, b) for three glass 
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capillaries. One (>) (inner diameter 0°49 mm.) is open at 
both ends and connects the interior of the cell with the 
air, the other two capillaries go to the compressor and to 
the manometer. In order to give these two capillaries 
a oe support the two perforations end in two steel 
tubes. 

The glass capillaries are fixed to the tube in the following 
manner. The tubes used were somewhat conical, and had 
such dimensions that only a certain length could pass the 
tube. The place where it stopped was noticed, and in the 
neighbourhood of it the capillary was heated and covered 
with sealing-wax. Simultaneously the steel tube was heated 
and the capillary pulled through from beneath. 

In the course of the experiments the disk B, as well as 
the glass tubes, the compressor, and the manometer could be 
fixed. Only the steel cup A and the cell had to be taken 
down for each trial. 

For the fastening of the osmometer three steel rods 
(length 31 cm., diam. 1:0 cm.) were fixed to the disk, the 
upper ends of which formed horizontal flanges with screw 
holes, and the other ends serving as set-screws for fixing the 
cup A. 

The glass tubes went for some distance straight upwards, 
and were thus protected from damage by the three steel 
rods. Further, by this arrangement the osmometer could 
be put into a thermostat so as to secure a constant tempe- 
rature. 

The Compressor. 

3. By means of the compressor the pressure could be 
raised to the height desired. The construction of it is shown 
in fig. 2. The apparatus is chiefly made of brass, only the 
screw (f) and the cylindrical piston (g) are made of steel. 
The piston (diam. 0°95 cm.) passes through a cylindrical 
perforation of exactly the same diameter as the piston. The 
piece (HE) ends in a conical tap, that goes down into the 
cup (D). The tightening is brought about in the same 
manner as in the case of the cell; a piece of rubber tubing 
put on to the end of the brass tube covers the connexion 
with the piston. The pieces (HZ) and (F) are screwed to the 
cup and tightened by a leather ring. The cup had a perfo- 
ration at the bottom for the glass capillary that led to the 
osmometer, and this tube was fixed with sealing-wax in the 
manner already described. 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. S 
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The Manometer. 

4. For measuring the pressure I used the usual way of 
compressing air in a glass capillary. The length of the 
manometer was about 135 cm., exterior diam. 7°5 mm., and 
the average inner diameter 0°472 mm. It was given the 
form shown in fig. 3 (Pl. VITI.). In this form the manometer 
could be made long without being inconvenient, and the 
temperature accurately determined as the column of air in 
the vertical part of it could be put into a thermostat. With 
this form the vertical part must have a small diameter ; it 
ought not to surpass 0°6 mm. 

The manometer joined on to a U-shaped capillary with an 
inner diameter 1:01 mm., that was filled with mercury, and 
thus the mercury level in the U tube had only to move a 
relatively short distance to fill the whole manometer with 
mercury. 

As the exactitude of the results greatly depends upon the 
manometer, I shall give a more minute description of its 
construction. 

The capillary itself was graduated, the distance between 
each mark being 0°5 cm. The marks were cut in wax by 
means of a cutting-machine marking with an accuracy of 
about 1/50 of a mm., and the marks etched to the glass. 
The manometer was then given its final form, cleaned and 
calibrated. 

The calibration was carried out in the following manner. 
The manometer-tube was placed horizontally on a table. By 
means of a rubber tubing put on one end, the column of 
mercury could be given the position desired. The ends of 
the mercury column were measured relatively to the nearest 
marks on the manometer by means of a microscope with 
a vertical filament movable along a horizontal steel rod . 
and furnished with a micrometer-screw. By these means I 
was able to measure with an accuracy of about 1/50 mm. 

For each position the mercury column was pushed forward | 
as nearly as possible its own length. In the calculation, the 
length from the end of one position to the beginning of the 
next was considered to have the average diameter of the 
neighbouring position. The end where the volume of air 
was to be measured was calibrated with a smaller mercury 
column. 

The calibration finished, the U-tube was put on at the 
point A. The capillary was well cleaned and a current 
of air drawn through it, the air being dried by passing 
through a solution of NaOH and over dry CaCl,. Without 
disturbing the connexion to the drying apparatus the U-tube 
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was filled with well-cleaned mercury, taking care in doing 
this that no air from without followed the mercury. Then 
the manometer was left to itself till the following day, 
and the temperature in the room, which was found to keep 
fairly constant, examined. 

Just before closing the manometer the following observa- 
tions were made :— | 

1. The pressure of the air observed by means of a mercury 
barometer by which the pressure could be read with 
an accuracy of 1/25 mm.; the barometer was com- 
pared with the standard barometer at the Meteoro- 
logical Institute, Christiania. 

2. Reading of the temperature of the room. 
3. Reading of the mercury level in the manometer. 
4, Reading of the position of the open end. 
The end was closed very quickly by putting a drop of 

melted glass into the opening and at the same time using 
the flame. It took no more than 10 seconds from the time 
the gas-flame was lighted till the end was quite closed. 
Furthermore, the manometer was protected from change in 
temperature by means of an asbestos plate put on the end of 
the manometer. 
The manometer then was sealed to the capillary from the 

- osmometer, and the latter filled with water. This was done 
by drawing back the mercury with a water-pump and letting 
the water flow back into the tube. This was done to reduce 
the volume to be filled by the osmotic flow. 

The constants of the manometer are the following :— 

The air-pressure on closing... By =754°6 mm. Hg at 0°; 
abs. temperature ,, ... Tp=287'5; 

99 

volume of air a. ol ape (Oe ¥Ol, wits: 99 

For the pressure g in the manometer at a temperature T 
and a volume v we have 

ee sh Y1 
760 Ty v 

« 1s a correction introduced because the air does not 
exactly follow Boyle’s law. I have put 

(1+«)=0-07861 (14x). 

v 
1l+«k= ce ay 

Povo 

where pp is one atmosphere and all pressures are made at 
0°, and this value I have taken from the measurements made 
by Regnault and Amagat. , 

5 2 
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The volume v was determined by observing the position of 
the mercury column by means of a cathetometer furnished 
with a filament movable by a micrometer-screw reading with 
an accuracy of about 1/50 mm. It was somewhat more 
difficult, however, to get an exact determination of the other 
end of the air column as the tube, on account of the melting, 
ended ina tip. It is especially at high pressures that an 
exact determination is of importance. The position of the 
lowest point, as well as the point where the diameter began 
to diminish, could be determined with great precision. This 
lowest part had very nearly the form of a cone, and thus the 
position of the end could be found if the tube had been 
throughout cylindrical. Furthermore, I afterwards suc- 
ceeded in calibrating the manometer quite up to the tip. 
The two methods gave results for the end reading differing 
only by 1/10 mm. In the calculation I have used the 
mean value. 

As this error that may arise from the determination of 
the end point when measuring somewhat high pressures is. 
predominant, we can conclude that even for pressures up to 
50 atmospheres the error in g would not exceed 02 atm., and 
lower pressures could be measured much more accurately. 

In the following table is given the volume of air corre- 
sponding to a series of readings at the temperature of 15° 
centigrade. All the numbers are derived directly from 
observations. The values of v for intermediate readings 
have been found by interpolation, The volume is expressed 
in an arbitrary unit, which is the volume of the largest. 
mercury column used in the calibration. 

Reading. Volume. —‘ Reading. Volume. 

1:592 cm. 0:2380 | 60:282 cm. 9-9580 
S0o0 |, O4761 =| 66077 5, | TO gai 
S208) O74. relays ees 
Hose 7) 09522 ||| \F807d—,,, i a le ae 
Meo jee |) A902. |! RB OI4 L,, ee iOome 
8-887 ,, 1:4283 Bo12 ,, | 14 sere 

10329).,, | 16663 || 95488:.,, 1° IbO7oR 
11768) 4 19044 || 201305). Je team 
12-160 _,, 19692, 107200, 1) eS 
18306975, 2-9666 112-674 ,, | 189030 
DA BOOiT ss. 39644 1187114 9,9). 19-6ae5 
30-469, 49642 | 123353 ,, 20°7484 
36°D12.5;,, 5:9639 1287052 ., 21-6743 
AS -GON a 69603 || 134313 ,, | 22-6025 
AB nao el 739569 - || 189-B87- gl ~ oReaaen 
54-434, 89580 | 

| 

The temperature of the air when the manometer was closed 
was 14°-5 C.; at other temperatures the volume per length-_ 
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unit will be altered on account of the dilatation of the 
glass. For the temperatures actually used this change need 
not be considered. 

The whole apparatus as it was put up at the coe 
Institute at Christiania is shown in the photograph fig. 
mene V IIT.) 

fh SEZ: 
The Semipermeable Membrane. 

5. The membrane used in these measurements is the usual 
one consisting of copper-ferrocyanide. In preparing the 
cells I used electr olysis, practically the same method as used 
by Morse and Frazer, and later by Berkeley and Hartley. 

It proved, however, to be very difficult to get a cell which 
gave a good ees and I tried several sorts, till I found 
one which gave satisfactory results. 

At first I tried cells made of porcelain, but these Leal 
either too weak or else so hard as not to permit of the fluid 
passing through. 

Some cells of fayence made at the Fayence F actory, 
Hgersund, showed better qualities, but were not fully 
s satisfactory. 

At last I got cells, made of “ Pukalische Masse,” ene 
C. Desaga, Heidelber g, that proved very good. 

For the electrolysis a somewhat variable potential was 
used, arranging matters so that the voltage increased with 
increasing resistance in the cell until for resistances of about 
50,000 ohms it kept a fairly constant value of 115 volts. This 
method was originally chosen, as I had to use currents of 230 
volts; but I also consider it good for the forming of the mem- 
brane, as the voltage is small as long as the membrane is weak. 

The arrangement is shown in fig. 5. KR, and R, are two 
equal resistances, consisting of two 16 candle-power incan- 
descent lamps. By means of two commutators, K, and K,, 
the cell C can be put as a shunt to one of the lamps. The 
resistance of the membrane as well as the voltage at a certain 
moment could be measured by means of a torsion galva- 
nometer G, furnished with a resistance-box with resistances 
of 900, 9900, and 99,900 ohms, the resistance of the galva- 
nometer being 100 ohms. 

I have not treated more than four cells of this type, and 
all of them have attained an electric resistance of more than 
125,000 ohms; one of them especially, which I shall call 8, 
has shown very good qualities as the resistance has gone up 
to 400,000 ohms. This resistance, however, was first obtained 
after it had been long in use, and after it had several times 
been tested for osmosis. This, my first cell, has been used 
in all my measurements. ; | 
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It seems as if I have succeeded in finding a type of cell 
i with constant qualities and very convenient for the production 

of senupermeable membranes. The cell substance has a suitable 
porousness, is very homogeneous, and can at the same time 
stand great pressures. 

tI In making the membrane the following method of pro- 
Hy ceeding has been used. 

I | The “forming of the first beginning of the membrane for 
+ | three of the cells was done in the way described by Berkeley 

and Hartley *. 
One of my cells (A), however, has been treated in a some- 

what different way. In this case I took the dry cell and let 
it soak the two solutions simultaneously, the potassium ferro- 
cyanide from the outside and the copper sulphate from the 
inside, whereupon the cell was placed in distilled water and 
the whole placed in the vacuum for about twenty-four hours. 
The result was very satisfactory, the resistance rose more 
suddenly than in any of the other cells. 

The solution of copper sulphate used contained 50 gr. in 
one litre, and the solution of potassium ferrocyanide 42 gr. 
in the litre. The positive electrode consisted of a copper 
rod, and the vessel containing the solution served as the 
negative electrode. In or der to prevent the potassium 
hy drate produced by the electrolysis from acting upon the 
membrane, the cell was separated from the vessel by a porous 
cup also filled with potassium ferrocyanide solution. In the 
electrolysis the positive electrode was fixed to the cell by a cork 
with perforations, and the cell hung up by the current wire. 

At the beginning of the electrolysis the resistance suddenly 
rose within two minutes to about 3-4000 ohms, and then 
increased more slowly until after 14-2 hours it reached 
a maximum value. As an instance I shall give the observa- 
tions for the first electrolysis of the cell A: 

Electrolysis begun Nov. 10, 1907, 1 8™ p.m. 

——————— 

SSS SSS SSS 

Se enpenes 

a= 

| Time. Temp. Potential. Resistance. 

om | 9°¢. 65 volts | 3,000anane 
4,500, 

6 11,400 
48 5 110) 4) 13.5000 

2 25 4 uo, 18,800 ,, 
3 30 35 111°5,, | 20,200 _,, 

If the electrolysis is continued after maximum resistance 

* Earl of Berkeley and E. G. J. Hartley, loc. cit. p. 486. 

Tie seleestnesas detaremmeeeemantie: deaeemmnrae cuenta mene neeumna tient adamant emaatuipsadiesnempmmatasemmrieasdaiisiersaeteagerameiesdeummendageesiat mean tpepeatintetecimeese ee ite tt tata eam a SERS TT IEA FER AGRIC ELI LOCO LLLP ET LAN LET IO ON CNEL E FEBS IEE LEVEL LE OL OG | eee DE 
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is reached we shall generally notice a fall in the resistance, 
especially when the maximum resistance is small. In the 
best cell I could not detect any fall, although the electrolyis 
was continued for one hour after the maximum resistance 
was reached. 
When the electrolysis has finished the resistance falls very 

rapidly, as will be seen from the curve fig. 6 (Pl. VIII.). And 
for each time the process is repeated, we shall have an 
increase of resistance from a value which is only a small 
fraction of the maximum value of the resistance. Even in 
the case when it got up to 400,000 ohms it was only 51,000 
to begin with. 

In the following tables is shown the development of the 
membrane for the two cells S and A, these being chosen 
because they have been subject to a somewhat different 
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treatment. 

CELEDS. 

| 
Date. Duration of Temp.| Potential. Resistance. 

electrolysis. 

| 1906, Nov. 21...) OP 30™] .. —> 96 volts! 4,500 ohms 
” ” Zoe. ii 10 eee 114 9 60,000 ” 

” ” Die: if @) 9° —>l11 ” 56,000 ” 

meee. .: a 6a ashy 45,000) 
2 NALD eke 5 ie SAG os elt p40 O00 6 5: 
% oe fees 0} 20 ee 2a | Ga,000- 7 
55 Prine HEM (amie | 0 | Be2 The: 5 100,000 

1907, Junell...| 1 2) 162 4 WW OF, OOO ss; 
54 ie Lele 5 er ; 180,000 __,, 

Gee Septet. TE 0 | 10° a 220,000 ___,, 
Pe Och 14 ee 46 4°°5 Le e20:000' 5, 
rf ee ere hate 1S Be % 290,000 

; See NOW! Lo Sele oh sh? 1°-6 a 400,000 __,, 
. 5, eR ig 0 0°°-9 ¥ 290,000 __,, 

mee Deer 4) 2) 50. DOH = ; 860,000 __,, 

4 

. CaniA: 

| , 
: | Date. ee Bae Temp.) Potential. | Resistance. 

: 1907, Nov. 10...) 28 20™ |} 5° | _5111-5volts} 20,000 ohms 

a Me. Lo. ee tO Sette 36,000 _,, 
; PP ee kt ae ee ek 115 75,700 ,, | | Solutions 

Ay ei Ace Je a areng he-ty (116 & 230} 118,000 ,, | f interchanged. 
iy Fe ei keash , Pumene meee) 1t5 178,000 _,, 
ws sinless ae Drees) ia) SSeS i 182,000 __,, 
x. nh be lt aaa Minar On r39 - 230,000 ,, 
* eNO). <', | Vie 0 | 0°99 276,000 _,, 



Temperature 0°°9, / Temperature |2°-2. | Temperature 1°°3, 

Time. Resistance. | ‘Time. Resistance. Time. Resistance. 

h m ho om hm 
10 48a.m.| 13x10? ohms || 5 25p.m.| 48 x1030hms || 8 30P.m.| 45 X10? ohms 

Le 8 ” 58 ” ” | Ona 2) 48 ” ” | 8 40 ” 49. ” 

Ly 3) Ute (eae 52 ly ie 4, 55 58 %9 or alee eae 74 53 
Mega 4 100 ,, ie 6 14,, 62 i ee NO Oee 78 es 
12 25p.m.| 122 ,, n% 6 24 ,, 67 s st eal) 83 e 

12 55 3) 133 37 9) | 6 oF 9) 68°8 2 ” | 10 30 99 £0°7 9 

1 40 ,, 139 5, 1g | 6 44 ,, Gee, * 10 45 ,, 93 a5 
2 30 ,, LO), - | 6 49 ,, 78 le 5 Lt LOM 100 3 
AO. 5, HO! 3 is ear ian Se 83 as Poi ieee Dees 106 

3 40 ” 150 ” ” | 7 30 ” 78 ” ” | 
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For general use I have found that the least voltage is about 
115 volts. When the maximum resistance has reached a value 
of about 50,000 ohms, I have found it to have a good effect 
for about 20 or 30 minutes, to use the double voltage (230 
volts). After this treatment I have generally observed a 
considerable increase in the maximum resistance when going 
back to 115 volts. 

For the cell A the solutions have been interchanged, the 
copper-sulphate solution being used on the outside. Before 
the change the cell ought to be placed for one or two days in 
distilled water ; further, in the electrolyses I had repeatedly 
to change the solution of potassium ferrocyanide as to prevent 
action from potassium hydrate. This was also done for one 
of my other cells, and effected in both cases a considerable 
increase in the maximum resistance. 

The Effect of Temperature upon the Membrane. 

6. The temperature has a great influence upon the maxi- 
mum resistance obtainable. In order to examine the effect 
more closely [ have made some experiments with my two 
other cells, which I may call M and N. The experiments 
were in the following manner :—The cell was electrolysed at 
first at a temperature near (0° until maximum was reached. 
Then the temperature was raised as quickly as possible and 
the electrolysis continued until maximum. By this some- 
what hard treatment the cell might change its original 
quality, and for that reason the electrolysis was repeated by 
going down to 0°. The results of these measurements are 
given in the following tables and graphically represented by 
the curve fig. 6 (Pl. VIII.). 

Ceti M. 

Jan. 7, 1908.—Mean Potential 118 volts. 
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4 Cent N. 
7 Mean Potential 115 volts. 

a Jan. 8. Jan. 9. 

Temperature 0°°9. | Temperature 14°°3. Temperature 1°], 
ae = Ss ! 

Time. Resistance. | Time. | Resistance. | Time. Resistance. 

hm i hm | hoi alc] 
Beil 55am.) 245x103 ohms} 6 15 p.m.) 73 10% ohms | 12 48r.m.; 10-810? ohms 
mei2 40pr.u.| 885 _,, 6 25 .,, 622. e 1 0 sat AO! 5, * 
mn25, |109 ,,, Coe ses 4 NT on OBO, 
MIS 0 GNA) 580 12 45, PNGB! 4, 
ic OE Os SH ROBO yg yp Bly -B53. 4. sy 
mes40, |148 , ,, BO aes. oat 2 25.5,5H LAO. . 
Ree 4, I Se 42, | 
meet 5D ,, | 147 ,, SisOee UiPcd4-O. % | 
me 5 45 ,, LOS ce oe 9 30 ,, Sih) ae = 

| ie 

& In both cases the temperature has a great influence upon 
the maximum resistance. We see from the last experiment 
that the effect of temperature partly consists in a weakening 
of the membrane. The resistance is broken down and does 
not regain its original size when going back to the low 
temperature. 

In the first experiment the membrane seems to have kept 
more constant during the treatment; but still we notice a 
very great temperature effect upon the maximum resistance. 
The membrane is, however, not unaltered, so the maximum 
resistance will not exactly correspond to equal membranes. 
Comparing the two curves for the low temperature, we see 
that the cell during the treatment has undergone a change ; 
for in the last curve the resistance increases more slowly. 

Unfortunately the experiment could not be continued till 
maximum was reached ; but when the experiment was broken 
off (115 30™ p.m.) the resistance was still increasing, and 
the curve seems to show that the resistance has a tendency 
to regain a value near to its original maximum value. 

_ It seems then that the temperature, even if the mechanical 
structure could be kept constant, would exercise a great 
influence upon the resistance at the membrane. 

That this is the fact is brought to full evidence by an 
experiment carried out at the Cavendish Laboratory. 

The cell A was first electrolysed at 11°3 up to maximum 
of resistance, then the temperature was brought down to 1° C. 
During the time-interval the temperature was lowered the 
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electrolysis was stopped. The experiment had the result 
shown in the table. 

Electrolysis begun 10° 30™ a.m. 

Temperature 11°'3. | Temperature 1°-0, 

Time. Resistance. Time. Resistance. 

h> om h om 

11 15am.) 171X108 ohms. || 12 54ep.m.; 31010? ohms. 
LE aU.., 192). .,, if Lyall eae 320 ,, Pi | 

12 15 P.M, 196 ” ” i 30 7 314 ” ” | 

12 34 ,, 192s. 9 ] 45ts, O19) 5 is 
— —. ————_ —_— 3 20 99 276 ” >) 

12 44 p.m} El. stopped. 

It appears from the table that the resistance on lowering 
the temperature rose from 192 to 310 thousand ohms. As 
the electrolysis had been stopped during the interval, this 
increase cannot be due to any building up of the membrane. 

On the contrary, the resistance will fall with time, but this 
will only cause a diminution in the effect, and we see that the 
resistance at the low temperature first increases for some time. 
As resistances that most nearly correspond to the same 
system we should also this time have to take the maximum 
resistances. 

If in the experiment with the cells M and A we assume 
that the maximum resistances at the two temperatures corre- 
spond to nearly equal membranes, the temperature effect 
calculated from the maximum values should nearly give the 
temperature coefficient corresponding to a constant system. 
When the temperature effect is defined in the usual way, the 
two experiments give the following result :— 

Cell. Temperature Coefficient. 

Me.’ —0-072 | 

OSS eee —0:063 

Since continuing the electrolysis after maximum we 
generally get some decrease in the resistance, the value found 
for cell M will be somewhat too large and the value for A 
too small ; and we see that the temperature effect found is 
greater for cell M than for cell A. The temperature effect 
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that the membrane would show if we were able to maintain a 
constant structure should lie between the two values. 

In order to explain this large temperature effect it would 
be necessary to know the nature of the conductiv ity at 
maximum. 

As long as the resistance is small and increasing, we can 
be sure that the conductivity is mainly of electrolytic 
nature; but it is also possible that electricity can pass 
through the membrane without being carried by the ions 
of the fluids, and when the membrane becomes tighter this 
nonelectrolytic conductivity might even be pr edominant. 

That at maximum resistance a considerable electrolytic con- 
ductivity must take place is evident from the following fact. 

As we have seen (fig. 6) the resistance after electrolysis 
has been stopped will very rapidly diminish ; but we must 
necessarily assume that this breaking-down process is also 
going on under the electrolysis, only that we now have a 
counteracting process in the new building of the membrane. 
At maximum of resistance there must be an electrolytic con- 
duction just sufficient for balancing the breaking-down 
process. And further, if we would imagine that for a 
moment the conductivity was mainly due to a conduction 
through the membrane substance, the current would call forth 
disturbances in the porous structure of the membrane, and 
the latter would very soon break down and give rise to 
electrolytic conduction. 

From this it seems probable that the conductivity even at 
maximum resistance is chiefly of electrolytic nature. The 
electric conductivity would then measure oe degree of per- 

meability of the membrane for the two ions as and iF e(ON)c, 
and the temperature effect would mean that by increasing 
temperature the permeability of the membrane is largely 
increased. 

The Dependence of the Resistance upon the Potential. 

7. In an experiment carried out for preparing the membrane 
with a higher potential, it was noticed that the latter had a 
great effect upon the resistance of the membrane. In this 
experiment, the cell N was electrolysed first by 110 volts until 
a maximum of resistance of 126,000 ohms was reached, then 
the potential was raised to 220, and the electrolysis continued 
for about 15 minutes until the membrane had got a resistance 
of 116,000 ohms. It might seem as if the high potential had 
diminished the resistance, but by going back to the original 
potential the resistance suddenly rose to 196 000 ohms. 
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This experiment shows the good effect of using a higher 
potential for a short time. This will have a similar effect as 
the remaking of the membrane under pressure which is used 
by Berkley and Hartley. But at the same time the experi- 
ments show that the resistance of the membrane, when the 
latter is kept unaltered, largely depends upon the potential. 

The effect is examined more closely by some measurements 
carried out at the Cavendish Laboratory. The mode of 
proceeding was about the same as in the first experiment. 
The cell A was electrolysed at constant temperature up to 
maximum of resistance. Then the potential was changed 
as suddenly as possible and the resistance measured. The 
measurements were made by a d’Arsonval galvanometer put 
as a shunt to the head circuit, and the resistance was directly 
compared with a standard resistance of 100,000 ohms put 
into the circuit instead of the cell. With different potentials 
I had to use a different shunt-resistance so as to get a suitable 
defiexion, but the deflexion for the standard resistance was 
found for each potential, the resistance being thus directly 
compared with the standard. 

As the electrolysis had to be stopped for some minutes during 
the experiments, some change in the membrane resistance was 
to be feared, and, as a matter of fact, by going back to the 
original potential the resistance had fallen about 14 per cent. ; 
but as the time for each reading was noticed, by assuming 
a constant rate of fall the measurements could be reduced to 
the same point of time. The result is given in the table. 

Temperature 11°°5. 

Potential. Resistance. a = 

41 volts. 208 x 10? ohms. 4:81 x 10-6 

So vie 200 .,, a 500 ie 

1 ea ed WO 3, iy D224 

Isat YD)23,, 4 x68 0 ey 

199 _,, 1 A Senne} | 6:80 ,, 

As we see, the current system does not follow Ohm’s law, 
the resistance falls with increasing potential, and the greater 
the potential the more rapid the fali. 

The table also contains the quantity a = = which measures | 

the conductivity of the system. The experiments give «asa 
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function of the potential v, this function can be given the form 

a=aytayvtagv?+... 

a would then be the conductivity corresponding tov=0. By 
putting the values found into a curve we should get for this 
special case «#)=4°75 . 10—§ ohm“. 

If an electromotive force were required to make the system 
a conductor, we should get a,=0, then a—a, will give the 
conductivity produced by the electromotive force, and we see 
that the conductivity for higher potentials is made up of two 
parts, one part « — a produced by the electromotive force and 
one part a) belonging to the system. 

In our case a is great in comparison to «—a even for 

potentials up to 175 volts. For v=115 volts = : “0 = 0-1, 
0 

From this we can conclude that the large temperature effect 
which is measured by a potential of 115 volts must be mainly 
due to the effect upon 4. 

In view of the constitution of the membrane, a natural 
explanation of the potential effect can be got by assuming that 
it is due to an inner motion in the membrane produced by 
the mechanical action of the electric force. This also gives 
an explanation of the fact that the resistance generally will 
decrease when electrolysis is continued after maximum, and 
most rapidly in the weakest membranes. 

As the potential effect as well as the temperature effect 
corresponds to a nearly constant membrane, we see that, as far 
as the electric resistance can be considered a criterion of a 
good membrane, the resistances must be compared at the 
same temperature and the same potential. 

§ 3. 

General Remarks as to the Treatment of the Observations. 

8. Before going on to describe more minutely the special 
observations, we shall see which quantities are to be measured. 
By the term osmotic pressure we shall understand the 
difference between the hydrostatic pressures on the two 
sides of a perfect semipermeable membrane when the solution 
and solvent are in thermodynamic equilibrium. As this 
pressure is a limiting value tor the pressures measurable by 
our membranes, we shall in the following call it the ideal 
equilibrium pressure (7 ) and we have : 

Tgp — Po OCW. L. pyi« <. .-) 4 (CL a) 

The problem to be solved is to determine by experiment 
the function ¢. C denotes the concentration defined in one 
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way or other, T the temperature, and p and pp the pressure 
upon the solution and the solvent respectively. In the 
measurements here given jy in the function ¢ can be regarded 
as a constant, and we have 

T= (Cyl). + «2 

There are three quantities to be measured : 
(1) The osmotic pressure 7. 
(2) Theconcentrationactually present under theexperiment. 
(3) The temperature. 

On the Calculation of the Osmotic Pressure. 

9. As the membranes actually used probably always will 
admit some solution passing through, the measured apparent 
equilibrium pressure, 7’, will be different from7,. It may be 
of importance to put the question into a mathematical 
form, to examine more closely the problem with which we 
have to deal and to see what would be required for an exact 
determination of osmotic pressure. To that end we shall 
consider the velocity of the leak and the velocity of osmotic 
flow. We shall assume that the velocity of flow as well as 
the leak is measured by the increase in height of water-level 
in unit time. 

At first we shall make some remarks as regards the leak. 
The leak may be due to a mere mechanical defect in the 
membrane. In this case the leak, if it is too small to call 
forth any motion in the fluids, can be considered as taking 
place independently of the osmosis. By putting the appa- 
ratus up under a certain pressure and measuring the amount 
of solute that has passed through in a certain time, we should 
be able to find the velocity of leak by assuming that it has 
passed through the membrane with the concentration of the 
solution. 

For this kind of leak that will not effect the osmotic 
activity we shall adopt the name used by Berkeley and 
Hartley and call it the Solution Leak. 

There may, however, be another kind of leak due to the 
fact that the membrane substance itself, even in the good 
parts of it, does not give conditions for perfect semi- 
permeability. This leak will be a function of the osmotic 
process, and the latter will most likely be influenced by the 
leak. This leak cannot be regarded as a leak of solution, 
but rather as a leak of solute. This kind of leak we shall 
call the Osmotic Leak. To get a strict definition of this 
leak, we shall assume that the solute also in this case is con- 
nected with so much of the solvent as to give a solution of 
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the same concentration as the solution in the osmometer. 
This assumption will only cause some difference as to what 
we understand by the velocity of osmotic flow. The leak 
defined in this manner will be proportional to the actual 
leak, and they will both of them disappear simultaneously. 
When the leaks are defined in this manner we can consider 
the total leak as a measurable quantity, when we are able to 
determine the amount of solute that has passed through by a 
certain pressure in a certain time. 

Let us in general assume that the total leak is 7 and the 
total amount of solution leak /). Further, we shall assume 
that there are a certain number of leaks J, 1, ... l, which each 
influence the osmotic flow in its own manner. According to 
their nature the leaks must be absolute quantities that cannot 
change their signs, so when /=0 all the other leaks must be 
equal to zero. 

The apparent velocity of osmotic flow we shall call X’. 
This is the velocity directly examined. The velocity of 
osmotic flow X we shall define by the equation 

Fe ta eit) ne i (2a) 

In general we must be able to put 

AHW(7 by, be, ... bn 0, Ty hyke...) 
Ge (7 VU T ky’ ke’ ...) 

l=e(7rXrCT ky ky ...) | 
(oct AS Nitae: cea era Pau bod aipe( 2b) 

h=e,(r A OT ky by...) 
L=e(r OT k,° hk,” ...) ‘ 

am denotes an arbitrary pressure difference between the 
solution and the solvent; /, fy... ky/,ko'... &e., are parameters 
dependent upon the qualities of the membrane and the 
mechanism of osmotic flow. 

In order to find a mathematical expression for the relation 
between ma, and 7’, we must be able to define the ideal 
equilibrium pressure by means of the quantities in equations 
2a and 2b. This definition we get by fixing the conception 
of semipermeability. We shallhave perfect semipermeability 
when /=0, and X is a function of m defined as a single- 
valued function in the neighbourhood of the reversion point, 

d A 
and further we must have ( m= different from zero. Then 

70 

the manipulations necessary for the thermodynamic treatment 
can be carried out. 
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For perfect permeability we shall have that the ideal 
equilibrium pressure is defined by the equation \=0. 

For all the intervals in which the function w has a physical 
interpretation yw must, on account of the continuity of nature, 
be a continuous function with regard to the variables. We 
shall in general consider the equation 

Wir l E fad - ad ie ke fe )=0. F 

By this equation the pressure is implicitly given as a 
function of C.T1,...1,and k,k,.... This pressure we shall 
call ,'. In the interval of physical interpretation 7,‘ is a 
continuous and single-valued function of the named variables. 
But as we cannot produce perfect semipermeability we cannot 
be sure that the continuity with regard to the leaks will 
hold quite up to the point /,=l,=... =/,=0. If it was not 
allowed to assume continuity up to this point it would mean 
that the conception perfect semipermeability, as applied to 
nature in the case considered, would be an absurdity. It 
might also be that for certain membranes and solutions the 
assumption is not allowed, while it is allowed for others. 
At all events, if we cannot assume continuity up to the point 
1=0, we have no means of combining the ideal equilibrium 
pressure with the reversion pressure actually measured. 

The following development is restricted to those cases for 
which 7,’ can be considered a continuous function of the 
leaks quite up to the point /;=/,= ...= /,=0. This condition 
we can write 

1—l,=0. 

Under these conditions the ideal equilibrium pressure is 
defined by the equation 

(alls aisle L»CT ky ke Snes * e 4 4 (3) 

—i,= 

With perfect semipermeability a) is a function of C and T, 
provided p, is constant, and then we see that if the ideal equi- 
librium pressure can be defined by equation 3, yw must be 
such a function of kyky... km that for 1—l)=0 and X=0 the 
quantities dependent on the membrane must disappear. And 
consequently, if 1 is continuous with regard to the leaks up 
to the point of ideality, we must have that the influence of the 
membrane upon the reversion pressure actually measured must 
disappear with the leak. 

Let us, on the other hand, assume that the membrane has 
such properties that when the leaks diminish the pressure 
mj approaches a value 7” where 

T)—T™ =a, 
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where a is a finite quantity, and as being due to the leaks it 
would be a quantity characteristic of the membrane, and 
would necessarily change with the properties of the membrane, 
and we might expect that a change in the membrane con- 
stants would give rise to a change i in the reversion pressure 
of the same order. 

If, then, we are able to show that the reversion pressure 
keeps constant while the qualities of the membrane or the 
mechanism of osmotic flow in some way are altered, it will 
give a strong evidence for the correctness of the assumption 
as to the continuity of 7,' to the point of ideal semipermea- 
bility, so the pressure measured by a small total leak must 
be near to the ideal pressure. We shall iater have an 
occasion to come back to this question. 

In general the quantities kykg... &e., even during one 
experiment, will vary with time. In the following we shall 
find the properties of the membrane at a certain moment, or, 
in other words, we shall find the preperties under the as- 
sumption that f,k,... can be kept constant. Further, we 
shall consider C and T constant. As to the concentration it 
will change on account of > and /, but we shall assume that 
this variation is so small as not to produce any appreciable 
effect upon tlhe velocities. Then we may write the equations 
2a and 2h 

A=, . , 

=€,(7d) ine 

[3 = 7 ie ! 

- (2c) 
eae 

Ly =€9(7) 

=A+4+/ 

If we put into the functions ¢, ¢, ... €, the value of from 
the first eae we get n equations between the n+1 
quantities 1, l,... i, and a. Amd by this means J, /,... lr, 
and thence A, can be found in terms of 7. From this it 
follows that we always can put 

N=GR) 

l=n(7). 

These two functions can be found by experiment. 2! can 
be found by determining the apparent velocity corresponding 
to different pressures, and to find (7) we should have to 

Phil. Mog. 8. 6. Vol. 16. No, 92. Aug. 1908. + 
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analyse the solvent when the solution has been standing for 
a given time under a certain pressure. 

The two functions can be graphically represented by two 
curves, and the intersection of these two curves would give 
a point corresponding to a pressure 7 and a total leak /’. 
This point will, on account of the last equation in 2c, satisfy 
the condition 

A=0. 

The point z,' will in general be different from 7. There 
is only one case in which the point determined in this manner 
will give the ideal equilibrium pressure. That occurs when 
the total leak is a solution leak. Then we have 

plese and 

bah haa = 0, 

Then we see from equation 3 that the point that satisfies the 
equation X==0 will give the ideal equilibrium pressure. 

Thus we see that in the case when the velocity of osmotic 
flow X% can be considered independent of the leak, it should 
be possible to determine the ideai equilibrium pressure even 
with a leak of the same order of size as ) itself. If the leak 
is not very great, we do not need to determine the whole 
leak curve; we only need to determine a point corresponding 
to the apparent equilibrium pressure. 

On account of the nature of the leak we must have that 
ol ’ 

fy as well as = never can be negative. If, then, for a 
vy 

somewhat large value of mw / is maintained fairly low, it 
3 eee ; 

seems allowable to conclude that cu isa very small quantity, 
OT 

and for the surroundings of the equilibrium point we can put 

/=l7'=constant. 

We shall now treat the general case when we have only 
osmotic leaks. 

In this case the intersection point will not give the ideal 
equilibrium pressure. If we knew the functions €, € ... €p 
we should by putting t=77) and rX=0 get a series of values 
L’, lg’ ... l,’.. The pressure 7’ must satisfy the equation 

V(r! Li ley S00 ie )=0. ° ° . ° (30) 

The ideal equilibrium pressure, however, must satisfy the 
equation 3: 

t(70,0...0)=0. -. . . 
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And if the function y really varies with the leaks, the 
solution of equations 3a and 3b must give different pressures. 

As earlier mentioned, as long as in the functions ¥ the 
leaks are different from zero, the quantities dependent on 
the membrane will not disappear and the pressure 7, will 
be a function of the membrane. 7)’ is the pressure we should 
get if the total leak could be regarded as a solution leak not 
influencing the osmotic flow. This is the pressure which is 
measured by Berkeley and Hartley. 
We see from this that if some of the quantities 1, /, ... [, 

are somewhat great, it may seem as if the pressure 7’ is a 
property mainly due to the membrane. 

We shall find the mathematical expression for the ideal 
osmotic pressure in the case that the leaks are very small 
quantities. We have earlier assumed that the function yf is 
continuous in the neighbourhood of the point J=0. We 
will now also assume that the first derivates with regard to 
the pressure and the leaks are continuous. 

Then we can apply to the equation 3b the formula of 
Taylor for the neighbourhood of the point t=) and /=0, 
and we get 

C= Wr, sb, =a (479.0 0... 0) +() (19! — 7) 
0 

‘ (S¥) + Ga) ly! +... (SY) tito, 

But according to the definition of 7 

Wr(™ 00... 0) =0. 

If oF is a finite quantity different from zero, we see that 

™—7, Will be a quantity of the same order as the leaks 
and will disappear with the leaks. w, consists of terms of 
second and higher order. If we restrict ourselves to terms 
of the first order we get 

noni ay {BN BHN + GE 
Or 

The pressure 7) is defined by the equation X=0. As we 
have seen we can put 

A = or), 

l= n(7), 
Wy 2’ EGr). 

ae bo 
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We shall assume what is generally confirmed by experiment, 
dn’ dn dl 

that for a small leak ~— 7 and consequently [ra and Ig ore 

continuous in the interval 

OM Te 

We shall develop the functions » and / in the neighbour- 
hood of the point r=7,'. Then we get 

Ir ; dam!) +() (wm!) tan 

l= n (770) + fee. (7—y ) —- oe 

But according to the definition of 9’ we have 

C(79 ) 

And remembering that 

dn dl dn’ 

dr ' dw da’ 

—— eS ee ee ——s 

we get 

= (7—m9')/ (=). + (70!) + ag + a9’. 

For the apparent equilibrium pressure we have 

= (4) and) Ga=="7,; 

which gives 
pate Cr T= =! st a Bate 

dw au 

With the same accuracy as before we can put 

a9! = (), | 

(7) )=(z') =lp’, 
dn! ie Ne 

dt i, Fs pau ; 

lar? 

an’ i 

Us NS 

and 
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By addition of equations 4 and 5 and by putting 
fo) 

) oF) (*) 
——— l : <= l eee {7 i (Si). +(Sr + (Sr), 0'=2 

we get 

B= + — Ua + = i wtrer a, iat 8 re (6a) 

Coys 
dm x Oz /o 

When the leaks are very small we can regard oe as 
! 

small quantities in comparison to 2 , then we can put 

or) J | 
Ov = (an nm 

and we get 
1 

=! so re ’ . . ° . Ty a! an! (+) (6)) 

At / x! 

This equation is the most general, it contains also the case 
when the velocity of osmotic flow is independent of the leak; 
e. g., if the leak J, could be regarded as a solution leak we 

Ow = 0, 
04 

Even in the case of a small leak we are, at least with the 
present knowledge about the osmotic process, unable to find 
the correction due to that part of the leak which is able 
to influence the osmotic activity. We can only find the 
pressure 7). 

As to the quantity > we know at present very little about 
its actual size. In the case of copper ferrocyanide and sugar 
solutions we have reason to believe that it will be positive. 
It is stated by Berkeley and Hartley* that in their experi- 
ments the corrected pressure (7’) generally comes out smaller 
for a greater leak. It appears from this that as far as the 
leaks are able to influence the pressure 7,’ the latter will be 
diminished by the leak. This is also confirmed by some 

should have in the sum to put 

experiments that will be described later. 
As there probably always will be some osmotic leak we 

have 
Re 23 2 i ere ree © 

/ 

And, as shown by the experiments, as will be a positive 
quantity, then a 

= > 0. 

* Loe. cit. p. 503. 
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If this can be considered a general rule it must take place 
when we have only one kind of leak, then we get 

Remembering that the velocities are positive when the 
height of water-level is increased, we come to the very 
reasonable conclusion that the osmotic activity is diminished 
by the leak. 

From (7) we see that by assuming the whole leak a solution 
leak and finding the pressure 7’, we shall approach the ideal 
pressure, and in the treatment of the observations we shall 
use this correction. 

The apparent equilibrium pressure is determined by the 
manometer pressure g, but to this must be added a quantity 
due to the liquids. For the manometer used at Christiania 
we get 

To. = g—O0°44 + 0-0104a— py + Ar atm. 

a is the manometer reading in cm. For somewhat high 
pressures we can put po=1. Am is the correction for the 
leak regarded as a solution leak. To find Az we shall have 
to find 2X’ in the neighbourhood of the apparent equilibrium 
point. Further, we shall have to find the leak corresponding 
to a pressure near to the equilibrium pressure. Then in the 
experiments we ought to keep the pressure on an average 
near to the equilibrium pressure. By analysing the water 
in the cell and by assuming a constant velocity of leak, the 
latter can be found. 

On the Determination of the Actual Concentration, 

10. The concentration difference between the two sides of 

the membrane in the case of cane-sugar can be altered in 

three different ways : 

(1) By the osmotic flow of water into the solution. 
(2) By the leaks. 
(3) By inversion. 

To determine these corrections the following method was 
used :— 

A possible inversion was tested with Fehling’s solution, and 
in our experiments the first qualitative test gave no mea- 
surable precipitate. The change in concentration on account 
of dilution was found by measuring the angles of polarization 
a and « before and after the osmosis. The concentration (g) 
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of the water in the cell was also determined by polarization. 
aga . e . . . 

If --— is a small quantity and G is the original concen- 
a . 0 

tration, the actual concentration will be 

a 

When the compressor is used we shall generally find «,=a, 
and in most cases g has been so small as not to be detectable 
by polarization. 

The angle of polarization is measured by Laurent’s pola- 
rimeter, which enabled me to read with an accuracy of 1 or 2 
minutes, when taking the mean of a number of readings. 
With the tube used it corresponds to a concentration of 
about 1/8—1/4 gr. in the litre. 

(To be continued. | 

XX. On Bessel Functions of Equal Argument and Order. 
By J. W. NicHouson, D.S¢e., B.A., Isaae Newton Student 
in the University of Cambridge”. 

HE solution of many physical problems depends upon a 
knowledge of the behaviour of the Bessel function 

commonly denoted by J,,(<), and of other functions associated 
with it, when the argument z and order n are nearly 
equal. The only treatment of this question which the author 
has been able to discover is contained in a paper by Lorenz, 
which only deals with a very special case in which n is half 
of an odd integer. But even in this restricted investigation, 

; the method employed is highly unsatisfactory, and many of 
the steps made seem incapable of justification. For example, 
at one point Lorenz divides a definite integral, involving a 
Bessel function in the integrand, into two parts, say « 
and 8. Im a the range extends from zero to a “small 
quantity h,” and it is shown that to a certain order « may 
be neglected. The range in @ extends from fA to a quantity 

“not small,” in fact a Lorenz substitutes an asymptotic 

expansion for the Bessel function of zero order in £, but 
thereby renders the result liable to an error of the same 
magnitude as the terms retained, for in the lower portion of 

* Communicated by the Author, 
+ “Sur la réflexion de la lumiére par une sphére transparente,” Giwvres 

Scientifiques, i. pp. 435 et seg. 
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the range h tom 7” the asymptotic expansion does not converge 

even in its first three terms. The ratio of successive terms 
it of order ah, where ais large. But unfortunately, Lorenz’s 
argument subsequently compels him to choose the ‘ small 

: . 1 ; 
quantity h” of order 7? 8° that ah is comparable with unity. 

3 . 

. 
. 

This vitiates the whole argument, and the only apparent 
means of avoiding the difficulty is to divide the range of 
integration into three parts, of which the intermediate one 

ans 7 i 
passes between the limits hand k, where hf is of order — as 

a 

before, and & is such that ak is really of high order. The 
Lone eran of this intermediate portion, which must be 
proved negligible, is very arduous, for no asymptotic value 
of the Bessel function may be continuously used throughout 
a range of this character. 

But since all these troubles may be avoided by a more 
direct investigation, it seems desirable to obtain the expan- 
gene trom the ordinary definite integrals for the Bessel 
functions. The results may then be (and to any desired 
order of approximation. Moreover, they may be expressed 
in terms of well-known ee aes whose tabulation, 
originally made for other purposes, is fairly complete. 

The functions to be treated are usually defined in the 
following manner :— 

Whether » be an integer or not, the Bessel function 
J,(z) of the first kind is given by 

22 24 

JA<2)= Pr Gret 41- 92. eat aa a oneal © n+2. a ~ AQ 

where ['(n+1) is a gamma function becoming identical with 
n! if n be an integer. 

With this is associated. when n is not an integer, the 
function J_,/z), differing from the above by a change of 
sign of m throughout, or, 

Cee aie sin 27r { z Zs 7 
J—alz)= ED eae 1 "1271.22 

When » is integral, the first » terms of this series vanish by 
the factor sinnw. An evanescent factor then appears in the 
subsequent denominators, and evaluating the indeterminate 
form presented, J_,(<)=(—)”J,(<) in this special case. 

Another function must therefore be associated with J,(2) 
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when n is integral. The one selected is to some extent a 
matter of convention, so far as an additive multiple of Jn(z) 
is concerned. We shen choose Hankel’s function *, defined 

by 
vo {x = posh Oh la MORI) 

n=integer 

5 ee = COs NIT e ae 

= oe 4 . 5) se es s J (4) 

S1n n77 

n=integer 

where n is made integral after the general expressions above 
have been differentiated. 

Hixpressed in series form, a little reduction shows that 

zZ AN n—2! 
~\)= 2 — —_—| — en —. Cy —2J (2) 4 a+log5 } y {a 1!+ a ial 

n—od!(z2\4 Be (ol 1 

Pak (5) us i at) ae eT ( as Sin) 5 ) oe: +f 0) 
where 

iL 1 
Ba=l+ 5+ eve + —, 

1 

indicating the behaviour of the function when <¢ is small. 
When z is positive (or, if complex, when its real part is 
positive), it may be shown that + 

= aN cos (z sin 0— nO) d0— | Br nega (6) 

for ail values of n. 
Accordingly, it is also true that 

eal 2) a cos (¢ sin 8+ n0)d@+ a0 ‘man a aes el dE *(i) 
4 } 

¥ The functions so defined are those possessing the asy mptotic 
i expansions, when ¢ is very large in comparison with » f, 

J, (z) ey =|); sin(-— see | +7) +V,, cos (=— oth) 
2 2 A (8) 

T2\% NT , 1 Ns nt , 7 ; 
J.(0( =) == th cos (z + — tad \-V nln (2 + o + a) 

* Hankel, Math. Ann. i. 1869. 
+ Vide e. 9: Whittaker, ‘ Modern Analysis,’ p. 281. 
¢ Hankel, @, ¢. 
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when n is not integral, and 

yt 2 ai : — a Ps a ), Y2(¢) Noe) U, cos «5 +— 7)+V, .sin(2—* s+ (9) 

when x is integral, provided 

An?—1? .4n?-— 3?  4n?—1?.4n?—3?. 4n?—5?. An? ae 
yp pli EO 

is 
|e 2! (82)? 4! (8z)* \ 10) 
‘ f | Sede 4n?— 1? cas 4n?—]?, 2 3°. 4n?— 9° 4 anit tae i maT ee: 3! (82)* 
He If u+4 be written for n, their relations to the forms 

frequently used in physical problems concerning wave- 
motion in or about spheres, become apparent. We proceed 
to obtain an expression for J,(z), when n» and ¢ are nearly 
equal, and each is fairly large. The more definite limitation 
required by the last statement will appear later. 

Jf z (or more generally, its real part) be positive, by (6) 

1 {7 E sin nar ( ~*~ —né—z sinh é 
Jn(c)== | cos(csin d—né)d9— ——— \ e .d0 

y ee T 0 

A : 
=—.1, — aT, (say)... 3... 

I, is the real part of I; (if be real), where : 

I, =|, exp. {12(sin @—0)—v.n—z.6} dO 

mae fd oes 
={; exp. {SF +. mu nmz.o bas . 

~ 

=(2). ie (5) dw.exp.—t (2 (2) w ... + pw}, (12) 
z& ; JIVE 

where a ( 6 

and the variable of integration has been changed by the 
substitution 

¢ = (2). 

When n and z are nearly equal, and so nearly that n—z is 
small in comparison with 23, then the portion of the exponent 
(in the integrand) involving w is of less importance than 
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that depending on w%, and the remaining portions are, in all 
cases, of even less moment. Neglecting the latter for the 
present, 

I, = (Ey) dw.exp. —t{w’+pw}.. . . (13) 
~ 0 

Thus 6 \3 
I, — (3) . (1,—I;), 

where 

Pe (aw .exp. —i{we+pwh, . . . (14) 
~ 0 

I, = ( dw. expi— {w
+ pw, 

» e 

a |.) 

But I; has an expansion in powers of the small quantity p 
whose leading term is 

an 

S —iw3 
\, Coon Milian 

a 

or, by the usual asymptotic evaluation of an integral of 
this type, 

of order a at most. If p were not small, the order of 

TI; would be higher in 1/z. 
Thus, subject to an error not greater than 28, I; may be 

neglected in comparison with I,, and therefore 

1 

I; = (cy I= Gy dw. exp. —t{w>+pw}. (15) 

The leading term of the error involved in the expression of 
I, in the form (13) is I, where 

a Meo) 
Sn OS: 

= (=) : oe). wdw. exp. —e{w't+pwf. . (16) 
is) 

The integral in this expression has order zero in z, and 
—— 

3 
I . . . 

the error has therefore an order —, which is again < 
ww 

relatively to that of the portion retained. Finally, with an 
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1 e 

error not greater than ap J, is the real part of I;, where 

= (ey f dw.exp. —t {w?+ pw}, 
¥ 0 

i 
3 Piewhich p=n-z.(-)- [a 

Now when » and = are great, 

le a) 

iL =| e—n9—2sinh 8 dé 

0 

: 1 
is of order —, and may also therefore be ignored. Thus 

Zz 
il 6 \oue 

to order —, when n—<z. (< is not large compared with 
o ~ 

unity, 

Jn(2) == : (5) | cos {ut+n—2(2) w bd apy io) 

which is a multiple of Airy’s Integral *. 
In another connexion, Stokes has considered the properties 

of this integral in great detail. The tables given by Stokes 
and Airy may be at once transformed into tables of the 
Bessel functions whose order and argument are nearly equal. 
If tables be required to a higher order than this integral will 
furnish, the necessary correction may be readily made by 
keeping certain terms ignored in the above discussion, but 
this will not usually be necessary. We note that to 

if 
order —, 

n 

Jn(2) = (V4 cos w®. dw 
0 

a U(5).2 3 tata. eee 

But this formula, although only formally proved true to 
this-order, has in reality a much wider application in practice, 
a property shared by the companion formule proved in this 
paper. ‘Thus on comparison with tables t, the expression 
last written gives J;(7) correctly to three places of decimals, 

* Airy, Cambr. Phil. Trans. vol. vi. p. 379, vol. viii, p. 595. Stokes, 
Camb. Phil. Trans. vol. ix; Math. & Phys. Papers, ii, p. 329 e¢ seq. 
+ E. g. Gray and Matthews’ Treatise on Bessel Functions. 
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and Jy9(10) to four places. This indicates that n does not 
need to be very great for the formule to give good approxi- 
mations, although these approximations rapidly become more 
valid as m increases. 

This comparison made in the case in which the formule 
will necessarily be least accurate, is of more practical value 
than a refined analysis of the exact validity of the investi- 
gation, which wouid be extremely cumbrous. 

By an expansion of (18), it is readily shown that if 

“ 3 97 
+50 (5) cos 3 (20) 

when nv and ¢ are nearly equal. 
The expansion of J_,(z) may be derived in a similar 

manner from the formula (z positive) 

sin n7r 
(a) = 7) (csin 06+n0)d0 + ( er9—z sinh 6 Q 

va) e 0 

Uae I, 
=— — = Ss ye . . e . . . . . a Sip ag a (say) (21) 

But, to the same order as in ail the above calculations, 

L= ( d@ exp. {n=20-% @° | 
0 

= Ey |: 20. eXp. {6 tn=2(°)+ } z) J 2 

zi e-() 48) +e0(3) +50(5)+...$ (22) 

where p has its previous value, and is small. 
Again, 

I, = { "co: (zsin 0+ 76)d9 
0 

= cos (< sin 8+ n7r—n8) dd, 
0 
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and is the real part of I;, provided that 

TT 

I; exp. —int =|) d§.exp.c.{zsin?—n6}. 
0 

! : 1 
Therefore, as in the previous calculation, to order = , 

I; exp. —int = (=) | dw.exp. —t {us +n—z (oy w wh; 
rh 0 

and if p is very small, it follows that 

(2) 4r(3) cos ( Cs aos ge me (5) cos (nn — °7) ai -...} (23) ’ 

() reduction with (22), 

Oa! 

ie 
ease) == ae sin 277 = 

\ ve 
7, 7 

x) sin 3 eas orn = aod 
a ey 

peela 30 
+57 ({ )sin 3 cos (nm — 52) 4 a acs 

When x is an integer this makes J_,(z)=(—)"Jn(z) in 

accordance with the ‘original definition of the functions. 

ik 
We note that to order ae 

J_,(n) = r(5) 1 3 t ea ae (x= — 7) (25) 

to which the remarks made on (19) apply. 

It follows readily that when p is small, 

J _n—CO0S NTI » 
Wi: (z) =—-T7T aera t 

SIN 277 n = int. 

=}. C}{0() (se 2) +0) (sen) 
+5 r(3)(i4 sin ST) 4. } (26) 

ee 65 i 
p being n—<z. (<) , to order 7 
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and in particular, 

Yin)=—T(F). 2-834 Pee ar (2:7) 

with the same criticisms as (25, 19). 
When p is not small in comparison with unity, the results 

are best left as integrals to be calculated by Airy’s method *. 
If w 

iG) ( cos (wm --pwdw ss. (28) 
e 0 

T (p) =| SMC pw) dws (29) 
0 

p=naz-(t)- ey ga ee Sey cheer Cau) 

Then 

Tas. (2) Fe). eee MR 8 

Fa) =(2) {2 Fe) + =" 700) } 

oO) 828 Lew) (o Dh om 
wie (LHe aeFr(eF)} as 
These may be proved by the application of contour inte- 

gration to the integral previously called I,. 
The reduction of the Bessel functions to a dependence on 

Airy’ integral and its associate is important in that it 
furnishes a means of comparing the results of the ordinary 
theory of diffraction problems, as developed by Fresnel and 
others, with those of the electromagnetic theory. The latter 
has not hitherto led to these integrals, but their connexion, 
through the Bessel functions to which dynamical theory 
naturally leads, may now be seen. 

* Loc. cit. 
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XXI. The Genesis of Ions by Collision of Positive and Nega- 
tive Ions ina Gas. Experiments on Argon and Helium. 
By &. W. B. Gi, B.A., Christ Church, Oxford yang 
F. B. Pippuck, B.A., Fellow of Queen’s College, Oxford *. 

a. present paper contains an account of some expe- 
riments in verification of the theory of ionization by 

collision of positive and negative ionst, conducted on the 
monatomic gases argon and helium. 

The theory may be summarized as follows:—Let a constant 
electric force be maintained between parallel plate electrodes, 
the distance d (in centimetres) being alterable. A number 
ng of negative ions are set free per second by ultra-violet 
light from the negative plate, and n ions arrive at the positive 
plate per second. Then if each negative ion produces « ions 
of each kind, and each positive ion 8, in moving through a 
centimetre under the given force, 

n _ (a—P)e%-B4 
No ae a — Be-B jd ° ° . e . ° (1) 

If also X is the electric force in volts per centimetre, and 
p the pressure in millimetres of mercury, 

oa 

“ is a function of any Ja, en 
ld p 

oe a function of =..). / 7... er 
P P 

From (1) the sparking distance a is given by 

a—Ppec-Pa= 0) 5 

The equations (2), (3), and (4) lead to Paschen’s law that 
the sparking potential depends only on the mass of gas 
between the electrodes. 

On account of the fact that continuous production of new 
gas was inconvenient, the apparatus previously used was 
slightly modified. It was arranged so that after an expe- 
riment the gas could be pumped up into a reservoir, while 
the small residue remaining over was pumped out into the 
air before beginning a fresh experiment. The effect of the 
small leak of the apparatus (about ‘01 mm. in 24 hours) was 
thus reduced to a minimum. 

* Communicated by Prof. J. 8. Townsend, F.R.S. 
+ For previous experiments on other gases, see papers by J. S. 

Townsend, Phil. Mag. Nov. 1903; J. S. Townsend and H. E. Hurst, 
Phil. Mag. Dec. 1904; and H. E. Hurst, Phil. Mag. April 1906. 
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As usual, the currents produced were measured by means 
of an induction-balance method with a condenser and high- 
resistance junction-potentiometer, the electrometer being used 
only as a detector, or rather to find the proportional part 
between consecutive junctions. 

2. After a number of experiments had been made, the gas 
was purified in order to see if the small amount of air that 
got in during an experiment could have affected the results. 
The purification was carefully carried out by passing sparks 
through the gas in the presence of oxygen, over a solution of 
potassium hydroxide, the surplus oxygen being removed by 
means of copper strongly heated in a hard glass tube. 
Practically the same results were obtained after the gas was 
purified and dried. Spectroscopic examination showed the 
characteristic lines of argon with no trace of the nitrogen 
bands. 

The results of the experiments are given in the following 
tables. Here gq is the observed current for the constant 
force X for different distances d between the plates. The 
values of a and 8 were found so that the numbers n calculated 
from the formula (1) should coincide as nearly as possible with 
the currents q. 

TasLE [.—Argon, pressure 10 mms. 

ae eat Pee eae | TES Lg. hg Teg. | | 

X=201 g.........| 1-048! 1-090 | 1-149 Pore Ae eee 

[2 MEOSB CON IS hdieal eof amen abe a. 

ee go. 171 | 326 | 5-79 | 106 | 185 | 35:5 | 284 | 905 

ee as, 1:80 | 326 | 5:89 | 106 | 195 | 355 | 286 | 896 6 =-010 sen 

Taste IJ1.—Argon, pressure 4 mms. 

Pee 3, “4, 6. 8, 9, 

mo | pu pee ie... | ene | 2150! | 1070 |) 4420 

Biting mk. x Bal oy) 97 152 | 1080 | 5110 

M610 9.2... 136 642 | 295 

an, ® 136 | 542 | 295 | 

Phil. May. S. 6. Vol. 16. No. 92. Aug. 1908. U 
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Taste IL].—Argon, pressure 2 mms. 

de ia deidetapn ieee rile 52, ‘3. 4. 6. 

px 2Aori ty Whi DSI S567 | eM 36-2 | 1140 

Sony Oe lites o87  ) B67 |) ok. 362 | 1140 

X=618 go... 361 | 132 | 66-2 

Schad ee 351 | 132 | 662 

Taste [TV.—Argon, pressure 1 mm. 

Peueh 3 4. |] 3 7 4 |. | 
K2309 gw... 184 | 3-40 | 624 | 126 | 244 | 552 | 180° 

(eee 184 | 341 | 630 | 128 | 248 | 565 | 187 

m= n02| Ge 1:85 | 3-47 | 673 | 145 36'8 

| 2608 1:85 | 3:48 | 6-80 4 38:2 



by Collision of Positive and Negative Ions ina Gas. 283 

The relation between «/p, B/p, and X/p is shown in the 
accompanying figures, and it is evident that the points as 
determined experimentally all lie on one curve. 

Fig. 1.— Argon. 
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The corresponding curves for air have been included for 
comparison, and it will be seen that « and 8 are both greater 
for argon under the same conditions of pressure and electric 
force. 

3. The experimental difficulties connected with the manipu- 
lation of helium were greater. The first experiments were 
made on a purchased sample, and on a larger quantity which 
was kindly given by Professor Ramsay containing at least 
98 per cent. of helium. 

As the theory holds equally well for mixtures as for pure 
gases, we give here the results of the experiments. The gas 
was afterwards purified and similar experiments were made, 
which gave much higher numbers for § and lower sparking 
potentials. The experiments on the slightly impure gas are 
given in the following tables, as they are of interest in showing 
the effects of small impurities in the case of helium by com- 
parison with the later experiments, and also in showing that 
the same theory holds good for this gas. 

Taste VI.—Helium, pressure 13 mms. 

ieee 2, 4 6 
K=404 geen. 650 | 448 | 583i 

— 9-3? paige 8 650 | 448 | 531 

TasLe VII.—Helium, pressure 10 mms. 

Rt 4.) -2, | 9g) [> ha ea 

MMOL gs... 1:18 | 1-27 | 1-43 ae 
@=119 0 eee. is | 127) ia 

ese Ae 261 | 584 | 148 | 383 | 193 | 503 

Soe ee 2:45 | 603 | 15-1 | 39-2 | 114 | 515 

5. oa 8, 

34:4 175 8160 
| 

3=-0206 Wy saees 3°99 164 | 34:3 195 9210 
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TaBLE ]X.—Helium, pressure 7 mms. 

ry he ‘1. 2, ue A ae 8 | 
(ony aka Saal 

MeO Go kN ye: 132 | 1 61 5 i | 

2 Sais ie seers a eee eS | 

TaBLE X.—Helium, pressure 6 mms. 

Bes a a | sae hb A 

Sir guege. "1-89 189 | PBs, 140 | 647 | 226 

a=645. Q : é 5 See: P POL | $66 | 140 | 686 | 216 

K=606 9 ceeeaet 2-48 | 655 | 189 | 82-0 
—9:12 eb ie hee Me Ba14g Bc 251 | 655 | 189 | 820 | 

a 4 I 314 | 10-2 | 95-0 | 

-as es. 3:02 | 106 | 925 | 

TasLE XJ.—Helium, pressure 4 mms. 

i, she by eee ec ee Na aed here 

2 210 | 877 877 | 695 133 | 258 | 530 | 216 _ 

le Be 218 279 | 68 137 | 258°) 516 | 216 

TasLE XIJ.—Helium, pressure 2 mms. 

cee Sl eae | eae ee | 6 8, 

Sa Vee 1:54 | 297 | 337 | 5:07 | 7-96 (133 68:5 
i es — 

gant See 151 | 222 | 3:28 | 5-02 | 7-93 154 730 

moe g oe 1-60 | 226 | 384 6-05 “115 | 2941 

“ae ee 151 2 | 3°72 = “18 304 

Xx - . a . 

The curves giving the values of — and f in terms of — 
v4 Is P 



286 Messrs. Gill and Pidduck on the Genesis of Ions 

for the unpurified helium are appended. The corresponding 
curves for hydrogen are given in these diagrams, as this 

50 

gas most nearly approaches helium in its behaviour in this 
respect. It is thus seen from these curves that both positive 
and negative ions ionize the molecules of helium to a greater 
extent than the molecules of other gases when small electric 
forces are acting. 
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4, For those cases in the preceding tables in which more 
than three currents were measured the agreement of the n 
and g numbers affords a satisfactory verification of Prof. 
Townsend’s theory. Further confirmation is obtained by 
calculation of the sparking potential under the given force 
and its comparison with experiment. In the following tables 
the sparking distance “ a” for the given pressure and electric 
force was calculated from the formula a—Pee-#)4=0. 
The plates were set at the distance a apart and the sparking 
potential V determined at the first appearance of a flash 
in the gas. The increase of V by a volt or two at most 
was found sufficient to maintain a continuous current. 
The agreement between V as determined experimentally 
and the product ax X may be seen from the following 
tables. 

TABLE XIII.—Argon, Sparking Potentials. 

| x p a axxX ¥ 

505 10 1:087 549 549 
610 4 ‘471 287 276 
410 4 ‘947 388 380 
618 2 378 234 233 
401 2 618 248 245 
615 1 399 245 248 
517 1 "482 249 244 

| 401 1 580 223 235 
: 309 1 ‘770 248 237 
| 402 ‘66 599 241 248 

301 66 802 242 238 

TaBLE X1V.—Helium (before purification with liquid air), 
Sparking Potentials. 

x P | a | axxX | V. 

404 13 Gar |r a72 - 
305 8 845 258 262 
385 10 650 250 252 
305 6 731 238 236 
304 4 760 231 234 
506 6 462 234 232 
772 6 326 254. 246 
304 2 863 262 262 
402 g 694. 279 274 
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In figures 5 and 6, V and ax X are shown together as_ 
functions of p xa, and Paschen’s law is seen to hold. The 
observed sparking potential is marked witha smali circle and 
the calculated value with a cross. 

Fig. 5.—ARGON. 

We, 
wa 

5. After the above experiments were made with helium 
containing small impurities, it was considered desirable to try 
some experiments with the gas in as pure a state as it would be 
possible to obtain. For this purpose the helium was purified 
by passing it into a tube of charcoal surrounded by liquid air. 
The tube containing the charcoal was in air-tight connexion 
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with the rest of the apparatus, so that the experiments on the 
conductivity could be performed immediately after the gas 
was purified. All the experiments made under these con- 
ditions showed that the sparking potentials were lowered by 
purifying the gas. A complete set of experiments were not 
made, but determinations were made at definite pressures and 
forces to compare the results with those corresponding to the 
slightly impure gas. All our experiments lead to the conclusion 
that purification lowers the minimum sparking potential in 
agreement with the observations of Strutt™. There is, how- 
ever, no numerical agreement between the two observations. 
Even with impure helium the minimum sparking potential 
was found to be 231 volts, as against Strutt’s lowest value 
of 261 volts. After purification, as will be seen later, the 
most probable value to be expected for this quantity is 201 
volts, an error of more than 10 volts either way being 
improbable. 

It was found that after the passage of a spark not only 
the currents but also the sparking potential was affected, in 
such a way that an addition of twenty volts was sometimes 
necessary to spark again just after the first spark had passed. 
The passage of a spark in the reverse direction facilitated 
recovery, thus pointing to some polarization or other effect 
of the spark discharge on the zinc electrodes employed. 

For low values of X/p and large values of pxa the 
purification did not have very great effect. In the following 
table the most probable values of a/p for the pure gas are 
shown for small values of X/p, the corresponding «/p’s taken 
from the mean of observations on the impure gas being shown 
side by side. 

TaBLe XV. 

x a a = = eee : | ie e for pure helium. 'P or impure helium. 

st eee eae | Z 

| 10 | "12 "12 
20 / ‘40 "39 
30 ad “67 
40 1:0 "89 
50 1-20 1:06 

The values of @/p for such small values of X/p are difficult 
to determine accurately, but it was clear that the effect of 
the positive ions is very much increased by purification. 
Thus for X/p=40, 8 is more than doubled by purification. 

* Hon. R. J. Strutt, Phil, Trans. A, exciii. p. 377 (1900). 
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A corresponding provisional table of sparking potential is 
also given. 

TaBLeE XVI. 

pxa, V for pure helium. | V for impure helium. 

2°8 209 | 234 
3°5 203 231 
4 205 231 
8 226 268 

12 274 
16 307 
28 | 358 

Fig. 7.—Pure HEivum. 

5 ! 

The experiments on helium, particularly at high pressures, 
were rendered more difficult by an effect analogous to that 
observed by Prof. Townsend and Mr. Hurst in air and 
hydrogen, though it was much greater. The elucidation of 
this effect will shortly be attempted, as we hope to make 
further experiments when a continuous supply of liquid air 
will be at our disposal. 

In conclusion, we wish to express our best thanks to 
Prof. Townsend, in whose laboratory the research was con- 
ducted, for the facilities he has been ever ready to afford, 
and for the valuable encouragement and advice he has given 
us during the work. 
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XXII. On the Relative Activity of the Emanation and the 
Active Deposit from Thorium and from Actinum. By 
Howarp L. Bronson, PA.D.* 

| Gl important calculations in radioactivity are based 
on the assumption that each atom of the various 

radioactive bodies, at each transformation, gives off either 
one or no « particle. This is the most natural assumption, 
and, in the case of radium and its transformation products, 
has the support of many theoretical considerations. It is 
also supported by the fact that radium, radium emanation, 
radium A, and radium C, each produces about the same 
amount of ionization, when the four substances are in equi- 
librium (Rutherford, ‘ Radioactivity,” p. 396). This latter 
point was verified by the writer in the case of radium 
emanation, radium A, and radium ©. 

Dr. Boltwood suggested that the writer should investigate 
this question in the case of thorium and its active deposit, as 
he had evidence that the results obtained in the case of radium 
did not hold true in the case of thorium. The results ob- 
tained in this investigation entirely confirm Dr. Boltwood’s 
view, and led the writer to investigate the same question in 
the case of actinium. 

Method and Apparatus. 

The method adopted was to compare directly the ionization 
produced by the emanation and the active deposit when the 
two substances were in equilibrium. This could be easily” 
done in the case of both thorium and actinium, because the 
transformation periods of their emanations are very short 
compared with those of their active deposits. The thorium, 
or actinium, was placed between two layers of filter-paper 
in a small vessel, and a current of air was drawn through 
this filter-paper and into the testing vessel by means of a 
filter-pump. ‘The air current was kept fairly steady by 
placing between the pump and the testing vessel a large air- 
chamber, which was connected to the outside air by a 
mercury trap. After the emanation had been drawn through 
the testing vessel for a known length of time, or until the 
active deposit had reached a maximum value, the ionization’ 
current due to the sum of the emanation and active deposit 
was measured. The air current was then cut off and the 
emanation allowed to decay to a negligible amount, and the 
ionization current due to the active deposit alone was 
measured. ‘The difference between these two currents, except 

* Communicated by Professor E. Rutherford, F.R.8. 
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for a very small correction, was a measure of the ionization 
due to the emanation. If the active deposit had not reached 
a maximum, it was easily calculated, since the rates of trans- 
formation of all the products involved were known. 

All the measurements were made by means of an electro- 
meter and “constant deflexion method,” and some of them 
were verified by means of the “rate’’ method to insure that 
no serious mistakes were being made. ‘Two cylindrical 
testing vessels were used. Both were 40 ems. long, and had 
central electrodes about 0°2 cm. in diameter. The diameters 
of the testing vessels were 18 cms. and 3°6 cms. respectively. 
The largest one allowed the « particles of the active deposit 
on the central electrode to be entirely absorbed in the air, 
except at the ends. The smaller one made the mean free 
path of the « particles from the different active substances 
more nearly equal. 

All the experiments were repeated several times under as 
different conditions as possible. The quantity of thorium 
and actinium used, the velocity of the air current, and the 
saturation potential on the testing vessel, were all changed 
several times. The saturation potential was changed from 
80 to 600 volts, and both positive and negative values were 
used. Thus the active deposit was sometimes deposited on 
the central electrode and sometimes on the cylindrical surface. 
In order to make sure of this point for the sake of calculation, 
the central electrode was removed and tested, and found to 
have on its surface more than 90 per cent. of the active 
deposit, when the outside of the testing vessel was connected 
to the positive pole of the battery. A second testing vessel 
was put in series with the first one, to make sure that none 
of the active deposit was drawn through by the air current. 
No evidence of this was ever detected. 

Measurements and Calculations. 

Table I. gives a sample set of observations obtained with 
the thorium emanation in the larger testing vessel. | 

The time was reckoned from the starting of the emanation 
through the testing vessel. The maximum value of the active 
deposit was calculated on the assumption that thorium A 
decays to half value in 10°6 hours. There are small irregular 
variations in the ionization currents, which are due to slight 
changes in the velocity of the air current, and to the 
humidity, which affects considerably the emanating power of 
the thorium. 

At the end of 88 hours the air current and potential of 
the testing vessel were chanyed and another set of measure- 
ments taken. Several such changes were made, and the 
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TABLE I, 

ACTIVITIES. 

| 
] 
| i ett anal; / 7 ‘ Tax | ee | cine Doped. | Depot [Active Depost,| B*%ation. | Ratio, 

ae Wels Seen est po if See es 

he 23. 731 i | 7B | 
- ie | 960 248 271 712 38 | 

oe 962 255 | 269 707 38 

a .: | 990 265 27 725 37 

a... | 945 260 262 685 38 
(gi! 37 ae... 975 263 | 264 | 

measurements were continued for 10 consecutive days. A 
similar set of observations was taken with the smaller testing 
vessel. The experiments with actinium required much less 
time, because the transformation period of its active deposit 
is much shorter than that of thorium. Inthe case of actinium 
also the experimental conditions were varied as much as 
possible. As would be expected, the ratio of the ionization 
due to the active deposit to that due to the emanation was 
affected by the size of the vessel and the location of the 
active deposit. None of the other changes in the experi- 
mental condition affected this ratio more than a few per cent. 
Most of these variations could probably be removed by 
sufficient care, but this was unnecessary for the purpose of 
the present paper, as the accuracy of the measurements is 
quite as great as that of the assumptions on which the 
calculations are based. 
Now Hahn (Phil. Mag. June and July 1906) has shown 

that the active deposit from thorium contains two a ray 
products, thorium B and thorium C, and that the maximum 
ranges of their @ particies in air are 5:0 and 8°6 cms. respec- 
tively. He has also shown that the « rays from these two 
products produce about the same number of ions per cm. of 
path. Now if the @ particle from thorium emanation, which 
has a range in air of 5°5 cms., is similar to those from 
thorium B and thorium ©, and if it produces the same 
number of ions per cm. (when it has the same velocity), 
then we should expect that the ionization produced by the 
active deposit would certainly be greater than that produced 
by the emanation. The exact value of the ratio would, of 
course, depend upon the mean free paths and the velocities 
of the different « particles in the given vessel. The results 
given in Table I. show that the ionization due to the active 
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deposit, instead of being greater, was less than one half that 
due to the emanation. 

_ Before attempting any explanation of the above results, 
we will calculate with some degree of accuracy the relative 
activities that would be expected from the emanation and its 
active deposit under the conditions of the above experiment. 
In order to calculate the mean free paths of the e particles 
from the different substances, certain assumptions were made: 
first, that the cylinder was infinite in length, that is, the 
effect of the ends was neglected ; second, that the emanation 
was distributed uniformly throughout the cylinder ; third, 
that the @ particles were shot off equally in every direction, 
and therefore that only one half of those from the active 
deposit produced any ions in the air. For the purpose of 
this calculation, the first assumption should be approximately 
true, for the emanation was drawn diagonally across the 
testing vessel, entering about 5 cms. from one end and 
leaving the vessel on the opposite side and about the same 
distance from the other end. ‘There should, therefore, be 
very little emanation or active deposit near the ends. In 
any case, any errors introduced into the calculations by this 
assumption would affect the mean free paths of the a par- 
ticles from the emanation and active deposit by nearly the 
same amount, and would therefore have very little effect on 
their ratio. It is difficult to estimate the accuracy of the 
second assumption, but the air current was so rapid at the 
entrance to the vessel that the emanation snould have been 
well distributed. The third assumption is commonly made 
in all radioactive calculations. 
On these assumptions the mean free path, in the larger 

testing vessel, of the particles from the active deposit from 
thorium would be half their maximum range, since one half 
the a particles were absorbed by the metal and the other 
half have their maximum range in air. This gives 

ee =6°8 cms. as the sum of the mean free paths of the 

a particles from thorium B and thorium C. 
In calculating the mean free path of the & particles from 

the emanation, it was found easier to use a geometrical than 
an analytical method. On a large sheet of clear mica were 
drawn concentric circles from 1 to 9 cms. in radius and 
radial lines cutting these circles every 10°. In order to find 
the mean free path of « particles shot out from a given 
point, two sections of the cylinder were taken through this 
point, one containing the axis and the other at right angles 
to it. The centre of the concentric circles on the mica was 
then placed at the given point in each section in turn, and 
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the length of the free path along each radial line was read 
off directly. The average of the measurements in the two 
planes, in general, gives a good value for the mean free path 
of an @ particle starting from the given point. 

Table II. gives the results of the measurements for the 
mean free path of the @ particle of thorium emanation in the 
larger testing vessel. 

Tas 1. 

E Ila did Digs pT IIT. 

0°5 5d 5:5 55 2°95 

15 5D 55 55 8°25 
35 5:5 5:5 55 13°75 
3°5 55 5d 55 19°25 

4°5 53 5S 3S 23°85 
55 51 4-9 5:0 27°50 
65 47 4°5 46 29°90 

co 41 39 40 30-00 

85 3°3 30 a2 27°20 

| 40°5 | 182-5 

1825 
208 4-5 = mean free path. 

Column I. gives the distance of the point from the axis of 
the cylinder. Column II. is the mean of Ila. and ILd. 
which give respectively the mean free paths of a particles 
in the two perpendicular planes. Since the emanation is 
uniformly distributed in the vessel, the number of atoms of 
the emanation at a given distance from the axis of the 
cylinder is proportional to their distance from the axis. 
Therefore it is necessary to take the sum of the product of 
columns I. and II. and divide by the sum of column I. in 
order to get the mean free path of the @ particles for the 
entire cylinder. The products of columns I. and II. is given 
in column III. 
We have seen that the sum of the mean free paths of the 

a particles from thorium B and thorium C is 6°8 cms. This 
value divided by 4°5 cms. gives 1°51, which should be the 
ratio of the ionization due to the active deposit to that due 
to the emanation, if an atom of each substance in breaking 
up throws out one e particle, and if the number of ions 
produced per cm. by an « particle is the same for each cm. 
of its path. That the latter assumption is not strictly true 
has been shown by Bragg, McClung, Hahn, as well as by 
the writer. This introduces only a small correction, however, 
and will be discussed later. Now the measured ratio of the 
activities of the active deposit and the emanation was about 

OLA Na A A 
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°38 (see Table I.), or almost exactly one quarter of the 
calculated ratio. 
A complete summary of the measurements and calculations 

for thorium and actinium is given in Table ITI. 

fioaree poe Md 

I. Tem tuty. | Va re” vil. | VIILg 

| | Cal, Ratio of Menem | | sd al, tvati0 O sured | 
Max. | Mean free hee a ies ionizations. | ratio of |Measured} 

Products. Vessel. mange | pathin | ~CUYe Ceposi. | Active deposit. |sqqquaem ratio x 4.| 
| 1mair. | ‘vessel. | Hmanation. Emanation. tions. 

Th. Emanation| 1840 55 4-5 : | F 
50 || {i oo — VVon teste (ab O  e~ }| VSL p ay ge 88 | 152 | 

electrode. 86 I qi 
i ae 8-6 = / i 

Th. Emanation| 18x40 5D 45 | | f 
4°65 a | 

EME ise ene onecyl. | 50 ws | 1:28 | 1:33 OE 136 | 
surface. | 75 | | 

BAS os... pe iy 3 nD | 
| | 

Th. Emanation| 3.6, 40 | 55 ce | 

| o . r 4 

LL re on central | 50 San 131 1:28 = 1:36 | 
electrode. 3°88 | | : 

eM 86 pa | 

Th. Emanation! 36x40 | 55 a i | | 

BIBS ws, || one | 50 Bin oe 1:56 40 | 160 7% 
surface. 65 i. 

LS eee | 86 aay) : 
ek | eer i 

Measured] | 
-| Act. Emanation| 18x40 58 = | i a Ns ge 2.) 

on central : BY : ‘ Nes ‘os Rae |... etal foe 5 iP 

Act. Emanation| 18x40 58 #4 | a er ee: ; Bg | ) 

on cyl. é ot ; ‘ ‘2 . @ 
Act. 3 Sac patie. 55 2 J | 

Act. Emanation| 36x40 58 2°73 | | 

hee on central} 5.5 3°26 60 65 33 66 a 
Ae aaa electrode. 2 | 

| ‘ q “Act. Emanation) 36x40 | 5'8 2-73 q a ee 3°87 “71 81 ‘41 | 82 9m 
| Act. Bo ...... surface. | a2 eae | 
| an | 
| Dent we i 
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In calculating the mean free paths of the « particles from 
the emanation in the smaller vessel, the same method was 
employed, but it was found to be more accurate to take the 
two perpendicular planes through the point in such a way 
that one contained the axis and the other was parallel to it. 
Also in calculating the mean free path of the « particle from 
the active deposit on the inner surface of the smaller cylinder, 
there was such a great difference in the mean free paths in 
the maximum and minimum planes, that it was found necessary 
to take six planes at angles of 30° with one another. 

The ratios given in column VI. were calculated by taking 
into account the fact that an « particle does not produce the 
same number of ions over each cm. of its path. A curve 
showing the relation between the ionization due to an 
a particle of radium C and the distance from the end of its 
ionizing path, was given by the writer in Phil. Mag. for 
June 1906, and is reproduced here. 

50 548 58 

DISTANCE FROM SOURCE TO TESTING VESSEL IN-CMS. 

This curve gives the ionization for the last 4°5 cms. of the 
ionizing path of an @ particle, and can be extrapolated with 
little error to cover the last 6 ems. of its path. The extra- 
polation of the curve to 8:6 cms., which is the maximum 
ionizing path of the e particle from thorium C, introduces 
so much uncertainty that the results given in column VI. 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. X 
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are of very little value in the case of thorium. However, in 
this case the differences between columns V. and VI. are 
comparatively small. 

The following calculation of the ratio at the bottom of 
column VI. shows the method used. The values of the 
ionizations are taken from an extrapolation of the above 
figure. 

Activity of the actinium emanation. 

Total ionization over the last 5:8 cms. of path = 870 
) ) ” our 39 99 = 945 

a ., lor average range of 2°73 cms. = 325 

Activity of the active deposit. 

Total ionization over the last 5°5 cms. of path = 838 
” ” 39 I63 39 ” = 308 

hs ,, for average range of 3°87 cms. = 530 
3°87 

ae ” 9 99 9 = 265 

Tonization due to active deposit bh 265 ae 

Ionization due to emanation 7 325 3 

Mscussion of Results. 

The agreement between the figures in columns VI. and 
VIII. is surprising considering the nature of the assumptions. 
and calculations. ‘These results could be explained by 
assuming that there were present other active substances of 
very short transformation periods. It would require three 
such products in the case of thorium and one in the case of 
actinium. Hahn’s measurements on the ionization ranges 
of the products of thorium and actinium give no evidence of 
this, and it seems very unlikely. A simpler and more satis- 
factory explanation would seem to be—that an atom of 
thorium CO, in breaking up, gives off the same number of 
a particles as an atom of thorium B and that an atom of 
thorium emanation gives off four temes this number ; also that 
an atom of actinium emanation, in breaking up, gives off twice 
as many « particles as an atom of its active deposit. 

These results raise the very interesting question as to the 
number of a@ particles given off when an atom of any radio- 
active substance breaks up. If the above conclusions are 
correct, it has been shown that this number is not the same 
for every active substance. As the measurements in this 
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paper are only relative, no light has been thrown on the 
question as to the actual number of a particles thrown out by 
an atom of any one of the substances. The writer hopes to 
continue the present investigation and extend it to other 
members of the radioactive family. It is possible that light 
may, in this way, be thrown on the question of the actual 
number of « particles thrown off by atoms of the different 
active substances. 

Former Results with Radium. 

The results in the case of radium are added here for the 
sake of comparison. They were obtained from curves of the 
rise and decay of the active deposit from radium. These 
curves were obtained by the writer in 1905, while investi- 
gating the transformation periods of the different products 
of which the active deposit from radium is composed. 
Table IV. is similar to Table III., but gives only a single 
set of results. These results indicate, as was said at the 
beginning of the paper, that the same number of « particles 
are thrown off by the disintegration of an atom of either 
radium emanation, radium A, or radium C. 

TABLE IV. 

I. | II. III. nV. ¥. ae 

| . Cal. ratio of 
Max. range ee free en anton Measured 

Products. oH ee. path in om: ‘Wnanation. ratio of | 
) vessel. Active deposit. | -—-—_j,—., | ionizations. | 

| Active deposit. 
a Eee ——— —— —| 

Ra. Emanation...| 43 2-60 | 

3°28 . . 
Radium A _......| 4:8 a 63 62 05 

. 3°76 76. 5 
Hadium C ...... / = a V2 55 51 | 

- | Radium A+C..... 48471 | G-+ 1:35 117 114 | 
he 

The vessel used had a diameter of 4°8 cms. and a length 
of 20 cms. The active deposit was on the central electrode, 
and in making the calculations the actual length of the 
vessel was taken into account. 

Macdonald Physics Building, 
McGill University, Montreal, 

April 27th, 1908. 
X 2 



XXII. Hxperiments with the Radium Emanation. (1) The 
Volume of the Emanation. By HE. Ruruerrorp, /.R.S., 
Professor of Physics, University of Manchester *. 

YPNHE amount of radium emanation to be obtained from 
one gram of radium in equilibrium is a definite quantity, 

and is equal to g/X where q is the rate of production of 
emanation per second and 2 is the radioactive constant of the 
emanation. . Taking the half period of the emanation as 
3°75 days, the value of 7 is 1/468000. I have on different 
occasions t calculated the volume of the emanation (at normal 
pressure and temperature) te be expected from one gram of 
radium from the radioactive data at our disposal. As the 
simplest and most probable assumption, it is supposed that 
one atom of radium in breaking up emits one «& particle and 
then becomes an atom of the emanation. On the assumption 
that each @ particle carries the ordinary ionic charge e of 
3°4x10-! electrostatic unit, it was calculated that the 
volume of the emanation from one gram of radium should be 
0°8 cubic millimetre. Later work { indicated the probability 
that the « particle carried the charge 2e. This reduces the 
calculated volume of the emanation to one-half of the above 
value. Recently, in conjunction with Dr. Geiger, the num- 
ber of « particles expelled per second from one gram of 
radium has been accurately determined, and also the charge 
carried by each 2 particle. From these data, we have caleu- 
lated that the volume of the emanation is 0°57 cubic mm.— a 
value about intermediate between the other two values §. 

The first experiments to measure directly the volume of the 
emanation were made by Ramsay and Soddy ||. The 
emanation after suitable treatment was condensed in a glass 
tube surrounded by liquid air. The residual gases were 
pumped off, and the emanation after volatilization was forced 
by raising the mercury into a capillary tube where its volume 
was measured. From the volume of the collected gas 
observed after two days, they concluded that the volume of 
the emanation was about 1°2 cubic mm. Later a number of 
systematic observations of the volume of the emanation by a 
similar method have been made by Ramsay and Cameron 4. 

* Communicated by the Author, having been read before the Academy 
of Sciences of Vienna, July 2, 1908. 

t ‘Radioactivity,’ 2nd edition, p. 288. 
¢ Rutherford, Phil. Mag. Oct. 1906. 
§ An account of this work was given to the Royal Society, June 18, 

1908. 
| Proce. Roy. Soc. lxxiii. p. 346 (1904). 

€| Journ. Chem. Soc. p. 1266 (1907). 
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They conclude that the volume of the emanation is about 
707 cubic mms., and suggest that the smaller value initially 
obtained by Ramsay and Soddy was due to the greater part of 
the emanation being pumped off during the experiment. The 
volume of the emanation (7°07 cubic mms.) obtained in their 
experiments is of quite a different order from the calculated 
volume (0°57 cubic mm.). It is of importance to determine 
the cause of this wide discrepancy between theory and 
experiment. If the experimental value proves correct, it 

would indicate that much of the radioactive data and of the 
theory on which the calculations are based is seriously in 
error. Apart from the interest attaching to the comparison 
of theory with experiment, the separation of the radium 
emanation in a pure state is now of the highest practical 
importance. Not only is pure emanation required in order 
to study carefully the physical and chemical properties of 
this remarkable gas, but it is also required in the experiments 
similar to those initiated by Ramsay and Cameron *, where the 
radium emanation is added to different. solutions and the 
resulting products determined. 

By the generosity of the Academy of Sciences of Vienna, 
{ was recently loaned a preparation of radium containing 
about 250 milligrams of radium. Experiments were imme- 
diately begun in order to purify the emanation produced by 
it, and to determine its volume. In all, a large number of 
experiments have been made, but for brevity I shall here only 
indicate the general results obtained in these investigations. 

Separation of the Emanation. 

There are two general methods of obtaining the emanation 
from preparations of radium, viz., by heat or by solution. 
Both of these methods have been used. In the earlier experi- 
ments, the radium preparation was placed in a thin quartz 
tube which was enclosed in a larger quartz tube. The latter 
was heated to the desired temperature by means of an electric 
furnace. The emanation is practically all released at the 
temperature of fusion (about 830° C.) + of barium-radium 
chloride. After the preliminary heating, a very small 
quantity of intensely radioactive gas was released, the volume 
of which was so small that it was found necessary to add a 
small quantity of hydrogen or oxygen in order to pump oft 
the emanation completely. In later experiments, the radium 
preparation was in solution in a quartz tube. The emanation 

* Journ. Chem. Soc. p. 1593 (1907), 
+ See paper by L. Kolowrat, Le Radiwm, Sept. 1907. 
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was pumped off together with a large quantity of hydrogen 
and oxygen formed in solution. After the method employed 
by Ramsay and Cameron, this was sparked down and a small 
quantity of oxygen added in order to reduce the excess of 
hydrogen. The emanation, mixed with about 1 ce. of 
hydrogen, was then collected over mercury in a small burette 
in which was placed a piece of caustic potash in order to 
absorb any carbon dioxide present. ‘The apparatus for puri- 
fication of the emanation and measurement of its volume is 
shown in fig. 1. The measuring apparatus consisted essen- 
tially of a Macleod gauge. A capillary tube, 15 ems. long 
and 0°58 mm. diameter, was attached to a Jong glass tube of 
volume about 25 cubic cms. By raising the reservoir with 
the stopcock A closed, the gas in the tube H was forced into — 
the capillary tube F and its volume measured. A mercury 
trap R was used to avoid the entrance of any gas which crept 
along the surface of the glass. The general method of 
purification of the emanation is best seen from a description 
of an experiment”. 

The whole apparatus was first exhausted to a low vacuum 
by means of a mercury pump. The emanation, conveyed 
with about 1 cc. of gas, was transferred over mercury into 
the reservoir C. The stopeocks A and B were closed, and 
the emanation was forced by raising the mercury reservoir 
through the stopcock H along the tube D, coated with caustic 
potash, into the U-tube T. The U-tube, of volume about 
1-5 c.ems., was surrounded by liquid air in order to condense 
the emanation. The whole emanation was condensed by 
successively raising and lowering the mercury in the reser- 
voir. The stopcock B was then opened into the pump and 
the uncondensed gases completely pumped off. The mercury 
was then lowered in the tube D to the position of the dotted 
line in the figure. The liquid air was then removed. The 
emanation after volatilization was left some hours in contact 
with the caustic potash in the tube D to remove the last trace 
of carbon dioxide. The U-tube was then surrounded by a 
vessel filled with pentane, which was cooled down by liquid 
air to a temperature between the temperature of condensation 
of the emanation (--150° C.) and the temperature of liquid 
air (—186° C.). The whole apparatus was then completely 
exhausted again by the mercury pump, a portion of the 
emanation being volatilized during the process and removed 
by the pump. Finally, when a very low vacuum was 

_ * In this work, I have found the methods developed by Ramsay and 
others for manipulating small quantities of gases of great assistance. See 
Travers, ‘‘ Study of Gases.” 
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Fig. 1. 
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obtained, the liquid air was removed, the stopcock B. 
closed, and the emanation after volatilization was allowed 
to expand into the tube E. Since the volume of the 
U-tube was small compared with the tube HE, the greater 
part of the emanation after volatilization expands into the 
tube E. The experiments were made in a darkened room, 
so that the moment of almost complete volatilization of the 
emanation could be observed by the sudden phosphorescence 
of the tube E due to the entrance of the emanation. The stop- 
cock A was then closed and the emanation forced into the 
capillary, where its volume was measured at regular intervals. 

Activity measurements. 

In this type of experiment, it is of importance to determine 
accurately the amount of emanation in the capillary where 
the volume is measured. This was done by comparison of 
the y ray activity due to the emanation in the capillary with 
that due to a standard sample of radium bromide which gave 
a heating effect of 110 gram-calories per gram per hour. 
When the emanation had been forced into the capillary, the 
residual emanation in the U-tube and connexions was completely 
pumped out and all sources of y rays removed to a distance. 
A small closed lead electroscope was placed at a distance of 
76 cms. from the emanation in the capillary, and the rate of 
discharge observed about three hours after the introduction 
of the emanation. The y ray activity compared with a 
standard is then a measure of the amount of emanation 
expressed in terms of the equilibrium quantity present in one 
milligram of pure radium. Measurements were made daily 
of the y ray activity of the emanation. Experiment showed 
that the highly concentrated emanation compressed into a 
small volume had the usual rate of decay, viz. half period in 
3°75 deys. Measurements of this character are essential if 
any accuracy is required. It is not sufficient to assume that 
all the emanation formed in a certain interval of days is 
pumped off from the radium solution. Moreover a small 
part of the emanation is left behind in every operation of 
transferring the emanation from ove vessei to another. It 
may be mentioned that in most of the experiments the amount 
of emanation whose volume and activity were measured was 
equivalent to the equilibrium quantity from 60 to 140 milli- 
grams of radium. Usually the amount of emanation pumped 
off during the experiment corresponded to 20 or 30 milli- 
grams of radium. 
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Discussion of Experiments. 

Preliminary experiments showed that the volume of the 
emanation was certainly much lower than that found by 
Ramsay and Cameron ; the purity of the emanation was 
examined spectroscopically in the capillary itself without the 
use of electrodes. Some tinfoil was wound round the upper 
and lower part of the capillary and a discharge produced in 
the capillary by means of a small induction-coil. The spec- 
trum was examined by a Hilger spectroscope, by means of 
which the wave-length of the lines could be read off directly. 
In the preliminary experiments, the spectrum observed was the 
ordinary band spectrum ascribed to carbon dioxide with some 

_of the mercury lines and occasionally a few other very faint 
lines. Precautions were then taken to get rid of the carbon 
dioxide. Phosphorus pentoxide instead of tap grease was 
used to lubricate the stopcocks. The emanation was always 
left in the presence of sclid caustic potash some time before 
its introduction into the U-tube. In addition the emanation 
after the uncondensed gases were pumped oft was left in 
contact with the tube D which was coated with a layer of 
caustic potash. Notwithstanding all these precautions it was 
found at first impossible to remove the last traces of carbon 
dioxide. Attempts were made to remove the greater part of 
the residual CO, by fractional distillation, using the pentane 
bath for temperature adjustment, but with only partial success. 
There appears to be some evidence that the emanation 
prefers to condense with the CO, which is present, and is 
released with it when the temperature rises. Finally, after 
a large number of experiments, it was found essential to allow 
the emanation after purification from other gases to remain 
five or six hours, preferably 24 hours, in the presence of the 
caustic potash tube D. When this was done, it was found 
that the volume of the gas obtained in the capillary was much 
reduced and the carbon-dioxide spectrum became much 
fainter. The reason why such a long time of exposure to 
caustic potash is required is not at all clear. It may be due 
to the very slow absorption of the last traces of carbon dioxide 
by caustic potash. It is possible, however, that the spectrum 
ascribed to CQ, is in reality due to carbon monoxide in the 
presence of oxygen. There is considerable difference of 
opinion among spectroscopists on this point. If the disturbing 
gas is CO it must first be converted into CO, in the presence 
of oxygen by the action of the emanation before absor ption 
by the caustic potash. This would account for the long time 
required for complete absorption. As far as my experience 
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has gone, the essential conditions for the purification of the 
emanation depend upon the pumping off the residual gases at 
a temperature below the temperature of volatilization of the 
emanation and considerably above the temperature of liquid 
air; and the long exposure of the emanation to caustic potash. 
By the former method practically all the known inactive 
gases would be pumped off. I think the high value of the 
volume of the emanation obtained by Ramsay and Cameron 
must be ascribed to the presence of other gases besides the 
emanation, which are condensed at the temperature of 
liquid air. 

Changes in Volume. 

Ramsay and Cameron (Joc. cit.) have given a number of ex- 
amples of the changes in volume observed in their experiments 
to measure the volume of the emanation. The volume of the 
gas in the capillary usually diminished with time rapidly 
during the first two hours to about half value and then more 
slowly. I have observed very similar effects in my experi- 
ments, using impure emanation. In some cases the volume 
diminished in the course of several hours to less than half 
value, but after this preliminary decrease little change was 
observed in the volume over the further interval of a week. 
In other experiments, the volume inereased instead of 
diminishing in the course of a few hours, sometimes 
increasing to twice the initial volume, followed later by a 
slow decrease with time. The expansion or contraction of 
the volume has in many cases no direct connexion with the 
volume changes of the emanation itself, for the true volume 
of the emanation present was in some experiments certainly 
not more than 20 per cent. of the total*. It is difficult to 
explain these expansions and contractions except on the suppo- 
sition that the gases mixed with the emanation either combine 
or dissociate under the influence of the powerful radiation from 
the emanation. Until experiments are made with some known 
gas or gases added to pure emanation, we can only speculate 
upon the nature of the gases present and the combinations or 
dissociations which are effected. There is another possibility 
which may prove to be an important factor in the volume 
changes, especially with nearly pure emanation. It is believed 
that the positive and negative ions produced in a gas at 

* Ramsay and Cameron explained the decrease of volume observed in 
their experiments on the assumption that the emanation changed from a 
monatomic to a diatomic gas. Since the volume in these experiments | 
certainly contained less than 20 per cent. of emanation, the explanation is 
inadmissible. 
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ordinary pressure have a cluster of molecules attached which 
move with them. Since the emanation itself and the gases 
associated with it are intensely ionized, it is possible that the 
effective volume may be decreased due to the production of a 
large number of these aggregates. On this view, the decrease 
of volume observed during the first two hours may be partly 
due to the increase of the number of these ag goregates conse- 
quent upon the increase of the radiation from radium C. 

EHaperimental Results. 

We shall now give some typical examples out of a number 
illustrating the initial changes in volume. The capillary 
tube used in all the experiments was of Jena borosilicate 
glass of very uniform bore, 0°58 mm. in diameter. The 
capillary correction was equal to 14 mm. of mercury. The 
tube was slowly coloured brown by the emanation. By 
heating the tube to the temperature of thermo-luminescence, 
the glass again became quite clear. The capillary was heated 
at the beginning of each experiment to drive off residual 
gases. The gases in the capillary in all cases obeyed Boyle’s 
law over the range examined within the limit of experimental 
error. 

Experiment 1.—This illustrates the increase of volume 
observed for very impure radium emanation. The amount 
of emanation in the capillary, determined by direct measure- 
ment, oO a to 67 eee of pure radium. 

| Time after introduction | Volume of gas in capillary 
_ of the emanation into | at standard pressure and 
| capillary. room temperature. 

| = = 

| 2 minutes | 0-154 ¢.mm. 
6 is | Ogee a 

| Li 63 | pA” 4: 
28 a5 Pe) figs 

| 41 % | SO yi, 
| 50 ro) . -270 9 

64 yD) "280 39 

vis “6 | ON. an 
81 a | OM ss 
3°9 hours | 346, 

| yA F | aS” 5s 
) 

At the end of 24 hours the spectrum of the gas was 
examined in the capillary. The carbon dioxide spectrum 
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was prominent. In addition to the mercury lines, a few 
others were observed which were not identified with cer- 
tainty. The initial volume, 0°154 c.mm., corresponded to 
67 mgs. radium, consequently the initial colome correspond- 
ing to one gram of radium was 2°3 c.mm. The final volume 
after 21 hours corresponds to 5°2 c.mm. per gram. ‘As the 
spectrum indicated, the emanation in this case was very 
impure, containing probably a large proportion of CO or GQ. 

Lxperiment IJ].—We shall now give an example of the 
contraction of volume. In this case the emanation was far 
purer than in experiment I. The emanation was left four 
hours in the presence of caustic potash before’ introduction 
into the capillary. The amount of emanation in the fac 
corresponded to 130 mgs. radium. 

Time after introduction | Volume of gas in capillary 
of the emanation into at normal pressure and 

capillary. room temperature, 

2 minutes G-171 ¢.mm. 
5) 9 "169 9 : 

10 is “Goats ae 

He By ‘158, | 
Br 5, 150 =, 
5 ae 135 ,, 
BE). 5, 126, 
70 aL) oes 
91 106 ,, 
Ee hours SOO Tia akes 
1 bate 3 069, 
2 eee ‘075, 
oa: 079 
Vs oa ; 080" 
ieee | 119%, 
Bye tts 195, 
257 55 125, 

The initial volume for the emanation from one gram of 
radium corresponded to 1°32 c.mm. Correcting for the 
decay of the emanation, the volume at the minimum after 
an interval of 17 hours was equal to 059 c.mm. per gram of 
radium. It will be observed that the volume sank ie about 
0:4 of its initial value after 17 hours. After passing through 
a minimum, the volume increased again, though not very 
regularly. At the conclusion of the » experiment, ie, after 
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the emanation had remained nearly 11 days in the capillary, 
the spectrum of the gas was examined in the capillary as de- 
scribed above. A brilliant spectrum was obtained showing all 
the lines of helium. The spectrum of CQ, was also observed, 
although weak in intensity compared with that of helium. 
In addition to the mercury lines, a few unidentified bright 
lines were noted. This result is a confirmation of the well- 
known experiment of Ramsay and Soddy, who found that 

_the spectrum of helium appeared after some time in a tube 
containing radium emanation. The cause of the increase of 
volume ater the minimum is now clear. Assuming that 
the « particles are atoms of helium, the helium would at 
first be fired into the glass. Aftera time part of it gradually 
escaped and added its volume to the emanation and other 
gases present. It is difficult to be certain how much of the 
helium was retained in the glass of the capillary. If we 
take the initial volume of the emanation to be about that 
observed atthe minimum volume, viz. ‘059 c.mm., the volume 
of helium to be expected is about three times this amount. 
This is on the assumption that each particle expelled is a 
helium atom. ‘The final volume observed after 11 days was 
-125 e.mm., and was probably mainly due to the helium. 

Experiment I11.—In this case the emanation was very 
carefully purified, after standing for 18 hours over caustic 
potash. The amount of emanation present corresponded to 
130 mgs. radium. The initial volume of the emanation was 
‘097 c.1mm. This corresponds to a volume of 0°80 c.mm. per 
gram of radium. No certain change in volume was observed 
over an interval of 15 minutes. The emanation was then 
recondensed in the U-tube, which was pumped out again 
using a pentane bath. On introducing the emanation ‘into 
the capillary again, very nearly the same initial volume as 
before was observed. In order to test the purity of the 
emanation, the spectrum of the gas in the capillary was 
examined. A new spectrum of bright lines, certainly due to 
the emanation itself, was observed. Some of the bands of 
the carbon dioxide spectrum were observable. Observations 
were at once begun to determine the wave-lengths of the 
new lines with accuracy. Before this was completed, most 
of the lines due to the emanation suddenly ran out, and the 
carbon dioxide spectrum became more prominent. ‘The 
volume of the gas in the capillary was also found to have 
considerably decreased. It was then observed by the phos- 
phorescence that the emanation was adhering to the walls of 
the capillary, and only a part of the emanation was free in 
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the gaseous state. The emanation remained fast to the walls 
for two days, and was only removed finally by a vigorous 
heating of the tube. It appears that the emanation must 
have been driven into the walls of the tube or occluded in it 
under some condition due to the passage of the discharge. 

Experiment 1V.—In this case the emanation, after the 
initial purification, was left five hours over caustic potash. 
After introduction the initial volume was ‘126 ¢c.mm. The 
volume remained nearly stationary for 20 minutes and then 
slowly diminished, reaching a value of 676 c.mm. after 
17 hours. The amount of radium emanation initially present 
was 130 mgs.radium. The initial volume of emanation thus 
corresponded to 0°97 c.mm. per gram of radium, and the 
lowest volume, allowing for the decay of the emanation in 
the interim, corresponded to 0°66 c.mm. per gram. 

Eeperiment V.—The emanation used in experiment IV. 
was again condensed in the U-tube and then left for 24 hours 
in the presence of caustic potash. The emanation after 
further treatment was admitted into the capillary. The 
initial volume was *083 c.mm. Asin the case of experi- 
ment IV., the volume remained nearly stationary for 20 
minutes and then slowly decreased. The volume after 
4 hours was ‘046 c.mm. The amount of radium emanation 
in the tube was equal to 79 mgs. radium. Consequently the 
initial volume of the emanation per gram was 1:05 c.mm., 
and the volume after 4 hours 0°58 ¢c.mm. The spectrum of the 
gases in the capillary was then examined. As before the carbon 
dioxide spectrum was seen together with a number of new lines 
due tothe emanation, the wave-lengths of which were measured. 
No trace of the hydrogen lines was observed in this or in 
the other experiments. After the discharge had passed at 
intervals for two hours, most cf the lines due to the emana- 
tion disappeared. The greater part of the emanation was 
then found to be sticking to the surface of the capillary, as 
in the previous experiment. The prominence of the carbon 
dioxide spectrum cannot I think be ascribed to the presence 
of a considerable amount of this gas mixed with the emana- 
tion before the discharge passed, but rather to the production 
of this gas by the discharge, due probably to the presence 
of a trace of some organic matter at the surface of the 
mercury. The correctness of this view was confirmed by 
the observation that the spectrum of carbon dioxide was 
unaltered in brightness, after practically all the residual 
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gases and emanation had been removed by the pump”. I hope 
in a later paper to give a more detailed account of these and 
other experiments to determine the spectrum of the radium 
emanation. In these investigations the spectrum has been 
obtained incidentally in the course of testing the purity of the 
emanation in the capillary. 

Summary of Results. 

For convenience, the results of experiments LI. to V. on 
the volume of the emanation : are » collected below :-— 

% oe Hage i ae 
| | Initial volume of | Final volume of 
| | Exper iment. emanation per | emanation per 
| | gram of radium. eee of radium. 

| I. ....| 132cmm. | 059¢.mm. | 
| ERE, 49e, | 6-80" * 5: | | 
Rae UOT... PrOrog | 

ee LD... Po OS te. | 

The volumes here given are at normal pressure and room- 
temperature (about 16°C.). If corrected to standard tempe- 
rature, the volumes will be about 5 per cent. smaller. A 
small undetermined correction should also be applied for the 
heating effect of the emanation. We have already seen that 
the calculated volume at normal pressure and temperature is 
0°57 c.mm. 

From the above table it is seen, that the smallest initial 
volume of the emanation observed is 0°80 c.mm. per gram of 
radium, and the smallest volume after contraction 0°58 c.mm. 
The volume before contraction, observed by Ramsay and 
Cameron, was 7°07 c.mm. per gram. It was observed that 
the emanation was not appreciably absorbed in the capillary 
during the first few hours, provided a discharge was not 
passed, and was all released on low ering the mercury. For 
these reasons, it seems probable that the volume after con- 
traction is to be taken as the true volume of the emanation 
rather than the volume in the beginning. On this view, 
there is as good an agreement as could be expected from 
the nature of the experiments between the final volumes, 

* Later observations have confirmed the correctness of this explana- 
tion. The emanation purified after the manner described was introduced 
in a spectrum-tube with platinum electrodes. No trace of the band 
spectrum of carbun dioxide has been observed in the spectrum produced 
by the discharge. (See accompanying paper ‘‘ On the Spectrum of the 
Radium Emanation.’ ’) 
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viz. 0°59, 0°66, and 0°58 c.mm., and the calculated volume, 
viz. 0°57 c.mm. 

We have already seen that it is difficult to offer a satis- 
factory explanation of the initial contraction. Before this 
can be done, a large number of further experiments will be 
required. ‘The work outlined in this paper is merely pre- 
liminary, and it is hoped in a later paper to give the results 
of a more complete examination of the volume of the 
emanation and of the changes it undergoes. 

Remarks on the Condensation of the Emanation. 

When the emanation was obtained in a nearly pure state, 
it condensed exceedingly rapidly at any point cooled below 
the temperature of condensation (—150°C.). I£ the emana- 
tion were contained in the U-tube (fig. 1), the slow approach 
of the liquid air to the bottom of the tube caused the con- 
densation in some cases to take place over an extremely 
small area, probably at a point where the tube was thinnest. 
A brilliant phosphorescent speck was then observed, and it 
almost appeared asif one could see the liquid emanation in the 
form of a flat globule condensed over an area of less than 
half a square millimetre. This effect was often observed and 
is very striking. After a few minutes the emanation, even 
at the temperature of liquid air, gradually diffuses, and the 
area of distribution becomes much larger. Ramsay has 
observed that the emanation condensed at the temperature 
of liquid air can be partly removed by continual pumping, 
indicating that it has an appreciable vapour-pressure at that 
temperature. This eftect, however, becomes far more notice- 
able when using a pentane bath whose temperature is not 
more than 10° or 20°C. below the temperature of conden- 
sation. Every stroke of the pump then removes a not 
inconsiderable fraction of the total emanation. There is 
another effect observed which is very striking. Suppose 
that the nearly pure emanation contained in the U-tube is 
condensed over a small area by applying the liquid air only 
to the bottom of the U-tube. If the U-tube is then fully 
immersed in liquid air, in the course of about ten minutes it 
will be observed by the phosphorescence that the emanation 
is distributed throughout the tube, even though the U-tube 
is not connected with the pump. In addition, a part of the 
emanation has condensed above the level of the liquid air. 
Such experiments bring out clearly that the emanation has a 
sensible vapour-pressure far below the temperature of con- 
densation. There is continual volatilization of the emanation 
in one part of the tube and condensation in another part. 

I desire to thank Mr. T. Royds, M.Se., who very kindly 
assisted me in many of these experiments, 

University, Manchester. 
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XXIV. Spectrum of the Radium Emanation. By Prof. E. 
RutHeRFORD, F.A.S., and T. Royos, M.Sc., Beyer Fellow, 
University of Manchester *. 

[Plates X. & XI.] 

- first determination of the spectrum of the radium 
emanation was made in 1904 by Ramsay and Collie ft, 

who obtained visual observations of the wave-lengths of eleven 
lines. They stated that the emanation was a bright line 
spectrum similar in general character to that observed for 
other monatomic gases. Since that time, no further informa- 
tion on this important subject has been forthcoming. Ina 
previous paper {, one of us has given an account of methods 
employed in purification of the emanation and determination 
of its volume. In order to test the purity of the emanation, 
an electrodeless discharge was passed in the capillary tube in 
which the volume of the emanation was measured, and visual 
observations of the wave-lengths of the main lines were made 
by means cf a direct reading Hilger spectroscope. We have 
observed the spectrum of the radium emanation in this way 
on four different occasions during the past two months. It 
was evident that a number of new lines were present, which 
were not recorded in the initial observations of Ramsay and 
Collie. As soon as the measurements of the volume had been 
completed, arrangements were made to photograph the 
emanation spectrum in order to determine the wave-lengths 
of the lines with more accuracy than is possible with visual 
observations. For this purpose, a quantity of radium 
emanation was purified as completely as possible by the 
methods outlined in the last paper. The emanation was first 
condensed in a U-tube surrounded by liquid air, and the 
uncondensed gases completely pumped ‘off. The emanation 
was then left for three hours in contact with a tube coated 
with caustic potash to remove the last traces of carbon dioxide. 
Finally, the U-tube was surrounded bya pentane bath cooled 
down by liquid air, and the uncondensed gases pumped otf 
at a temperature above that of liquid air. In order to obtain 
the spectrum, a small vacuum tube of capacity about 

* Communicated by the Authors. A preliminary account of this work 
was published as a letter in ‘ Nature,’ July 8, 1908. 

7 Proc. Roy. Soc, Ixxiii. p. 470 (1904). 
t See Rutherford, “ Volume of Emanation,” Phil. Mag. Aug. 1908. 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. x: 
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50 ec.mms., provided with fine platinum electrodes, was used. 
This was sealed to the connexion leading to the pump and 
completely exhausted, a discharge being passed to free the elec- 
trodes of hydrogen. When the emanation had been purified 
as completely as possible in the manner outlined, it was con- 
densed in the spectrum-tube by dipping a side tube connected 
with it in liquid air. When the greater part of the emanation 
had been condensed, the spectrum-tube was sealed off and 
removed for observation. 

Measurements of the y ray activity showed that the 
amount of emanation in the tube corresponded to 130 milli- 
grams of radium. Now the volume of the emanation per 
gram of radium is ‘57 cubic mm. Consequently, the volume 
of the pure emanation in the spectrum tube was ‘074 
cubic mm. Since the volume of the spectrum-tube was 
50 cubic mms., this would give a pressure of emanation in 
the tube of 1-1 mms. of mercury. In order to photograph 
the spectrum, a spectrograph with a glass prism of two inches 
base was used. The length of the spectrum on the plate 
between A 5000 and > 4000 was 1°5 cms. Arrangements 
were made so that visual observations of the wave-lengths 
could be made by the Hilger spectroscope while the plate 
was being exposed. Two photographs were taken before the 
emanation spectrum ran out. The first (photograph 1) showed 
about thirty of the more intense emanation lines. The second 
(photograph 2), which had a much longer exposure, showed 
over a hundred lines. A helium tube was used for comparison 
purposes, and its spectrum obtained above and below the 
emanation spectrum. ‘The plates were measured up with the 
aid of a Kayser’s measuring machine. The wave-lengths 
were deduced with the aid of the Hartmann dispersion 
formula. 

Remarks on Spectrum. 

The colour of the discharge through the emanation was 
bluish and not so intense as the helium tube. The spectrum 
observed visually was a brilliant one of bright lines. The 
most noticeable lines were a number of strong lines in the 
green and another group in the violet. The mercury and 
hydrogen lines were also observed. In order to be sure that 
the lines were due to the emanation, the side tube attached to 
the spectrum-tube was immersed in liquid air. At the moment 
of condensation, which was readily noticed by the increased 
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brilliancy of the phosphorescence of the glass, practically all 
the lines except those due to hydrogen vanished, The colour 
of the discharge then completely changed to a pale rose, and 
the tube became harder. At the moment of volatilization 
the emanation lines flashed out again. 

The hydrogen lines came ont more strongly when the 
emanation was condensed. In previous experiments with 
the electrodeless discharge, the hydrogen lines had been 
absent. Their occurrence in the present experiment was 
without doubt due to the liberation of hydrogen from the 
platinum electrodes when a strong discharge was passed. 
‘This is borne out by the results of another experiment recorded 
later. The emanation was momentarily condensed at intervals 
during the experiment in the side tube. From observations 
of the brillianey of the phosphorescence at condensation, it 
was noted that the amount of the free emanation in the tube 
oradually diminished with increasing time of discharge, while 
the intensity of the emanation spectrum decreased relatively 
to that of hydrogen. The emanation lines, however, persisted 
to the close of the experiment, when practically all the 
emanation had been driven into the walls of the tube. From 
observations of the phosphorescence, it was evident that the 
emanation was approximately uniformly distributed along 
the line of discharge. As the discharge’ had been reversed at 
intervals during the experiment, it was difficult to be certain 
whether there had been any considerable absorption of the 
emanation by the electrodes. The occlusion of the emanation 
had been observed previously on several occasions in the 
capillary tube using the electrodeless discharge (see previous 
paper). It seems probable that the emanation is in some way 
driven into the walls of the tube by the discharge. This 
effect is no doubt similar to that recorded by Campbell 
Swinton for ordinary gases. It is difficult to remove such 
occluded emanation even by strongly heating the glass. 

After three days, the tube was very much darkened by the 
emanation, and it was necessary to get rid of the blackening 
by heat in order to observe the spectrum. The main helium 
lines were observed, but were faint in comparison with the 
hydrogen lines. 

After a week’s interval, the spectrum-tube was again 
attached to the pump and thoroughly heated above the tem- 
perature of thermo-luminescence in order to make the glass 
as transparent as possible. The spectrum-tube was exhausted, 
care being taken by heating the tube and by passage of a 
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strong discharge to get rid of most of the hydrogen from 
the electrodes. About the same quantity of pure emanation 
as in the first experiment was condensed in the tube. After 
sealing off the tube, the spectrum was photographed, visual 
observations being’made at the same time. 

The same general effect as in the first experiment was 
observed when the emanation was condensed on the side 
tube. In this case, however, the hydrogen spectrum was 
relatively much feebler. On condensing the emanation, the 
tube became very hard and showed the characteristic green 
coloration of the cathode-ray vacuum. Jt was thus clear 
that the methods employed had been fairly successful in 
getting rid of the hydrogen from the electrodes. The photo- 
graph of the spectrum in this case (photograph 3) showed 
only the hydrogen line Hg, although Ha also was observed 
visually. In the second photograph, already referred to, the 
stronger lines of the compound line spectrum of hydrogen 
had been photographed*. The photograph 3 is reproduced 
in Plates X. and XI., magnification 3°7 times. Plate X. was 
exposed to bring out clearly the strong lines of the spectrum 
only. It will be seen that the stronger lines in Plate XI. are 
somewhat overexposed in order to bring out some of the less 
intense lines in the spectrum. ‘This photograph is somewhat 
better for reproduction purposes than photograph 2, but does 
not show quite the same number of faint lines. 

The measurements of the wave-lengths of the lines common 
to the two plates agreed within the limits of experimental 
error. We shall consequently only give the measurement 
of photograph 2, since the hydrogen lines present in this 
spectrum serve as an indication of the accuracy of the 
measurements. It will be seen that the error of measure- 
ment is certainly not greater than half an Angstrém unit. - 
The lines given in the Table are common to both photographs. 
It has not been thought necessary to give the weaker lines 
observed, for the identity of these with the emanation spectrum 
requires further confirmation. 

In the Table the lines observed visually are given in a 
separate column. In photograph 3, when the hydrogen was 
far less prominent, the relative intensity of some of the 
emanation lines differed from that observed in photograph 2. 

* No trace of the carbon-dioxide spectrum was observed in either 
experiment. The occurrence of this spectrum in the electrodeless dis- 
charge in nearly pure emanation (see paper, loc. c’t.) was without doubt 
due to a trace of organic matter on the surface of the mercury. 



crt | | 6 at 

Spectrum of the Radium Emanation. 317 

Wave-lengths of the Emanation Lines. 

“Visual, |Photograph. Visual, Er omarn 

F Be Remarks. | ey Remarks, 

r. x. Tn aa | ie, 

6079 | O | 4439 | 8 |4485-7| Inty 2 in photo. 3. 
5976 | | 3 [4884-0 
5945 | 4 (4372-1 | 
5829 3 | 4351 15 |4850°3 
765 7 |4340°9)| Hy 4340°66. Absent 

5718 | 1 (5715°0| 1 | 4310 10 (4808°3) from 8rd photo. 
bd582 | 8 (5582°2 | | 2 |4225°8 | 
5395 | O |5392°4 | 1 | 4202 |10 (4203-7 
5372 | | 5 4188-2 
5257 | 1 | 4169 | 20 4166-6 
5120 | - | 7 (41149 
5087 | 4 b084:5 | | 6 (4102-2) Hod 4101°85. Absent 
5060 | 2 |4083'4| from 3rd photo. 
4985 | 4 |4979-0 be 4055-7 
4964 | 0 4965°6 | 2 |4051-1 
4955 | 00 |4949°4 | 4 4045-4 
4917 |00 4914-6 | 1 4040-2 

| 4895 | 0 [4880-5 | 10 4018-0 
| 4865 4861:3) HG 486149 12 |3982:0 

4831 | 1 |4827°8 | ! 9 |3971°9 | Not He 3970°25. 
| 4820 | 4 |4817-2) i | 7% (8957-5 
4798 | 1 4796-7. | 3 (8952-7 
4772 | 3 |4767-9 | i 3 |3933'3 
4726 | 5 |4721-°5) Inty 1 in photo. 3. | al. 8927-7 
4705 | 2 |4701-7. | | 2 (3905-7 | Inty 0 in photo. 3, 
4685 |10 |4681:1 Does not quite dis- | 4 |3867°6 

1 /4671°8 appear when emana- | | 2 (3818-0 
1 /4659°3 tion condensed. 0 {3811-21 

4650 |10 |4644°7) | 10 (3753°6 | Inty 3 in photo. 3. 
4631 | 8 (4625-9. 1 (8748-6 
4614 | 7 |4609°9 Int¥ 4 in photo. 3. fo 3 2) am | 5: 
4608 | 4 46047 ,, 6 a 2 (8690-4 
aor) 7 407871, fe, | | 1 (3679-2 
4550 | 1 (45499) | 10 (3664-6 
4511 | 9 \45090| ,, 4 ,, ! OnvaosOO), 68 i 

' 2 |4504-0 | | 2 136266 
| 4460 ” A460'0.| 5, 2 a | 1 |8615-4 

None of the emanation lines have been identified in any 
stellar spectra.: 

Manchester University. 



ST SOR aA 

LDL LL LT LL LC LE 25 SSS SE EE aE 

Reet a 

XXV. Telescopic Vision. 
By G. Jonnstone Stoney, M.A., SeD., FRS* 

Part [.—THE NECESSARY APPARATUS. 

[Plate XIT.] 

CHAPTER 1. 

A cosmical apparatus which, af it could be realised, would 
give the information we seek. 

In this paper:— 
1. A wavelet will mean a luminous wave of infinitesimal mtensity. 
2. An undulation will usually mean a semple undulation, that is a 

complete train of semdar waves or wavelets. 
3. ufw is employed as a short way of writing undulation of flat 

wavelets of lizht, of infinitesimal intensity. 
4. Similarly, uf W will mean an undulation of flat waves of light, 

of finite intensity. 
. A sheaf of undulations will mean all the undulations that fulfil 

some condition which will be stated. The term is often used of 
uf w’s travelling nearly in the same direction—or, more precisely, 
whose guide lines (lines perpendicular to the wavelets) are 
parallel to lines drawn within a very acute cone, from its vertex. 

Or 

1. HE opposition of Mars in September 1909 will occur 
when Mars is near perihelion and the earth near 

aphelion: when, also, the planet will be sufficiently high 
in the sky for convenient observation from all the obser- 
vatories of the southern hemisphere, and from most of those 
in the northern. Accordingly not far short of the best 
conditions for observing the surface of the planet will then 
present themselves, and an even nearer approach to the best 
possible conditions for observing the terminator of the planet 
when slightly gibbous will occur in August. Mars will on 
the 13th of that month reach perihelion and exhibit the 
degree of gibbosity which will then exist, with the advantage 
that tne planet will be almost at the shortest distance from 
the observer which is compatible with its being in that degree 
gibbous. Moreover, the position of the planet in September 
will give an opportunity of scrutinising its southern cireum- 
polar regions under exceptionally favourable conditions. 

These considerations, and a desire that there shall be time 
for adequate preparation before the summer of next year, 
have induced the writer of this paper to publish somewhat 
prematurely one part of an inquiry respecting the process by 
which nature forms those images which we find in optical 
instruments or on the retina, although (being the part of the 
inquiry which concerns the telescope) it would more naturally 
have come after another unpublished part of the investigation 

* Communicated by the Author. 
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in which almost all inferences arrived at deductively admit 
of satisfactory verification at almost every step, by experi- 
ments with the microscope—an instrument which permits a 
greater range of useful conditions to be secured than are 
available with the telescope. | 

2. In the experimental verifications, which are what we 
shall be chiefly concerned with here, we have to consider 
specially the relation in which two images stand to one 
another. One of these is the familiar image of the celestial 
object presented by the telescope to the eye. Hither the 

whole or a part of the other (which we shall find it appropriate 
to call the Concentration Image) can in all cases be formed 
by the same identical light but is an entirely different 
image, as will presently be explained. The advantage of in- 
troducing this concentration image arises from the circum- 
stance that the method of analysis which has proved to be 
the most efficient in tracing out how images are actually 
formed by nature, is the analysis of the light within any 
space occupied by a uniform medium into its constituent 
uf w’s (undulations of flat wavelets)—an analysis which can 
be shown to be always possible and legitimate however 
complex the light traversing that part of the medium may be. 
These undulations are innumerable, each consisting of wavelets 
of infinitesimal intensity, each undulation to be thought of as 
pervading the whole of the medium when the medium is. 
pictured as extended in all directions without limit, and being 
of such a kind that its wavelets are equidistant, alike, and 
uniform throughout their whole extent in regard to wave- 
length, intensity, and state of polarization *. Moreover, one 
such undulation and one only needs to be recognized as 
travelling in each direction in which light traverses the medium. 
It is by the interferences of these innumerable undulations 
with one another when they, as it were, pour down simulta- 
neously upon the place where the image is formed—-it is by 
these interferences that the image is called into existence 
however intricate it may be. 

3. This is by no means the only way in which light can be 
resolved. In fact the number of ways in which light may 
legitimately be resolved has no limit; and any one of the 
numberless legitimate resolutions, if only we were able to 
follow out its consequences, would guide us to the same ultimate 
interference effect—in other words, to the same image ; but 
among them the resolution into undulations of absolutely 
uniform and absolutely flat wavelets recommends itself as 
the one by which the student of nature can best appreciate 

* See Phil. Mag. for April 1905, p. 594, Appendix. 
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the actual progress of events and can, with least difficulty, 
succeed by deductive reasoning in foreseeing the optical 
effects that will arise. 

4. However, in making observations and experiments, it is 
somewhat different: and we shall find it often convenient to 
resolve the light in some other way that is legitimate; e. g., 
(when dealing with singly refracting media) into undulations 
of spherical wavelets which within a limited volume situated 
at a sufficient distance from the centres of the spheres, will, 
within that space, be undulations of nearly though not quite 
flat wavelets. Among events of this kind light which reaches 
the earth from a star is by far the nearest approach to light 
consisting of flat waves that is available when we want to 
make actual experiments with it. 

5. In treating of vision with the telescope it is found most 
convenient to resolve the light before it enters the telescope 
into a very special system of undulations of spherical 
wavelets, viz. into spherical undulations the centres of which 
shall be the several points of a plane perpendicular to the 
optic axis, situated just in front of the objective of our 
telescope. This plane we shall call plane Y, and the circular 
disk of it in front of the objective we may call disk y, the 
diameter of which will be A, the “Aperture” of the telescope. 
The centres of the undulations, being the points of plane Y, 
are so remote from the object—suppose Mars—that the light 
waves as they leave the planet to converge towards those 
centres are very nearly flat waves in the vicinity of the 
planet ; and, inasmuch as the centres towards which they 
converge are upon a plane close to the objective, they indicate 
at once which of these spherical undulations can and which 
cannot enter the oljective. Obviously those converging 
towards points lying within disk y enter the telescope, while 
all the others whose centres are at other points of plane Y 
cannot enter it. Let us fix our attention upon that one of 

Disk y. 

the spherical undulations which has its centre at the point p 
of disk y. Between Mars and p, the part of this undulation 
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with which we are concerned is an enormously long cone of 
light with its base upon Mars and its vertex at p, and consists 
of that portion of the whole spherical undulation converging 

- towards p, which happens to lie within the geometrical cone 
we have indicated. After passing p, this portion of the 
undulation becomes a small diverging cone which enters the 
objective, and (unless the axis of the cone is already on the 
optic axis) the little cone in passing through the objective is 
bent so that the light advances towards a certain tiny patch 
where we shall find an image of Mars, if a suitable screen, 
which we may call screen X, be set up perpendicularly to 
the optic axis at the principal focus of the objective. Upon 
that little patch, which we may call patch «, the part of the 
spherical undulation which has travelled within the cone falls, 
and would there produce a uniform illumination over the 
whole of that patch if it were the only light admitted to the 
telescope. Similarly the portions that happen to lie within 
the corresponding cones of the undulations which converge 
upon the other points p’, p’’, &e. of disk y, will after entering 
the telescope be made to fall upon the same tiny patch a, and 
would each of them simply illuminate it uniformly, if they 
could be isolated from one another. But as they are all 
present together upon patch «x, they interfere with one 
another, and zt is by their interferences that the complex image 
of Mars is formed. 

6. It is of importance to keep in mind that in looking at 
such an object as Mars, the differences of distance from the 
observer of the features seen upon different parts of the 
surface of the planet, are of no optical account. Screen X 
may therefore be practically treated as a simple plane per- 
pendicular to the optic axis, and all parts of the image will 
be simultaneously in focus upon it. This is an advantage 
which the telescope has over the microscope. 

7. In the rest of this Chapter we shall request the reader 
to picture to himself apparatus which in fact is unattainable, 
but which if it existed would enable man to make what we 
may call cosmical experiments; and we shall invite him to 
consider what would be the optical effect of bringing that 
apparatus into operation if such a thing were possible. In 
the next following chapter we shall describe how to 
repeat these experiments with apparatus that is under.our 
control, and shall show how by employing it we need no 
longer be content with merely conceiving, but can actually 
see the results. 

8. We shall begin by asking the reader to permit us to 
effect a simplification which will be a help to us in our 

oO 
co) 
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inquiry, and which is based on the circumstance that it is 
legitimate to conceive any change to be made at the Mars 
end of our series of events which will preserve the image in 
our telescope without sensible alteration. One such change 
would be if Mars were removed and a pro-Mars substituted 
for it, this pro-Mars being a flat transparent disk set up close 
to Mars and perpendicular to the line of sight from us to 
Mars. We may conceive it to be of the same size as the 
great circle upon Mars which bounds our vision of the 
planet. Upon this disk are to be delineated in transparent 
paints—?. é. in paints visible by transmitted light—all the 
details upon the planet which an artist placed upon the disk 
would see perpendicularly under bim if he moved over the 
disk from place to place. We may now conceive Mars to be 
removed and this picture illuminated from behind to be sub-: 
stituted, since the painting would then present to the terrestrial 
observer precisely the same appearance as Mars does. Both 
the planet itself and this pro-Mars would obviously contain 
an enormous quantity of more minute detail than any that 
can be seen from the great distance of our earth. 

9. The light from behind which we are to suppose illumi- 
nating the pro-Mars, like every other transmission of light 
through a medium, is susceptible of being resolved into 
undulations of flat wavelets ; and it is possible to determine 
the effect which any one of these would have if it acted 
alone, by picturing to ourselves the pro-Mars as illuminated 
from behind bya single bright star properly situated, and by 
considering what the. optical effect would then be. If this 
state of things could be realised, the light incident upon the 
pro-Mars from behind would behave as a single undulation 
of flat waves of light; and this in passing through the 
pro-Mars would—because of the details upon that object — 
develop into a sheaf of innumerable ufw’s travelling 
forwards in definite directions, one of which may be called 
the direct light and the others the diverted lights associated 
with it. If by any contrivance the proper parts of all 
these undulations could be combined, by being made to fall 
upon a single disk after having occupied identical times in 
their several journeys, they would exhibit on that disk by 
their mutual interferences an optimum image of the pro- Mars, 
i.e. the best image which the light emitted by the pro-Mars ts 
competent to produce at that distance. 

10. In order to make the transmission forwards of these 
undulations compatible with the formation of the Concen- 
tration Image upon plane Y which we shall need to assist us 
in our further study, we may conceive a lens L of immensely 
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long focus and of vast aperture to be introduced perpendi- 
cularly to the optic axis and immediately in front of the 
pro-Mars, the focal length of this lens being the whole 
distance from lens L to disk y, which latter stands im- 
mediately in front of our astronomical telescope. It is 
legitimate to introduce this lens, inasmuch as such a lens 
situated close to the planet, or to the pro-planet, would not 
have any sensible effect upon an image of either of those 
objects formed at a distance, such as the image in our 
telescope. Again, if both Mars and the pro-Mars were 
removed from behind the lens, an image of the distant star 
would be formed by lens L upon disk y. This stellar image, 
which we may call the star-burst produced by the light that 
has come from the star through a lens, would present that 
appearance of a spurious disk and surrounding rings which 
Airy investigated, and the size of which for light of each 
wave-length would be, as appears from his investigation, 
directly proportional to the distance from lens L to the earth 
and inversely proportional to the diameter of lens L. Now 
as there is nothing to limit our conception of the size of lens L, 
it is legitimate for us to imagine it of such immense aperture 
that the spurious disk and rings, which are the image of the 
star, shall shrink into being a mere speck upon disk y. Let 
us next conceive our pro-Mars to be restored to its position 
behind lens L. Light from the star is now incident upon the 
farther side of the pro-Mars, and this single undulation of flat 
waves in passing through the pro-Mars changes into a sheaf 
of ufw’s which are what advance towards our telescope. 
Each of these innumerable undulations will by lens L be 
concentrated into a speck on plane Y ; and those of them, and 
those only, which produce specks that fall within disk y will be 
the undulations emitted by the pro-Mars that will be caught 
by our telescope. As these will be only some of the entire 
sheaf of undulations transmitted forward by the pro-Mars, 
the image they can form in our telescope will fall short of 
being the best which the light emitted by the pro-Mars would 
be competent to form, in other words, it will fall short of 
being the optimum image. 

11. It is possible, at this stage, to get some insight into 
the true character of the image presented in our telescope. 
Let us call the light from the planet which is admitted into 
the telescope, light’ A, and the light excluded from it, light E ; 
and let us imagine another body of light identical with E, 
except that all the component undulations of wavelets of 
which it consists travel half a wave-length behind those of E. 
This imagined light we may call —E. Then if +E and —B 
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were both introduced they would simply cancel one another. 
Therefore we are justified in regarding the telescopic image 
as formed by the light A+ E—H, since the addition of both 
+H and —E leaves matters unchanged. But it is also per- 
missible to view the matter otherwise, and this we shall now 
do. The light A+E, if it could all be made use of, would 
form what we have called the optimum image, meaning that 
it is the best image of the planet which the light emitted by 
the planet is capable of yielding. Hence what we see in 
the telescope is this optimum image with light —E super- 
imposed upon it. What the full effect of this superposition 
will be we do not know, but we can at all events see that 
light —E, consisting as it does of uf'w’s more inclined to one 
another than any of those of light A, may introduce additions 
and defects into the optimum image, some of which may be 
smaller than any of those parts of the telescopic image which 
can represent detail really existing upon the planet. Thus—as 
we shall find farther on—the minute dark specks which have 
been detected upon the image of Mars and to which has been 
given the name of oases under the impression that they 
represent something on the planet, are probably optical 
markings arising in the way described above. Misleading 
appearances of this kind are familiar to microscopists, who 
sometimes speak of them as ‘ Intercostal Markings.’ They 
may perhaps be more appropriately termed Phenako-spiles, 
or misleading markings upon the image presented by the 
telescope, as they are a semblance of detail which has no 
existence upon the object. 

It thus appears that what is seen by the Astronomer in his 
telescope represents the celestial object imperfectly ; and 
what we have to aim at in this inquiry is to study the 
excesses and defects in the image, with a view to learning 
how to minimise them and how to detect and measure and 
make allowance for those that continue outstanding. 

12. We may call the image directly formed by the 
objective the primary telescopic image. It is usually on too 
small a scale for the eye to see in it the whole of the detail 
which the objective, if good, can exhibit. It has therefore to 
be magnified by an eyepiece, and we shall use the term ezkon 
to signify the resulting larger image which is what is actually 
seen by the observer. The eikon will then be, not the 
primary telescopic image, but an enlargement of it. Again, 
let us use the term ezdolon to signify the object which seems 
to the observer to be what he is looking at—in other words, 
the eidolon is a model of the planet, of such a size and with 
such additions imperfections and blurring together of details, 
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as would cause it to have, if viewed by the naked eye from 
the distance of most distinct vision, exactly the same appear- 
ance as the image seen in the telescope. We shall assume, 
in accordance with the usual convention, that the average 
eye finds it most convenient to scrutinise an object critically 
when placed in front of it at a distance of 10 metric inches, 
which is the same as a quarter of a metre. This then is the 
distance from which we are to conceive the eidolon to be 
viewed and criticised by the unassisted eye of a person with 
good sight. The astronomer should never lose sight of the 
fact that what he sees in his telescope is this eidolon and not 
the distant object ; and it behoves him very carefully to 
discriminate between those features on the eidolon which he 
may rely on as representing somewhat similar details upon 
the planet, and those others which are due to a very different 
cause. 
13. It is advantageous to the observer to be readily able to 

form a correct estimate of the actual size of the eidolon, or 
object which appears to be what is seen in his telescope. Its 
size can be easily computed from a number which is recorded 
in the Nautical Almanac for each day, viz.: the number 
of seconds of angle in the apparent semidiameter of the planet 
on that day. Let p” be the number of seconds in the semi- 
diameter of any planet, and M the magnifying power we are 
using upon our telescope. Then the angular diameter of the 
eikon, the image of the planet we see in the telescope, will 
be 2Mp" ; and the diameter of the eidolon, the object which 
will then seem to be presented to us, will be 

avipd x #4880811 
where - is the value of 1” in circular measure, 

and d stands for the average distance of most distinct vision. 
We may adopt the usual convention and assume d to be 
250 millimetres. Introducing this value we find 

Diameter of eidolon = 419-53 P millimetres. 

Hence if we arm our telescope with an eyepiece which 
will make M, the magnifying power of the telescope, 
= 412°53, we shall have the extremely convenient relation 
that the resulting eidolon of the planet will have the number 
of millimetres in its diameter the same as the number entered 
in the Nautical Almanac as the number of seconds in the 
apparent semidiameter of the planet for the day on which 
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the observation is made; so that every half-millimetre any- 
where on the eidolon will exactly represent 1" upon the 
corresponding part of the planet. Partly for this reason and 
partly because a power of about 400 is (under favourable 
atmospheric conditions) the best, as we shall see farther on, 
for bringing out the full capabilities of the telescope of 
12-inch aperture which the author was in the habit of using, 
he made a practice for several years of regarding 412 as a 
standard of magnification, with which he compared the 
various magnifying powers he had occasion to employ. Thus, 
when using an eyepiece giving magnification 140, he would 
think of this as not far from one-third of his standard, and 
that accordingly each half-millimetre on the smaller eidolon: 
of the planet which it would furnish would correspond to a 
length at the distance of the planet subtending 3". This was 
very convenient. But other considerations of much weight 
have since convinced the author that it would be still better 
for astronomers to adopt a magnification of 400 as a standard 
unit, and to make a practice of estimating the various powers 
they use as multiples or fractions of that number. The 
reason for this recommendation will be explained farther on: 
Meanwhile it may be useful to call attention to the use which 
may be made of the new standard, viz. 400, in estimating 
magnitudes. The eidolon of a planet which results from 
using a power of 400 is slightly smaller than the eidolon 
which would be yielded by 412°53. The reduction in size, 
however, is little more than 3 per cent., and does not hinder 
its being useful for the observer to keep in mind that each 
1” on the planet will now be represented by slightly less than 
half a millimetre on the eidolon, where ‘slightly less’ means 
roughly speaking 3 per cent. less, or more nearly in the ratio 
of 32 to 33, or, if extreme accuracy is required, in the ratio 
of 2” to 2'062648—the latter angle being the angle whose 
circular measure is exactly 0°00001. This last mentioned 
angle, viz. the angle 0'V0001, is of special and frequent use 
to ane observer and we shall call it angle e€ ; and the length 
which at the distance of the planet would subtend angle e, 
we may call the length e. It is this length upon the planet 
which each mm. on the standard eidolon evactly represents. 

14. Let us epely this way of regarding events to what 
will happen next year. Mars will come closest to the earth 
on 1909, Sept. 18. On that day its semidiameter will have 
become "12009. Accordingly, when nearest and examined 
with a power of 400, the diameter of its eidolon will be about 
3 per cent. less than 12°02 millimetres, 2. e. it will be 11°8 mm. 
in diameter. 
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Now, under the circumstances described, and at the centre 
of the disk, a millimetre on the eidolon corresponds to nearly 
10 of the geographical degrees annexed to the maps of the 
so-called ‘canals’ upon Mars. ‘To appreciate this, get a 
small marble somewhat less than 12 mm. in diameter, and 
view it from a distance of ten inches; for it is on to such a 
tiny sphere that we must conceive the details recorded in the 
maps of Schiaparelli and Lowell to be crowded, in order to 
have a just idea of what it was that those skilful observers 
succeeded in glimpsing on this minute scale, occasionally, at. 
favourable moments, and with difficulty. Many years ago, 
after the second of Schiaparelli’s maps appeared, the writer 
‘of the present paper took advantage of a good opposition of 
Mars to study what could be seen when the state of the 
atmosphere was favourable, upon the eidolon of the planet 
which was presented to him by a good reflecting telescope of 
12-inch aperture, exceptionally well adjusted*. The author 
also derived specially useful instruction from making careful 
control observations upon the Moon when nearly full under 
equivalent optical conditions to those which he employed upon 
Mars. ‘These will be described in the last Chapter of this 
paper, and he can recommend a frequent recourse to control 
observations upon the nearly full Moon to all astronomers 
who have occasion to make it their aim to become serious 
students of Mars. 

But before describing these comparative observations, we 
have first to inquire under what conditions certain typical 

* The author’s telescope was adjusted by the special Collimator for 
completing the Adjustments of Reflecting Telescopes, described at p. 30 
of the Report of the Cheltenham Meeting of the British Association in 
1856, with the addition that the line of collimation of the tube which 
carries the eyepieces (into which the collimator is to be placed) was 
made movable through a small range by three screws acting against 
springs; and that the adjustment was completed, not by disturbing the 
adjustments of either of the mirrors, but by a slight motion of this tube, 
thus altering the line of collimation of the eyepieces. This was found 
to be optically sufficient and rendered it extremely easy to make the 
adjustment—so easy that it could be made if necessary before each 
observation. An electric spark, made by that kind of replenisher sold 
for lighting gas, furnished the light at the focus of the collimator. 

The instrument was made for the author by Sir Howard Grubb, F.R.S., 
and when employed upon a sufficiently good telescope was found to add 
materially to the excellence of the image that could be secured by the 
usual methods of adjusting the two mirrors. 

The adjustments of the mirrors were in the first instance made with 
care in the usual way. This was sufficient to bring the image of the 
spark well within the field of view of the collimator, and the image of 
the spark was then brought into coincidence with the sparks by the 
three adjusting screws mentioned above. 
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features upon a planet can be adequately seen through a tele- 
scope, and what modification their appearance will undergo 
when those conditions can be only partly secured. In 
prosecuting this inquiry an efficient working model of the 
cosmical apparatus described in the foregoing pages, will be 
found exceedingly useful. This, accordingly, we shall next 
describe. 

CHAPTER 2. 

How to construct an adequate working model of the apparatus 
described in the last Chapter, with which the necessary 
experiments can be made. 

15. In the preceding pages the reader has been asked to 
consider what optical effects would follow if a lens L could 
be placed close to the object which the astronomer is 
examining through his telescope. If we are content to 
confine ourselves to the deductive treatment of telescopic 
vision, the intrusion of this imaginary lens may be dispensed 
with, since the conclusions arrived at can be reached without 
that machinery. It would be legitimate and sufficient to 
resolve the light emitted by the planet directly into undu- 
lations of spherical wavelets subjected to the condition that 
the centres of these spherical undulations shall be the several 
points of any assumed unfolded* surface of one sheet 
enveloping the whole of that aspect of the object which is 
turned towards us. This would be a legitimate procedure ; 
and would answer our purpose. But the conceptions which 
the investigator must be able to form in order to prosecute 
the inquiry in this way can, perhaps, most easily be grasped 
after he has pictured to himself the intervention of lens L, 
which he may think of as placed either immediately in front 
of or immediately behind the pro-Mars; and at all events 
this imagined lens suggests and serves as an introduction to 
a valuable piece of apparatus whereby the steps of the process 
by which the telescopic image is formed can, so far as is 
necessary, be submitted for our inspection. The steps of that 
process can no doubt in many cases be ascertained, and the 
details of it computed, by the deductive method of treatment ; 
but it is in some respects perhaps even more instructive and 
it is certainly much more impressive actually to see them. 
On this account, and as in this paper deductive reasoning is 
avoided as much as possible, the reader will be invited to 
direct his attention for the most part to those verifications of 
results which are brought within his reach by the apparatus 

* By the term “unfolded ” is meant that no vector outwards from the 
planet will pierce the surface more than once. 
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about to be described in the present chapter—an apparatus 
easily put together and which the author ventures to suggest 
ought to be an adjunct of every astronomical observatory 
which is occupied with the study of what can be seen upon 
celestial objects of visible size, whether sun, or moon, or 
planet, or comet, or nebula. 

16. The essential parts of this apparatus, the ease with 
which it can be constructed, and the many convenient 
arrangements that can be secured in using it, will be under- 
stood from a description of the specimen which the author 
was able to set up for his own use out of materials that 
happened to be at at hand. The apparatus as a whole may 
be designated an Observatory-experiments Apparatus, or 
OE Apparatus, or, still more briefly, OHA. The essential 
parts are represented in the diagram on Plate XII. 

The proposed apparatus isa working model of the Cosmical 
Apparatus described in the last chapter, and of so efficient a 
kind that all the experiments that could be made with the 
Cosmical Apparatus, if the Cosmical Apparatus were avail- 
able, can be made with our model of it. In the Cosmical 
Apparatus we may distinguish four planes, two of which have 
already been mentioned :—(1) The plane X within the tele- 
scope, erected perpendicular to its optic axis and at the 
principal focus of the objective ; (2) and (3) planes Y and Z, 
perpendicular to the line from the telescope to z, the object 
on the planet which is under examination—Y being a plane 
erected perpendicular to this line at its nearer end and Z the 
plane perpendicular to it erected at its farther end. Finally, 
(4) a plane that we may call plane S, to be located at the 
star s that we have asked the reader to imagine behind the 
planet, and which is to be the plane through that star 
perpendicular to the line from z to s. All of these are 
represented in the experimental apparatus by screens or planes 
which are indicated upon the diagram in Pl. XII. by the 
letters X/Y’Z’ and S’. 

17. T’ in the diagram is the pro-telescope, which means 
that it is a small telescope which in our apparatus can be 
made adequately to exhibit the optical performance obtainable 
from any astronomical telescope, T, up to telescopes of two- 
metre aperture. This, moreover, it does with the great added 
advantage that provision is made whereby we are enabled to 
study the Concentration Images which are associated with 
the telescopic image, and can ascertain from them the causes 
of the effects produced by varying the apertures of telescopes ; 
and so learn with what classes of objects an increase of aper- 
ture will give improved vision as well as how much and of 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908, ZL 



SSeS 

330 _ Dr. G. Johnstone Stoney on 

what kind, and with what other classes of objects the 
improvement will be too slight to be valuable. 

The pro-telescope in the author’s apparatus is a small 
laboratory telescope of one-inch aperture and eight-inch 
focal length, intended for reading scales upon instruments 
without having to go close to them, but here used to view 
the object <’, placed at E. We make use of the letter z to 
slonify any feature we picture as possibly existing on the 
planet, and the conditions for seeing which satisfactorily we 
want to investigate. The z’ in our apparatus is a pro-z, that 
is an object at E of the same shape as ¢, and of the size 
which will in the experimental apparatus correctly represent 
the dimensions of z upon the planet. It can easily be made 
of this size, inasmuch as such dispositions have been made 
in setting up the apparatus that one millimetre at z’ repre- 
sents length e upon the planet, viz.: the length upon the 
planet which subtends standard angle e as seen from the 
earth. We already know that this length is also represented 
by one millimetre upon the standard eidolon of the planet, 
viz.: the eidolon furnished by an astronomical telescope 
magnifying 400 times. When, as usually happens, the 
object z upon the planet is one of which we only 
expect to see the outline, it will be sufficiently represented 
by a hole in copper-foil at <’ of the proper shape and size, 
illuminated by light coming from beyond. When this light 
is diffused light such as that from a sheet of white paper or 
from the reflexion of a cloud, and when the aperture of the 
pro-telescope I’ has been adjusted to correspond to the 
aperture of the astronomical telescope, which it will be when 
the one aperture is made the hundredth part of the other, 
then will the vision of 2’ which we shall obtain through the 
pro-telescope be precisely the same as that which the astro- 
nomer can, at best, secure of the corresponding object z if it 
exists upon the planet. By “at best’? is meant if the three 
following conditions are secured :— 

1, If the “ seeing” is perfect ; 
2. If a magnifying power which corresponds to that on 

the pro-telescope (viz.: a magnifying power 100 
times that employed on the pro-telescope) can be 
with advantage employed on the astronomical 
telescope ; 

3. If z upon the planet is as adequately illuminated as 2’ 
in the experimental apparatus. 

The pro-telescope is mounted upon a separate stand, easily 
removed from before the rest of the apparatus, so as to allow 
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the observer to examine an iris-diaphragm at B, which is 
what limits the aperture of the pro-telescope, and a scale 
behind it at C, which enables him to adjust the iris-diaphragm. 
These observations are conveniently made through a Steinheil 
lens magnifying about 7 times mounted on a small piece of 
wood so as to be readily placed in its position before B. 
The scale at C to be read through this lens is an ordinary 
eyepiece micrometer scale—a centimetre graduated into 
100 parts upon glass; and both it and the iris-diaphragm 
are mounted on an ordinary substage apparatus belonging to 
a microscope, the eyepiece micrometer being sufficiently 
tightened by a slight caulking of soft twine into the swing- 
frame intended for the microscope’s sub-stage stops. The 
swing-frame enables the observer to turn the scale out of the 
line of sight when using the pro-telescope. This has to be 
done, since the glass on which such scales are graduated is 
not sufficiently good to be left in front of the pro- 
telescope. 

18. It is here also, and through the Steinheil lens, that 
observations are to be made upon the concentration images 
which will be brought to their focus upon plane Y’, the 
representative of plane Y of the cosmical apparatus. We 
are to regard the plane at C perpendicular to the optic axis 
as plane Y’. The concentration images will then, when 
focussed upon this plane, coincide with the graduated scale 
—an arrangement which enables details upon the concen- 
tration images to be conveniently measured. Provision was 
made when setting up the apparatus whereby each millimetre 
on the concentration image as measured in the experimental 
apparatus corresponds to one decimetre on the concentration 
image that would be formed in front of the astronomical 
telescope if the imaginary lens L could be placed before the 
planet. In fact all measures made on the concentration 
image as seen in the experimental apparatus have only to be 
multiplied by 100 to arrive at what the corresponding 
measures would have been in the cosmical apparatus, if the 
cosmical apparatus could have been made available. 

19. Another very useful numefical relation furnishes us 
with the means of dealing with spectra, and is often of 
service because the concentration images which render us 
most assistance are images consisting of spectra. If we 
could set up the cosmical apparatus described in Chapter 1, 
these images would present themselves on plane Y, and 
measures upon the spectra which would be there seen are 
most conveniently expressed in terms of a standard length 6, 
which symbol stands for X/e, where 2 is the wave-length of 

Z 2 
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the light whose optical effect is under consideration. Since 
e=0:00001, b or A/e=100000X. Hence d on plane Y is the 
same fraction of a decimetre as X is of a micron, which is 
convenient inasmuch as wave-lengths are in modern science 
always recorded as fractions of a micron. 

What corresponds to this in the experimental apparatus is 
that the concentration image seen at C through the Steinheil 
lens, will in each case be identically the same concentration 
image as would be formed on plane Y in the cosmical 
apparatus, but on a scale 100 times smaller. Hence in 
measuring the details of its spectra we are to use a 0’ (or 
pro-b) which shall be the hundredth part of 6. Accordingly 
6'=10002 and is the same fraction of a millimetre as X is 
of a micron. ‘This enables us to read off directly upon 
the scale at C the length, corresponding to each wave-length, 
of any required multiple of 0’. 

20. To secure these convenient numerical relations and 
other advantages of a like kind the following arrangements 
were made. D, the distance of the planet from the earth 
varies from day to day, but has to be represented in our 
apparatus by a D’, or pro-D, which shall not vary. This 
fixed distance 1s made 1 metre. Again, e, the length which 
at the distance of the planet subtends the angle e at the 
earth, and which is therefore =eD, will vary in the same 
ratio as D, but in the experimental apparatus is to be repre- 
sented by a fixed length at 2’. This length has been made 
1mm.,sothate’=1mm. With these conventions, since e=e/D, 
e’ (the pro-e or representative of e¢) must =e’/D’, i. e. 
1 mm./1 metre, which =0:001. Hence the standard angle 
e’ of the experimental apparatus is exactly 100 times the 
standard angle e of the astronomer. 

To attain these convenient results the distance D’ upon 
our apparatus will need to be not directly the distance from 
y' at C to z’ at H, but that distance when corrected by 
making allowance for the optical effect upon it of lens L’. 
For the distance has to be made such that 1 mm. at 2’ shall 
subtend the angle e’ or 0°001 at y’, and this requires that 
the distance from y’ to thé optical centre of lens L’ shall be 
slightly more than one metre. In the author’s apparatus it 
is made 1™Q05, and the object z' when pushed into its 
place is some 4 or 5 millimetres to the right of the optical 
centre of lens L’. When these arrangements were made, 
what we may call the optical distance of 2’ from y' became 
one metre. 

21. The lens L’ is to be a pro-L, that is a lens which shall 
function in our apparatus in the way in which we haye asked 

| 
| 
. 
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the reader to imagine an immense lens placed in front of the 
planet as functioning. L’; the pro-L, is a two-inch objective 
of only 55 cm. focal length. A longer focal length, some- 
thing near a metre, would have been preferred, as it would 
have made L’/ function more exactly like L in the cosmical 
apparatus. But the shorter focal length of L’ in the author’s 
apparatus works well enough: it only necessitates the sub- 
stitution in one instance of a resolution into spherical undu- 
lations with the centres of the spheres the several points of 
surface W, where in using the cosmical apparatus the 
resolution would have been into flat undulations. 

22. The whole of the apparatus from B to E is mounted 
upon a board, made movable at its B end under sufficiently 
delicate control, both sideways and up and down. This is in 
order to be able to change at will the inclination of the optic 
axis of the part of the apparatus to the left of HE, relatively 
to the position of the optic axis of the apparatus to the right 
of H, which latter remains in one fixed position. When the 
pro-telescope is used it is to be set up before B, and its optic 
axis is to be adjusted to coincide with that of the apparatus 
attached to the board. 

23. The next part of the apparatus to be noticed is the 
pro-star at s’. This is a clean round hole, 4 of a millimetre 
in diameter, made by a very fine needle in copper-foil. It is 
to be set up as far off as convenient to the right of 2’, the 
pro-planet, and this distance in the author’s apparatus is 
about 1$ metre, which was found to be sufficient. Beyond 
it again is a simple lens G and the heliostat H. The heliostat 
reflects a sunbeam horizontally, and lens G condenses this 
into an image of the sun upon the sheet of copper foil 8’, at 
the place where the minute hole s’ has been made in it. The 
light which then passes will produce the same optical effect 
upon a sufficiently small object at 2’, as would a single undu- 
lation of flat luminous waves reaching that object. As this 
is a very important optical statement, and as upon its being 
true depends the working of our apparatus, we shall give in 
an appendix to the present Chapter an exceptionally simple 
proof of it; and will add some observations which will it is 
hoped help the student of this branch of Nature’s work, to 
judge correctly how far the conditions he produces in his 
experiments may be trusted to represent the process pursued 
by Nature. 

24, Attempts to use artificial light focussed by a lens upon 
s, instead of the sunbeam, have been more or less unsatis- 
factory. The Nernst lamp is not sufficiently intense, and 
the are light, while abundantly bright, produces an unsteady 
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image when focussed on the copper-foil 8’, which it is difficult 
to keep on the small hole. Nevertheless these artificial 
illuminants have sometimes been used, when sunshine was 
not available. 

25. In making our observations two images have to be 
studied—the telescopic image of <’ as presented by the pro- 
telescope T’, and the concentration image produced by the same 
light at y', which is to be examined through the Steinheil lens. 
When the sun is the source of light, the concentration image 
is usually seen in great perfection, but the telescopic image 
is apt to be too bright for the eye. When this is the case, a 
dark glass may be put either before the eye, or close beyond 
z',or near s’; inany of which positions moderate imperfection 
in the dark glass will not spoil the image. The author 
usually hangs the dark glass just beyond s’; where also 
another dark glass is mounted through which to view the 
inconveniently bright image of the sun formed by lens G 
when adjusting the heliostat to throw the sun’s image where 
the hole ¢! is. 
When setting up the apparatus the two following disposi- 

tions have to be uttended to. D’ is to be one metre; and 
the object z’ has to be pushed into its proper position. It 
has already been explained how to secure that D’ shall be a 
metre. To get 2’ into its place the procedure described 
below was found convenient. 

26. The objects at 2’ are usually openings of various 
shapes and sizes made in small pieces of copper-foil. The 
copper-foil is about ;!; mm. thick, and has been softened 
by heating it red-hot in a Bunsen’s burner. Round and 
triangular holes, to represent objects upon the planet of those 
shapes, can be conveniently made by ordinary and glovers’ 
needles. For rectangular and other polygonal openings the 
author crosses pieces of the softened foil out of which strips 
have been cut with a small pair of scissors. The objects 2’, 
whether of this kind or any other, are brought into position 
by the following contrivance. A small piece of board is 
fastened to the steel blade of an ordinary carpenter’s square, 
and two pieces of the copper-foil about 24 inches square are 
screwed to one edge of the wood so that when the carpenter’s 
square is made to slide along the board on which the apparatus 
is mounted, it will push the squares of foil up against lens L’. 
A round opening about half an inch across is provided in 
both the squares of copper, opposite to the middle of lens L’. 
The strip of copper or glass holding whatever is to be viewed 
at z' is to be slipped between the squares of foil, and the 
object itself is to be brought to the middle of the half-inch 
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opening. The object z’ will then come into its proper 
position when the carpenter’s square is simply slid up against 
lens L’. 

27. The copper-foil used at s’ is of the same kind as that 
used at 2’ and is softened in the same way. It is then 
possible to pierce it with the thinnest needle that can be 
procured, with which a clean round hole about 4 mm. across 
can be made. This small hole, which subtends less than Ll’ of 
angle at 2’, furnishes the opening at s’ which is to admit the 
light that is to be our pro-star. The copper-foil at s' is 
fitted into the swing-frame of a substage apparatus belonging 
to a microscope similar to that employed at BOC, and like it 
fitted with an iris-diaphragm. The swing-frame allows the 
copper-foil with the small hole to be turned aside, and the 
iris-diaphragm can then be brought into action to limit 
diffused light incident upon 2’, in the way which is required 
for one of the experiments which are about to be described. 

28. One other appliance remains to be mentioned. One 
of the eyepieces provided for the pro-telescope is armed 
with an eyepiece micrometer in its focus. By using this, 
and varying the aperture of the pro-telescope by the iris- 
diaphragm at B, it is easy to measure the changes in mag- 
nitude and in appearance which small objects seem to undergo 
when examined through telescopes of different apertures— 
a very important matter for the astronomer to become 
acquainted with. This completed the arrangements in the 
apparatus which the author put together. 

Our main task in the second part of this paper will be to 
find out by the use of this apparatus the actual process by 
which images in the astronomical telescope or in the pro- 
telescope are brought into existence by nature ; and inci- 
dentally we shall learn what that familiar but very remarkable 
optical phenomenon, a beam of light, really is. 

APPENDIX TO CHAPTER 2, § 23. 

29. In our experimental apparatus light from the sun has 
been admitted through the pro-star s’, a hole about 4 mm. in 
diameter, and allowed to fall upon small objects z', usually 
less than 13 mm. in diameter, which are placed at a distance 
of 13 metre from s’. The part of this light which is of wave- 
length ) will be treated as a single uf W (undulation of flat 
waves) where it falls upon those small objects, and we have 
to show that it is legitimate so to regard it. 
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Let s’ represent diagrammatically the minute hole through 
which the light has been admitted and let the point 2’ be 

FLANE 2 

S 

the middle point of the small object 2’ upon which the trans- 
mitted light is incident. Then the light of any one wave- 
length X, which reaches point <’ through the hole is resolvable 
into innumerable ufw’s (undulations of flat wavelets) to 
which the lines p42’, 2’, p32’, &e. will be normals—py, po, &e. 
being the several points of the circular disk s’. Consider 
one of these undulations, suppose that which has j,2’ for its 
normal, and which we shall call undulation P,;. Next 
imagine two other ufw’s,+Q, and —(Q,, to be transmitted 
along the dotted line gz’! which stands for the axis of the 
acute cone which is figured in the diagram. Of these, +Q, 
is to be exactly like P, in every respect except that it is to 
advance in the fixed direction qz' instead of in the inclined 
direction p,z'; and let —Q, be an undulation identical 
with + Q, except that it follows it half a wave-length behind. 
+Q, and —Q, will then be everywhere of equal intensity 
but in opposite phases, and will simply cancel one another. 
Accordingly their introduction has been legitimate, since it 
has made no optical change. We may, however, take 
another view of what has been done. The undulations P, 
and —Q, if acting alone would be competent to produce on 
plane Z'a ruling of alternate bright and dark bands, the 
point 2’ being situated in the middle of one of the dark bands 
where the illumination is zero, while at situations so close to 
z' that they are within the darker parts of the dark band, 
the illumination due to the presence of P; and —Q, will be 
faint. It follows from this that the resultant effect within 
this small range of the three undulations P,,—Q, and +Q, 
will be practically undistinguishable from the effect which 
would be produced by +Q, acting alone. It thus appears 
that if we only need to deal with what happens to a small 
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object 2’, we may regard P, as suppressed and substitute 
+Q, for it, without sensibly altering the optical effect upon 
that small patch. In like manner, we may withdraw the 
other undulations P, P; &. which reach z’ from the other 
points of disk s’, and substitute undulations similar to them, 
+Q., +Q;, &e., travelling in the fixed direction gz’. We 
have now no undulations but the Q’s outstanding, and since 
these all travel in the same direction and are of one wave- 
length, they may be combined (by a known theorem) into 
a single resultant undulation which we shall call Qo, travelling 
in that direction. Moreover it follows from the theorem 
referred to, that the undulations Q, Q». &c., which yield this 
single resultant, may differ to any extent from one another 
as regards intensities, phases, and states of polarization ; the 
only property that they must have in common being that 
their wave-lengths must be the same. 
A similar treatment is to be applied to the light of other 

wave-lengths admitted through the minute hole s’, so that 
what we finally learn is that the numberless ufw’s which 
reach the small object z’ from the pro-star s'—that this whole 
sheaf of undulations, travelling in slightly differing directions, 
may be replaced by a single uf W (undulation of flat waves) 

- for each wave-length, travelling in the one definite direction 
gz’ ; always provided that we have no concern except with 
the effect that will be produced in the neighbourhood of 
the point 2’. Observe that the word ‘ waves’ must be here 
used instead of wavelet, since the intensity of the resultant 
undulation Q) need not be infinitesimal. 

30. By far the most remarkable instance of such light 
is the light reaching the solar system from a star, which, 
though it arrives from all parts of half the surface of an 
immense body, and in all varieties of phase intensity polari- 
zation, &e., nevertheless comes to any point z’ upon the earth 
in directions passing through that poimt which form such an 
excessively acute cone that the size of the patch in the neigh- 
bourhood of 2’ throughout which it is legtimate to regard 
the whole of the light of each wave-length as a single 
undulation of flat waves, is so large as to be dozens of metres 
in diameter. 

31. Light of various wave-lengths.—In the foregoing pages 
we have only taken into consideration light of one wave- 
length. Now in nature light of one wave-length never 
visibly presents itself unaccompanied by light of neighbouring 
wave-lengths. The nearest approach to light of one wave- 
length that we know of is the light which furnishes a thin 
line in the spectrum of a gas, but, however narrow the line, 
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it always has some width—in other words, it consists of 
hight of wave-lengths ranging between limits which may be 
close but cannot be coincident. What happens under these 
circumstances is discussed in the Phil. Mag. for Feb. 1903, 
p- 275 et seg., from which discussion it appears that it is 
permissible to divide the wave-lengths of the light which 
issues from the minute hole s’, into little groups within each 
of which the wave-lengths shall vary between narrow limits ; 
and we may then substitute light of one wave-length for 
each of these. This resultant, however, is not the simple 
kind of uf W of which we have hitherto been thinking, for 
the luminous undulations which occur in nature always have, 
at any given station, fluctuations in intensity of the same 
nature as beats in acoustics, which however need not be so 
simple as to be periodic but will occur in whatever manner 
may be the outcome of the conditions—probably molecular 
conditions—that have prevailed in the parts of the source 
from which the light hascome. Abrupt changes of phase may 
also take place, of the same nature but not of the same simple 
kind as the reversals of phase that occur when there are beats 
in music. And also alterations of the state of polarization. 
We have referred to these complications* in order to have 

an opportunity of pointing out that though the result will 
be one of immense complexity which it is impossible to 
simplify in any experiments man can make, it nevertheless 
is of such a character that the fluctuations which take place 
do not prevent portions of light derived from any single one 
of these complex uf W’s from being capable of interfering 
with one another and furnishing that persistent kind of inter- 
ference upon which we shall find that the formation of visible 

* A resolution of light into undulations of flat waves of finite intensity 
however small, is only legitimate when dealing with what happens 
within a limited voiume of space and a limited duration of time. [See 
Phil. Mag. for February 1903; Theorem X. p. 274, and Theorem XIII. 
p- 279; see also §4 on yp. 265.] All such undulations are more or less 
affected by the complications referred to in the text—more, if the 
number of the components is moderate and their intensities considerable ; 
less, when the number of components is increased and their separate 
intensities correspondingly lowered. During this process the volume 
within which the resolution is available increases. But, as the mathe- 
matical reader will understand, it is only at the limit, when.the number 
of components has been increased indetinitely and their intensities fall 
to being infinitesimal—when in fact wavelets take the place in the 
undulations of waves, and when the range of wave-lengths for which 
each A stands has become an infinitesimal range—it is only at this limit, 
unattainable in practice, that the components are entirely devoid of the 
above-mentioned complications and become undulations of waves that 
are absolutely alike. The resolution would then become what would be 
true of all space and all time, if in a uniform transparent medium of 
infinite extent. 
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images in telescopes depends. By persistent interference, 
is meant an interference which lasts for a time sufficiently 
long for the human eye to take note of it, that is which lasts 
for a vast con of time if compared with the durations we 
have to consider when treating of the molecular events 
which determine the great bulk of the interference effects 
that occur in light. 

The reason of this persistence is that the fluctuations that 
occur in a complex uf W are functions of the time only, 
so that although consecutive waves will in some parts of the 
undulation differ, yet every wave will be absolutely the same 
throughout all parts of its own extent ; and this is the con- 
dition which renders a lasting interference effect possible. 

Thus when a wave of the complex uf W which issues 
from the pro-star s’ reaches the object z’, which is usually a 
small opening of some definite shape in the sheet of copper 
Z', a part of this wave and its successors are allowed to 
advance through the hole, and are scattered into different 
forward directions in a way which will be explained in the 
next Chapter. These scattered portions or some of them will 
enter the pro-telescope and by its objective be made to con- 
verge upon a small space at a’, and it is in consequence oj 
their being capable of interfering with one another that they 
will produce there an image of the opening at 2’. 

This uf W will produce at x’ an image of some kind of 
object 2’, and this image is one of the partials of the com- 
plete image which will be formed when diffused light instead 
of only one uf W is allowed to operate as the light incident 
upon °’. 

It is well here to observe that no two of the uf W’s need 
be so related to one another that the light of the one can 
produce visible interference effects with the light of the 
other : and accordingly the image we see in the pro-telescope 
when we employ diffused light, consists of our seeing, as it 
were, superposed upon one another, the images formed inde- 
pendently of one another by uf W’s into which the diffused 
light can be resolved. Thus the partials, as they exist on 
disk x, are light superposed upon light under the condition 
that they can produce no interference effect one with another. 
They accordingly furnish at each point of disk x an illumi- 
nation which is the simple sum of the intensities of them 
separately at that point. It is in this way that a telescopic 

- image is formed. 
In the second part of this paper it is proposed to go fully 

into this subject, and into others allied with it. 

[To be continued. ] 
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#1 RXVI. Short Spark Phenomena. 
By W. Dupvzu., F.R.S.* 

[Plates XIIL.-XV. | 

1° connexion with some measurements of the current in 
the secondary circuit of an induction-coil, I have noticed 

two curious effects, which are probably well known but 
which I do not remember having seen described anywhere. 
The apparatus in use consisted of a 12-inch Newtoninduction- — 

coil which was supplied from the 200 volt direct-current 
mains. A large resistance was placed in series with the 
‘primary of the “coil to limit the current, and the current was 
interrupted by means of a mercury-jet interrupter; the 
connexions are shown in fig. 1. The secondary circuit 

Fig. 1. 

INTERAUPTER 
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contained a galvanometer G to measure the mean current 
and thermo-ammeter T. A. to measure the root-mean-squared 
current. 

The baleanonisied was specially constructed for the purpose 
so as to have a sufficiently low sensibility without using a 
shunt. It was of the moving-coil type and was well insulated 
from earth by means of por celain insulators. The sensibility 
was such that 1 milliampere gave a scale-deflexion of 200 
divisions (1 division equals 1/40 in.). The thermo-ammeter 
had a resistance of about 101°5 ohms and gave its full scale- 
deflexion for about 70 milliamperes R.M. S. value. 
By breaking the current through the primary by means of 

a switch, the direction of the deflexion of the galvanometer 
corresponding to breaking the primary current was 
determined. A deflexion, in this direction I will call, in 
what follows, a positive deflexion, and a deflexion in the 
opposite direction, that is corresponding to the make of the 
primary current, I will call a negative deflexion. 

* Oommunicated by the Physical Society: read April 10, 1908. 

WATER RESISTANCE 
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P.D. and Current Wave-Forms of Short Sparks. 

Fie. 3.—Spark-length equals zero. 
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P.D. and Current Wave-Forms of Short Sparks. 

Fie. 5.—Spark-length 5 mm. 
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P.D. and Current Wave-Forms of Short Sparks. 

Fie. 7.—Spark-length 30 mm. 
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ra P.D. Wave-Form not recorded. 

3 _ Fie. 8,—Distance between electrodes too great for 
sparking to take place. 

—Zero line 
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When there was no spark-gap in the secondary circuit and 
the coil was in action, the mean current, as read by the 

- galvanometer, was zero, as it should be, and the root-mean- 
squared current had a value of about 3:8 milliamperes. 

If now a microscopic spark-gap, say between two aluminium 
points, is introduced into the secondary circuit two curious 
effects take place. Firstly, the R.M.S. current enormously. 
increases in value; and secondly, a very large deflexion is 
produced on the galvanometer, reading the mean current, 
and this deflexion is in the negative direction, that is to say, 
in the direction corresponding to making the primary circuit. 
I will consider these two effects separately. 

In order to give an idea of the magnitude of the increase 
in the R.M.S. current produced by introducing a very small 
spark-gap into the secondary circuit of the coil, I have plotted 
in fig. 2 the R.M.S. current corresponding to various 

AMS. CURRENT 1N MILLIAMPERES. 

& > 
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LENGTH OF SPARK GAP IN MULLIMETERS 

lengths of spark between 0 and 15 mm. In making these 
observations the resistance in the primary circuit of the coil 
and the frequency of the interrupter of the primary current 
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were kept constant, the resistance being 137 ohms and the 
frequency 75 interruptions per second. The current through 
the primary of the coil was about 1/4 ampere. 

A large number of points were taken and are plotted on 
the curve. They do not give very consistent results, so it is 
dificult to draw a smooth curve through them; but the 
general appearance of the phenomenon can be seen. On 
introducing a spark-gap 1/10 mm long the root-mean-squared 
current instantly rose from 3°8 to 38°5 milliamperes, and 
continued to increase with increasing spark-length until it 
reached a maximum at a spark-length somewhere in the 
neighbourhood of 1:t mm. ‘The exact point is slightly un- 
certain owing to the R.M.S. current just exceeding the 
range of the instrument that was in use. From 1:6 to 5mm. 
spark-length the R.M.S. current gradually fell in value and 
attained a minimum value of 104 milliamperes. Further 
increase in spark-length produced a gradual increase in the 
R.M.S. current up to the maximum length of 15 mm. that 
was used in the experiments. 

There is no doubt in my mind as to the cause of this effect. 
It is due to very high frequency oscillations being set up in 
the wires connected to the secondary circuit of the coil when 
a spark-gap isintroduced. The magnitude of the oscillations 
will depend on the voltage between the terminals of the spark- 
gap just before the spark passes and on the resistance that 
the spark-gap offers. Now the P.D. between the terminals 
of the spark-gap will increase with increasing length and so 
will the resistance, so that on increasing the spark-length we 
have two conflicting agencies at work, one tending to increase 
the magnitude of the oscillatory current, and the second 
tending to decrease the magnitude. I think that it is due to 
this ditterential action that the curve is such a curious shape. 

The presence of the oscillations in the secondary circuit can 
easily be made evident by taking a well insulated metal plate 
and touching various points in the secondary circuit with it. 
The effect of this plate will ke to largely increase or decrease, 
generally increase, the value of the R.M.S. current. The 
practical aspect of this question from my point of view was 
that, owing to the unexpectedly large value of the R.M.S. 
current, I burnt up several thermo-ammeters before I dis- 
covered the cause of the trouble. 

I have obtained the effect -with brass, iron, zine, and 
aluminium. electrodes and it probably takes place with all 
other metals. I think that, so far, the best metal to show the 
effect has been aluminium. 
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The large deflexion in the negative direction observed on 
the galvanometer was investigated by recording the wave- 
forms of the P. D. and the current by means of an oscillograph. 
The sensibility of the oscillograph was adjusted so that 1 mm. 
deflexion equals 1 milliampere for the current wave-forms. 
To obtain the P.D. wave-forms a water resistance of about 
1 megohm was placed in series with the second moving system 
of the oscillograph so that 1 mm. equals about 1000 volts. 
The speed of the plate on which the records were taken was 
1500 mm. per second. For this series of tests, the frequency 
of interruption was 75 per second and the resistance in series 
with primary of the induction-coil was 37 ohms. 

Records were made for a series of spark-lengths between 
aluminium-point electrodes. I have selected from these some 
typical results which are shown in Plates XIII.—XV. figs. 3, 
a, 6, 7,8. 

Fig. 3 is the current wave-form when the spark-gap is 
short-circuited, length 0. The straight line across the centre 
of the figure is the true zero line. Deflex‘ons above this 
zero line represent current in the positive direction and below 
the zero line represent current in the negative direction. It 
will be noticed that the maximum current in the positive 
direction (14°5 milliamperes) is much less than the maximum 
current in the negative direction (35 milliamperes), but the 
length of time that the negative current lastsis much shorter 
than that which the positive current lasts; so that the areas 
of the two sides of the zero line are equal and the mean 
current zero. 

The smallest gap that I could make in this circuit between 
the aluminium electrodes, at once changed the wave-form to 
the type shown in fig. 4, which is for spark-length 1 mm. 
In this figure, the straight parts of the curve along the centre 
of the figure are in the position of zero current. This was 
carefully checked by taking records with a fixed datum-line 
at the zero of the curve. ‘The line was afterwards moved to 
the lower part of the figure in order not to hide small details 
of the curve near the zero. The effect of introducing the 
spark-gap of 1 mm. is, while leaving the maximum current 
on the two sides of the zero at practically the same value, to 
reduce the area of the curve on the positive side of the zero 
line nearly to zero, so that instead of the areas on the two sides 
being equal there isa large excess of area on the negative side 
causing a large mean current in the negative direction. 

On increasing the length of the gap a small area on the 
opposite side of the zero line again begins to form, which 
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increases with increasing length of gap, until the condition 
shown in fig. 6 is reached. In this figure, the spark is some- 
times rectifying or stopping the current flowing round the 
circuit in the negative direction altogether. We have in this 
figure the large triangular current wave-form which corre- 
sponds to the current flowing in only one direction round the 
circuit, and the smaller triangular current pulses accompanied 
by a large current in the negative direction at make. 

Further lengthening the spark-gap brings it into the 
normal condition of long sparks ; the current wave of this is 
shown in fig. 7. The datum-line across the centre of the 
plate, in this case, is true zero line. 

It was necessary in order to obtain the wave-form of these 
longer lengths to disconnect the circuit for recording the P.D. 
wave-form, as the leak which it formed, having a resistance 
of only 1 megohm, prevented the sparks passing across the 
gap. 

Fig. 8 shows the P.D. wave-form with so long a spark- 
gap that the spark could not jump across it. This is the 
normal waye-form given on the secondary of the induction- 
coil when supplied from a high voltage direct-current 
circuit. 

It will be noted that the voltage induced in the circuit at 
the break is about 23,000 volts and at make about 13,500, so 
that the make voltage exceeds one half of the break voltage. 
Also, the voltage induced at the make dies away less rapidly 
than that induced at the break. It may be enquired how it 

. is possible, if the make voltage is less than the break voltage, 
for the current to be larger at make than at break. JI think 
that this question must be answered by noting that during 
the make period the primary of the induction-coil is connected 
to the supply mains so that the energy may be directly trans- 
ferred from the primary to the secondary circuit by magnetic 
induction; that is to say, as long as we maintain a steadily 
increasing flow of current into the primary, we can continue 
to take energy from the secondary. During the break period, 
however, things are very different. The whole of the energy 
that we can get out of the secondary is that stored up in the 
magnetic field which is linked with the secondary winding. 
The greater part of this magnetic field will pass through the 
core. The magnetization of the core will depend upon the 
resultant magnetizing ampere-turns which is equal to the 
primary ampere-turns less the secondary ampere-turns. At 
the moment of break the current in the secondary is at a 

value cf say 35 milliamperes. and the current in the primary 
200 v. 

cannot have exceeded s-——~ or 5:4 amperes. 
37 ohms 
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Ido not know the exact ratio between the numbers of 
turns on the primary and on the secondary of this induction- 
coil, but it is probably of the order of 100, so that the 35 
milliamperes flowing in the negative direction in the secondary 
would correspond to a demagnetizing current of about 34 
amperes in the primary, which would leave a comparatively 
small margin of resultant magnetizing ampere-turns. 

If this is the case, the energy that can be got out of the 
secondary on break is very limited, which would account for 
the rapid dying away of the current to zero when even a very 
small spark-gap is introduced in the circuit. Directly the 
length of the spark-gap is sufficient to prevent the current 
flowing in the negative direction round the secondary circuit, 
the whole of the demagnetizing effect of the secondary current 
is done away with,and under the conditions of the experiment 
the magnetizing current in the primary is mainly limited by 
the large resistance in the circuit ; hence, we get a very much 
larger amount of energy available directly the secondary 
current is prevented from flowing in the negative direction. 
This I think accounts for the large difference in the size of 
the current waves in fig. 6, and shows the great importance 
of preventing any current from flowing round the secondary 
circuit in the negative direction at make when using the 
induction-coil on a high voltage supply. 

I made certain that the phenomenon was not due to any 
want of symmetry in the points of the spark-gap by reversing 
the electrodes of the gap and also by interchanging the 
connexions toit. The material of the electrodes did not seem 
to appreciably affect the results, but the shape of the electrodes 
was important in so far that the spark-length at which the 
galvanometer deflexion changed sign depended on the shape. 
Thus with two spheres the galvanometer deflexion changed 
sign at a shorter length than with points. 

I have brought these two observations forward in the hope 
that in the discussion either my views as to the explanations 
may be confirmed or that better ones may be suggested. 

XXVITI. On some Physical Relations affecting Matter in Di- 
verse Stages of Subdivision. By Dr. 8. Totver Preston *. 

>, Ngee phrase “ Continuity” is employed here in respect to 
certain physical qualities, in actual practice as efficacious 

as if continuity in an absolute sense existed. We refer, 
for instance, to the capacity to maintain a sensibly equable 

* Communicated by the Author. _ 

Phil. Mag. 8. 6. Vol. 16. No. 92. Aug. 1908. 2A 
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pressure about a small object (say a sphere * of finite radius) 
by the simplest kinetic medium composed of particles of 
matier or ‘‘ corpuscules””’ in a normal state of motion. The 
absence of a universal agreement as to the ultimate constitution 
of Matter, does not prevent the deduction of certain physical 
relations rigorously resulting from given premisses. 
The more the material constituting our physical agent 

(sometimes termed “ medium”) diffused in space is sub- 
divided, the more equable evidently will the pressure 
(kinetic) about the said finite small sphere become, until, in 
the limit, by progressive subdivision of the material, the 
pressure comes to rival in steadiness that of a perfectly 
continuous fluid. Yet, at the same time, the medium might 
represent a Vacuity far surpassing that of any “ Vacuum ”’ 
artificially obtainable, in regard to relatively small pro- 
portion of material contained in the medium, compared with 
the total (pervaded) space. 

In this way, by simple subdivision, a single molecule of gross 
inatter might be imagined capable of pervading the range of 
the visible Cosmos,—with minute “ corpuscules” in close proxi- 
mity (reckoned from centre to centre). It may possibly be well 
to realize that there is no assignable limit (practically speaking) 
to this procedure, in conception at least: and thus dimen- 
sions actually measured or calculated may possibly be easier 
brought within mental grasp, in connexion with the Cor- 
puscular view of Matter. 

“Continuity”? may (additionally) refer to that sensible 
physical continuity, in reference to the impossibility of directly — 
detecting any trace of structure anywhere in our medium, on 
account of its dimensional properties eluding direct appre- 
ciation by the senses ; so that the appearance is presented of 
the continuity of a fluid. Thus the extremes of Vacuity and 
of Continuity may be said “ to meet,”—in a certain physical 
signification. 

That the “mean length of path,” by this process of sub- 
division of material, also diminishes continuously in the same 

* Given a normal velocity for the constituent particles, the sensible 
uniformity of the pressure of a medium [say our atmosphere] upon 
a small body immersed therein, evidently does not depend on the szze 
of the impinging air-particles, which maintain the pressure, but on 
their proximity (from centre to centre), or on their number in unit of 
volume. Hence, by simple subdivision of the material, we observe that 
any degree of Continuity combined with Vacuity [7. e., optionally small 
collective volume of material compared with the total volume of space 
pervaded]—may be practically achieved, capable of serving useful ends. 
The so-termed “small” body evidently must not be so reduced that its 
dimensions become comparable to the mean distance [relatively inferior ] 
of the component particles of the medium, in which it is located. 
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ratio as the other dimensional elements, may not possibly 
appear so evident at first sight. 

An ideal case, although not exactly applicable in nature, 
may, as approximately applicable, often be of practical utility 
to illustrate closely natural facts. Thus actually, by diverse 
stages of aggregation of material into grosser clusters, inter- 
stices exist between the component corpuscules which con- 
stitute the cluster, and that even if the component corpuscules 
be supposed to possess some elasticity [adaptation of shape to 
pressure], or imagined to be in actual contact. Our object 
here is to consider the ideal case where the interstices 
eliminate themselves. 

The electron theory of the corpuscular constitution of 
Matter is taking a foremost place in philosophical thought in 
the present day. May it not be conceivable that in certain 
regions of the universe these corpuscules part with their 
motion (whether by transference &ec.) If'so, then under central 
forces such as gravitation &c. the corpuscules, if elastic, could 
agoregate into masses practically continuous [comparable to a 
continuous fluid], without interstices, excepting possibly near 
the exterior confines of the masses. The very high intensity 
of motion of corpuscules, observed by us, may well only 
exist in a relatively small proportion of the universe, namely 
in those (probably exceptional) regions where Life, as known 
to us, prevails. 

While physical consequences or relations in their ideal 
exactness may of course havea permanence not unlike mathe- 
matical truths, they may at the same time apply to possible 
realities of Nature with sufficient approximation to merit that 
realization which makes knowledge productive. 

Let us consider the in some respects ideal case of a perfect 
fluidin diverse stages of subdivision into spherical globules, 
and where, under assumed central forces, the globules [however 
small by subdivision, or however large, by aggregation, they 
may become] automatically resume the spherical form when 
left to themselves. 

On the above premisses, we observe it to be readily demon- 
strable that a progressive subdivision of material to stages 
finer and finer, has the consequence that the radii of the 
(globular formed) corpuscules thus set free, their mean 
distance, reckoned from centre to centre, with their ‘‘ mean 
length of path,”’—these dimensional properties (of the medium 
thus constituted), although changing absolutely, are relatively 
unalterable by this process of subdivision of the material and 
consequent multiplication of available parts, but remain as 
constant as the quantity of material itself. 
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We may notice then that the “ mean length of path” of an 
ideal stellar mass (generated by inverse aggregation out of 
corpuscules) would be the same multiple of the radius of the 
stellar mass, as the mean length of path of a corpuscule was 
(beforehand) of zts radius. Nevertheless, in view of the 
familiar phrase “sparsely scattered stars,” the first case 
would be considered as illustrative of Vacuity, while the 
second exemplifies the Continuity of some medium where 
the dimensional elements elude our direct powers of mea- 
surement. Yet in both cases, the dimensional elements (as 
we may note) may actually be similar. 
By supposed progressive subdivision of the material under 

the conditions cited, we may observe the globular corpuscules 
thus set free oradually approaching each other (as to their 
geometrical centres) asymptotically, without assignable limit 
as to proximity :—all the dimensional properties of the 
medium thus constituted [including length of mean path] 
diminishing in a like proportion. The recognized Relativity 
of the results reached does not exclude the possibility of 
practical or useful consequences in connexion with the 
economy of Nature, which mental realization may go further 
to develop. 

Elementary illustrative methods (wherever possible), may 
be not without their value. If we suppose a cubical element 
of space, with portions of material in spherical form situated 
at the eight corners of this cube, and, for the concept of 
ready subdivision into parts, suppose the material to be a 
continuous or perfect fluid, with a central force acting to 
maintain any portion thereof globular when set free: then 
it becomes evident (illustratively). that when by the sub- 
dividing process, the radius of a fluid globe is reduced to 
one half, eight times as many then become available ;—per- 
mitting ‘eight times as many cubical space-elements to be 
furnished with portions of material at their corners. Then, b 
the simple subdivision of our material, (obviously) the sede of 
each cubical space-element [representing the distance of the 
portions of material from centre to centre], becomes exactly 
halved. 

Clearly, in this way, by a progressively finer stage of sub- 
division of material, we have reached an exactly similar 
configuration (geometrically), in regard to relative radii of 
the globules [corpuscules |, relative distances, reckoned from 
centre to centre, &c. as those with which we started :—this 
continuing to hold true if the process of subdivision of material 
were carried out without assigned limit. 

Accordingly we may observe that whatever multiple of the 
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radius of a globule [or globe] the mean length of path was 
at the commencement, it will remain that same multiple, 
however far the process [whether of subdivision or of inverse 
aggregation] be conceived to be carried. In some relational 
sense, in respect to small scale, we might even speak of an 
setherial medium, or, in respect to big scale, of a stellar medium. 

Somewhat in correlation with the present subject—in 
‘Nature,’ September 28, 1893, p. 517, I ventured critically 
to comment a view of M. Delbeeuf, given in Bulletin de 
? Académie de Belgique, No. 6, 1893, who contests Laplace’s 
conclusion as to the Relativity of all dimensions, velocities, &c., 
in regard to the visible universe. In the abstract of 
M. Delbceuf’s paper, Laplace’s view is quoted as follows :— 

“ According to Laplace, if the dimensions of all the bodies 
in the universe, their mutual distances and velocities were to 
increase or diminish in a constant proportion, these bodies 
would describe the same curves as they do now. The appear- 
ances presented to observers would be the same, and = inde- 
pendent of the dimensions assumed. Hence the only facts 
we are able to appreciate are ratios.” (‘ Nature,’ August 24, 
1893, p. 406.) 

It is added (in the abstract in ‘ Nature’) that conside- 
rations pursued by M. Delbceuf into directions other than 
concerning dimensions alone, “ go to show that real space is 
different from geometric space, and that the dimensions of the 
universe are absolute ” (p. 406). 

But surely Laplace must have implied that not only velo- 
cities, but forces &c. were supposed to vary in correspondence, 
so as to maintain the previous state of equilibrium undisturbed. 
For if equilibrium were upset, there would be no fair test 
possible of the power of observation to detect a change of 
dimensions accomplished,—which is the point of debate. 

In my communication to ‘ Nature’ of the above date, under 
the same title as that chosen by M. Delboouf —“Megamicros,”— 
I offered as an illustrative case a human being grasping a 
metrically graduated staff equal in length to his own height. 

By any supposed reduction in size, simultaneously with the 
dimensional scale of our universe (in extent conceived * ra- 
dially finite), there would be nothing positive to indicate that 
a change of size had effected itself, while the metrical staff 
grasped by the observer would still be the same length as 

* Without necessarily postulating any particular limit to the Cosmos, 
we may perfectly well suppose the above modifications to be confined 
to our universe, 2. e. to the known, within the range of telescopic vision, 
—leaving the unknown entirely out of consideration. 
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himself, if dimensions oscillated between the 
infinites. We seem in this way to bridge the infinite (so to 
say) in extremes of thought. 

To connect dimensions Gf only in one isolated instance) 
with our idea of the indestructibility of Matter, we might 
imagine the metrical standard of the ‘* Conserv atoire” to have 
alone remained unaltered in length, when the accomplished 
reduction (or increase) of size of everything else would then 
become obyious,—by comparison with the metrical standard 
left over as the sole test-relic of the previous state of Relativity. 
Such modification of dimensions of owr universe would eyi- 
dently imply a proportional ‘“ creation”? or (respectively) 
“annihilation ’ of Matter, with the concomitant shortening 
(or lengthening) of the radius of extension of the whole 
system affected. And if these changes of dimensions be 
imagined to be instantaneous, the conservation of the 
memory-mechanism (itself independent of scale, and united 
with a psychological side), would secure the unbroken re- 
cognition of undisturbed Relativity. 

In order to reason effectively on some questions, we may 
fitly make certain preliminary assumptions, which do not 
abate the logic of the conclusions. 

The catastrophic change of absolute size (by unaltered 
relative dimensions of internal constituents) of our cosmos, 
with variation of radius of extension, implied in the passage 
from one state of Relativity to another,—must be imagined for 
the purpose of our argument) to be perfectly instantaneous. 

Ii appears, however, that the fact of a physical catastrophe 
being involved in such changes, goes to demonstrate that 
there is such a thing as absolute size, or that this phrase has a 
meaning within the domain of Physical Science. Indeed, 
in the absence of the concept of “ absolute size,” as a basis to 
rest on, it seems that the abstract idea of infinite extension 
oscillates hither and thither in uncertainty (as if its logical 
justification were in question). 

Only “absolute size” appears to possess this pecuiiarity, 
that any imagined fluctuations of its value [in exact parallelism 
with that of the metrical standard—by the conservation of 
Relativity], would elude our observation, even under the 
implied retention of memory throughout. For the inde- 
pendence of the most elaborate mechanisms on absolute, and 
their unique dependence on relative scale of parts,—-is an 
obvious and accepted fact in Engineering design. 

Gross Flottbek, bei Altona, Germany, 
Dec. 1907—April 1908. 



Notices respecting New Books. 351 

[ Added June 11, 1908.]—It may be noticed that under 
the radial (central) action of its own grav itational forces, a 
mass of matter, by mere increase of size,—becomes elastic. 
The forcible recovery of the spherical form, under the radial 
stress, amounts substantially to a power of elastic restitution. 

Let us suppose a nebula, instead of consisting of those 
smaller fragments of material to which we apply the name 
“ meteor ites,” after disintegration in our atmospher e,—to_ be 
constituted of masses more “comparable to the earth in size 
| small in relation to the solar dimensions |:—these energetic 
bodies automatically setting up that equilibriated movement 
among themselves characteristic of the (minuter) particles of 
a gas. Then such gravitationally-elastic portions of material 
constituting an eeu nebula, and surviving without 
encounters for lengthy time-periods, would strive to conserve 
the natural globular form [ vibrating about the same], con- 
ditioned by the powerful radial stress of gravity in each case: 
but coalescence into larger masses (spherical) now and then, 
by relaxation of the translatory motion, is of course not 
excluded. 

An inert mass of (say) the solar diameter, if we suppose 
broken up by a quick encounter, would then, even if cold 
and solidified throughout, resolve itself into globular frag- 
ments, and not into portions of irregular shape,—excepting 
those splinters below a certain limit of size. 

And this would doubtless be the essential primary stage of 
such a cosmic encounter :—a truly gaseous nebula demanding 
time to constitute itself. It appears, accordingly, that the 
translatory energy of the encounter would at first continue 
mainly as mass-motion :—passing more gradually into the 
finer motion of molecules. 

XXVIII. Notices respecting New Books. 

A Treatise on Hydraulics. By Wittt1AM CawtTHorNE Unwiy, 
LL.D., F.R.S. London: A. & C. Black. 1907. 

ane book may in a sense be regarded as a new edition of the 
valuable article contributed by Professor Unwin to the Eney- 

clopedia Britannica more than thirty years ago. Certain para- 
graphs and many of the diagrams are simply reproduced, but the 
omission of much of the former detail and the substitution of 
more recent data, with a complete recasting of many essential parts, 
make the treatise an altogether new work. ‘To one familiar with 
the article of 1867, a glance through the book will reveal many 
similarities ; but a careful inspection will show that there are many 
mere differences, and that Professor Unwin has spared no pains 
to bring his work up to date. A complete chapter on the distri- 
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bution of water-supplies takes the place of a few paragraphs in 
the Encyclopeedia article; and the discussion of the flow of com- 
pressible fluids is considerably extended. There is, however, in 
the book no chapter corresponding to the former section on 
Hydraulic Machinery which occupied nearly one third of the 
whole. There can be but one opinion as to the value of this 
Treatise. It is the outcome of more than forty years’ continued 
study of the subject on the part of one of our most distinguished 
teachers of engineering science. 

XXIX. Intelligence and Miscellaneous Articles. 

REMARKS ON THE PAPER OF HANS GEIGER: “‘ THE IRREGULA- 

RITIES IN THE RADIATION FROM RADIOACTIVE BODIES.” BY 
DR. EDGAR MEYER, UNIVERSITY OF ZURICH, AND DR. ERICH 

REGENER, UNIVERSITY OF BERLIN. 

[Py the Philosophical Magazine of April 1908 Hans Geiger has 
published a paper bearing the above title. At the end of 

his communication he adds a note, in which he refers to a paper 
of ours entitled “ Ueber Schwankungen der radioaktiven Strahlung 
und eine Methode zur Bestimmung des elektrischen Elementar- 
quantums” (paper read before the Deutsche Physikalische Gesell- 
schaft, December 13, 1907, published in the Verhandlungen der 
deutschen physikalischen Gesellschaft, x. p. 1, 1908, and also recently 
in the Annalen der Physik, xxv. p. 757, 1908). 

Geiger says in this note: “ Further, they [the authors] state 
that by measuring the error e [the average oscillation of the radiation 
from a radioactive body | and the saturation current 2, the charge 
of anion may be determined. But the calculation involves the 
number of ions produced by an a particle, and this number was 
determined by Rutherford under the assumption that the charge 
of an a particle is identical with the charge of an ion. This, 
however, is still an unsettled question.” 

In relation to this remark we have to say that we were fully 
aware of the fact, that in our calculation we assumed the charge 
of an a particle to be identical with the charge of an ion. This 
follows clearly from the fact that in our paper (§ 10 in the 
Verhandlungen, § 14 in the Annalen) we have also given a new 
method of determining in a simple manner, whether an a particle 
carries one or two charges of an ion under the assumption of a 
known value of the charge of an ion. 

Geiger in his note also gives a method of determining the 
number of a particles emitted per second by a given radioactive 
substance. Perhaps we may be permitted to point to the fact 
that the same method has been already applied in our research. 

Ziirich and Berlin, May 1908. 
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XXX. Vhe Kinetic Energy of the Negative Electrons emitted 
by Hot Bodies. By O. W. Ricwarpson, Professor’ of 
Physics, and ¥. C. Brown, Experimental Science Fellow, 
Princeton University”. 

© Riga the carriers of negative electricity emitted by hot 
metals are electrons was first proved by the experiments 

of J. J. Thomsonf on their deflexion in a magnetic field. 
This result alone did not compel any definite view of the 
origin of thisionization. Somewhat Jater one of the authors ft 
showed that the phenomena then known were such as would 
arise if the electrons originate in the metals, from which 
they were able to escape when their velocity normal to the 
surface exceeded a certain value. This method of looking 
at the question was found to give a particularly satisfactory 
account of the thermal relations of ‘the phenomena which 
were then accurately investigated for the first time. In 
Richardson’s method of developing the subject (loc. cit.) the 
assumption is justified by theoretical considerations, that the 
translational kinetic energy of the electrons inside the metal 
has the same value as that of the molecules of a gas at the ~ 
same temperature as that of the metal. From the principles 
there laid down it also follows that the translational kinetic 
energy of the electrons outside the metal possesses the same 
value. This equality applies not only to the average value, 

* Communicated by the Authors. 
+ Phil. Mag. [5] vol. xlviii. p. 547 (1899). 
¢t O. W. Richardson, Camb. Phil. Proe. vol. xi. p. 286 (1901); Phil. 

‘Trans. A, vol. cci. p. 497 (1908). 

Phil. Mag. 8. 6. Vol. 16. No. 93. Sept.1908. 2B 
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but to the way in which the energy is distributed among the 
different electrons as well. Although a knowledge of the 
kinetic energy of the emitted electrons is of obvious im- 
portance, no attempt appears to have been made to determine 
it. The present paper embodies the results of an investiga- 
tion of the portion of the kinetic energy which depends upon 
the component of the velocity normal to the emitting surface. 
What is determined is the value of 4mu?, where m is the 
mass of an electron and w is its component of velocity per- 
pendicular to the surface from which it is emitted. Both 
the average value of this portion of the energy and the law 
according to which it is distributed among the different 
particles given off are examined. The method employed 
gives no information about the part of the energy which 
depends on the component of velocity parallel to the surface 
of emission: the sideways energy will form the subject of 
another communication by one of the authors. 

Theory of the Method. 

Stated briefly the method used consisted in measuring the 
rate at which an insulated plate A charged up when a portion 
of another plate B parallel to A consisted of metal sufficiently 
hot to emit ions. It is clear that as the metal in B emits 
negative ions the plate A will become negatively charged, so 
that a difference of potential will be established tending to 
stop the flow of electricity. From the way in which the 
current between the two plates varies with the time or with 
the difference of potential between them the desired infor- 
mation can be obtained. 

Consider two parallel planes of indefinite extent perpen- 
dicular to the axis of z. The lower plane, determined by 
x2=0(, has a small portion of its central region heated so that 
it is emitting ions. The potential of this plane is maintained 
at zero. The potential of the upper plane, determined by 
x=, has the value V at the instant considered. Consider 
an ion whose charge is e and mass m situated at a point 
between the planes whose coordinates are 2, y, z. Its 
equation of motion will be 

29 d? d*z 
moa =o, = =m. —O05 

From these equations it follows (see Phil. Trans. A, 

vol. eci. p. 499) that the electron will only arrive at the 

upper plate provided 
imu > Ve, 2 

where wu, is the initial velocity perpendicular to the? plate, 
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and V is the difference of potential between the two plates. 
There is no reason why all the ions should be emitted from 
the hot metal with the same velocity. If we consider a 
sufficiently great number the velocity or energy will be 
distributed among them according to some regular law. 
Out of any large number of ions emitted by the plate let us 
denote the fraction having velocity components between 1 
and w+du, by F(u)dup, those between vy and vy, +dvo, and 
wy and w,+dw, by f(rv%)dvy and f (wo)dwy respectively. Here 
v) and wy are the initial components of velocity parallel to 
y and < respectively; if the planes are of sufficient extent 
the condition that the ions should reach the upper plane will 
be independent of these components of velocity. If n is the 
total number of ions emitted by the lower plane per second 
the current 2 to the upper plane is clearly 

T «0 oe \ a 
ime =ne| “sy F(X) duo ui T (v%) dv 5 f (wo)dwo, (3) 

2 
m 

where c is the capacity of the system. 

Circular Plate. 

In practice it is impossible to use planes of indefinite 
extent, so that it is Important to determine the effect of the 
finite size of the two plates. In the experiments the plates 

| were circular, the lower being somewhat larger than the 
| upper one. The upper plate was surrounded by a guard- 

ring. The hot metal could be treated with sufficient appro- 
ximation as a point at the centre of the lower plate. We 
shall now calculate the number of ions which reach the upper 
plate, everything being supposed to be symmetrical about 

* the axis of the two circles. Consider a charged particle 
% whose distance from this axis is p, and whose distance from 

the lower plate is z. Its equations of motion are 

Pee 
ae 6a i ae 

Integrating these subject to the conditions that when 

GH Wa VO a} 

and 

2B2 
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we get 
me= +4Xet?+ mu,t (3) 
oe W! }, | nie Rr 

where X= — site is supposed to be constant. 

The equation to the path is thus 

Uo 

W 

If x) is the distance between the two plates and pg, the 
radius of the upper one the condition that the particle should 
just reach the boundary of the upper plate is 

may W? —muppyp W =k Xep,?. . |: ee 

If the value of W considered as a function of wu, a, and 
po is € that given by equation (7) the particle will reach the 
upper plate, provided up also satisfies the inequality (2), 
otherwise it will either be returned to the lower plate or it 
will reach the guard-ring. Solving the quadratic equation 
we see that the particle will just reach the edge of the plate 

ee cs nal pXera, bm mi... 2.) Ais 

if 

9 9 €@ 
W=i0 woe / ue —2 ane 

when # 

V=0, —— za 

Po a 

so that the positive sign is the one to take. Hence for the 
particle to reach the upper plate W must le between the limits 

O and + (uy a5 ee V ), whilst vw, must lie between. 
2 7\ ? m j 0 

x and \/ 2° V. If the fraction of the ions emitted whose 
m 

velocity parallel to the plates lies between W and W+dW 
is F(W)dW, the current received by the upper plate will be 

i Pup + 4/u?—2=-V) 
o 2 Zouk 

isne( Flore, | '(W)dW. se 

2iy 0 
™ 

Particular Case of Maxwell's Law of Distribution. 
If we assume tentatively that the law of distribution of 

velocity among the emitted ions is the same as that among 
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ihe molecules of a gas which start from any surface bounding 
it or within it, then the above functions may be calculated 
by the methods of the kinetic theory of gases. They are 

P(u,)du,=2km u, e—*"du,, f(v,)dv.= af es e Amv dy, 

bg » (9) 
T(w,)dw, wo = e—*murdw, and E’(W)dW =2kmWe-*ewed W 

where #£ is the average energy of translation of a molecule 
at the temperature of the hot body. It is to be borne in 
mind that the above functions are expressed as fractions of 
the total number of ions leaving an element of area perpen- 
dicular to the axis 2 in unit time, and not in terms of the 
number in unit volume as is usually done. 

If we substitute these values of the functions in the pre- 
ceding formule and carry out the integrations, we shall 
obtain the current to the upper plate as a function of the 
potential-difference, provided the law of distribution of velocity 
among the emitted electrons is Maxwell’s law. Under these 
circumstances, in the case where the planes are of indefinite 
extent, the current to the upper plate becomes 

9 PA nf Gace! oO «oO 

i=ne enn duu oy die hm ( dw —hmw? | 

VJ 2n¥ i nee (10) 
——Weem 

if i, is the value of the current at the initial instant when 
ah 1 

Gg V=O0- pitice b> gpa 

: equation pu=R,@, calculated for a single molecule, and @ is 
the absolute temperature, we have, taking logarithms 

where R, is the constant in the gas 

: VEL 

- where v is the number of molecules in 1 c.c. of gas at 0° C. 
and 760 mms. pressure, and R is the constant in the equation 
pv=Ré taken to refer to the quantity of gas occupying unit 
volume under these standard conditions. Assuming what is 
now fairly well established, that the charge e on an electron 
is equal to that carried by a monovalent ion during electro- 
lysis, ve is equal to the quantity of electricity required to 
liberate half a cubic centimetre of hydrogen in a water 
voltameter under standard conditions of temperature and 
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pressure, since hydrogen is a monovalent element having a 
diatomic molecule in the gaseous state. Thus on this view 
both ve and R are well known physical constants. 

The preceding relations may be used to determine the way 
in which the potential of the upper plate varies with the 
time ¢, during which the current from the hot body has been 
flowing. If C is the capacity of the upper plate and its 
connexions we have 

Vi E : car Sa 
o— =2=2 : 

dt 7 

so that 
ve ’ 

~V 2 
Beg = C at: 

integrating this, subject to the condition that V=0 when 
t=(0, we have 

ve 

— Vy ve 2 
a . Rec” 

te 7_ ke ze ( ve ty V=—“loge(1+ path... (2) 

and (ie ve 1, 
} =) Goer =i/(a4 hee . © ° e (13) 

The current, therefore, is always finite and vanishes when 
t=«. Nevertheless the potential is infinite when ¢ is in- 
finite. This approach to an infinite value of the potential is 
not observed in practice. This is probably due to the fact 
that the current falls off with the time so rapidly that it soon 
becomes comparable with the small leaks inherent in the 
apparatus, and with the discharging current carried by ions 

‘of the opposite sign. For these reasons a limit is soon feund 
to the potential to which the upper plate can be charged in 
this way. | 

The two formule (11) and (12), which give the current 
as a function of the potential-difference and the potential- 
difference as a function of the time respectively, are not 
independent of one another, since the former can be obtained 
from the latter by differentiation with respect to the time. 
To test the theory, therefore, it is only necessary to examine 
the truth of one of the two formule. This has been done 

for the formula log.-=— ”@ VY in a manner which wil 
bane, 

D 

2 
now be described. 0 
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Experimental Arrangements. 

The general arrangements of the apparatus used to inves- 
tigate the kinetic energy of the negative ions from hot 
platinum is shown diagrammatically in fig. 1. The central 

Fige I: 

ky ky 
4 

ears LARTH 

portion of a narrow platinum strip H was bent upwards as 
shown through a square hole at the centre of the lower of 
two circular plates, so as to be flush with the upper surface 
of the latter. The upper plate U was somewhat smaller than 
the lower, and was surrounded by a guard-ring G. Both 
plates were perpendicular to the common axis passing through 
their centres. The upper plate was connected to one pair of 
the quadrants of a Dolazalek electrometer by means of the 
key kik. The plug k, was connected with the guard-ring 
and with the second pair of quadrants. By means of the 
key 6 it could be connected either with the earth or any 
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desired potential. In this way the rate of charging of the 
upper plate could be determined both with the two plates 
initially at the same potential and with any desired difference 
of potential between them. The charging quadrants could 
also be connected to a subdivided standard condenser not 
shown in the diagram. 

The platinum strip was heated by a current furnished by 
the battery B and regulated by two sliding rheostats in 
parallel (shown as one in the diagram) at 15. “One of these 
had a much higher resistance than the other, and served as 
a fine adjustment. The temperature was determined from 
the resistance, which was measured by the Wheatstone’s 
bridge arrangement, of which H, R,, R;, and R formed the 
four arms, Thisis the method previously used by Richardson. 
The essential conditions that R and R, should both be large 
compared with R, and H, and that R, should carry the 
current without heating, were satisfied. 

It is important that the middle point of the exposed 
portion of the hot strip should be at zero potential. If a 
fine wire was welded to the middle portion of H and soldered 
to the lower plate it was found that this gave rise to local 
variations in the heating, and also that any slight displace- 
ment of the strip during the experiments put it out of 
adjustment. These difficulties were overcome by shunting 
the whole Wheatstone’s bridge circuit with a high resistance 
7, any point of which could be connected to earth. By trial 
a point in 7, was found so that when it was connected to 
earth the initial rate of leak to the upper plate was unchanged 
on reversing the main heating current. The condition for 
this is evidently that the centre of the hot strip should be at 
zero potential. By simply reversing the main current from 
time to time this adjustment could be tested and a readjust- 
ment made, if it were required during the course of the 
experiments. The lower plate was permanently connected 
to earth. 

A section through the platinum strip, showing the plates 
and arrangement of apparatus in their immediate neighbour- — 
hood, is shown in fig. 2. The detailed construction of the 
plates will be described later. The lower plate consisted of 
two sections screwed together. The platinum strip was held 
between them and insulated from them by strips of mica. 
The thickness of the platinum strip was ‘0018 cm. Its 
other dimensions were *2x°5 cm. Its ends were welded to 
heavier platinum leads which dipped into glass mercury-cups 
sealed into the heavy brass base-plate B. These served to 
int1oduee the heating current. The resistance of the portion 
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of the platinum strip which emitted the ions was between 
‘04 and ‘006 ohm. That of the leads about ‘1 ohm. The 
heating current was usually in the neighbourhood of 2 
amperes. The lower plate L was supported by a brass ring 
soldered to the brass plate B. The upper plate and guard- 
ring were rigidly connected together and insulated from each 
other by ebonite pieces. These are not shown in fig. 2. 

Fig. 2, 
—€, 

0 5 “10 CENTIMETERS 

Additional ebonite supports, also not shown, enabled it to 
rest on the lower plate, and also kept it insulated from the 
latter. These supports also ensured that the plates were 
always at a constant distance apart and parallel to each other. 
Connexion with the electrometer was made by means of a 
stout wire soldered to the top of the upper plate, which 
supported a mercury-cup M insulated from the shield 8 by 
ebonite. The wire connecting it to the electrometer system 
dipped into this mercury-cup. 
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The whole of this portion of the apparatus was enclosed 
by a glass tube C, so that any desired degree of evacuation 
could be obtained. The bottom of this tube was ground flat 
and rested in a groove in the base-plate, to which it was 
joined with sealing-wax done over with soft wax. All 
sealing-wax joints were made air-tight in this way. The 
platinum wires EH, and E, were of course fused into the 
glass. An outlet tube connected with the mercury-pump, 
McLeod gauge, drying-apparatus, and tap for letting in gases. 
The drying agent used was phosphor us pentoxide redistilled 
in oxygen. In order to make certain that effects were not 
being caused by charges accumulating on the glass the upper 
plate and the wire leading from it were shielded by the 
flanged brass tube 8. This was connected to the guard-ring 
and also to earth by means of the extensible wire H,. It 
will be seen that the system was very thoroughly protected 
from any effects which might arise from charging up of 
insulation. 

The particular design of apparatus was adopted so that 
it might very readily “be taken apart and a new platinum 
strip “substituted whenever that became desirable. It was 
admirable from that point of view. 

The detailed construction of the two plates is shown in 
fig. 3. The three ebonite pieces which served to insulate the 

Fig. 3. 
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UPPER PLATE ANO GUARD FING LOWER PLATE | 

upper plate from the guard-ring and the lower plate, and 
also to support both on the lower plate, are denoted by e. 
The plan of the lower plate shows the square hole where the 
hot strip came up flush with the surface. The two sections 
show the way in which the platinum strip was supported. 
The mica insulating strips are denoted by m. A sheet of 
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thin platinum foil was soldered to the lower side of the upper 
plate so as to avoid any effects which might conceivably be 
due to anything of the nature of contact electromotive 
force. 

The diameter of the upper plate used in the experiments 
was 3°6 cms. and the distance between the two plates was 
two millimetres. In discussing the results the formule for 
infinite planes will be used. Strictly speaking we ought 
to apply formula (8), substituting the values of F(uo) and 
F'(W) in (9). When this is done an integral is optained 
which cannot be evaluated in finite terms. It is, however, 
easy to show from expression (8) that the fractional error 
introduced by neglecting the finiteness of the radius pg of 
the upper plate will be comparable with a quantity lying . 

 porVe ; P —1 eS v2 —2hVe Po 
between e tT and Tage ; 

Xo + Po 

value of V. A preliminary calculation showed that with 
the dimensions of the apparatus chosen this error would 
always be smaller than the expected error of observation. 
This conclusion was subsequently confirmed by experiments 
in which the current to the upper plate, to the guard-ring, 
and to the two together were measured and compared. 
Under all conditions the current to the guard-ring was small 
compared with that to the plate, the ratio of the two being 
smaller than the probable observational error. Since the 
guard-ring was constituted so as to intercept all the ions 
from the lower plate which were not received by the upper 
plate, it is clear that practically all the ions from the metal 
strip which were not returned to the lower plate by the field 
reached the upper plate. 

The fiducial points used in calibrating the temperature- 
resistance curve were the temperature of the room, the 
melting-point of potassium sulphate (1066° C.) and the 
melting-point of platinum (182U° C.) The temperature 
varied perceptibly along the strip owing chiefly to the con- 
duction of heat from the ends. In standardizing it, there- 
fore, the potassium sulphate was placed on the hottest portion, 
as this, owing to the tremendous rapidity with which the 
emission of ions increases with the temperature, would be the 
region which gave rise to the greater proportion of the total. 
In determining the resistance at the melting-point of platinum, 
that at which the strip melted was observed. This would 
obviously give the temperature of the hottest portion. When 

, depending on the 

_- the three temperatures were plotted against resistance they 
were found to he as nearly as possible on a straight line. 

4 
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This is not in agreement with the known variation of the 
resistance of platinum with temperature. Presumably the 
discrepancy arises from a change in the relative distribution 
of the heat along the strip as the temperature changes. The 
experimental temperatures were obtained from the measured 
resistances by reference to a chart constructed in the above 
way. We believe that this method of getting the temperature 
is trustworthy though not very accurate. 

The electrometer and everything connected with it were 
insulated on blocks of paraffin or ebonite, so that the rate of 
leak to or from the upper plate could be measured when it 
was charged to any desired potential. Potentials as high as 
400 volts were used in some of the experiments. 

Results of the Huperiments. 

In the earlier experiments trouble was experienced on 
account of the occurrence of positive ionization as well as 
negative. With a new wire, as is well known, the positive 
ionization is large compared with the negative, but decays 
away with time, so that after long continued heating the 
positive ionization becomes small compared with the negative. 
The latter was found to remain practically constant under 
comparable conditions throughout the experiments. In order 
to get rid of the positive ionization it was found necessary 
to heat the platinum strip from ten to thirty hours before 
taking readings. In these experiments it was never found 
possible to get rid of the positive ionization completely ; a 
considerable leak was always obtained if the upper plate was 
charged to a high negative potential. We think that most 
of this positive ionization was caused by gas evolved from 
the apparatus when the metal strip was heated. Fortunately 
the positive leak was small when the negative potential 
applied to the upper plate was small. In the experiments it 
was found that the negative ionization emitted by the strip 
was never able to charge the upper plate to a potential 
ereater than one volt. It, therefore, the positive leak when 
the upper plate was charged to a potential of —2 volts was 
inappreciable compared with the negative leaks against the 
potential which were measured, it was taken that the positive 
leak had been sufficiently got rid of. Great care was taken 
to ensure that this condition was always fulfilled in practice. 

One of the authors (Mr. IF. C. Brown) observed that the 
positive leak could be got rid of more quickly by charging 
the upper plate to a high negative potential, for example 
200 volts. This procedure was, however, found to entirely 
alter the nature of the subsequent discharge of the negative 
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ionization, the emitted ions being capable of going against a 
much higher potential than formerly. A detailed investiga- 
tion of this interesting effect has been carried out by Mr, 
Brown, and will shortly be published, so that it is not 
necessary to say much about it here. It is evident that after 
such treatment the hot metal is in a peculiar state. In order 
to ensure that the metal was in a normal state we were 
careful to always keep the potential of the upper plate in the 
neighbourhood of zero so as to make sure that the hot metal 
strip was never placed in a strong electrostatic field. Inci- 
dentally it may be mentioned that it was found that the 
abnormal state induced in this way could be got rid of by 
heating the strip for a short time to a very high temperature. 
This property was made use of in some of the experiments 
which follow. 

The pressure of the gas (air) in the different experiments 
varied considerably from ‘001 to as much as ‘06 mm. So 
far as the authors were able to judge, the actual value of the 
pressure had no effect on the phenomena investigated, pro- 
vided it was as low as the above limits indicate. | 

The chief experimental problem in hand was the determi- 
nation of the current to the upper plate, when this was 
allowed to charge up, as a function of the potential-difference 
between the two plates. This relation when obtained enables 
the applicability of the formule (10) and (11) to be tested. 
The piatinum strip and the lower plate were always main- 
tained at zero potential. The potential of the upper plate 
at any instant was determined by the reading of the electro- 
meter to which it was connected. The electrometer was 
arranged to give 115 divisions deflexion for a volt, as this 
degree of sensitiveness was found to be most convenient for 
these experiments. The deflexions could be estimated to 
one-tenth of a division. In measuring the currents a suitable 
capacity was connected to the quadrants of the electrometer. 
The readings of the latter, which was nearly dead beat, were 
recorded at definite intervals of time, and the current was 

obtained from the formula inet , where c¢ is the capacity 

of the electrometer and its connexions, including the con- 
denser, At is the interval of time between two readings, and 
AV is the corresponding increment of potential. Strictly, 
of course, this formula is only true for infinitesimal intervals, 
but by inserting a sufficiently large capacity in the system it 
was found in practice that the rate of increase of potential 
with the intervals used did not diminish very much during 
any one interval. The error thus introduced was also averaged 
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out to some extent by taking the current thus obtained to 
correspond to the potential at the middle of the interval. In 
some of the experiments a different method of reducing the 
observations was made use of. The observations of potential 
and time were used to plot a curve connecting these two 

‘4g t 
variables. The values of tf were then obtained from this 

curve by geometrical differentiation. This method was not 
found to give results which were either more consistent or 
more accurate than those given by the other, so that as it 
was much more laborious it was discarded. 

The maximum potential of the upper plate against which 
a measurable current would go was always about °6 of a volt. 
With potentials of this magnitude the current was small, and 
the rate of change of voltage was only measurable when 
either a very small capacity or no capacity at all was added 
to that of the electrometer. Generally speaking it was found 
that the insertion of two capacities which changed the total 
capacity in a ratio of about 50 to 1 enabled the currents to 
be measured conveniently throughout the whole range. Two 
series of readings were usually taken with the heating current 
in opposite directions. By taking the mean of two deflexions 
corresponding to any given potential any error arising from 
the central point of the hot strip not being connected to earth 
was eliminated. 

As the potential-difference between the two plates was 
always small, the fall of potential along the hot strip itself 
is of considerable importance. It was not possible to deter- 
mine what this amounted to, but it was estimated to be 
between °08 and ‘012 volt, and was probably nearer the 
lower than the higher of these two limits. Assuming that 
the middle of the strip was at zero potential the greatest 
potential at any point of the hot metal would lie between 
the limits +°04 volt and +-006 volt. It is difficult to be 
quite certain how the results wouid be affected by the 
existence of this external field along the strip. 
A large number of series of observations were taken in 

the manner indicated with slightly varied conditions. The 
numbers recorded in one of them are shown in the accom- 
panying table. It will be noticed that with the same mean 
potential-difference (11 volt) between the plates the currents 
measured were independent of the capacity used. The actual 
determinations were 21°5 x 10—-! ampere with ‘001 micro- 
farad and 22x10-" ampere with ‘1 microfarad. The 
temperature in this experiment was 1283° C. 
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0-001 | 0:015| 10 sec. | 26 24 25 2a LOM Qe O11 
26 sec. | 34 32 33 8 10 69 2) 
30 sec. | 40 38 39 6 10 5 “ol 
1 min.| 51 50 50°5 | 11°5 30 3°0 “39 

1-5 min. | 58 56 57 6°5 30 Lg ‘47 
2 min.| 62°55 | 61 61:7 4:7 30 1°36| -53 

25 min.| 66:0 | 645 | 65:2 35! | 30 1:00} 55 
3 min.| 69 67°5 68°2 30 | 30 84) 58 
4 min.| 72°8 : Be 38 60 54| -62 

O10 | 0:015| 30sec. | 18 12 15 15 30 | 42°8 014 
2min.|} 4:0 5:2 46 , 31 90 | 33-0 035 
3min.| 63 78 705| 24 | 60 | 35:0 055 
lmin.| 26 2°6 2°6 26) GO Foi 018 
5min.| 99 11-9 10:9 8:3 | 240 | 27-0 ‘08 
7 min.| 13:0 15:0 14-0 a1 | 120° | 22:0 ai 

10 min.| 171 | 197 | 184 | 44 | 180 | 180 | -14 
138 min. | 20:2 bs Me S21) | 180 | 140 ‘16 
17 min. | 24°90 a8 | 240 | 13°5 19 
| 20 min. | 26°3 2:3 | 180 | 10-7 | -22 

Resistance 7570, temperature 1556 absolute scale. Gas constant 4°1 10". 

A series of observations similar to those in the table hae 
been plotted in fig. 4, so as to exhibit the potential to which 

POTENTIAL ScAacé Divisions 

8 
TIME MINUTES 

the upper plate charges as a function of the time. %| The 
general form of this curve is in agreement with the equation 
(12) which was deduced theoretically. 

Fig. 5 exhibits the current to the upper plate as a function 
of the potential-difference tending to stop it. The points 
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with circles round them denote the values of the current 
recorded in the preceding table at the potentials given by 
the abscissee. These points are seen to be distributed fairly 
evenly about the smooth curve shown. In order to test the 
theoretical formule (10) and (11) a series of points on the 
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smooth curve were taken, and the logarithms of the corre- 
sponding values of the current were obtained. These are 
plotted against the potential-difterence in the figure. The 
scale of the logarithmic curve is shown on the right-hand 
side of the diagram. 



a 

Energy of Negative Electrons enutted by Hot Bodies. 369 

If we use logarithms to the base 10 formula (11) becomes 

ve 
log ij —logigt = "432 Ra: 

As 2,,¥, e, 8,and R are constant in any one experiment, the 
curve obtained by plotting logjj2 against V should be a 
straight line. The accuracy with which the linear relation 
was fulfilled is shown by the diagram. From the slope of 

this line the value of the coefficient — we could be deduced. 

Substituting the known value of ve, the quantity of electricity | 
required to liberate half a cubic centimetre of hydrogen at 
0° C. and 760 mms. by electrolysis, and the value of 6, the 
absolute temperature, found experimentally, a value of R the 
gas constant could be determined by these experiments and 
compared with the well-known value of this constant. This 
particular experiment gave for R the value 4:1 x 10° o.a.s. 
units compared with the standard value 3:7x10°. ‘The 
agreement is fairly good when all the difficulties of the 
investigation are taken into account. 
A large number of experiments were made with platinum 

under varied conditions, and this linear relation was aiways 
verified provided the general method of treatment of the 
platinum which has been described was adhered to. In most 
of the experiments the surrounding gas was air at a low 
pressure ; but the effect of replacing the air by hydrogen at 
a similar pressure was examined. In another set of expe- 
riments the platinum was covered with calcium oxide by 
heating a drop of calcium nitrate solution placed on it. In 
both these cases it was noticed that for some time after the 
change in the conditions had been made the above law con- 
necting the current with the potential-difference was obeyed 
just as with platinum alone surrounded by air. It was also 
noticed that on first heating the strip after letting in hydrogen 
or after coating it with lime, the value of the current at any 
given temperature was practically unchanged from that which 
had obtained for pure platinum at the same temperature in 
air. The subsequent increase in the emission of ions, whether 
caused by hydrogen or by lime, appeared to take some time to 
establish itself, and as soon asa marked increase in the initial 
absolute value of the current occurred, it was found that 
the law was no longer obeyed. Thus the character of the 
phenomena appears to change when the metal is heated for a 
long time either in a hydrogen vacuum or when coated with 
lime. The results which we obtained after heating for some 
time in hydrogen were too irregular to draw very definite 

Phil. Mag. 8. 6. Vol. 16. No. 93. Sept. 1908. 2C 
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conclusions from ; but in the case of the lime-covered strip 
more consistency was observed. The main feature of the 
change consisted in a reduction of the curvature of the curve 
connecting the current and the potential. This reduction 
was greater the higher the temperature of the lime-coated 
strip, and also therefore the greater the absolute value of the 
current. At higher temperatures the current appeared 
within the limits of experimental error to be a linear 
function of the potential instead of an exponential function, 
In one experiment the current was 3:4 x 10-° amp. for V=0 
and diminished as a linear function of the potential-difference 
to the value zero for V=1'22 volts. Usually the current 
reached zero for a somewhat smaller voltage than this. The 
general effect of both hydrogen and lime on the hot platinum 
appears to be to change the law of distribution of energy 
among the emitted electrons entirely, and also to change the 
average value of the kinetic energy to some extent. In 
every case the average value of the kinetic energy was found 
to be greater than what it would have been for pure platinum 
atthe same temperatureinair. This change is, comparatively 
speaking, not very great. The greatest increase recorded in 
our experiments amounted to about twice the value for 
platinum alone. 

It has been pointed out that the normal behaviour of the 
strip was also deranged if the hot metal was subjected to the 
action of a strong electric field at any time. In this case 
both the law of distribution of energy and the average value 
of the latter appear to be entirely changed. This peculiar 
state of the metal can be got rid of very rapidly by heating 
it for a short time toa high temperature. After this treat- 
ment the current against the potential again obeys the formula 

log, i9—log,7= ma with the same value of the coefficient 
yen. 
-— ag in the normal case. 
R 

The value of R calculated from eight different series of 
experiments which have been selected as illustrating all the 
different conditions under which the linear relation between 
logz and V was found to be satisfied are given in the accom- 
panying table. It will be observed that other conditions 
besides the previous treatment of the hot metal were varied 
during the experiments. The pressure of the gas varied from 
"006 to ‘06 mm., the temperature from 1473 to 1840 ab- 
lute, and the maximum current from 3 x 10- to 4°7 x 10-” 
ampere. ‘The last series in the table was obtained after the 
hot metal had been put into the peculiar state already de- 
scribed by charging the upper plate with a high negative 



Energy of Negative Electrons emitted by Hot Bodies. 371 

potential, and this peculiar state had afterwards been destroyed 
by strongly heating the strip. The last observation but one 
refers to similar conditions, except that the peculiar state 
was induced by charging the upper plate negatively. It is 
possible that some change took place in the strip which made 
the recorded temperatures too high in these two experiments. 

The values of R calculated from the different experiments 
are shown in the last column of the table. These range from 
2°99 x10? to 4:°2x10? with a mean value of 3°5x 10%. The 
disagreement of these numbers among each other is probably 
greater than could arise from errors in the measurements of 
any of the physical quantities involved, such as the tempe- 
rature for example. When we consider the number of things 
which appear to affect this phenomenon in a way which is 
not yet understood, the agreement is probably as satisfactory 
as could be expected. The agreement of these numbers with 
the theoretical value R=3°7 x 10? is very striking, and seems 
scarcely likely to be a chance coincidence. 

Absolute | Maximum 
| Treatment of Platinum before | Pressure, : 

) Pate. Observations. mm. Sener 2 Pee. B. 
| | rature. amperes. 

|Jan.29.| 16 hours’ heating .........000.. os | 1606 447x107) 41x10 
| TRB cee | ie | ava [12x 10-11] 42x108 

- | { Just after lime was placed on| { ‘006 my - 3 
b. A: splekievama 6 ah CE { ‘06 \ 1503 8x10~"| 35x10 

_neh 10, {Fem ater badioaee vas Tel yg ass | acto) 610 
Mar. 8 About, 35 hours’ heating ...... ‘O15 1660 14x10-11| 29103 
Mar. 9 About 30 hours’ heating ...... ‘Ol 1560 310-12} 3:1x103 
) Highly charged with negative 
| Mar. 18 electricity and strongly "02 1840 4x10-11] 32103 

) heated subsequently ......... 
. Highly charged with positive! } 
Mar. 14. electricity and strongly |}......... 1813 1x10—11| 34x 108 
| heated subsequently ......... 

In order to test the theory further the obvious thing to 

try was whether the coefficient aa deduced from the log i, V 

diagram really was universally proportional to the absolute 
temperature. A glance at the. preceding table will show 
that in the case of platinum this is a difficult if not im- 
possible task. The disagreement between the different deter- 

Es minations of R shows a greater ratio of variation than the 
fractional change in the absolute temperature over the whole 
range of temperature during which the effect could conve- 
niently be measured. For this reason it seemed likely that 

2C2 | 
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it would prove impossible to disentangle any change in the 
coetticient due to @ being changed from changes due to 
unknown causes. We have therefore not attempted to test 
this part of the theory by experiments on platinum itself. 

The negative ionization from the liquid alloy of sodium and 
potassium suggested itself as a more likely way of attacking 
this question. With this substance the current can conve- 
nientlv be measured at temperatures as low as 500° absolute; 
so that if the theory were obeyed by this substance the value 

of = ought to be about three times as great as in the expe- 

riments on platinum. In making experiments with this 
substance we have had considerable experimental difficulties 
to contend with, and so far have only been able to obtain 
results of a qualitative character. So far as our expe- 
riments go, they indicate that the nature of the negative 
ionization from the substance is not at all what was expected. 
Instead of the current falling off more rapidly with the 
potential than with hot platinum, it falls off less rapidly, 
indicating that the emitted electrons have a much greater 
quantity of kinetic energy than those emitted from platinum 
at a much higher temperature. ‘The experiments that we 
have been able to make with the alloy so far are not sufficiently 
accurate to decide whether the formula log:—logij=kV is 
obeyed with a different value of k or not. We hope to be 
able to resume this part of the investigation in the autumn. 

Discussion of Results. 

In presenting the results of this investigation the method 
has been adopted of making certain hypotheses as to the 
distribution of energy among the emitted electrons. From 
these hypotheses formule have been deduced which were 
then compared with the experimental observations. This 
method is justifiable on the ground that these theoretical con- 
siderations first suggested the investigation, and also because 
in the case of platinum the phenomena are in accordance 
with the theory. We have seen, however, that a number of 
cases have arisen where the law of distribution of energy 
among the particles does not coincide with Maxwell’s law, 
so that to analyse these cases it is important to have a more 
general method of deducing the mode of distribution of the 
energy than that which has been made use of. This may 
always be done in the following way :—First of all construct 
the curve giving the current-densities as ordinates in terms 
of the opposing potentials as abscissee. Our interpretation 
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of this curve is that the current Cy corresponding to any 
_ potential V is equal to e the charge on an ion multiplied by 
the number of ions shot off in unit time for which $mvw? is 
greater than eV. Calling this number Ny) we have then 
Cy=eN,y). Butif the number of ions emitted per second 
for which the normal component of the energy lies between 
eY and e(V+dV), (2. e. between $mu? and 4mu?+ mu du) is 
denoted by eN'(evyydV we shall have 

Nev=e| NiiewdV. 

ev 

So that 
d 1 dCy bee me See 

Ne@= d(eV) Se e° dV 

To obtain the number which have velocity components per- 
pendicular to the emitting surface lying between wu and u+du 
we have simply to replace eV by its kinetic equivalent 3mu’. 
We thus get 

1 dCy 
muN'(Smu?)du=— hav av. 

The number of particles whose normal velocity or energy 
lies between given limits can thus always be calculated from 
the tangent to the CV curve. 

If we apply this method to the experimental numbers 
obtained for platinum in what we have calied the normal 
condition, the function giving the number having energy 
between assigned limits is that required by Maxwell’s law. 
This is sufficiently obvious, since otherwise the equations 
obtained previously would not have been satisfied. In the 
case where the electrons were emitted from platinum covered 
with lime the CV curve lost its exponential character and 
became a straight line at high temperatures. In this case 

bia is constant, so that the number of particles whose 

energy lies between w and «+dz is proportional to dx and 
independent of «, or, in other words, the number of particles 
having an amount of $mu? lying within a given range is 
independent of the amount itself. This is only true within 
certain limits ; in the case referred to the number of particles 
which had an amount of energy greater than that which 
corresponds to 1°22 volts was too small to be detected. 

The measurements that we have made in the cases in 
which the distribution of energy is abnormal are too meagre 
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as yet to enable much to be said positively as to the causes 
which make the distribution of the energy differ from the 
Maxwell type. There are, however, certain obvious causes 
which might change the distribution of energy. If a double 
layer formed outside the metal, and the direction of the 
electric force in the double layer was such that it tended to 
drive the ions away from the metal, the distribution of 
energy would be altered. Admitting that the free electrons 
inside the metal have the distribution of velocity given by 
Maxwell’s law, those which escaped into the double layer 
would also have this distribution provided they were enabled 
to get out by virtue of their kinetic energy overcoming the 
surface forces. All the ions which reached the double layer 
would escape into the region outside, but the value of dm 
for each of them would be increased by the work done in 
passing through the layer. Thus, in this simple case, the 
distribution of energy among the emitted particles would be 
that given by Maxwell’s law + a constant. If the electrons 
escaping were deflected by collisions with atoms inside the 
double layer itself this simple law of distribution would be 
altered and would become very complex, but in any case we 
should expect that any variation from the normal would 
result in an increase in the average energy of the particles. 
This explanation is supported by the facts, so far as this 
particular conclusion is concerned ; for in all the cases of 
deviation from the type which we have examined the mean 
kinetic energy appeared to be greater than that required by 
Maxwell’s law. 

The most reasonable way of interpreting the results which 
have been obtained so far appears to us to be to suppose that 
generally speaking the distribution of velocity among the free 
electrons inside the metal is that given hy Maxwell’s law for 
a molecule of gas at the same temperature as that of the 
metal. That when the electrons which escape simply have 
to do a certain amount of work against surface forces this 
law also holds for the distribution of energy among the 
electrons which have escaped. It seems probable, however, 
that there are a large number of cases of the escape of 
electrons from hot metals when the mechanism is not so 
simple as this. There may for instance be a double layer like 
the one already alluded to; there is some evidence that the 
very large change produced by absorbed hydrogen on the leak 
trom hot platinum may be due to an effect of this kind. It 
is possible also that the expulsion of these electrons in some 
cases is due to a more indirect process. It might for 
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instance be an effect of the radiant energy of the metal 
analogous to the photoelectric effect. In this case the kinetic 
energy would probably be much greater than the thermal 
value. We hope that further research will throw light on 
this point. 

It seems to us an important point to have established that 
in one case at any rate, that of platinum heated in air at 
low pressure, the distribution of the square of the velocity 
component normal to the surface among the electrons emitted 
is identical with Maxwell’s law of distribution of the same 
quantity for a gas at the temperature of the metal. It has 
been suggested to us that experiments of this kind do not 
necessarily enable us to deduce the law of distribution of 
velocity among the emitted particles, for the reason that 
formule similar to those on which our conclusion is based 
might be deduced by a purely hydrodynamical kind of 
treatment assuming that the particles exerted a pressure 
which was related to the temperature according to the law 
pv=Ré. Since this kind of treatment supposes the matter 
concerned to behave as though it were continuous it would 
foliow that the experiments would not warrant any conclusion 
as to the distribution of velocity among the particles. It 
appears to us, however, that this is an unfair view of the 
question to take. It is now well established that the electric 
currents under investigation are carried by charged particles 
whose charge and mass are known. Admitting for the 
moment our interpretation of the experiments, it follows that 
at 1650° absolute the mean value of w, the component of the 
velocity, perpendicular to the plate, of the ions emitted is 
about 15 x 10" cm. per sec. The distance between the 
plates being 2 millims., the average time occupied by the 
ions in crossing under zero field would be 1°3 x 10-§ sec. 
The maximum current in any of the experiments was 
4:7 x 10-1"! ampere, which corresponds to an emission of 
3°6 x 10° ions per sec. The number of ions present at any 
instant between the two plates would therefore be comparable 
with 5. The average distance between them would be so great 
that their mutual forces would be entirely negligible. On 
these grounds it appears to us that the only reasonable view 
to take is that the current is carried by discrete charged 
particles whose motion after they have left the plate is 
determined solely by the magnitude of the electric field and 
their initial velocity. Unless we are prepared to deny the 
atomic theory of electricity there appears to be no escape 
from the conclusion that the distribution of velocity among 
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the emitted particles is that which has been deduced from 
these experiments. 

This method does not enable us to determine by experiment 
the distribution of velocity among the electrons in a closed 
space including a piece of hot metal when the final state 
of statistical equilibrium has been reached. All that we are 
able to do is to examine the distribution of velocity among the 
particles emitted from the hot metal at any instant, and to 
show that in the case of platinum at least the results are con- 
sistent with what would be required if in the state of statistical 
equilibrium the distribution of velocity among the electrons 
outside the metal were determined by Maxwell’s law. This 
leads toa strong presumption that the distribution of velocity 
among the external electrons in the steady state would be 
given by Maxwell’s law, with the mean translational kinetic 
energy identical with that of the molecules of a gas at the 
temperature of the metal. This involves the further conclusion 
that the distribution of velocity among the free electrons 
inside the metal is also determined by Maxwell’s law. 
For if the free electrons inside the metal are free in the 
sense of the kinetic theory of gases, the only difference 
between those inside and those outside the metal will be due 
to the difference of their potential energy. There is a well- 
known theorem in the kinetic theory of gases which proves 
that when two regions of the same gas at the same temperature 
are compared, the regions being such that the mean potential 
energy of the molecules is different in the two regions, the 
mean translational kinetic energy is the same in both, and is 
distributed according to the same law. The only effect of 
the difference of potential energy is to make the concentration 
of the molecules different in the two regions. Applying this 
theorem to the case of the electrons inside and outside a 
piece of hot metal, it follows that the mean translational 
energy and the way in which it is distributed among the 
electrons will be the same both inside and outside the metal. 
The conclusion that the average translational kinetic energy 
and the law of distribution of velocity of the electrons inside 
a metal are identical with those among the molecules of a 
gas at the same temperature as that of the metal is of great 
importance in the electron theory of metallic conduction and 
thermal radiation. 

Princeton, N. J., June 5, 1908. 
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XXXI. On the Radioactivity of Potassium and other Alkali 
Metals. By Prof. J. C. McLennan and Mr. W. T. 
KENNEDY™*, 

I. Introduction. 

fl the course of some experiments made by them on the 
radioactivity of a series of salts which had hitherto been 

considered inactive, Messrs. Campbell and Wood (Proc. Camb. 
Phil. Soc. vol. xiv. pt. 1, p. 15, 1907) found that potassium 
salts exhibited a radioactivity greater than that of any other 
substance previously examined which did not contain any of 
the so-called radioactive elements. 

In seeking for the source of this activity these experimenters 
found it impossible to separate out any active impurity from 
the salts examined, and they were led by the results of their 
investigation, which included measurements on the activities 
of a limited number of compounds of potassium, to conclude 
that the activity originated with the potassium itself and 
was an atomic property of that metal. 

In a later paper (Proc. Camb. Phil. Soc. vol. xiv. pt. 2, 
1907) Campbell described some additional experiments 
dealing with the character of the radiation emitted by the 
potassium salts, and in concluding expressed the opinion that 
the radiation consisted of @ rays possessing an average 
velocity less than that of the 8 rays of uranium. 

In a recent note by one of us (‘ Nature,’ May 14th, and 
Phys. Zeit. Aug. 1st) an account is given of some expe- 
riments which involved a minute examination of the radio- 
activity of a large number of potassium and other salts. In 
this note it was stated that while the results of this exami- 
nation confirmed the discovery made by Campbell and Wood, 
that potassium salts generally possess an exceptionally high 
activity, and emit a radiation possessing considerable pene- 
trating power, they did not support the conclusion that the 
activity of these salts was connected with a normal atomic 
property of potassium and that it was always directly pro- 
portional to the amount of that metal present in the salt. 

The salts used in this examination were those ordinarily sold 
as chemically pure, and in drawing the conclusion just re- 
ferred to it was assumed that the salts were, as they purported 
to be, of a high grade of purity. It has been found, however, 
since the publication of this note that the assumption was by 

* Communicated by the Authors. 
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no means warrantable; and from the results of additional 
measurements it has been found necessary to modify the 
conclusions mentioned in the earlier notices. 

In measuring and comparing the activities of the different 
salts, these were each spread out in turn in uniform layers 
on a shallow tray which was placed on the bottom of the 
ionizing chamber shown in fig. 1, which was 40 em. long, 
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26 cm. wide, and 28 cms. deep. The saturation currents 
through the air in the chamber were measured with a sensi- 
tive quadrant electrometer, and were taken as measures of 
the activities of the different salts. 

Il. Relation of Activity to Area of Salt exposed. 

Before proceeding with the examination of the different 
salts some preliminary measurements were made on the 
activity of potassium sulphate when different areas of a layer 
of this salt were exposed to the air in the chamber. A layer 
of the salt some 6 mm. in thickness was placed in the tray 
mentioned above, which was 35 cms. long and 18 cms. wide, 
and then covered with a thick plate of metal divided into 
sections 18 cms. long,and 5cems. wide. These sections were, 
one after another, removed from the tray, so that larger and 
larger areas of the salt were left exposed to the air in the 
chamber. The saturation current corresponding to each 
area was measured, and the values which are given in Table I. 
and plotted in fig. 2, show that the saturation currents were 
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directly proportional to the areas of the salt exposed. From 
this result it was evident that the substance which constituted 
the source of the radiation was uniformly distributed through- 
out the mass of the salt. 

TABLE I. 

Area of salt exposed in Saturation current. 
sq. cm. Arbitrary Scale. 

5x18 | 17 
10x18 | 35 
15x18 | 53 
2018 | 71: 

| 25x18 | 89: 
| 30x18 | 106 

35x18 123 
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III. Relation between Thickness of Salt Layer and Activity. 

Some additional measurements were made to ascertain the 
relation of the activity of a number of the salts to the thick- 
ness of the layer of salt exposed. In making these measure- 
ments the salts were ground to a fine powder and then 
sifted as uniformly as possible on the bottom of a shallow 
tray which had a surface area of 228 sq. cms. This tray 
was then placed in the ionizing chamber, and the saturation 

- currents measured for each layer as before. 
The results obtained with potassium sulphate are recorded 

in Table II., and a curve representing them is shown in 
fig.3. From these it will be seen that the saturation currents 
steadily increased with the thickness of the layer of salt 
exposed until a thickness of 2°5 cm. was reached, when the 
current assumed a steady value and remained the same for 
greater thicknesses. 

Additional observations were made with the halogen salts 
of potassium, and still others with two samples of potassium 
cyanide, one with a sample of potassium hydroxide, and one 
with a second specimen of chloride of potassium. The results 
of these measurements are given in Tables III. and IV., and 
curves representing them in figs. 4 and 5. From all the 
results recorded it will be seen that layers of the different 
salts between 2 and 3 mms. were amply sufficient to give the 
maximum saturation currents. 

TABLE I]. 

Activity of Potassium Sulphate. 

Thickness of salt layer ee (mm.). (Arbitrary scale). 

0-188 a 
0-43 | a 
0°625 | ee 
1:09 Ae 
1:56 128 
9-03 | 134 
2-50 | 142 
3-75 | 142 
5-00 | 142 
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TABLE ITI, 

Activity of Potassium Salts of Halogen Group. 

Activity of salt. | 
tase ness BE Saturation current (Arbitrary scale). 

salt layer 
(mm.). 

Potassium Potassium Potassium Potassium 
Fluoride. Chloride. Bromide. Todide. 

—_—_e——a.eea | NS | 

5 157 100 83-5 64 

| 1-0 165 122-5 725 85 
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IV. Activities of different Potassium and other Salts. 

After ascertaining that the activity of a selected salt was 
directly proportional to the area exposed, and that layers 
having a thickness of approximately 2°5 to 3 mm. furnished 
a measure of the maximum activity of the salt, a series of 
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measurements was made on the activities of a large number 
of potassium salts as well as on a number of others of the 
different alkali metals. 
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The results of the examination of these different salts are 
given in Table V. (p. 384), and in all cases they represent the 
activities of layers of sufficient thickness to give the maximum 
saturation currents. 

From this table it will be seen :— 
First. That samples of a selected salt obtained from 

different sources exhibited widely differing degrees of activity. 
Two of the chlorides, as Nos. 3 and 4 show, differed by more 
than 40 per cent. in their activities, and two of the hydroxides, 
Nos. 7 and 8, by nearly an equal amount. In the case of the 
cyanide of potassium the variation in activity was especially 
marked. As can he seen from Nos. 10 and 12, two samples 
of this salt exhibited activities which were approximately 
only 5 per cent. and 20 per cent. respectively of that shown 
by a number of other specimens of the same composition. 

In addition to the results recorded in Table V. it may be 
stated that on one occasion a sample of potassium cyanide 
obtained from Kahlbaum was compared with one of potassium 
sulphate and one of potassium chloride obtained from Mercks, 

5.0 Thickness of layer 
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; TABLE V. 

Table of Activities. 

Percentage 
Source of of metal 

No. Salt. salt. in salt. 
fe 

ee ea Gee Oe aa eee Mercks 415 
ee RIG GIRS es ti et ape ee a Mercks 52 
3.. xa eet hc aces ...| Kahlbaum 52 
AEG OLE OG 54 Stee Commercial 52 
Bre We 9) By 00 A Mallinckrodt 33 
See REG) S 0S "ey eee Mallinckrodt 24 
Pies WO EIee eee rece Sok oc sss 0 Mercks 70 
Shee 0 5 SN Sea ee Kahlbaum 70 
SURG CTE) LO oe Mercks 70 

1 RMI 6 Cp (0 cs ee Eim. & Am. 60 
Ml AAO le esc rtee nee so a! | Kablbaum 60 
Het cel OINGw evens testi teaae as Mercks 60 
epee] BACIN eee Commercial | 60 
eT LE Cy sa Commercial | 60 
Meron) CCN cee Renae a's Commercial , 60 
AGES RUGS 0 OPS ten ee Commercial | 386 
oe) AIOE erat argals aie se’ Mercks | 46 
No NE EOF es cians |Kahlbaum | 82 
Boe CHORE Oi yacer ceed esse os Commercial 25 
BO2 | WONINO, Peaieciac. sess. Commercial 25 
Be CHOON fecawncnvedsse. Commercial 47 
Ae 8 8 J ee Commercial 7 
921g 80.1.0), ...... Mercks 40:2 
PEs ge) WEES 4 sicaceevone ts. Kahlbaum 45 
25 ...| Ke 5CO,(H20)> SME Kahlbaum 45 
San HOO. tie ey)... Commercial 36:4 
27...) KPOg ....eeeeeeee ees Mercks 5d 
28.. K, Fe(CN)«(H20)3 ...| Kahlbaum 37 
29... KFe.0,,.N,, beedena ss Kahlbaum 36 
SO,,«| (metal) ee... Mercks 100 
Olu Nal (metal): 12,..3. 060. Commercial | 100 
32...| NaCl (evapor.) ...... Commercial 39 
3ai.,.| NaCl(rock)(l)....... Commercial 39 

NaCl (rock) (2) ...... | Commercial 39 
NaCl (rock) (8) ......| Commercial 39 

S45 4 NaC Os § ia de ewes. Commercial 43 

Fae MHOC O NS nies. Mercks 9 
BOre.| Pigl,O. (4.32 he. eee Mercks 23'o 
Sites BOO -« isdeec eette wh Commercial 19 
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and all three salts were found to possess to within one per 
cent. the same activity. On another occasion, a sample of 
potassium cyanide obtained from Kahlbaum was compared 
with a specimen of the same salt manufactured by Mercks, 

_and was found to display an activity more than four times as 
intense as that of the latter. 

In this connexion the extremely low value found for the 
activity of the sample of potassium sulphite tested also 
merits emphasis. Potassium metal itself, it will be seen, 
exhibited a marked activity, but the value assigned to it, 
however, is not to be taken as comparable with the values 
recorded for the different salts of this metal, inasmuch as it 
was not possible to prepare layers of the metal for examination 
as regular and uniform as those of the salts. 

From a consideration of all the results given in Table V. 
it would appear :— 

First. That the values of a x 10? found for the different 

potassium salts exhibited extremely wide variations, and that 
if the purity of the salts was assumed, these were such as to 
practically preclude the view that the activity of the salts 
was due to a normal atomic property of potassium. 

Second. That while one sample of sodium chloride in the 
form of rock-salt showed an activity comparable with that 
exhibited by a number of potassium salts, several other 
samples of rock-salt were found to be quite inactive. Metallic 
sodium, too, and also a specimen of sodium carbonate, when 
examined, did not exhibit the slightest trace of radioactivity, 
and consequently it would appear that the activity observed 
in the single instance of sodium chloride mentioned was due 
to the presence in this salt of a trace of an active impurity. 
The low values obtained by Hlster and Geitel in their 
measurements on the conductivity of air in a salt mine would 
also support this view. 

Third. That with the exception of ammonium chloride 
which emitted a feeble activity, none of the lithium and 
ammonium salts showed the slightest trace of radioactivity, 
and that a sample of rubidium alum exhibited an activity 
which was extremely small, and a specimen of cesium 
chloride one which was only just measurable. 

V. Activities of Different Samples of Potassium Cyanide. 

From suggestions received by the writers from a number 
of sources it seemed desirable to make a closer examination 
of the activities of different specimens of potassium cyanide; 
and with the object of doing this five different: samples were 

Phil. Mag. 8. 6. Vol. 16. No. 93. Sept. 1908. 2D 
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obtained from one manufacturer, one from a second, and also 
one from a third manufacturer. 

The activities of these salts were examined in the manner 
indicated above, and the salts themselves have since been 
analysed by Professor A. B. Macallum, who has very kindly 
determined the potassium content of each of them for us, 
using the platinum method. 

The results of this examination are recorded in Table VLI., 
the relative activities being given in Column I. of this table. 
In making the analyses, equal weights of the different salts 
were taken and the potassium present in each sample of the 
salt determined as a percentage of the total weight. These 
percentages are recorded in Column II. of Table VI. 

TaBLE VI. 

Activities of different samples of Potassium Cyanide. 

Cotunn I. Couumn II, 

Source of Salt. ; 
ane Percentage by 

Bivens a Be weight of Potassium 
ae present in Salts. 

Mauufacturer “ A” Sample No. 1. 8°85 52°15 

Manufacturer ‘‘B” Sample No. 1. 1:40 9°44 

Manufacturer “‘C” Sample No. 1. "15 2°84 

4 ps UNO wer ‘10 2°76 

. AE. os ‘60 9°57 

. Noy. 00 (slight) 2:36 
“5 Pout ANOLE 1:47 | 764 

In arriving at these results the different salts were placed 
in bottles and sealed immediately after their activities were 
ascertained. They were also kept sealed until the analyses 
were made. This precaution was taken in order to prevent 
the absorption of moisture from the air, as otherwise, since 
the salts are hygroscopic, values for the percentage contents 
of potassium in the salts would have been obtained which 
would not have been applicable in a discussion of their relative 
activities determined some time previously. 

From the results set forth in Table VI. it will be seen that 
exceedingly wide variations were found in the potassium 
content of the different specimens. It will be seen, too, that 
those salts which possessed the greater potassium content 
also exhibited the higher activities, and that in the case of 
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the more active the radioactivities were approximately pro- 
portional to the potassium contents of the salts. The results 
obtained with potassium cyanide in this series of measure- 
ments, therefore, rather support the view taken by Campbell 
that the activities of potassium salts are directly proportional 
to the amount of potassium present in them. 

In the light of these results it would appear advisable, too, 
before drawing definite conclusions from the numbers given 
in Table V., to make a chemical analysis of each of the salts 
and to accurately determine its potassium content. 

VIL. Absorption Experiments. 

In order to obtain an estimate of the penetrating power of 
the radiations emitted by the potassium salt, quantities of the 
sulphate, the chloride, and the cyanide were spread in turn 
in uniform layers on a tray and placed beneath ee close to 
the bottom of the ionizing chamber AB, fig. 1. In these 
measurements the bottom of the chamber Laneiciad of a finely 
meshed gauze, which permitted the rays to pass into the 
chamber with as little absorption as possible. The tray con- 
taining the salt was then gradually lowered so as to increase 
the air-column traversed by the rays before they entered the 
chamber, and the ionization currents were measured with 

Taste VII. 

Absorption Experiments. 

Potassium. 

Distance 
(cm.). |Sulphate (Current Chloride (Current| Cyanide (Current 

arbitrary scale). arbitrary scale). | arbitrary scale). 

21 178 © 240 
47 158 205 
9-1 118 178 
166 81 125 
24-4 59 | i 4 96 
31-9 39 64 
39° 28:5 4 33 

the salt at different distances. The values of the currents 
obtained with three of the salts mentioned are shown in 
Table VII. These values have been reduced for purposes of 
comparison to a common mea intensity, and the reduced 

ye yy 
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given in Table VIII., curves representing them readings are 
So) 

From these it will be seen, just as being shown in fig. 6. 

TasLE VIII. 
Absorption Experiments (Reduced values). 

Current (Arbilrary Scale) 

Potassium. 

Distance | 
(cm.). 

| Sulphate. Chloride. Cyanide. 

oa “21 240 240 240 

4:7 212 204 205 

Sha 158 169 178 

166 108 96 125 

24-4 ee 67 96 

31°9 52 45 64 
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Campbell aia Wood have pointed out, that the rays emitted 
by potassium salts possess considerable penetrating power. 
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The saturation currents were not reduced to half value until 
the columns of air traversed amounted to between 12 and 
15 ems., and even with the salts at a distance of 40 cms. 
from the chamber the ionizing currents were still approxi- 
mately 15 per cent. of their highest values. 

From the form of the curves it is evident that the radiations 
from the different potassium salts were not identical in their 
composition. The absorption curves for the sulphate and the 
chloride were very similar, but that for the cyanide was 
markedly different, and indicated by its shape that the rays 
from this salt, besides being heterogeneous in character, 
contained a predominating proportion of the more penetrating 
types. 

It is of interest to note, too, that the absorption curves in 
fig. 6 show no irregularities in their initial portions, such as 
one would have expected if the radiations had consisted, 
amongst others, of a type possessing the characteristics of 
the a radiations from the known radioactive elements. 

These results, it will be seen, are in accordance with 
Campbell and Wood’s observations, and confirm the con- 
clusions reached by them that the radioactivity exnibited by 
the potassium salts possesses the characteristics of either a @ or 
an easily absorbed y radiation, rather than those of an a type. 

In a second series of measurements on the absorption of 
the potassium rays, the tray was filled with a quantity of 
potassium sulphate and then placed in the ionizing chamber, 
resting on the bottom. The salt was covered successively 
with an increasing number of sheets of tinfoil, and the 
saturation current measured for each set of the absorbing 
sheets. The foil used was 0:0089 mm. in thickness. The 
values of the currents corresponding to the different thick- 

nesses of tinfoil are given in Table IX., and the manner in 

TaBie IX. 

Thickness of tinfoil. Saturation current | 
(cm.) (Arbitrary scale). 

0-00000 188 

“J0089 163 

‘00178 149 

‘00446 106 

01157 50 

‘01607 31 

‘02839 10 
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which the value of the currents decreased is indicated by,the 
eurve in fig. 7. 

+ T 

In arriving at the numbers recorded in 
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Table LX. corrections were made from a preliminary set 
of observations for the activity of the tinfoil sheets which 
were found to emit an extremely feeble though measurable 
radiation. From 

seen that it was n 

the values given in Table IX. it will be 
ecessary {o cover the salt with foil repre- 

senting a total thickness of 0°6 mm. before the radiation 
from the salt was reduced to one-half its original intensity. 

> 

The mean values of the absorption constant > for the 
different thicknesses were deduced from the formula 

where I, was the ionization current obtained with the un- 

screened salt, and I the current when d centimetres was the 
thickness of the ti nfoil traversed. The deduced values of X 
are given in Table X., and as will be seen these show a 
gradual decrease a s the number of sheets of tinfoil used for 
a screen was increased. 
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TABLE X. 

Absorption by Tinfoil. 

Thickness of T 
tinfoil “ie r. 
(cm.) rs 

0°00089 ‘867 160 

‘00178 ‘793 130 

‘00446 563 124 

‘01157 "265 115 

01607 "165 112 

‘02839 053 104 

The values obtained by Rutherford* for the constant A 
when studying the absorption of the @ rays from uranium 
with screens of tinfoil was 96, and later the value found by 
Crowther+ for the same constant under similar circumstances 
was 69°3. A comparison of these values and those given in 
Table TX. makes it evident that while the rays emitted by 
the potassium salts were very heterogeneous in character, 
they did not contain any types possessing greater penetrating 
power than the @ rays emitted by uranium salts. This result, 
too, is in keeping with what Campbell and Wood found in 
their investigations on the absorption of these potassium 
rays. 

VIL. Activity of Potassium Salts and Secondary Radiations. 

A set of measurements was made with the object of ascer- 
taining whether the radiation emitted by the potassium salts, 
which from its characteristics evidently consisted of rays, 
was due to some property inherent in the salts, or whether 
it was due to a secondary radiation, of exceptionally high 
intensity, excited in the salt by the penetrating radiation 
which is known to exist at the surface of the earth. 
A cylinder of lead some 60 cms. bigh and 25 cms. in 

diameter was prepared, and the natural conductivity of the 
air in this cylinder determined. A layer of potassium sul- 
phate was then placed in a tray on the bottom of the cylinder, 
and when the conductivity of the air was again measured it 
was found to be approximately twice as high as it was before 
the salt was introduced. 

From this it was evident that the radiation from the salt 

* Ruthertord, ‘ Radioactivity,’ 2nd edition, p. 137. 
Tt Phil. Mag. Oct. 1906, p. 379. 
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contributed to the conductivity practically as much as the 
combined action of the earth’s penetrating radiation and that 
emitted by the walls of the cylinder. If then the activity of 
the salt consisted solely of a secondary radiation one should 
expect, with a penetrating radiation gradually increasing in 
intensity, to obtain proportionately greater effects when 
the salt was in the cylinder than when it was removed 
from it. 

In order to realize these conditions, a few milligrams of 
radium bromide sealed in a glass tube were enclosed in a 
heavy block of lead, and this was placed at a number of 
different distances from the cylinder and the conductivity of 
the air in the chamber ascertained, with the radium in each 
position. ‘The observations were made first with the salt in 
the cylinder and then repeated for each position of the radium 
after the salt had been removed. 

The results of these measurements are given in Table XI., 

TABLE XI, 

Saturation current. | Saturation current. 
(Arbitrary scale) (Arbitrary scale) 
Salt in cylinder. | Salt not in cylinder. 

Position of 
radium bromide. 

PER eiaceescch ils. 6053 6272 

S00) Sa 2568 2641 

CBN eee eases. 0] 907 945 

GUN occ cicsv en ove 271 273 

1s ee ae 209 227 

and from the numbers given in the table it will be seen that 
although the ionization currents were increased over thirty- 
fold, the ionization, and consequently the secondary radiation 
produced by the gamma rays from the radium, was invariably 
less when the salt was in the cylinder than before the salt 
was introduced, 

Inasmuch as the ordinary or spontaneous ionization in 
the cylinder was found to be increased approximately twofold 
by the introduction of the salt, it is clear, in the light of the 
numbers given above, that this increase in the conductivity 
was due to a primary activity possessed by the salt, and not 
due to a secondary activity imparted to it by the influence 
of external radiations. 
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VIII. Miscellaneous Experiments. 

With a view to ascertaining whether the activity of 
potassium salts arose from the presence in the salts of traces 
of any of the active elements, radium, thorium, or actinium, 
an attempt was made to drive off any emanation which they 
might contain by raising the salts to moderate temperatures. 
Although a number of the salts was treated in this way, with 
none of them, however, was the slightest indication obtained 
of a loss of activity such as should accompany the expulsion 
of radioactive gases. 

Although these experiments made it probable that the 
activity was not due to the presence of traces of the elements 
radium, thorium, and actinium, or of their immediate pro- 
ducts, in the salts, it was still possible that the activity might 
be due to the presence in minute quantities of uranium or of 
one of the active products of slow decay of radium. With 
the object of testing this surmise a sample of potassium 
sulphate which had been found to exhibit a comparatively 
high activity was heated to a little over 1000° C., and 
maintained at that temperature for a considerable time. 

After the salt had been subjected to this treatment it was 
again examined, but was found to possess exactly the same 
activity as before being heated. 

Similar attempts were made to reduce the activities of 
samples of potassium chloride and potassium cyanide, but in 
none of these tests was any reduction of activity obtained as 
a result of the heating. 

To test still further the possibility of driving off by volati- 
lization any active impurities which might be present, a 
quantity of active potassium sulphate, contained in a graphite 
crucible, which on examination showed no sign of activity, 

_ was placed in a coke furnace, first melted and then heated 
as highly as possible for a time. During this heating the 
sulphate became partially converted into the sulphides of 
potassium. After cooling, the mixture, which was ground 
to a fine powder and tested for radioactivity in the manner 
indicated above, was found to possess the same activity as 
before the treatment. 

As the melting-point of potassium sulphate is approxi- 
mately 1060°-.C., and inasmuch as the temperature of the 
salt during this experiment was raised very much beyond 
this point, it is clear that a temperature was reached con- 
siderably above the points of volatilization of the radium 
products of slow decay, and it follows therefore, from the 
absence of any loss of activity from the heating, that none of 
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these active products were present in the salt, and that the 
source of its activity must be sought for elaew her 

The only remaining known ace product whose presence 
in the salt could account for its activ ity appeared to be 
uranium X, and although it was not clear how such a pro- 
duct could become mixed with the salts of potassium, attempts 
were made to separate it out by recrystallization, by preci- 
pitation with ammonium carbonate, and also by treating 
solutions of the salts with ether after the manner of Meyer 
and Schweidler*. By none of these processes, however, 
was it found possible ‘to effect to a measurable degree the 
separation of any active product. 

Attempts were also made with some of the salts to separate 
out by electrolysis active impurities which might be present, 
but it was again found impossible to bring about : any separation 
of the active constituents in this w ay. 

AI. Summary of Results. 

1. It has been shown that the activity of uniform layers 
of active potassinm salts was directly proportional to 
the area of the salt exposed. 

With uniform layers of a number of potassium salts 
the activity was found to increase with the thickness 
of the layer, and maximum activities were obtained 
with all the salts examined with layers of the salts 
from 2 to 3 mm. in thickness. 

3. Wide variations were found in the activities of different 
potassium salts, and of potassium salts of the same 
composition obtained from different sources, and ordi- 
narily sold as chemically pure. In particular, dif- 
ferent samples of potassium cyanide were found to 
vary widely in their potassium content, but the acti- 
vities of the different samples were found to be 
approximately proportional to the amount of potassium 
present. 

4. The rays from the potassium salts, which were found to 
be heterogeneous and to possess considerable pene- 
trating power, exhibited characteristics similar to those 
of the, 8 radiation emitted by uranium X. The pene- 
trating power of the latter, however, is somewhat 
greater than that possessed by the potassium rays. 

5. Experiments have been described which go to show 
that the activity of potassium salts is not due to the 
excitation of a secondary radiation in the salts by the 

* Meyer and Schweidler, Wien. Ber. 113, July 1904. 



Improvement in Method of Determining Visibility Curves. 395 

action of penetrating rays coming from external 
sources. 

6. By various tests it was found impossible to trace the 
activity of potassium salts to the existence in them of 
minute quantities of any of the known radioactive 
elements or their active products. 

7. Of all the elements in the alkali group, potassium alone 
| has been found to exhibit marked radioactivity. Both 

sodium and all of its saits were found to be quite 
inactive, and although a sample of rubidium alum 
exhibited an activity which was extremely small, and 
a specimen of czsium chloride one which was only 
just measurable, sufficient evidence has not been 
adduced to support exclusively the view that the 
activities observed were due to a physical property of 
the metallic constituents of these salts, 

In conclusion. we wish to express our very great indebted- 
ness to Prof. Lang and to Prof. Lash Miller, as well as to 
other members of the staff in the Department of Chemistry, 
for their kindness in placing at our disposal a number of the 
specimens of the salts examined. 

Physical Laboratory, University of Toronto, ‘ 
August 5, 1908. 

XXXIT. Note on an Improvement in the Method of Deter- 
mining Visibility Curves. By C. 8. Wricet, B.A.,1851 
Exhibition Scholar, 1908, University of Toronto”. 

SBE of the chief objects of Michelson in designing the 
interferometer which bears his name, was to analyse a 

source of light and determine if possible the distribution of 
intensity in that source. This is arrived at by estimating 
the visibility of the fringes formed by the interference of 
the two beams of light in the interferometer for various 
differences in path of the two rays. 

The method of observation consists simply in moving back 
one interferometer plate till the difference in path A between 
the two interfering beams is such as to give a visibility of 
one half the maximum—the latter being obtained for A=0. 
The half-width of the spectral line used as the source of 

0°22 r? 
A 

While determining the visibility curves for the spectral 
lines of some of the elements, it occurred to the writer that 

illumination is then given by 

* Communicated by Prof. J. C, McLennan. 
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if some standard could be used giving fringes of a known 
visibility and in the same position as those due to the inter- 
ferometer, the method of determining the half-width would 
reduce to a very simple photometric determination. 

As the standard a mica plate was found very convenient, 
which was placed in the path of the light entering the inter- 
ferometer, and inclined at such an angle as to give straight- 
line fringes perpendicular to those given by the interfero- 
meter and in approximately the same focal plane. A simple 
adjustment of the angle of the mica plate was all that was 
necessary to alter the width of the mica fringes or the angle 
of intersection of the two sets, so as to make them similar in 
every respect. 

It was found in practice that when the fringes formed a 
system of squares the points of equal intensity could be 
determined with considerable exactitude. 

For absolute measurements of the half-width of the spectral 
line this standard would require to give fringes of a visibility 
one half the maximum. But if comparative measurements 
only were required, such as the change in width of the 
spectral line brought about by different conditions of tempe- 
rature, pressure, &c., operating on the same, this method 
would find a very practical application. It should therefore 
be of special service in following such modifications in the 
constitution of radiating atoms as are brought into evidence 
by changes in their spectral lines. 

Physical Laboratory, University of Toronto, 
May 1, 1908, 

XXXITI. Researches upon Osmosis and Osmotic Pressure. By 
L. Vecarp, Cand. real. (Research Student at the Cavendish 
Laboratory, Cambridge). / 

[Plate IX.] \ j 

> [Continued from p, 271. ] 

§ 4. 

Measurements of Osmotic Properties of Cane-Sugar Solutions. 

ia. HE mode of operation in the experiments was as 
follows :— 

Before each trial the osmometer was cleaned with distilled 
water and dried by filter-paper. The cell was filled with 
distilled water and put on the tap by the rubber tubing, and 
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care was taken that water filled the capillary, and the rubber 
tubing on the top of it was filled with distilled water. 

Then the vessel A containing the solution is screwed on to 
the disk B. 

As to the putting up of the cell, I have found it best first 
to put the rubber tubing on ihe cell and bend the upper end 
of it back on the cell. The fixing of the cell then only takes 
a few seconds, and the whole apparatus can be put up in 
about 10 minutes. 

In the measurements it was necessary to keep a nearly 
constant temperature. This was obtained by putting the 
osmometer into a stone jar, and this again into a larger one. 
The two vessels were either filled with water that had nearly 
the mean temperature of the room or filled with ice- or 
snow-water. 
A similar arrangement was used for the manometer, only 

that the vessels were glass cylinders so as to be able to read 
the mercury level without taking the manometer out of the 
thermostat, and here I always let the water take the tempe- 
rature of the room. 

Before taking down the apparatus it was well dried. The 
solution was tested in the way described. When the cup A 
is taken down, the rest of the osmometer is washed out with 
water and everything except the membrane itself is dried. 
This is necessary in order to be sure that no sugar should 
come into the cell when it was taken down. The cell is 
emptied by a pipette and the water analysed. 

The measurements are made in two different ways. In 
the first method, the capillary that leads to the compressor 
was Closed by sealing-wax and the pressure was effected by 
the osmotic action itself. 

In the second method, the pressure was raised by means of 
the compressor to the height desired. 

Measurements by the First Method. 

12. The apparatus being put up was left to itself at 
constant temperature, and the mercury column examined 
until maximum of pressure. Then the rubber tubing on the 
top of the capillary is taken off and the water-level examined 
for some hours. 
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EXPERIMENT 1. 

Apparatus put up Oct. 27, 1907. 
Resistance of the membrane 290,000 ohms at 3° C. 
Concentration of original solution: 170°6 gr./l. at 16°C. 

Observations la. 

Date. to. | time a. 

ho am 

Oct. 28, 8 Op.M. eG. | Sweeaaee . OL38 pene 
oO; ib aie ee [> TL eS ee 
i, veO; ene 12°60 1313 10:40 iis 
spongy) Rogaine 12°65 13:04 LOSS as 
oo ks | eee 12°10 12°18 1O'lS 

Novi 2558 2 155 11°50 10°048 ,, 
). Botaraan, 10°16 10°38 10076 ,, 
5 ey ee ones 925 1 O80 10:000 ,, 

The temperature was lowered to 0° and another equilibrium 

examined. 
Observations 1d. 

Date. to. tm. a. 

| h m 
| Nov. 4, 3 30 P.M. 0:0 9°80 12°75 cm. 
| 55 Ge PER, A 9°96 10377 3, 
| chit, MM: ay 3 9:90 10°303._,, 
lisys Spee) Ande 4s OFF | MOBTS ae 
| = 2 amet PENT A 9:84 10:268 ,, 
| gg. ARADO ax sat. se 994 | 10:226 ,, 

t,=temp. in osmometer. tm=temp. in manometer. 
a=reading of manometer. 

The solution from the osmometer was tested with Fehling’s 
solution, but no measurable inversion was found. The 
solution kept clear after heating for some time to 100°, but 
after some hours a very faint precipitate was observed on 
the bottom of the glass. The same experiment carried out 
with a fresh solution of cane-sugar gave the same result, so 
it should not be due to inversion, but even if it were it was 
too small to be measured. 

The testing of the solution with polarized light gave the 
following result:— 

Tube. Ao. a. 

| Sir busacs uae 22° 39! 212 Ay 

| one ties 342 7! 32° 45! 
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The water in the cell being insufficient for filling the tube 
had to be diluted. 

6°5 cm.’ water from the cell+15 cm.’ water gave an angle 
of polarization of 10’. 

As 1 mm.’ corresponds to 5 mm. in the capillary we get 

l-=2°5 mm. per hour ; and 
gi:=2°0 gr./l.= cone. of water in exp, la. 

Js=38 4 = ” ” 1d. 

We have no observations for the velocity of osmotic flow 
for this experiment; but, as will be seen later, we have 
observations for the same cell for other concentrations. From 

these we get 

| 

| 
$95 aim, | 21 

lage Beep 
| 

If we take the mean value we get 

An—O 15 atm. 

EXPERIMENT 2. 

Apparatus put up Nov. 11. 
Resistance of the membrane 400,000 ohms at 1°6 C. 
G=3802°8 gr./l. at 11°8 C. | 

hm RIS are 
Nov.21, 8 15p.m. | 10°05 10°55 83 cm. 

jx, ey: O 45 Bde 9°82 10-20 G107 5, 
3 | oe, 2 1D, 9°88 10°39 5°667 ,, 
» 23, 6 30 ,, 9°90 10°37 5657 ,, 
» 24,10 50 4m. 9°45 9-70 5660 ,, 

» 22,1110am| 975 | 1020 | 625, 

| 
| » 4 6 Opw| 995 | 9-50 | 5-645 

The considerable time required for the osmosis to reach 
the maximum pressure is due to the fact that in putting up 
the apparatus some air was left in the osmometer, and the 
space occupied by the air had first to be filled before the 
pressure could increase considerably. When first attention 
is directed to this point it is, however, easy to prevent any 
air-bubbles being left in the osmometer. 
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Unfortunately I had forgotten to fil] the rubber tubing on 
the top of the capillary with water, with the result that the 
water in the cell diminished, and on taking down the cell 
only about one drop of water was left on the bottom of the 
cell. Notwithstanding this the apparatus had kept a constant 
pressure for nearly three days. And, as will be seen, this 
pressure must be almost as near to the ideal equilibrium 
pressure as it is possible by these experiments to get it. 

This trial may serve as a proof for the good qualities of 
the membrane. [For the least leak of solution would have 
been sufficient to give the small quantity of water soaked 
by the inside of the cell a remarkable concentration. And, 
as a matter of fact, the analysis of the water that had been 
allowed for some time to soak the inside of the cell gave 
no detectable rotation. 

The osmotic flow had caused a considerable change in the 
concentration of the solution. The result of analysis is as 
tollows :— 

p= AO: 

G30 4in 

Testing with Fehling’s solution gave no inversion. 

EXPERIMENT 3. 

Apparatus put up Noy. 29, 10 p.m. 
Resistance of the membrane 290,000 at 0°9 C. 
G=403°48 -er./l. at 11°2 C. 

Observations. 

| 

Date. to. tm. a. 

ho Pm 

Dec. 1, a1 | Oam. 6°88 TAD 4:10 em 

«Whe tO OPM. 6°92 7 (3) B08" ae 
4» Teper Ors: 6:93 Feil on) 55 
.. eee 30 4, 6:82 7-14 3400)», 

, Mae Bite || 687) | e270 GBB 
) easeiee | 696 || 7890 |) Beets 
"(3 Oe@aa. | 7-10 | 749, | Ba5ne 

(j= 0a ao 

a=D2- ols 

The water in the cell gave no detectable rotation. 
The results of these measurements are given in the 

following table :— 
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Exp. an. Uv. Tn. a or q. Wg i Cis. to. 

la ...| 10-041 |1:618| 2836 | 0-:0060 | 1368 12-48 | 161-7) 103 

| 10 ...| 10-247 |1-653 | 282-9 | 0-0060 | 13:36! 1215 | 1599! 0 

2 5645 |08958| 2825 | 0:0097 | 24:55! 293-17 | 2689! 9-25 | 

Sheva 3°367 |0°5261| 280°4 | 0°0149 | 41:26; 39°85 | 396-2] 7-0 

a ,=manometer reading corresponding to apparent equilibrium, 
C,;=concentration corresponding to L5° C. 
T, =absolute temperature of the air in the manometer. 

Experiments by the Second Method. 

13. In these experiments the pressure, by means of the 
compressor, was given a certain value and the corresponding 
velocity \’ was observed. The reversion pressure was deter- 
mined by measuring velocities on both sides of the equilibrium 
point. As a liquid for the compressor I used the same solu- 
tion as used in the osmometer. 

On account of the osmotic flow or other causes the pressure 
will not keep quite constant, and as it is impossible to get 
the cell arrangement quite stable the change of pressure will 
call forth a small variation of the water-level in the capillary. 

In order to find the velocity corresponding to a constant 
pressure we can employ two different methods :— 

(1) By means of the compressor we can on an average 
keep a constant pressure, which can be done by keeping the 
mercury column on an average upon a certain mark. We 
can always here arrange matters so that the position of the 
water-level at the beginning and end is read by the same 
pressure. This method wants no corrections, and it is 
especially to be recommended for measurements far from the 
equilibrium point. 

(2) Near to the reversion point it will be better to use 
another method, as the variation here is generally very 
small. The positions of the mercury column and water-level 
are observed at the beginning and end of a certain time. 

Assume that the readings of mercury column are a, and 
a,+Aa, (0 ON 00 ee 

Assume that the readings of water-level are },; and 6, mm. 
Then we have that the pressure corresponding to a reading 

a+ =e corresponds to a velocity 21+ € a! | 

7 is the time and e¢ is the change of water-level for the 
Pia. Mag. 8. 6. Vol. 16) Nowga. Sep. 1908. 2 B 
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change of 1 mm. of the mercury column, and this quantity 
is easily found by observing the change of the water-level 
for a certain change of the mercury column. 

EXPERIMENT 4. 

Apparatus put up Dec. 17. 
Resistance of the membrane 360,000 ohms at 2°5 C. 
G=340 great 8°7 C. 

Date. Time to tm. one nGe rN. 

hm h m 
Dec. 17| 4 40to 7 Spm. | 435 | 445 | 5427 ¢.m.|| 23°63} —42:0 mm./hour. 

» 18) 38 20— 610 , | 427 | 450 | 4:921 ,, 96:25! —35°6 e 
ta 6 40— 755 ,, | 433 | 450 | 4380 ,, 29'78| —16°8 , 
os 8 O— 935 ,, | 445 | 467 | 4108 ,, 31°90} + 2:8 ie 

Wy oad 9 48— 1140 ,, | 457 | 490 | 4071 ,, 32°18| + 3°5 : 
, £9) 10 25a, 3 0 ., | 4:40 | 4:60 | 4558 ,, 28:54 | —25°7 3 
aeer 6 O— 750 ,, | 435 | 443 | 4166 ,, 31:40 0:0 4 
ail aly. 8 10— 850 ,, | 4:36 | 440 | 3905 ,, 33°60 | + 36 “ 

y= 45° 9, a= 45° 10’, 

The analysis of water from the cell gave the following 
result : 

5 em.® water from the cell +15 cm.® water gave an angle 
of polarization of 4’. This gives | 

g=1'8 gr. /L. 

Aw=0°17 atm. 

Cyedald gr./l. wm =al:57 atm, 

EXPERIMENT 5. 

Apparatus put up Jan. 6, 1908. 
G=40-00 gr./l. at 12° C. 

Observations. 

: 4 Mean r 
Date. Time. to. tm. Reading. Te a 

h m h m 

Jan. 811 45au.—2 10pm} 0 10°4 39°89 2°39 | —8:4 mm./hour. 
Se »| 2 20p.m.—4 48 ,,| O 10'3 36°77 2°64 | —5:2 ts 
ae no O' >, —S G70 12°3 34:79 2°36 | —0°5 i 
elt Qi Ob op = 2b, Seo 8:8 32°50 3°08 | +58 Ey 
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The analysis of solution gave no change in the concentra- 
tion, and the water in the cell gave no rotation. Then we 
get: 

T) =2°88 atm. C,;=40°0 or./L. 

14. The following measurements were carried out at the 
Cavendish Laboratory. The osmometer is as a whole the 
same as before. A new manometer had to be used, and in 
order to increase the accuracy for measuring high pressures 
the end of the manometer had a smaller diameter than the 
rest. In the end of the tube was a little column of mercury, 
so the enclosed air now could be measured between two 
mercury columns in a calibrated tube. The calibration was 
done in the same manner as earlier described. 

Further, the glass tubes connecting the osmometer with 
the compressor and the manometer were replaced by two steel 
tubes. ‘The tube to the compressor could be closed by means 
of screw-tap shown in PI. 1X. fig. 7. This was done to secure 
a safe tightening for very high pressures. The compressor 
being made of brass seemed to a very small extent to yield at 
high pressures, and thus give rise to a small leak between the 
pieces E and D (fig. 2, Pl. VIII.). When the passage between 
the osmometer and the compressor was open, the passage to 
the screw (a) could be closed by the inner cylinder pressing 
against a leather ring ; thus the movement of the screw was 
restricted to about half a revolution. The conical tap (y) 
that can turn in the cylinder (8) is made of very hard steel 
pressing against the softer metal of the steel tube. This 
screw-tap, made at the Cavendish Laboratory, has worked 
quite perfectly. 

Besides a determination of the equilibrium pressures, 
these experiments have been especially directed to a closer 
investigation of the velocity curve X’ and at the same time 
some experiments have been made to determine the effect of 
temperature upon the pressure 7. The cell is the same as 
used in the experiments at Christiania. 

EXPERIMENT I. 

Velocities corresponding to a solution containing 520 gr. 
in the litre at 15°C. The apparatus was put up on the 5th 
of March. The observations were made March 6 and 7. 
The temperature in the osmometer was 11°°5 C. The velocity 
of osmotic flow was examined for different values of 7, 
observing the change of water-level in a certain time. With 
somewhat large velocities the time for each pressure was 

2K 2 
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about 10-15 minutes. Near the reversion-point the time 
used was longer—sometimes more than one hour. 

The results are given in the following table. The observa- 
tions will be given in the order in which they are observed. 

Hig. 11. Curve 1. 

March 5, March 6. 

T. nN. T. NG 

atm. mm./hours. atm. mm./hours. 
0:50 —3i8 73 89 + 40 
2°68 — 263 79°91 + 84 
5°19 — 234 82°69 +112 
8:14 —213 83°95 +130 
Lig —144 86°58 +130 
21:69 —114 89:80 +128 
31°30 — 90 92°6 +127 
39°72 — 63 96:4 +140 
48°60 — 39°2 100°7 +149 
57°18 — 14:2 105:2 +165 
62°88 — 22 110:1 +172 
70°28 + 15-4 78°4 + 12 

The apparatus was taken down on March 7. The testing 
of solution gave no detectable change in rotation. It must 
be remembered that the apparatus during the nights had 
been placed under the reversion pressure. The water in the 
cell gave as the mean of a number of observations the 
polarization angle —1', which means that no change can be 
detected. As the reversion pressure we get 

qv, =63'8 atm. 

EXPERIMENT II. 

The solution contained 320 gr. cane-sugar in the litre at 
14°-2. Resistance of the membrane 275,000 ohms at 1%5. 

The apparatus was put up in the morning on March 18. 
During the day velocities were measured corresponding to 
values of a from 0 to 75 atm. 

The following day was devoted to the determination of 
the temperature effect. At first the turning point was 
determined at the temperature 11°3 by measuring as 
accurately as possible the rate of flow near this point. Then 
the temperature was lowered to 0° by putting the apparatus 
into a vessel filled with ice crushed into small pieces and 

—— ee a ae gee =i Ke ~ 
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some water. To make sure that the osmometer had assumed 
this temperature, it was left to itself for about 14 hours before 
the observations began. 

The next day the velocities were measured in the same 
manner as on the first day for values of 7 going from about 
80 atm. to 0. 

During the nights the osmometer was placed under a 
pressure near to the equilibrium pressure. 

The results are given in the following table and graphically 
represented by PI. IX. fig. 11 (curves II. and III.) and fig. 13. 

March 18. March 19. March 20. | 
to=11°°4C. to=—11°°3C. fo==11 0" C, | 

Fig. 11, Curve Il. || Fig. 13, Curve I. Fig. 13, Curve ITT. | 

eae. Weed | 
a | Nr’. Tr. | ) Tr. rN. | 

Ss nm. /hour. atm. | mm./hour. atm. |mm./hour. | 
0-05 250 || 2789 | — 45 22-79 — 372 
1°54 —194 | 30:63 | +114 27°10 — 92 
3°43 —163 || 29:27 +50 28°40 — 12 
6:16 —146 || 2853 + 0-0 29°88 + 104 

11-22 —125 || 2883 + 15 32°77 + 24:0 
17-01 — 762 | bon 38°15 + 70:0 
22°40 _ iene. |  2STO — 06 
26°95 — 204 || c= O70; 45°53 +135 
29-09 + 1° |) Fig. 13, Curve IT. 52°68 +208 
31°60 + 21-7 |! 56°47 +224 
33°23 + 32:2 | 60°86 +265 
36°00 + 516 27°78 — 37 64:22 +303 
41°33 + 709 || 29:02 + O1 6501 | +335 
42°87 +103 | 30°40 + 43 74°52 +413 
50°95 +170 32°52 +145 79°66 +480 
53°86 +216 || 36°18 +307 5:10 —136 
57°89 +268 || 26°52 ae 2°51 —140 

6424 | +323 
6811 | +336 

| 7226 | +409 

| 
} 

/ 

60:88 +298 0-85 —141 

74:53 +448 | 

There was no detectable change in the angle of rotation. 
The water in the cell was analysed very caretully. The 
mean of a number of readings gave an angle of 01. 

EXPERIMENT III, 

This experiment is a repetition of the preceding experi- 
ment. The same method and the same concentration were 

used. The resistance of the cell, however, is greater, being 
now 360,000 ohms at 1°2. The analysis after the experi- 
ment gave neither leak nor change in concentration. 
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The results are given in the following table :— 

March 30. March 31. April 1, 
to=12°°3C. to= lI? Sie. to=13°"5, 

Fie 12, Curve I. Fig, 14, Curve I. Fig. 12, Curve IT. 

| | TT. XN, TT. AG | TT. | Ki 

atm. |mm./hour, atm. mm./hour. atm, mm./hour, 
0:00 253 28°77 —3'9 52°44 +210- 

10°86 —1389 29°94 +42 70°80 +400 
17:28 — 79 ae 38 +0°6 68°50 +377 
24-62 — 39 Gol —S1 66°40 +354 
27°93 — 80 61:50 +315 
30°30 eee ae Oe +230 
33°57 + 25:1 t=0. 43°80 +107 
36°52 + 45 Fig. 14, Curve II. 31:56 + 36 
40°10 + 69 28°40 — 50 
45°60 +110 26°89 — 25°5 
53°10 +198 28°52 — 15 22°35 — 72:0 
61°40 +268 30°02 + 63 17°88 — 92 
68°60 +341 31°46 +10°3 12:43 —131 
72°80 +380 27°75 — 57 7°98 —160 

: 3°60 —177 
0:55 —198 

EXPERIMENT LV. 

We shall further describe one experiment that, as far as 
the determination of the equilibrium pressure is concerned, 
must be regarded as unsuccessful, but still it will be of 
interest for the study of the properties of the membrane. It 
is also necessary to give the result for the sake of complete- 
ness, as then all the measurements of osmotic pressure done 
are given in the paper. 

This was the first experiment done at Cambridge, and it 
seems as if the transport of the cell has caused some diminu- 
tion of its good qualities. The electric resistance had gone 
down to 20,000 ohms at 2° C. ; but, as we have seen, it soon 
recovered. 

The solution contained 320 gr. in the litre'at 15°C. The 
apparatus was put up on Heb. 22, and the velocities near the 
reversion-point examined during the following days. The 
apparatus was allowed to stand under the reversion-pressure 
during the nights. As it was my intention to look for a 
temperature effect the temperature in some of the measure- 
ments was lowered to O°. 

The observations, however, gave much lower equilibrium 
pressure than anticipated, and at the same time the obser- 
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vations showed a considerable variation in the apparent 
equilibrium point. 
with time. 

The apparatus was taken down on March 3. 

The equilibrium pressure had increased 

The solution 
was somewhat clouded, so the determination of the polariza- 
tion angle was somewhat less accurate. 

rotation was less than 10’. 
The increase in pressure cannot be explained by inversion, 

but the cell must have the power to some extent to work 
itself up. 

The 
leak. 

But the change in 

analysis of water gave a comparatively great 

6°3 cm.® water from the cell +18 cm. distilled water gave 
a rotation angle of +13’. 
used an angle of 42° 3’, 
velocity of 2°5 mm./hour. 

The results of the measurements are given in the 
tables below and graphically represented by fig. 15 (PI. 
ix.) 

Feb. 22. 

Ge 14°-0. 

Curve I. 

Tr. NG 

atm, /mm./hour. ) 

31:60 | +21°5 

28°55 | +20°3 

27°29 +17°6 

24:90 | + 60 

22°28 + 05 
20°65 0:0 

Feb. 24. 
to= 12°°4, 

Curve ITI. 

23°84 +2°7 
2250 | —O1 
23°35 +0°9 
21°42 —o'o | 

Feb. 29. 
to=0°. 

Curve III. 

1. NM 

atm. j|mm./hour. 
20°78 —1°3 
21°32 —1°5 
22°65 —0°25 
24°42 +012 

Feb. 26. 
to = 122 AF, 

Curve IV. 

28:02 +6:2 
0) [7-5 | 
23°26 —6:3 | 
24°39 = 2°65 | 
25°b7 —14 

Feb. 27. 
to=12°°75. 
Curve V. 

TT. Ne 

atm. |mm.j/hour. 
27°53 +83 
25°92 —1°9 
26°15 —0°7 
26°45 +04 
26°75 +33 
27:06 +69 
27°40 +8°'3 

The same tube gave for the solution 
This corresponds to an average 

Feb. 28 
to=VU. 

Curve VI. 

i: nN. 

atm. | mm./hour. 

24-00 =—3'7 
25°31 —1°4 
27°25 +0°5 
28°12 +48 

March 2. 
to=0. 

Curve VII. 

40-61 +6°'8 
29°55 +3°5 
ool +66 | 
27°67 —0°5 
26°38 —2:2 
22°91 —7'3 
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§ 5. Results. 

15. The equilibrium pressures 7)’ for cane-sugar are given 
n the following table :— 

Experiment. To’. Cie tgs 

atm. er./litre. centigrade. 
Dav aches 2°88 40-0 0-0 
LBivk. ete 12°15 159°9 0:0 
2. ieantoson| 23°17 268:9 9:25 
ee | 28°80 319°9 0:0 

) TID... 28°85 320°0 0-0 
| ibe. iewademes 31°57 337°5 4°4 
| ese 39°85 396°2 7:0 
ee cee 63°80 | 5200 11°5 
\—— | | | 

| i dk eee 12-48 161-7 103 
| _Il.......... 28°67 319-9 11:3 

TU, vccteaes | 29°29 320°0 11°8 

In the table the pressures are given at the temperature at 
which the measurements were made. This is done simply 
because we have no experimental determination of the tem- 
perature effect for the greatest concentrations. Further, we 
shall see that the temperature effect upon the pressure 7)’ 
is smaller than the effect upon 77>. 

The curve fig. 8 represents the relation between mo’ and C, 
The points given are directly taken from the first part of the 
table. On the figure are also marked some of the points 
determined by Berkeley and Hartley and Moore and Frazer. 
As to the points determined by the latter, 1 have taken’ 
those determined at the lowest temperature as giving com- 
paratively the highest ‘pressure. We see that the deter- 
minations are in very good agreement. The pressure 7,’ 
appears to be very nearly a single-valued function of the 
concentration. 

All of these measurements correspond to a very small leak, 
often so small as not to be detectable by the method used. 
And as we have strong reason to believe that 7’ is continuous 
with regard to the leaks the values found should then very 
nearly give the osmotic pressure 7. The study of the leak 
would require a more accurate testing of the water in the cell. 
Only in experiment 1 is there a somewhat considerable leak, 
but still the pressure 7,’ gives a value corresponding to a 
very small leak. This is easily explained from the theory, 
for it would only mean that the leak in this case is very 
nearly a solution leak that has very little power to influence — 
the osmotic activity. 
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The Velocity Curves. 

16. The dependence of the velocities X’ upon the pressure 
m is graphically represented by a series of curves, figs. 9, 10, 
bey 12,13, 14. (Pl. TX.). 
We see thai in all cases the observed velocities determine 

a well-defined curve. 
In figs. 9, 10, 13, and 14 it is only velocities near to the 

reversion point that are measured. 
Figs. 11 and 12, however, corresponding to the expe- 

riments I., IT., III., give the curves from 7=0 to a pressure 
far beyond the equilibri ium pressure, and we shall first consider 
these more complete curves. 

17. Curve corresponding to experiment I. (fig. 11, curve iad 
—When we start from the point r= 0 the velocities 

/ 

diminish rapidly and = decreases, then we have an 
/ 

. . . dX . . . . . 

inflexion point ro having a minimum value. The inflexion 
T 

point lies in this case very near to the reversion point. 
7 

After passing these points the quantity = begins to increase 

and continues to do so until we reach a certain point cor- 
responding to the pressure 7=83°9 atm. and a velocity 
’=130 mm./hour. 

Here we have a sudden fall in the value of = The 

turning of the curve is so sharply defined, that we must 
/ 

regard it asa point of discontinuity in the function Ze . Before 
dt 

this point as has the value 19°5 expressed in our units’; on 

the other side of the point = is nearly equal to zero. This 

point we shall call the characteristic point of the veiccity © 
curve. From this point the curve goes nearly horizontal, 
the velocities being nearly constant. 

The measured velocities even show some decrease; but 
this is not greater than can be ascribed to faults in the 
observations. First at a pressure of about 95 atm. we shall 
notice a remarkable increase of the velocity, and by increasing 
pressure the curve bends upwards. 

18. Curves corresponding to a concentration 320 gr./l. 

Experiment II. represented by fig. 11, curves II. & ILI. 
7 Lf. e fig. 12. 

The temperature is abeut the same for all four curves. 
The two curves fig. 11 (II.) and fig. 12 (1.) correspond to 
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the state of the systems just after the apparatus had been 
put up, and the observations commenced at the lowest 
pressure. It is the same mode of operation as used in 
experiment I. The course of the curves is also quite similar. 
We have an inflexion point in the interval 0<a2<7’, and on 
the other side of the reversion point we have a point of 

dn! 

dtr 
increasing pressure. After passing this point the curves 
bend upwards, and now much more rapidly than in the 
first case. 

The position of the characteristic point for the two curves 
is, however, very different. For the curves fig. 11 it has 
the coordinates w=61, >’=312. Or we get it first fora 
pressure more than twice the equilibrium pressure. For 
the curve fig. 12 the characteristic point lies close up to the 
reversion point, the coordinates being w=80°3, \/=13°5. 

We also notice that in the interval 0<a<v7’' the absolute 
value of the velocities is greater in experiment III. 

The two other curves, drawn as dotted lines, were observed 
after the apparatus had been p!aced under pressure for about 
two days. We see that in both cases the curves have 
undergone a considerable change. 

The change can be characterized thus :— 
(1) The characteristic point has moved towards the 

reversion point. 
(2) The velocities near the pressure 7=0 have consi- 

derably diminished. | 
By this motion of the characteristic point towards the 

reversion point the latter is in both cases very little affected. 
In experiment III. we have a small increase in the reversion 
pressure during the first twenty-four hours, but it keeps later 
nearly constant. 7 

Let us imagine that we place one of the two plates upon 
the other so that the 7 axis and zero points coincide. Then 
we should find that all the curves have a considerably different 
course, mainly due to the different position of the characteristic 
point. In spite of this variation in the velocity curves we see 
that all of them very nearly cut the m axis in the same point. 
This is the more remarkable as the curves show great differ- 
ences quite up to the point of intersection. At all events the 
variatioys in the reversion point are very small in comparison 
to the variations of the curves close up to this point. | 

discontinuity in the function with a fall in the value by 
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Curves observed in the Neighbourhood of the Reversion Point. 

19. The velocity curves for the experiments 4 and 5. 
(Figs. 9 and 10.) 

The curve fig. 9 shows a very well-defined characteristic 
point that lies close up to the reversion point. 

In the experiment 5 no characteristic point is observed. 
From the bend of the curve we have reason to believe that it 
is not far off, as the sudden bending upwards is very cha- 
racteristic of the approach to the point of discontinuity. 

EXPERIMENT IV, (fig. 15). 

The experiment is represented by a series of curves in the 
neighbourhood of the equilibrium point, and we notice a 
ereat variation from day to day. Hach curve corresponds to 
a constant temperature and to observations taken in suc- 
cession on the same day. The curves are marked with 
numbers in the same order as they were observed. 

Only in the first and last curve the observations are ex- 
tended so far as to give the characteristic point, which in this 
case is very well marked. It appears that also this time we 
have a motion of the characteristic point towards the reversion 
point ; but in this case the motion of the curve is also eatended 
to the reversion point, the change in the reversion point is of 
the same order as the change in the curve itself. 

On the figure is also drawn the curve (/) representing the 
average velocity of leak. 

If the leak had not altered during the experiment this line 
would cut the different curves in points corresponding to the 
pressure (77). The curve VII. last observed would then give 
a pressure (7)'} of 28°8 atm., or about the same pressure as 
found at the same temperature in experiment III., where the 
membrane was very perfect and no leak was to be observed. 
At the beginning, however, the leak would have a great in- 
fluence upon 7). This would mean that if the leak during 
the working up of the membrane had kept constant, it must 
have been changed from one which had a great power of 
influencing the pressure 7, into a solution leak. Such a 
transformation, however, is very improbable, and we are led 
to the assumption that the increase in the pressure 7’ must 
be accompanied by a decrease in the leak. 

Conclusions to be derived from the Study of the 
Velocity Curves. 

20. The osmosis is in every case characterized by the 
osmotic velocity, This property forms the sum of effects of 
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a more or less complicated process going on in the membrane 
and its nearest surroundings ; and it is the principal mea- 
surable property by which the osmosis is able to manifest, 
itself. From the definition of the osmotic velocity (§ 3, 
equation 2a) we see that when the leak is small the apparent 
velocity curve (A’) will give the characteristic feature of the 
A curve. 

As stated in equation 20, § 3, the velocity depends on the 
three quantities 7, C, and T, and further upon a number of 
quantities characteristic of the membrane. If the quantities 
that are able to influence the osmotic velocity were defined 
quantities that could be given certain values, the function » 
could be found by experiment by finding the influence of 
each property separately. 

On account of the nature of the problem we are only able 
to master the quantities 7, C, and T, while the others escape 
for the most part our control. Tosome extent, however, they 
can be altered by using more or less “ perfect’ membranes. 
And even if these quantities dependent on the membrane and 
mechanism of osmotic flow cannot be given the values desired, 
they will, as we have seen from the experiments, not keep 
constant. They will vary from one experiment to another, 
and even in one and the same experiment the velocity curve 

_ shows great changes ; and the study of these variations must 
necessarily be of importance for the study of the osmosis by 
the system under consideration. 

And upon the whole, if we wish to make clear the mechanism 
of osmosis, in other words to find the function > (§ 3 eq. 2d), 
the study of the velocity must form a necessary part of this 
research. The possible explanation must first of all account 
for the properties of the velocity curves, and especially the 
study of the characteristic point and its motions must be of 
special importance, as giving a good test for the possible 
explanation. 

The mode of proceeding for these studies will naturally be 
the following :— 

(1) The velocity curve for each system must be deter- 
mined for different concentrations and temperatures. 

(2) The variations of the velocity curve due to the 
variations in the properties of the membrane must be 
examined for a number of concentrations and tem- 
peratures. 

And we see that from this point of view it will be of great 
importance also to study the properties of the imperfect 
membranes as generally giving rise to the greatest variation. 

As long as we have the same cell the changes in the 
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velocity curves corresponding to the same temperature and 
concentration must be ascribed to a difference in the pro- 
perties of the membrane. Butif we have to use different 
cells, the question may arise how to find the change due to 
the membrane. It will in general be difficult to find the 
absolute value of the change of velccity due to the change of 
the membrane; but still we are able from the form of the 
curves to determine whether such changes have occurred. 

Suppose we have at the same temperature and concentration 
measured the velocity curves for cells 1 and 2. Let the 
velocities corresponding to a pressure aw be A; and dg; then 
if we had membranes with constant qualities all over the 
surface, and if the two membranes had the same qualities, 
we should have ; 

= independent of 7r. 
2 

e Xr . . e . e 

If then the quantity varies with 7, this variation must 
2 

be due to a difference in the properties of the membrane. 
. . . FS e BY 

Such a variation of the curves that always will make ce a 
2 

function of the pressure we shall have when the characteristic 
point corresponds to different pressures. 

In the experiments here made the same cell has been used, 
and then we can simply say :—The motion and different 
position of the characteristic point correspond to a variation 
in the properties of the membrane. The absolute distance 
between the characteristic points gives no measure of the 
change. It seems a priori probable that a certain distance 
corresponds to a greater change when the characteristic point 
is near to the reversion point than when it is far off. Thisis 
also confirmed by experiments. In experiment II. the cha- 
racteristic point is very far from the reversion point, and we 
see that a comparatively great motion of the characteristic 
point has caused a very small variation in the reversion 
point. 

In experiment III. the characteristic point is near to the 
reversion point, and now a comparatively small motion calls 
forth a remarkable change in the reversion point. Also in 
experiment IV., where the change of the reversion point is. 
very great, the reversion point is near to the characteristic 
point. 

The importance of investigations made after this method 
will be evident from the measurements already given, From 
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the study of the velocity curves we come to the following 
conclusion for the system considered :— 

(1) Zhe lowering of the reversion point is accompanied by an 
increase of the leak. 

(2) As long as we have a comparatively great osmotic leak a 
motion in the characteristic point is accompanied by a motion in 
the reversion point of the same order. But when the leak 
diminishes the motion of the reversion point compared with the 
motion of the characteristic point will diminish, and with a very 
small leak (exp. IL., LI.) the reversion point will keep almost 
invariable for the considerable changes of the velocity curve. 

Then we see that by diminishing the leak we approach a 
point independent of the variable properties of the membrane. 
And as we have seen in § 3, this will give a strong support 
for the continuity of a)’ up to the point of perfect semi- 
permeability. 

The question whether the pressures measurable by our 
membranes will be able to give an approximate value of 
the osmotic pressure was the main point in a discussion in 
‘Nature’ * during the year 1906, called forth by a paper of 
Professor Kahlenberg t. At the general discussion upon 
osmotic pressure that took place in a meeting of the Faraday 
Society last year, Professor Kahlenberg sums up his opinion 
by the following statement f:— 

“All experimental evidence we have goes to demonstrate 
(1) that there is no such thing as a semipermeable membrane 
in the strict sense of the word, and (2) the more nearly a 
membrane is semipermeable in character in practice, the 
greater is the selective action ; in other words, it is the pro- 
nounced selective action of the membrane which makes it 
approximately semipermeable. It is clear, therefore, that 
such a membrane as thermodynamic reasoning postulates can 
never be realized in practice, nor can we hope by experiment 
to produce even approximately such a membrane ; for as we 
experimentally approximate toward fulfilling the first require- 
ment, semipermeability, we do this at the sacrifice of the 
second requirement, passivity.” : 

As to the first statement it is probably true ; and it is the 
more so as a statement that only expresses that a certain 
process in nature does not follow a mathematical ideality will 

* Karl of Berkeley, ‘Nature,’ 1906, vol. ixxiy. p. 7; Earl of Berkeley 
& KE. G. J. Hartley, vol. lxxiv. pp. 54, 245; W. E. D. Whetham, 
vol. lxxiv. pp. 54, 102, 295; Professor Henry Armstrong, vol. lxxiv. p. 79; 
Professor L, Kahlenberg, vol. Ixxiv. pp. 19, 222; Norman R. Campbell, 
vol. lxxiv. p. 79, 

+ Professor L. Kahlenberg, Journ. of Ph. Chem. vol. x. pp. 144-209. 
} Transactions of the Faraday Society, vol. iii. part 1, 1907. 
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generally be true. At all events, we shall never be able to 
prove that such a statement is false. 

The second statement is identical with the denial of con- 
tinuity of 7)’ up to the point of no leak, or when the leak 
approaches zero the reversion pressure should approach the 
value 

Limzo(% )=™+4, 

where a is a finite quantity so large as to make 7)’ essentially 
different trom 7p, and the cause of the quantity a he finds 
in the so-called selective action of the membrane. 

It seems that such a point of discontinuity is such an 
unfrequent occurrence in nature, that it cannot be -accepted 
without a positive proof. And as a matter of fact, we shall 
in most theoretical reasoning on physics be compelled to 
assume continuity up to the point of ideality. So, for instance, 
the proof of the second law of thermodynamics rests upon the 
assumption that the properties of cycles that can be actually 
carried out converge toward the properties derived from an 
ideal reversible cycle. , 

The same statement, however, is only built upon the fact 
that the pressures measured by imperfect membranes gene- 
rally depend to a great extent upon the membrane used. But 
this fact gives no support for the view put forth by Professor 
Kahlenberg ; for, as we have seen in § 3, even if we assume 
continuity up to the point of no osmotic leak, we came to the 
conclusion that the existence of a leak that is able to influence 
the osmotic activity would make the pressure m9 a function of 
the properties of the membrane. 
We should have a positive support for the view of 

Kahlenberg if we were able to show that the measured 
equilibrium pressure would come out greater than the thermo- 
dynamic osmotic pressure. 

In the case of ferrocyanide and cane-sugar, on the contrary, 
we have, as we have seen, a positive support for the assumption 
of continuity. , 

As seen from § 3, the correction for osmotic leaks would 
require an acquaintance with the mechanism of osmotic flow 
that we do not possess. But for the system considered we 
have 

Too > 1. 

By experiment we only get a lower limit for the pressure 7, . 
The best way of coming to a value near to 7, would be to 
determine 7)’ in each case as accurately as possible, and then 
the highest pressure would give the value nearest to the ideal 
pressure. And by the method described the pressure 7’ can 
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be determined very exactly for pressures from 0 to over 
100 atm. ; and the exactness will in general increase when 
the leak diminishes, as a smaller osmotic leak generally 

/ 

corresponds to a greater value of ——. 
At 

In general, however, we shall not get a better value b 
taking the mean of several observations corresponding to 
different leaks. Only in the case where we had a series of 
values whose differences were less than the error in the 
determination of 7, would it be natural to take the mean 
value. 

The Temperature Effect. 

21. The influence of temperature upon the reversion 
pressure has been examined in three experiments, I., II., IIL., 
which are described earlier. The pressure 7’ will generall 
depend upon the qualities of the membrane. If then the 
membrane and consequentiy 79 undergo a change which is 
not a temperature effect, the experiment must be arranged 
so as to give a determination of this change. This can be 
obtained in the following manner. 

The temperature is to be changed in one and the same 
experiment without taking down the cell and changing the 
solution. The time between the measurements by the two 
temperatures ought to be as short as possible. Further, the 
reversion pressure must be examined after going back to the 
original temperature. This mode of proceeding has only 
been entirely followed in the last two experiments. 

In this manner we can reduce the temperature coefficient 
to a constant membrane, or we get the temperature effect 
Ty as it actually exists at a certain moment. | 

It will be a special question to decide how far the deter- 
mined temperature coefficient will give any value for the 
effect of temperature upon Osmotic Pressure. 
By the temperature coefficient of 7,’ we shall understand 

/ 

the quantity (Fe) , meaning the change in 7’ per degree 
C 

when the concentration is kept constant. 
When working between two temperatures we can only 

find the average temperature coefficient «,'. Assume that 
by changing the temperature from 0 to t the pressure 79’ 
increases by a quantity Az, then 

Mn Par i di, C 2. 
ht ang cy OE ane a 
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8 is the average temperature coefficient of the solution 
I 

between O and t. diy can be found from the curve fig. 8. 
dC dr C 

For small pressures we can put = es =. 

The observations corresponding to the experiments II. and 
III. are given in the curves figs. 13, 14. The curves marked 
I. correspond to the highest temperature. As we see the 
velocities measured determine very well-defined curves, so 
that the error in the determination of Az’ will not exceed 0°02 
atmosphere. The curves drawn as dotted lines correspond 
to the determination on the neighbouring days. 

The determination gives the following result :— 

Exp. C. be (ie 

lasupetes 161 10°3 0:00296 

1 ee 320 113 0-0000 

BT dae 320 118 0:0017 

We see from II. and III. which correspond to the same 
concentration that the temperature coefficients for 7’ even 
for very good cells is a very variable quantity. Let us con- 
sider these two experiments more closely. 

There can be no doubt that the membrane in experiment ITI. 
was inore perfectly semipermeable than in experiment II. This 
is evident from the following facts :— 

(1) The maximum electric resistance is greater in experi- 
riment ITT. 

(2) The reversion pressure corresponding to the highest 
temperature is greater in experiment III. 

(3) The velocities corresponding to 7<v7,’ are greater in 
experiment III. 

This indicates that the temperature coefficient will come 
out greater for a more perfect membrane. If this rule holds 
quite up to perfect semipermeability, we should get for the 
system considered : 

dt dtr! 
ae a 

Ga ato eos rr cS) 

: Further, we see from the curves that in both cases the 
ae fake ; 

quantity Gr ie will be increased by increase of temperature. 

Phil. Mag. Ser. 6. Vol. 16. No, 93. Sept. 1908. 2F 

/ 
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In the case of small leaks we have the osmotic pressure 
determined by equation 6a, § 3. By differentiating with 
regard to T and by putting 3 

Be) == 
dm dai .1/dS 3 | 
Wet get 3 (ar 78 at 

we get 

, dé “ik ee 
Remembering that &, 6, and qq ore positive quantities, 

i 
we get from (8) and (9) that = is positive. That is to say, 

that the quantities >I l, increase with the temperature. The 

temperature will most likely to some extent affect both quan- 
tities, but at all events we must assume an. increase in the 
leak. This follows from the behaviour of the membrane for 
electric currents. Firstly, we have seen that the membrane 
becomes weaker by increasing temperature ; and secondly, 
we have seen that even if the membrane keep a constant 
mechanical structure, it shows a great temperature effect 
which is best explained by assuming that the permea- 
bility of the membrane for the ions is increased by tem- 
perature. Andthe increase of permeability for the ions must 
correspond to an increase in the leak of solute. 

As long as we cannot determine the quantities } and 

qa we cannot in general derive the temperature effect upon 

osmotic pressure from the measured quantity. Then we only 
get the relation (8). Just as by the determination of the 
absolute value of osmotic pressure, we find by direct mea- 

surement only a lower limit for the quantity (st) , and 
c 

consequently the way of proceeding in the measurements 
will be similar. We shall have for a certain concentration 
to determine «!' as exactly as possible in each case; then the 
highest value would give the value nearest to the temperature 
coefficient of the Osmotic Pressure. 

By the method described the determination of a)’ can be 
done very accurately. The accuracy will mainly depend 
upon the exactness with which the velocity can be measured 

! 
and upon the quantity (=) 

In general, we shali have the greatest accuracy for the most 

e 

a! 
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perfect membranes, and this is due to two circumstances : 

for the first the value of (=) will be greater for a better 
Qa a! 

membrane, and for the second the reversion point will keep 
more constant. 

From the measurements here done we have for the tempe- 
rature coefficients between 0 and 11°5: 

AT 
For C=161 al ) >0-00296, 

C 

dt Y929 ; 
~~) Won Gr >0:0017. 

Thus the temperature effect upon 7, 1s made up of two 
parts, (1) the temperature effect upon the permeability of 
the membrane, (2) the temperature effect upon osmotic 
pressure; and these two effects counteract each other. 

T wish to thank Prof. O. H. Schiotz of Christiania for 
suggesting this work to me and for the interest he has taken 
init. LIshould also like to thank Prof. J. J. Thomson for 
allowing me the privilege of continuing the work in the 
Cavendish Laboratory. | . 

XXXIV. On the Principle of Relativity. By Epwix BripwEL ~ 
Witson, Ph.D., Professor in Mathematics at the Mas- 
sachusetts Institute of Technology *. 

i. the present formative state of the theory of atomic 
electricity, when, in addition to the idealized mathe- 

matical electron which is the simple and frequently sufficient 
“ noint of beknottedness”’ in the ether, we have the Abraham 
electron spherical and rigid, the Lorentz-FitzGerald electron 
deformable under rectilinear motion into an oblate spheroid 
with constant equatorial diameter, and the Bucherer-Langevin 
electron deformable under rectilinear motion into an oblate 
spheroid of constant volume, it is necessary to pursue several 
methods of attacking the problems that arise in connexion 
with the theory; and of these methods the principle of 
relativity is among the most interesting and powerful, whether 
considered in its mathematical, physical, or philosophical 
import. 

* Communicated by the Author, 

242 
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This principle has been discussed by Lorentz*, by 
Poincaré f with reference to the theory of groups, by 
Hinstein {, and recently in this Magazine by Cunningham §, 
and by Bucherer ||, who \introduces a new principle of 
relativity. It is not my desire at this time to go into the 
mathematics of a question which has been discussed at such 
length, but merely to point out a few general observations 
suggested, especially with reference to Bucherer’s formula(1), 
and then to show the application of those remarks to any such 
theory of relativity. 

With a slightly modified notation, Bucherer’s formula for 
the force F exerted by one electron upon another is 

= nea) @ 
r?(1—? sin? y)?” “i ae 

where g is the charge of the electron, v is the velocity of 
light, w is the total relative velocity of the two electrons, 
vis the distance between them, 8 is the ratio u/v, and y is 
the angle between the direction of motion and the line 
joining the electrons. In the figure the velocity u is divided 

‘ou A 

F 

into two equal parts, one-half being attributed to each of the 
electrons which are assumed to be moving (instantaneously) 
in parallel lines §. The electron at A is what Bucherer calls 
the active electron ; that at P, the passive one. ‘The role of 
P and A could be interchanged, and a force equal and 
opposite to F would then act on A from P. In this theory, 
action and reaction are equal and opposite. 

It will be taken for granted that Kaufmann and, for that 
matter, innumerable other experimenters have observed and 

* “ Klectromagnetic Phenomena in a system moving with any velocity 
smaller than that of Light,’’ Proceedings of the Amsterdam Academy, 
1904. 

+ “Sur la dynamique de l’électron,” Rendiconti del Circolo Matematico 
di Palermo, vol. xxi. 

t Annalen der Physik, vol. xvii. 
§ October 1907. i) April 1907. 
4 Of course, on any strict conception of relativity such an apportion- 

ment would be impossible; but relative to the floor and walls of the 
laboratory, it is not only possible but highly convenient. 
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measured swiftly-moving 8 rays—that is to say, electrons 
moving with velocities well up to within a few per cent. of 
the velocity of light, or at any rate much in excess of half 
that velocity. Suppose, now, that two sources of @ rays 
were set functioning in such a manner as to discharge the 
rays directly towards each other along a right line. The 
distance between the sources is quite immaterial so long 
as the 8 particles may be considered as subject solely to 
their mutual action without disturbance from other in- 
fluences. With this arrangement, y=0. If, for simplicity, 
it be imagined that only one 8 particle leaves each source, 
the two particles will move toward each other along the line 
joining them, and the force becomes merely 

Fr — eee) 

r 

If the rays are not too swift, that is, if their velocity 
relative to the experimenter is under half that of light, 
the total relative velocity is less than v and the force F 
is negative—a repulsion, as is usual with negative charges. 
If, however, each particle has the velocity 4v, their relative 
velocity is equal tovand the force F vanishes at all distances. 
Inasmuch as the electron, on any theory, is generally supposed 
to travel with a uniform velocity unless interfered with, it 
would appear that in this case a collision were imminent. 
If, on the other hand, the rays were distinctly swift, their 
relative velocity would considerably exceed that of light 
and, indeed, might approach 2v. In this case the force 
would actually be attractive and an impact would appear 
even more sure. 

If, then, the formula (1) has been correctly interpreted, 
one of two consequences would appear to follow. Hither 
two B particles cannot be discharged directly toward each other 
with an arbitrary initial distance between them and each with 
a velocity greater than half that of light; or two particles so 
discharged would attract instead of repel. 

In practice, it would be impossible to discharge merely 
two particles, and we should have to consider the action 
of pencils of 8 rays. It does not seem, however, as if the 
main conclusions could be qualitatively upset, especially if 
the force on an electron is to be evaluated by summation 
over the individual particlesacting. In this case of pencils of 
rays, there would be another interesting inference from (1). 
Consider, for example, two particles moving in opposite 
directions along parallel lines. Let the initial velocity of 
each particle be greater than 4v, and for convenience it may 
be assumed that 4u=0°578v. Then the force F in (1) 
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will again’ be attractive when the particles are at great 
distances relative to the perpendicular distance between 
their paths. But here the denominator of F has the 
form & 

r?(1—(1:155 sin y)?]°; 

and hence, when the position of the particles is such that 
y is nearly 60°, the attractive force becomes enormous. In 
fact, when y=60° and siny=0°866, the force is infinite ; 
and when y>60°, the force is neither attractive nor repulsive, 
but imaginary. 

Without going into the question of the inertia of the 
particles, it would be impossible to state what would be their 
final configuration if they were started in such a position 
that y< 60°; however, unless the inertia became infinite, an 
impact at an angle of less than 60° appears highly probable. 
It is conceivable that the inertia of both of the particles 
would be infinite when their relative velocity wu was greater 
than v; in which case the impossibility of discharging the 
particles in the manner proposed would follow. , Bucherer, 
however, directly asserts (p. 419) that the masses are the 
same as those derived from the Maxwellian theory. What, 
therefore, the result of an attempt to start the particles with 
a velocity 4u>0°578v might be in the region for which 
y>60° and the force is imaginary, is difficult to conceive. 

The foregoing observations are not intended specifically as 
an objection to Bucherer’s theory. It is quite possible, and 
even probable, that I have outraged hisformula and mistaken 
his point of view, as he asserts in the current (March) number 
of this Magazine was the case with Cunningham. I should 
not, however, merely on that account abandon my position ; 
for it seems to me as though, now that very swift @ rays are 
a common subject of experiment, the question of relativity 
has an aspect somewhat different from that which it had 
previously. Hither we can or we cannot obtain, with the 
swift @ rays, velocities which, measured relatively, are 
greater than that of light. If we cannot, then some 
principle of relativity, analogous to Bucherer’s new prin- 
ciple by which electrodynamics is based wholly on the 
relative motion of the electric and magnetic masses and the 
forces between systems are evaluated by summation of 
formulas like (1) extended over the masses constituting the 
systems, may stand; but if we can, then it appears that, 
unless this extreme form of the principle of relativity is 
abandoned, at any rate relative to swift @ rays, there must 
ensue a veritable tangle of results fully as discordant as those 
which the principle hopes to avoid. 

16 Lee Street, Cambridge (Mass.). 
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XXXV. Onthe Principle of Relativity and the Electromagnetic 
Mass of the Electron. A Reply to Dr. A. H. Bucherer. 
By EH. Cuxxtyeuam, Lecturer in Applied Mathematics, 
University Colleae, London ™. 

a the March number of this Magazine (p. 316), Dr. A. H. 
Bucherer objects to the statement made by me in a paper 

published also in this Magazine (Oct. 1907) that his Principle 
of Relativity f was identical with the Lorentz-Hinstein 
principle. Without at all wishing to depreciate the ingenious 
method which Dr. Bucherer has adopted to avoid the diffi- 
culties which cluster round this part of electromagnetic 
theory, I should like to consider his objections and to go more 
fully into the question as to whether the statement which I 
made was correct. 

The following paragraph is quoted from my paper :— 
“Tt is required, among other things, to explain how a light- 
wave travelling outwards in all directions with velocity ¢ 
relative to an observer A, may at the same time be travelling 
outwards in all directions with the same velocity relative to 
an observer B moving relative to A with velocity v.”. May 
T explain that I did not wish to assert that it was required 
by any known fact of observation, but that I took it 
to be involved in the statement of the principle. I 
may have read into it more than was intended, but if the 
Maxwell equations are assumed to hold when referred, as 
occasion requires, to various frames of reference moving 
relatively to one another, the deduction cannot be escaped 
that the velocity of propagation of a spherical wave will be 
found to be exactly the same, whatever the frame of reference. 
‘Thus what was proved in my former paper was that ¢f I have 
not read too much into Dr. Bucherer’s principle in supposing 
that he assumes the Maxwell equations to hold, whatever 
particular point is considered to be at rest, then that principle 
cannot be applied without taking into consideration a possible 
difference between the space and time measures of two 
observers moving relatively to one another, and that in fact 
this transformation between the space and time measures 
must be that associated with the names of Lorentz and 
Hinstein. 

Passing to another point raised by Dr. Bucherer, I feel 
myself on firmer ground, inasmuch as I am free from the 
fear that I may still be misconstruing his principle. He asks 

* Communicated by the Author. 
+ Phil. Mag. April 1907. 



424 Mr. E. Cunningham on the Principle of Relativity 

me to carefully compare it with that of Lorentz. May I say 
that I should scarcely have ventured to approach the subject 
in this Magazine if 1 had not already done so, and that on 
exactly the point to which my attention is again called, viz., 
the expression given for the forces on a moving electron. 
An inspection of these instead of showing the impossibity of 
obtaining them by the Lorentz-Hinstein transformation, 
shows that they may actually be derived from the ordinary 
Maxwellian expressions by means of that process. It may 
perhaps be worth while carrying out the calculation. 

Consider first two electrons, A, B moving relatively to 
each other, the notation being that of Dr. Bucherer’s paper. 
Taking the axis of x in the direction of the velocity of B 
relative to A, let the coordinates of B relative to A at a 
certain instant be w’, 7’, 2’ to an observer moving with A. 
Then taking A to be at rest in the ether, the electric intensity 

at B due to it has components f(a, y', 2'). Now apply the 

Lorentz-Einstein transformation. Then at the same instant 
to an observer moving with B the electric intensity is 

2 

= (2', By', Bz). But the coordinates of B relative to A to 

an observer moving with B will be « = a , y, 23 so that the 

intensity may be expressed as 

i) pe N awe 
a (oun) «where, 6. (45 “) ® 

If y is the angle between the line AB and the direction of 
V yt 2 

was seen by the observer moving with B, siny = 
: r 

and 7? = ez “sin? ) 

Thus finally the intensity to an observer moving with B is 

Gea Y> 2) 
243 ur eo)" (Sia (1- psn 7) 

or in Dr. Bucherer’s notation 

Bw) a 

1gv"s 

a2 3/2 ? (kee 
y (1 — -;sin?¥ ) 

v 

and therefore the force upon the electron B supposed at rest 
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in the ether is ae 
T19 V's 

é Tig 3/2 ° 

Yr (1 — —, sin” 1) 
v 

Similarly, suppose B to be a unit magnetic pole instead of 
an electron of charge g. We require now to know the mag- 
netic intensity at B to an observer moving withit. Starting 
from the electrostatic force due to A as before, the Lorentz- 
Hinstein expression for the magnetic intensity referred to 
axes moving with B is 

eG zZ', i ) 

* U 

pr (1— “sin? y ) 
Vv 

or in Dr. Bucherer’s notation 

gs 
2 3.2 Vury, 

e( 1] — ¥ sin? U ae Y 

which is his expression (3). Similarly expressions (2) and 
(4) may be derived. 

Having shown that these expressions may be obtained by 
means of the Lorentz transformation, there is hardly need 
to go further and obtain the expressions for the force acting 
on an electron moving ina uniform magnetic or electric field, 
since these are obtained by Dr. Bucherer by integration of 
the simpler expressions. But as a further verification of the 
equivalence of the two principles the work will be carried out 
for the case of the electric field, which gives the more 
complicated result. 

Let the field be of intensity Ep, and let an electron of charge 
g move with velocity wat an angle « with the direction of 
Hy as seen by an observer at rest with the field. Then to an 
observer moving with the electron, the direction of the normal 
to the condenser plates will be slewed round to an angle a’ 

D) (0, <5 —Y), 

Z 

with the direction of uw where tan «! = tan aA le = so that 

: uw 
sin a 1— >; 

COS & v 
and sing’ = 

2 2 
(cae Ure ie 

ie — sin? a ae — sin? a 
v v 

cos a! — 
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Now referred to the original frame of reference the electric 
field was made up of E,cos@ parallel to w and EKosina 
perpendicular to w. Hence, according to the Lorentz-Hinstein 
transformation, referred to axes moving with the electron it 
is made up of Hycose parallel to w and SH, sin « perpen- 
dicular to wu. 

Thus the total component in the direction of the normal to 
the condenser plates is 

Hi, (cos e cos a’ + B sin asin 2!) 

— Ko ut. = 

i 2 ‘ cea Caen u 
a sin? g a 

v" v 

The component parallel to the plate is similarly 

Ey(cos « sin a’ —8 sin « cos 2’) 

me Ey sin a cos (5-8) 

: un 

Hj, sin a Cos a— 
(big 

we lof we Nee 
—=A/ 1-— sin 2 

v ) 

5) 
“4 

Hi, sin 2’ cos al 
at v 

2 “Tr eee 
seas E Ay fe cos? al 

The two components can be replaced by two in the 
directions of wu and of the normal to the plate respectively 
of magnitudes | 

u { 
E, cosa 

ig 2 2 | U i 

idl a ee iE = 1— cos? « 

and 

Ky 
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Now the ratio of the areas of a given portion of the plate 
as seen by an observer at rest relative to them and to the 
electron respectively, is seca: seca’, vo that if ois the true 
density of the electricity on the plate, the apparent density 
to an observer moving with the electron is 

and Ky = 41rov’. 

Hence the electric intensity obtained above is made up of 
two components 

2 u 
Ara'v? * —cos a! ip 

vw d Anra'v 
ea 2 RON Le 

U U 

(1 — = cos? a! Ce —, Cos? al! ) 
v vw 

in the directions of wu and the normal to the plate respectively 
to an observer moving with the electron; and this agrees 
exactly with expression (8) for the force on the electron. 

With regard to the evaluation of the mass of the electron, 
I must admit that I did not fully understand Dr. Bucherer’s 
process, but I cannot rid myself of the feeling that he 
has somehow supposed the electron to be moving and at rest 
simultaneously in its different aspects as active and passive 
respectively. 

In this connexion there is another difficulty that appears, 
if the transformation of space and time measures between 
the two observers be neglected, which may most simply be 
illustrated by considering the case of two electrons which at 
a certain instant have the same velocity u through the ether. 
Then, since the relative velocity is zero, the force acting on 
either will according to Dr. Bucherer’s principle be the 

g¥ 

electrostatic force 2 in the direction of the line joining the 

electrons. But the longitudinal and transverse masses being 
different, the acceleration of the electron will not in general 
be in the direction of the force, so that instead of the relative 
motion of the electrons due to their mutual action being in 
the line joining them, this line will begin to rotate; in fact, 
it will tend to set itself at right angles to the direction of 
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motion, a conclusion scarcely consonant with a principle of 
relativity. 

If we revert to the ordinary theory as applied to the same 
illustration, the field due to one electron in the neighbourhood 
of the other consists of an electric intensity 

te 3/2 

‘aa (1- — sin? 1) 
Ui 

in the direction of 7, and a magnetic intensity 

9 

' u" 
gu sin 6 ( 1— “) 

vr? (1 — -,sin*¥ a 

at right angles to r and to u. 
Combining these, the mechanical force on the second 

electron is made up of a component 

2 cos 1 “) 
Cos —— q Fe 

2 3/2 
U 2 eae: 7 de 5 sin 1) 
v 

in the direction of motion, and a component 

2\2 
e U 

gq’ sin 0 (1 — “) 
U 

A Uae ban a 
U Oh / A; een ere r (1 25m 7) 

perpendicular to this direction. 
Thus, the only theory which would give an acceleration in 

the direction of r is one in which the ratio of the transverse 
2 3 

to the longitudinal mass is S ~~) as in the Lorentz theory. 

Taking the Abraham values of the masses the line joining the 
electrons will rotate as before. 
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XXXVI. On Interference Fringes obtained with Glass Wedges, 

and their Application to the Examination of Plate Glass. 
By 8. R. Mitr, D.Se.* 

i@ two pieces of ordinary plate-glass of approximately the 
same thickness are placed one on the top of the other, 

and the air-film between them is observed by sodium light, 
the system of Newton’s fringes, formed by the interference 
of the light reflected from the two surfaces of the air-film, is 
of course seen. Occasionally, by very close inspection, 
another system of fringes may be seen which is formed by 
the interference of the rays such as ABD, ACD (fig. 1), 

Fig. 1. 

which have been further reflected from the non-adjacent 
faces of the plates so as to meet again at the interface ; 
but these fringes, when observed in the ordinary way, are so 
very faint in comparison with the light reflected direct from 
the interface that they can only very exceptionally be 
distinguished. They will, however, become clearly visible if 
we cut off all the light reflected from the film except that by 
which they themselves are formed. At perpendicular inci- 
dence this would appear to be impossible, but when the 
incident light is inclined to the plates it can be done ina 
very simple way indeed, by merely interposing an obstacle 
having a sharp edge in the path of the incident light. If 
this be done, on looking at the plates by the reflected light a 
series of successive shadow images of the obstacle will be 
seen formed by reflexion at the various surfaces: the first 
I, by reflexion at A (fig. 2—the refraction in the glass is for 
simplicity omitted in the figure), the second I, by avec; 

reflexion from the film BC, and the third I, by the rays 
which have undergone either two reflexions at, or two trans- 
missions through, the film. Where the first and second of 
these images overlap, but not the third, 7. e.. in the region 
FG of the film, the rays which give rise to the fringe system 
under consideration are the only ones which reach the eye, and 
in this space the fringes become clearly marked and undiluted 

* Communicated by the Author, 
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with any other light. In the same space by looking in the direc- 
tion EF the transmitted system can also be seen just within the 

Ones 
Fig, 2. 

transmitted system is quite as bright as the reflected one, 
and is perhaps the more convenient for observation. The 
region FG is followed by second (GH) and third &e., cor- 
responding spaces in which the fringes can also be seen, due 
to still further reflexions of the light from the non-adjacent 
glass faces, but the fringes are usually distorted and rapidly 
become fainter unless the incidence is very oblique. 

Fig. 3. 

| first shadow of the obstacle. Unlike the Newton’s rings, the 

> 

Fig. 3 is a photograph of the transmitted fringes obtained 
in this way with two pieces of plate-glass, cut from the same 
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sheet and laid one on the other at random. The obstacle 
was simply a blackened card held in front of the plates, 
which were inclined at 45° to the light from a sodium burner 
and photographed direct in the camera. The upper part of 
the plates, being illuminated by the directly transmitted 
light, shows the Newton’s rings only, and the fringes under 
consideration are those in the first shadow space, which 
forms a broad band parallel to the edge of the card, and of 
about the same thickness as that of one of the pieces of glass. 
These fringes are quite as marked as the Newton’s rings, 
although of course the total intensity of the light is less in 
the shadow space (the upper part of the glass was shaded 
with a card during 9/10 of the exposure to render the 
intensities of the two parts more equal in the photograph). 

I noticed these fringes first when examining some pieces 
of plate-glass by Newton’s rings for planeness of surface, 
and was struck with the extremely simple means they give 
of determining at the same time the variations in thickness 
of the plates. In testing a piece of glass for uniformity of 
thickness, when it is plane parallel to within a few wave- 
lengths all over its surface the circular system of fringes 
discovered by Haidinger can be used, but these fringes dis- 
appear whenever the wedge angle is at all appreciable. I 
have seldom been able to see them on ordinary plate-glass, 
which, although it may have an excellent surface, is almost 
invariably wedge-shaped and often with a considerable angle. 
In spite of this, for many purposes ordinary plate-glass will 
serve very well; for example, in the numerous cases where 
a beam of light has to pass through two pieces of glass in 
succession, slightly wedge-shaped glass will be quite satis- 
factory so long as the two pieces are suitably arranged so 
that their wedge angles annul each other’s effect. For such 
purposes the interference-fringes discussed in this paper form 
a very simple method of testing glass. There is no necessity 
to have a standard glass of uniform thickness. If two pieces 
of plate-glass are cut from the same sheet each can be tested 
absolutely by means of the other. The way in which this 
may be done will be rendered more clear by considering 
some of the properties of these fringes, which are very 
characteristic, and different from those of Newton’s rings. 

1. As will be seen from fig. 1, the fringes represent the 
loci of points at which the thickness of plate i. is a constant 
amount greater or less than that of plate ii. Since each of 
the two interfering rays passes through the air-film the 
positions of the fringes are independent of the thickness of 
the air-film. Thus, on pressing the two plates together or 
separating them the fringes remain apparently fixed to the 
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glass, while the Newton’s rings move rapidly across the field. 
This statement requires a little modification, as will be seen 
later, in consequence of multiple reflexions, but the move- 
ment of the fringes due to this cause is limited to half a 
fringe width. 

2. Determination of Central Fringe.—The position of the 
central fringe of the system, 7. e. that which corresponds to 
equal paths in the two plates, is independent of the angle of 
incidence of the light, but this is not the case with any other 
fringe. Consider the interference of any two rays, ABCDE 
and AGDF (fig. 4), one in each plate, each of which passes 

Fig. 4, 

through the point D and falls on the pupil of the eye at HF. 
Let r andr + dr be the angles which they make with the normals 
to the plates (HAB and HAG in the figure, in reality the 
angles of refraction in the glass) and 2, and z, the thicknesses 
of the plates at the points C and G. If the waves start in 
the same phase from the point A, the relative retardation 6 
at the point D will be 

~  cosr cos (r+dr) 

_ Wa-2.) 22+AH 
er hoe) COS 7 <O Smee 

sinrdr, 

But by the geometry of the figure 

HD=(22,4+ AH) tan r=(22,4+ AH) tan (r+dr), 

and on expansion this equation gives 

dee) a Ales) r dr, 
cos? r cos r 

and consequently | 
O=2(2,—z,) cosr, |) 

Since 6 is independent of the position of the starting-point 
of the two rays, it follows that the fringes will be seen by 
focussing the eye on the air-film, whatever be the position 
or size of the source of light. The fringes thus appear fixed 
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to the glass when looked at in a definite direction, but if the 
eye is moved towards the normal to the plates so as to make 
the angle of refraction less, equation (1) shows that the same 
retardation will be produced by a smaller difference in thick- 
ness of the plates, 7. e. the fringe under observation will 
move towards the central one of the system. By this means 
the position on the plates of the central fringe can be readily 
located. 

3. Effect of Rotation of one Plate-—Over a reasonably 
small area each piece of plate-glass may be looked on as 
forming a wedge of very small angle. Since the fringes 
represent the loci of points of constant difference in thick- 
ness, the direction of the fringes and the fringe width are 
purely questions of the geometry of two superposed wedges, 
and the effects of rotating one wedge on the other may be 
easily followed by making use of fig. 5. This is a plan of 

D 

the two wedges superposed ; portions only of the wedges are 
drawn, of which the thin ends AB, A’B’, and the thick ends 
CD, C’D’ (marked by a thick line), have exactly equal 
thicknesses. Produce these ends until they intersect at A 
and ©. Then the line AC is a line of equal thickness in the 
two plates, and represents the central fringe of the system, 
and the other fringes are lines parallel to this. When the 
wedges are so placed that their contour-lines are parallel to 
each other, the thin ends of each wedge being coincident, 
the fringes will be parallel to the contour-lines and very 
broad. As one wedge is turned round on the other, the 
fringes in general narrow and also turn round, with a different 
angular velocity trom that of the wedge, but they again 
become parallel to the contour-lines when the wedge has 
been turned round through two right angles, i. e. when the 
wedges are again parallel to each other, but the thin end 
A’B’ of i. is coincident with the thick end CD of ii. The 

Phil. Mag. 8. 6. Vol. 16. No. 94. Sept. 1908. 2G 
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width of the fringes is now a minimum, and it may be so 
small that they cannot be seen except with a microscope”. 

4, Effect of Displacement of one Plate on the other.—This 
will in general alter the length of the optical path of one of 
the interfering beams, and produce a rapid motion of the 
fringes across the field. There are, however, two special 
directions of motion in which this will not be the case. If 
the plate i. is moved along a contour-line of ii., the fringes 
will remain apparently fixed to plate i. ; if it is moved along 
one of its own contour-lines, the fringes will remain apparently 
fixed to plate 11. 

5. Hxamination of Plate-glass Sheet.—By making use of 
the properties of the fringes enumerated in the above 
paragraphs, one can run over a large sheet of plate-glass, 
and either determine its best portion as regards uniformity 
in thickness, or plot out its contour-lines and measure the 
angle of its wedge, with great ease. Having chosen a small 
square of glass of approximately the same thickness as the 
sheet (this is most simply done by cutting off a small piece 
from the plate itself), we place it anywhere on the sheet, and 
Jet the light from a sodium burner fall on the two at an 
angle of about 45°. On holding a card in the incident light 
and examining the shadow the fringes can often be seen at 
once. They may, however, be too tine to see, in which case 
they will usually come prominently into view if we slowly 
rotate the small piece on the surface of the other, and by 
further rotation they may be broadened as. desired (v. § 3). 
If we then fix the attention on a particular fringe and move 
the small piece by trial always in such a direction that the 
fringe remains apparently fixed to it, a contour-line of the 
large sheet will be traced out. 
When a contour-line has been obtained it is easy to 

measure the angle of the wedge formed by the sheet at any 
point. Move the small piece at right angles to the contour- 
line and count the number of fringes which pass by a fixed 

* While the fringes in their positions of maximum and minimum 
fringe width are always parallel to the contour-lines, their intermediate 
positions as one wedge is rotated vary considerably with the angles of 
the wedges. All possible cases are comprised in the following formula 
which follows simply from the geometry of the two wedges. Let a, a, 
be the angles of the wedges i. and ii., 0 the angle BAB’ between their 
coutour-lines, the angle BAC which the fringes make with a contour- 
line of wedge 1., ¢ the fringe width, then 

DCOSta. & Al he il 8 
x ¢sin 9= een (¢—9)= an Q, 

r being the angle of refraction, and A the wave-length of the light in the 
glass. 
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point on the piece for a given displacement. The alteration 
in thickness of the sheet is A/2cosr for each fringe that 
passes the point. 

The Fringes in White Light—In general the central 
fringe of the system is not in the field of view, but its 
position may easily be found by applying the observation of 
§ 2. The coloured fringes exhibit in an interesting way the 
effect of multiple reflexions in the film. The multiple re- 
flexions which occur in Newton’s rings may be looked on as 
giving separate systems of fringes which are all superposed 
on each other, the observed colours being the resultant effect 
of them all. In the wedge fringes similar multiple reflexions 
at the air-film occur, but unlike the Newton’s rings, the 
individual systems may be completely separated from each 
other. Without analysing the effects in detail, we can see 
that a ray which has been reflected from the non-adjacent 
face of plate i. can interfere with any ray which has passed 
through plate ii., and has also been reflected any even 
number of times at the air-film, and wee versa. Hence, if 
pi: and ps, are the optical paths through plates i. and ii. in 
any place, and f that of the air-film, interference-systems 
will be produced the centres of which are at such places that 

py + Inf= pz + 2mf, 

n and m being any whole numbers. The system n=m has 
its centre at the point of the wedges where p,;=pzs, the 
systems n=m-+1 at the points where p,; =p, + 2/, and so on. 
When the film is very thin the systems are all superposed 
on each other, giving a complex set of coloured fringes, but 
on slightly separating* the plates this splits up into the 
different systems, one of which remains fixed, while the others 
move off to right and left with different velocities until they 
are quite separated. 

The system of fringes which remains stationary can be 
kept in the field of view even if the plates are separated by 
several centimetres, so long as they are kept parallel to each 
other, and are in fact the fringes which are used in the well- 

* More simply by tilting one plate on the other perpendicular to the 
plane of incidence. By then tilting i the plane of incidence, each of 
the previously formed systems again splits up into two, which move off 
the field in opposite directions. The effect is very beautiful in practice, 
as many as a dozen sets of coloured fringes often being in the field at the 
same time. The second separation is due to each of the previous systems 
‘being really the superposed effect of two systems, one on each surface of 
the air-film. The simplest form of each system is illustrated in fig. 1 
and fig. 4respectively. The interfering rays which form them pass through 
the air-film in different places (e.g. at A and D, fig. 1, and conversely, at 
D and B, fig. 4), and consequently if the film is not plane parallel, their 
centres appear at different places on the plates. 

2G 2 
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known Jamin refractometer. I1t is perhaps worthy of note 
how comparatively simple it is to obtain the fringes and 
practically construct a refractometer out of ordinary plate- 
glass. All that is necessary is to cut two pieces from the 
same sheet so as to include the same contour-line. The 
then necessarily show the fringes with white light, and the 
width of the fringes can be made as great as desired by 
rotating one piece on the other. 

Multiple Reflexion in Sodium Light.—The various systems 
due to multiple reflexion of course exist with sodium light, 

but in consequence of the large number of fringes then 

visible the systems always overlap, and it is the resultant 
effect only which is seen. This accounts for the curious 
behaviour of the fringes which is observed when one plate is 
slightly tilted on the other. Hach fringe, instead of keeping 
quite fixed to the glass as the tilting occurs, appears to vibrate 

rapidly from side to side through half a fringe width. It 
suddenly disappears, reappears half a fringe width away, 
disappears, and reappears in its original position again. This 
is exactly the effect that the superposition of individual systems 
of fringes moving in opposite directions across the field would 
produce. 

The same effect shows itself in another way in the photo- 
graph of the fringes (fig. 3). The tringes have disappeared 
in certain regions of the shadowed space which bear a close 
relation to those where, under ordinary conditions of illumi- 
nation, Newton’s rings would be seen, and on each side of 
these regions the fringes are displaced through half a fringe: 
width, This behaviour of the fringes introduces an occasional 
uncertainty of half a fringe width in testing a piece of glass 
in the way described above. ‘The uncertainty need not arise 
with a little care ; but even if it does, for the purposes for 
which plate-glass would be used the resulting error is usually 
of little importance. 

XXXVII. A Pressure-integral as Kinetic Potential. 
By R. HarGREAVES*. 

RESSURE is usually introduced into the equations of 
hydrodynamics in the character of a normal stress. 

To that meaning corresponds the use of surface-integrals 
of the components of pressure, to determine the force 
exerted by the liquid on solids immersed in it. But where 
there is no vorticity, an integral 

O¢ , (dd? , 0¢ 
pst +5(S ae 

* Communicated by the Author. 

—— 
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exists, in which each term is of the order energy per unit 
volume. It is reasonable to expect that a volwme-integral of 
this equation through the whole liquid will have significance ; 
and the object proposed here is to determine this significance 
and to interpret the pressure-integral. raat : 
Now in the hydrodynamical equations Dp =~ Se vide 

the right-hand members have the form taken by Lagrange’s 
expressions for force, when it is recognized that p is a 
function of («yz). The volume-integral i) pdr will, however, 
depend on the coordinates defining the positions of the solids, 
on their time-rates, and on the constants of circulation. It 
is permissible, therefore, to conjecture that the pressure- 
integral is a kinetic potential giving the whole dynamical 
etfect of the liquid motion. Accordingiy, the volume-integral 
of (1) is an equation defining the kinetic potential in terms 
of energy and quantities of like order. 

In § 1 we examine this integral for a problem* propounded 
and solved by Lord Kelvin, that of the motion of solids in 
infinite incompressible liquid, when the solids have apertures 
which permit circulation. The above interpretation presents 
the solution in direct connexion with the fundamental 
equation (1). Section 2 contains a proposition in general 
dynamics relating to the nugatory character of a term of 

the form = appearing in the expression for kinetic potential. 

In § 3 the method of § 1 is applied to the case of gases, 
where intrinsic energy has to be taken into account. 

§1. In the first place we may ignore the arbitrary 
function f(t) in (1), because the integral of this term taken 
through the whole liquid does not depend on the coordinates 
or velocities of the moving solids; we have, therefore, 

( (p+ poo 4 2swar=0. . Shui. aay 

Now consider alee the whole rate of change of the 

integral. The change embraces two parts, one in which 

the integrand is differentiated, this part being fp = dr; and 

another in which the limits are concerned. Near the surface 
of a solid dt may be written as dvdS, where dy is an element 

* Phil. Mag. May 1878. 
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of the normal drawn outwards tothe liquid, and dS is an element 

of surface: thus near the surface the integral is (us ( podv. 

Since i =v, the normal component of velocity of the solid, 

the second part of the rate of change is — \ pug dS, 
having a surface value. If ¢ is many-valued we have to 
consider also the surfaces of barriers moving with the solids. 
For a barrier o we get an integral — \ pup do on one face 
of the barrier, and on completing the circuit so as to come 
to the other face we have #+« for ¢, « being a constant of 
circulation, and —v, for v,, the sum for the two faces giving’ 
| pu, do. Thus with circulation admitted the whole value 

of the rate of change is 

7 |e dt =p oe dt — Jeng dS + fer do's sooo 

where of course a summation for several surfaces and barriers. 

may take the place of the one written. Again we have 

| pe? dt = { pins? dt= — (p62? dS + (SP edo 
vu 

=> Jen dS + {SP do, 

since oP =», atasurfaceS. This in conjunction with (3), 

rata dt = {epee + fo(»- 88), do. ay 

Adding this to (2) written in the form 

D 

\ (ten? en | a 
we obtain 

{p at + ala i (s ae ir—|p (3 —, )e do. | (aye 

The potential @ may be written as w+, where y is a 
linear function of the velocities of the solids, and w of the 
constants of circulation, with coefficients depending in each 
case on the coordinates of the solid as well as on (a yz). 
In virtue of Kelvin’s extension of Green’s theorem, there is 

yields 



a 

, 
q 
2 
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no term in energy involving ¥ and w jointly, and if we use 

2 8% edo, T= —| OY Sas B= =ls 5) ov K Take: Ov 

for the energies belonging to cyclic and acyclic motions 
respectively, (5) is 

(par te | eb dr = = T— K+{o(s. — Seda, 

or with 

{p dr =Py l= {e (».- oY do 
hc ee) 

P+ @ (ade = = T-—K+]J=L; 

where T is a quadratic in velocities, K in the constants of 
circulation, and I is a bilinear function of these quantities. 
As IL is Kelvin’s kinetic een the question before us now 

is, what is the effect of the term rr ales dr on the dynamical 
position. 

§ 2. If L is a function of coordinates 9 and the time- 
Par (n) 

rates 0 @... 0, its time-rate or whole rate of increment can 

be expressed as a sum of terms @ @, together with the time- 
rate of a function derivable from L. It is sufficient to write 
a single variable. In 

| ge (n+1) = _ ols. oL j4 OL Bk sip = ; 

te 36 30 36 

the first term has the required form, and subsequent terms 
ar e 

ee d 2 OL 

alo on )—6 dt 56’ 

ath = 3k of. | - dl? OL 

a ah 00 One dt? 3G” 

b. gq”? 1 aly 

a= Ly as dt?- Ayn—1 ~ (a) 

00 

DEL d pau s Pd oL | 
(n) = Gt (n) Gy + 3 at 36 dt 36 

| 
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all of the required form. By addition, collecting terms 
diagonally, 

ieee malin (ds tol” d? oli q” oS 
SW7n)\\, Game iy HO) aioe tt (= 
E dt 00 de gl ( a as 9 

n—-1 

a d OL + (—1)”- iy in ol 

ay ae ato 
Ou ad ob | ieee | hes on on t(D al 

dt PY) mdi 567 a tae >) 

Thus with any number of variables, 

ad a 5 an 8) | 

= 3(O 44+ 5 (O0+O5+ 0,8], . @ 
where 

piu a) BL ab dab, ) 
>) 08 dt Be mame rs) ( 
aos d OL é OL [> (8) 

ae mii 36 Si SEH n (n) J 

If then we put 
° oe (22) 

Foe=—@, E= —~L+2(0,60+0,6+ ...4+0,6), (9) 
the result (7) is expressed by 

di 
ee Bl 2 pee) lll age 

“Gs 
But if L has the form i! where / is a function of 06... 6. 

then L or 

df OF 6 ve (n+1) 
Fie sot = + ae 0, 

Pole, 
and a 

d (n+1) 
= = 5 (0564 2h oar 0 ) 

=) mY 

which has the form of (7) with 

of of of 
3) =: 1A n>? 0,.= — <n ©, a (11) 0 Q@ y) ~+1 ~(n) 

p 00 30 
L L 

* Or 0,= = , and 9,.= a8 pores from r=n—1 down to r=0. 
00 ag ¢@ 
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These values make L equal to 0,0+0,0+ ... (or & with 
more variables), i. ¢. the value of E found by the process (9) 
is zero, and also Fg or —@) is zero. [Or we may show that 

BU af OL mee 1 Bb. LAr 0 pty 
<a =, —M=_e-D +a _@> 36 — at ae’ ) 

ag; *or? fel, 

where the middle form applies in ail cases but the first and 
last. The construction of ©’s by (8) or the footnote leads 
then to the above result. | 

Thus if L is a kinetic potential of any order a function EH 
is derivable from it by the direct process in ($), which will 
have the character of energy, 7. e. its rate of increment may 

be expressed as a rate of working of forces F. But if L= - 

7 defined as above, then the forces concerned and the value 
of E derived trom L all vanish. 

The term then by which P differs from Kelvin’s kinetic 
potential contributes nothing to force or to the expression 
for energy. As applied to L the formula™ gives 

Oe ea es eK =P 4+ K, =e 
0? 

since I is a linear function of @, and K does not contain 6. 
Therefore P and L when used as kinetic potentials yield the 
same forces, and a correct value of the energy. 
A minor example of the principle of this section is the 

equivalence of zy, —«y, and 4(@y—.2y) as kinetic potentials, 
forms occurring in different estimates of I for a circular 
cylinder. The case where / is linear in velocities, and so 
df 
= has a part linear in accelerations and another part quadratic 

in velocities, seems likely to be of common occurrence. 
An important example is the electromagnetic formula for 

volume distribution given in Lorentz, Encykl. Math. Wiss. 
Vv. . p. 160, viz 

fa @—42X?)dt= facryv—ye dt— 4 7 | 2% F dr. 

An example of both sections is furnished by Green’s 

On the use of a kinetic potential of 
K 

this type, and the coefficients in I, compare Phil. Mag. July 1908. 

* We have also E=L-—Sk oe 
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theorem, when the equation 

Eo oOo | ING 
02? a Oy? et 02 ©=6V?2 oe 

holds in space external to moving surfaces 8, viz. 

O¢P O¢? vole a O¢ (93) of — ena ‘T= -\5 dS — - | S(o3 dt Poka 

al is $, 06 a ae 
IW? ot V2 ot 

When half the left-hand member is used as a kinetic 
potential, its effective section is given by surface integrals. 

§ 3. Fora compressible fluid or gas in irrotational motion 
equation (1) is replaced by 

fies 28 cimearee 
and the volume integral is to be taken after multiplication 
by p. When compressibility is admitted we must recognize 
the existence of energy associated with compression, and 
separate the pressure from this element of intrinsic energy. 
Thus using puy=1 as in thermodynamics, 

| =p | vdp=p(op— padv) fa say. 

The integral then stands 

oP Pp aye {(e+ev +98 +52 Jan ep » » la 

where Jp f (¢)dr is neglected for the same reason as before. 
In lieu of (3), recognizing the variability of p, we have 

d 
5 = (oe in| a (pp) dt —( ove ds +| prkdo. (109) 

Again ~ 

a6 on (ee 9 9° Jar =| {ouSt + oe +P V+. bade 

= —( prs ds + | pSPudo 

which in conjunction with (15) makes 
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or we have (4) repeated without modification. If we write 
(14) as 

((c a8 Heer =) (320? — U)p dr, 

and add (16) we get 

d 2 , : 
{yz dt + a; eo ar=|G2e—U)p arp (3? —% )e do, (17) 

a result differing from (5) only in the term containing 
intrinsic energy. 
A change in the en of a barrier o gives rise to 

no ambiguity in the kinetic potential, for it means an equal 
change in the estimate of each side of equation (17), and the 

added term has the form af 2 ltasiin fact hs px dt, where i val 
the integral extends to the space bounded by the two positions 
of the barrier and a strip of 8. 

For the case of sound originated by the vibration of a 
solid some simplification is possible. We omit « in (17) 
write p=p,(1+s) and treat sas small. We have then 

while = = = Sal 

and the second term in pU becomes (2 This taken: 
aye (as . | 

with a Xu? dr, if po is put for p, gives 

5g oor Ob? if 0¢° ay 

oe L i? ~ V2 Ot 

In owt (13) to this expression we may omit the second 
surface integral as of the third order of small quantities, and 

the effective part is therefore — alg oe ae dS. The first part 

ao) Oe J Pos dt, or as (1+s)dt=dt) element of original 

volume, if p, and pp are constant the integral is p\ (dt)—dr), 

and the second factor is the total diminution in volume of 
air. Thus if we alter the meaning of 7 and 7), so that they 
represent the whole volume of the solid, 7) corresponding to. 

a 
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the state of rest, the effective part of the kinetic potential is 

L=—f | 982 as—pyir—ny) .  . Oe 

Finally, if there is vortex motion the existence of a function 
corresponding to pressure is dependent on the vortex equations 

being satisfied. The integral \pdr may continue to behave 

as a kinetic potential, though possibly the character of the 
latter may be modified by the conditions for the existence of 
a pressure-function. 

XXXVITI. On Reflexion from Glass at the Polarizing Angle. 
By Lord Rayueies, O.1L., Pres. R.S* 

“2 Sageeeaeey mad to Fresnel’s theory the polarization is 
complete when light is reflected at the Brewsterian 

angle (tan-1y) or, as we may put it, light vibrating in the 
plane of incidence is not reflected at all at the angle in 
question. It has long been known that this conclusion is 
but approximately correct. If we attempt to extinguish 
with a nicol sunlight reflected from ordinary glass, we find 
that at no angle of incidence and reflexion can we succeed. 
It is difficult even to fix upon an angle of minimum reflexion 
with any precision. 

The interpretation of these deviations from Fresnel’s laws 
is complicated by uncertainties as to the nature of surfaces 
of transition from one medium to another. It is certain that 
many, if not all, surfaces attract to themselves films of 
moisture and grease from the surrounding atmosphere, and 
the opinion has been widely held that even in the absence of 
moisture and grease solid bodies are still coated with films 
of condensed air. Other complications depend upon possible 
or probable residues of the polishing material used in the 
preparation of optical surfaces. It was mainly for these 
reasons that I gave much attention some years ago} to the 
case of reflexion from water, where at any rate there was no 
question of a polishing powder and atmospheric moisture 
could introduce no complication. It was found that Jamin’s 
results, up to that time considered standard, were entirely 
vitiated by films of grease. Special operations are necessary. 
to remove these films. When proper precautions are taken, 
the intensity of reflexion at the polarizing angle may be less 

* Communicated by the Author. 
+ Phil. Mag. xxxiil. p. 1 (1892); Scientific Papers, ill. p. 496. 
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than yo/55 of what Jamin observed. It appeared, however, 
that the cleanest surfaces were not those which gave the 
least reflexion. At the highest degrees of purity the light 
again began to undergo reflexion, though to a very limited 
amount. The effect had changed szgn. 

The contamination which produces the effects observed by 
Jamin is but slight, regarded from any other than the 
optical or capillary point of view. The thickness of the film 
of olive oil which suffices to stop the movements of camphor 
fragments deposited upon water, is 2x10~‘ cm., or about 
sho Of Xp. But sucha film, or even a much thinner one, 

entirely disturbs the delicate balance upon which depends 
the absence of reflexion at the polarizing angle. 

For a long time I have intended to make an examination 
of the corresponding phenomena when light is reflected from 
a surface of glass. { was prepared for complications de- 
pending upon moisture and grease, but thought that perhaps 
I could deal with them. As to the thickness of the films 
there is little definite information. Theory” indicates that 
they are likely to be persistent. A long while ago Magnus 
established the conclusion “that all substances, however 
different they may be, are raised in temperature when air 
comes in contact with them which is moister than that 
surrounding them, and that they are depressed in tempera- 
ture when they are exposed to air which is drier than that 
by which they are surrounded” f. His experiments included 
glass, quartz, mica, caoutchouc, metals, and many other 
substances. In the case of glass, or rather cotton silicate, 
definite estimates have been given by Parkst, deduced from 
actual increases of weight. He finds thicknesses of the order 
1:0 x 10-° cm., about 50 times that of the greasy films which 
stop the camphor movements upon water and profoundly 
modify the reflexion of light at the polarizing angle. Even 
if we allow a good deal for the fact that these films were 
formed from a saturated atmosphere, enough will remain to 
explain much optical disturbance. 

The deviation from Fresnel’s formule is best explained in 
terms of Jamin’s &, representing the ratio of reflected ampli- 
tudes for the two principal planes when light, incident at 
the angle tan-'yw, is polarized at 45° to these planes. 
According to Fresnel s =0, but Jamin showed that it may 
assume small finite values, positive or negative. The ex- 
perimental method employed for the present purpose was 

* Phil. Mag. xxxiil. p. 220 (1892); Scientific Papers, ili. p. 528. 
+ Phil. Mag. xxvii. p. 246 (1864). 
t Phil. Mag. v. p. 518 (1903). 
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substantially the same as in the former observations upon 
water, and can only be sketched briefly here. Sunlight 
reflected horizontally from a heliostat was caused to traverse 
the polarizing nicol mounted in a circle which allowed the 
rotation to be read to a minute of angie. After reflexion 
from the plate under examination the light traversed in 
succession a quarter-wave-plate of mica and the analysing 
nicol and was then received into the eye, either directly, or 
with the intervention of a small telescope magnifying about 
twice. A green glass was also often introduced in order to 
mitigate chromatic effects. Both the mica and the analysing 
nicol were mounted so as to be capable of rotation about the 
direction of the reflected ray. 

The theory of the method is as follows. JF resnel’s expres- 
sions S and T (sine-formula and tangent-formula) give the 
ratios of the reflected to the incident vibrations, for the two 
principal planes ; and their reality indicates that there is no 
change of phase in reflexion (other than 180°). The ellip- 
ticity is represented by the addition to T of 7M, where M is 
small andi=,/(—1). Thusif the incident light be polarized 
in the plane making an angle « with the principal plane, the 
reflected vibrations may be represented by 

(T+: M)cosa, Ssina. 

By the action of the mica, suitably adjusted, a relative 
change of phase $7 is introduced. This is represented by 
writing for Ssing,iSsinz. The vibration transmitted by 
the analyser, set at angle @, is then 

cosacos 8(I+2M)+7S sin asin B ;s 

and the intensity of this is 

T? cos? a cos? 8+(M cos «cos B+S sin « sin 8)’. 

In order that the light may vanish, we must have both 
T=0 and 

M+S tan «tan B=0, 

the first of which shows that the dark spot occurs at the 
Brewsterian angle, while tan tan @ gives the value of M/S, 
viz. the & of Jamin. Accordingly if B be set to any con- 
venient angle (such as 45°) and « be then adjusted so as to 
bring the dark spot to tne central position, the product of 
the tangents of « and 8, each measured from the proper 
zeros, gives k. ; 

In practice it is not necessary to use the zeros. Set 8, 
e.g. to +45°, and find «; then reset 8 to —45°. The new 
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value of « would coincide with the old one were there no 
ellipticity ; and the difference of values measures # upon a 
doubled scale. If «’ be the second value, so that the dif- 
ference is «’—a, then 

k=tan4(a'’—2a), 

or with sufficient approximation in most cases 

k=4(a'-2a). 

The sign of «’—e is reversed when the mica is rotated 
through a right angle, and the absolute sign of & must be 
found independently. 

The subjects of observation have been principally two 
plates, of which the first is of black glass, 7. e. glass contain- 
ing sufficient absorbing material to be opaque. When first 
examined on May 24 (1907) it had been lying in a box for 
many years. Carefully cleaned by washing and wiping, it 
gave 2’ —2=+5°, B as throughout being +45° On 
polishing rather protractedly with rouge, it gave 4’ -a= +35’, 
a large reduction. Blowing at the surface while under ob- 
servation with a stream of chemically dried air had very 
little effect. 

Want of sunshine prevented further observations until 
Aug. 3, when a'—« was found to be about +1°. Treatment 
with rouge reduced this to +40’, and so far as appeared 
neither heating (with the idea of removing grease) nor 
treatment with specially moist or specially dry air made 
much difference. But on further repolishing with rouge the 
ellipticity practically disappeared. There was no certain 
change in the position of the dark spot when 8 was altered 
between +45°. 

It seemed that the earlier treatments with rouge had been 
inadequate. In the last application the polisher was of 
paper cemented to glass and impregnated with the rouge. 
After polishing, the glass was breathed upon and carefully 
wiped with a cloth. In subsequent operations this pro- 
cedure was always followed. 

Further observations showed that even on Aug. 3 the 
polishing had not been carried far enough. On Aug. 7 
a’ —a was made to change sign, being reduced (algebraically) 
to —10’ or —22'. This was about the limit. Even in this 
condition the surface did not seem sensitive to moisture, 
much to my surprise. Andit was matter for further surprise 
when it appeared that 24 hours’ exposure to the air of the 
room—no chemical operations were in progress—sufiiced to 
carry the surface back to the positive side with «’—«= +10’, 

eee 
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increased in a few days to +40’. These changes of sign 
were observed not only with the black glass, which on the 
evidence of its polarizing angle is a flint, but also with a 
piece of patent plate prepared by roughing the hind surface 
and varnishing it with a cement of nearly the same index. 
It may be mentioned that another piece of patent plate 
became good on treatment with hydrofluoric acid and polish- 
ing with rouge upon a soft tool. After deterioration by 
exposure the negative values of «’—a could not be recovered 
by merely cleaning the plate with moisture and wiping ; 
actual repolishing was necessary. The natural inference is 
that even within 24 hours the substance of the glass is 
actually attacked by the gases of the atmosphere. 

As I was leaving home for some time I| arranged an 
experiment to see whether careful protection would save a 
glass surface from the above described deterioration, which 
might probably be attributed to moisture and carbonic acid. 
Accordingly on Aug. 22 the black glass, giving e’-a=—14’, 
was put away in a tube containing potash and closed, pro- 
bably airtight, with a rubber cork. On Oct. 15, nearly two 
months later, the glass was taken out and (with surface 
untouched) gave «’—a=—6’, still on the negative side. 
The difference of values, though doubtless real, is perhaps 
no more than may be attributed to moisture and carbonic 
acid imprisoned with the glass. Four days later the readings 
gave +35’. The plate glass put away at the same time with 
potash in another tube with «’—a=—19’ was examined 
after two months, on Oct. 19, and gave a’—a= +4’, so that 
in this case the protection seems to have been less efficient. 

A large number of further observations were made upon 
both glasses with the object of ascertaining, if possible, how 
much of the change which ensues after repolishing is due to 
a film of foreign (greasy) matter deposited from the atmo- 
sphere and how much to an alteration of the glass itself, 
The negative condition, lost in a day or two after repolishing, 
is in part recovered under the operation of a careful wiping 
with moisture, but only to a limited extent. Full recovery 
requires actual repolishing. It is of course possible that 
even the mild treatment by wiping may attack the very thin 
film of altered glass which is all that we can suppose to have 
been formed in so short a time; but on the whole the 
evidence pointed to two kinds of contamination, one removable 
by wiping and the other requiring the more drastic treatment 
with rouge. In spite of some easily understood irregularities, 
it appeared that the full effect of wiping was easily produced 
and that repetition could carry the process no further, The 
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same conclusion is favoured by the results of heating the 
plate pretty strongly. The same kind of recovery in the 
direction of the negative condition could thus be attained, 
but never to the full extent. In some experiments the plate 
was purposely contaminated. Thus on Nov. 1 a repolished 
plate at —13’ was exposed to the smoke of burning greasy 
waste, after which «4/—« was +46’. A very thorough treat- 
ment by wiping took it back to —6’, but only after repolish- 
ing could the original condition (—10') be nearly recovered. 
In another experiment a stream of air which had passed over 
petroleum was directed against a repolished surface, but the 
effect was only momentary. As regards surfaces which have 
stood a week or two, I think there can be no doubt but that 
the glass itself has been seriously attacked. 

The results here recorded are in many respects very different 
from what I had anticipated—especially the comparative 
insensitiveness to grease and moisture. It must be remem- 
bered, however, that a surface finished by wiping and in 
contact with air is certainly contaminated with water and 
probably with grease. In spite of this it is possible to have 
the reflexion free from ellipticity. As regards grease we may 
perhaps argue from the manner in which the breath is de- 
posited. A freshly split surface of mica receives the moisture 
of the breath as an almost invisible film, showing the colours 
of thin plates as it evaporates, but nothing of the appearance 
ordinarily associated with dew and dependent upon an 
irregular deposition. I am not sure whether glass has ever 
been observed in this condition*, but experience from the 
days of wet collodion photography convinces me that a 
wiped glass does not so behave. The best that can be 
attained is a uniform dull grey appearance, such as under a 
magnifier would exhibit lenticular drops. 

The conclusion which suggests itself is that even a recently 
repolished surface, which may exhibit but small ellipticity, 
is ina highly complicated condition. Grease itself may be 
comparatively inoperative optically on account of its index 
approximating to that of the glass. But why varying degrees 
of moisture should make so little difference is not apparent. 
Surface phenomena generally offer a wide field for investi- 
gation, which might lead to results throwing much needed 
light upon the constitution of matter. 

Terling Place, Witham. 

* Possibly the path of an electric discharge over a glass surface may 
be a case in point. 

Phil. Mag. Ser. 6. Vol. 16. No. 93. Sept. 1908. 2H 
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XXXIX. The Variation of Manganin Resistances with Atmo- 

spheric Humidity. By F. H. Suirn, A.R.C.Sc. (From 
the National Physical Laboratory.) * 

N the issue of ‘The Electrician’ dated June 14th, 1907, 
Drs. Rosa and Babcock published an article of great 

interest under the above title. A long series of measure- 
ments on manganin resistances was given, and it was 
shown that the higher resistances exhibited a yearly cycle 
corresponding to the variations in the relative humidity 
of the atmosphere. Later+, Drs. Jaeger and Lindeck pub- 
lished results proving that the variations of many high 
resistances at the Reichsanstalt were quite negligible even 
when the humidity was believed to have appreciably changed. 
That the humidity variations at Washington were not very 
abnormal has been shown by Dr. Rosaft, and it appears, 
therefore, that some shellaced coils remain approximately 
constant with varying humidity, while others change by 
considerable amounts. indeed, Dr. Rosa emphasizes the 
point, that of the resistances examined by him the coils of 
nominally equal value did not change by equal amounts. 

The changes in resistance of the manganin standards of 
the National Physical Laboratory have been reported on 
from time to time, and we have also stated that small changes 
in the resistances of 1 ohm coils have been detected within 
twenty-four hours. On the publication of the paper by 
Drs. Rosa and Babcock, we were, therefore, convinced that 
some of the changes we had observed were due to variations in 
atmospheric humidity, and shortly afterwards we proceeded 
to measure the effect of humidity on various standard coils. 

The first coil experimented with was one of 10,000 ohms 
of manganin, of the Reichsanstalt form, and made by O. Wolff 
of Berlin. It was placed inside a box through which passed 
two well-insulated copper leads connected to mercury cups, 
to which also the leads of the coil were connected. The 
metal cylinder surrounding the coil was removed so that the 
shellac was fully exposed to the atmosphere. The box was. 
made practically air-tight by coating it on the outside with 
paraffin wax, and the humidity inside the box was varied by 
introducing a large quantity of fused calcium chloride, or by 
the insertion of water contained ‘in large crystallizing dishes.. 
The temperature could be varied by placing the box inside a 
large electric oven, but it was not allowed to exceed 35° C. 
Measurements of resistance were made at an approximately 
constant temperature of 17° C. 

* Communicated by Dr. R. T. Glazebrook, F.R.S. 
+ ‘The Electrician, Aug.2,1907.  { ‘ The Electrician,’ Noy. 15, 1907. 
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After the 10,000 ohm coil had been in the box for 8 days 
in an atmosphere dried with fused calcium chloride, its re- 
sistance was identical with its value in an atmosphere of 
60 per cent. relative humidity. When water was substituted 
for the calcium chloride and 20 days had elapsed, the re- 
sistance of the coil was 7 parts in 100,000 lower than before; 
but on opening the box and exposing the coil to the outer 
atmosphere, the resistance rose to to its normal value within 
20 minutes. We concluded, therefore, that the low value 
was a result of leakage, and we suspected the presence of a 
thin film of moisture on the ebonite. In some later experi- 
ments such a film was visible, and the main leakage was 
undoubtedly that between the current leads of the coil and 
the metal cylinder on which the coil is wound. The gap 
between the leads and the cylinder is about. 5 mm. In the 
experiments cited above the temperature of the box and its 
contents was raised to 35° C., but as this appeared to be a 
doubtful procedure, all subsequent experiments with coils in 
saturated atmospheres were made at the temperature of the air. 
We next placed the 10,000 ohm coil in an atmosphere - 

dried with phosphoric anhydride, and after the expiration of 
30 days its resistance was again measured. It was 2 parts 
in 100,000 lower than normal. Afterwards, acting on a 
suggestion from Dr. Rosa, the coil was sealed inside a glass 
beaker, at the base of which either fused calcium chloride, 
or phosphoric anhydride, or water could be placed. Before 
sealing (when a dry atmosphere was desired) the beaker and 
its contents were placed for 8 hours in an atmosphere at low 
pressure—the pressure recorded being 3 cms. of mercury. 
After the coil had been exposed for 4 days to the action of 
an atmosphere dried with phosphoric anhydride, the resistance 
was 1 part in 100,000 lower than normal, and after being 
exposed for 4 days in an atmosphere approximately saturated 
with water, the resistance was 11 parts in 100,000 low. The 
latter effect was again found to be due to leakage, for on 
exposing the coil to the air of the room the resistance between 
the current leads rose in the following manner :— 

Before exposure to air of room, resistance low by 0:011 p. cent. 
After 

3 minutes ,, ‘ - ss CLOOS. 41-8 

+ 99 9? 99 99 99 0°005 99 

4) 99 99 99 99 99 0-004 39 

6 yb) $9 99 9) 99 0-003 3? 

12 99 PP) 99 >) 99 0-002 9 

25 99 99 99 939 99 0-001 9> 
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The first coil experimented with exhibited, therefore, no 
appreciable change in resistance with change in humidity. 

Our next experiments were made with five other standard 
coils and some resistance-coils in boxes, but before giving 
the results obtained with them, it may be of interest to give 
an idea of the amount of moisture absorbed by the shellac 
coating a resistance-coil. 

Mr. Melsom, who has constructed very many standard 
‘ coils, shellaced a metal cylinder of the same size as those 

used in the winding of standard coils of the Reichsanstalt 
pattern, and afterwards he baked it and treated it in the 
same way as standard coils are treated. After remaining 
for 10 days in a desiccator containing phosphoric anhydride, 
this shellaced cylinder weighed 51:2614 grams, and after 
being hermetically sealed for 10 days in a beaker containing 
a little water at 17°-0 C. its weight was 51°2816 grams ; an 
increase of 0°02 gram. It appears that, after calibration, 
such a cylinder might be used as an hygrometer. 

The other standard coils examined are five in number. One 
of these, No. 2449, is by O. Wolff, Berlin; and the re- 
maining four were made by Mr. Melsom in accordance with 
the Reichsanstalt specification. In Table I. the results are 

TABLE I, 

Atmosphere dried with | Atmosphere saturated with 
P30; ee 

; Nominal 905 for | water for 

Coil. 
emma. flaca Change. 

ee o.) 6 | 10S te 6 | 10 18 | 24 
days days \days ei days days|days days days |days days 

ohms | | | | 
ay 09, 10 |—15'—16|—18|—17|—18]+ 2/4 3/4 6|418|+-23)2 25) 

Hae | | 
L. 143... 10 |— 1j— 2\— 2)\— 4|— 3|423)/ +36) +38) +38) +36/4+37], +40 

L140...) 100 |— 9|—13'—17|—14|—16]+20 +25)+38!+40|+448/+48] +64 

L139... 1000 |— 3— 2- 2— 1— 2/416 417 +30/4+35)+35/+87|/ +39 

S449.) 4000 |— 2\— 2i— 4|— 2|— 3|+ el+ si4 Sit 9)--11) Cae 

recorded. ‘The value of the resistance in air having a relative 
humidity of about 60 per cent. at 17° C. is taken in each 
case as the unit, and the variations from this value, when 
the coils were placed in atmospheres approximately dry and 
approximately saturated, are given in parts in 100,000. The 
time during which a coil was exposed to the action of a 
particular atmosphere is indicated at the head of a column, and 
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the probable increase in resistance when a coil is taken from 
a dry to a saturated atmosphere at 17° C. is given in the last 
column. 

Here we have positive evidence of changes in standards 
of the best construction; and the fact that the coil made by 
O. Wolff is affected by varying humidity to a less extent 
than the coils made by Mr. Melsom points either to a 
difference in the shellac varnishes employed, or to an effect 
due to the ageing of the varnish, or both. The changes 
recorded in Table I. are comparable with those given by 
Drs. Rosa and Babcock. 

It is of interest to compare the changes in resistance from 
Jan. 1906 to Jan. 1908, of one of these coils with the 
humidity change given in Table I. For this purpose the 

Curve showing variation in 10 ohm manganin resistance L. 19. 

JULY OG VAN./2Q07 

coil L. 19 is chosen because it has been kept under very 
close observation. In comparing the changes it is necessary 
to bear in mind that during the period 1906-8 the coil L. 19 
was kept in oil, and hence the variations of atmospheric 
humidity would have an appreciably less effect on the shellac, 
and hence on the resistance, than when the coil was exposed 
to the air. The observations on L. 19 for 1906-8 are sum- 
marized in the form of a curve, from which it will be seen 
that the resistance has gradually increased since Jan. 1906 
by about 8 parts in 100,000 ; that maxima occur about July 
each year, and that it is improbable that the change in 
resistance due to humidity variations has exceeded 2 parts 
in 100,000, or one-twentieth of the change recorded for the 
same coil in Table I. Observations on other manganin 
coils, immersed in oil, indicate maximum changes in their 
resistances, due to variations in atmospheric humidity, of the 
order of 1 part in 100,000. 

Of air-cooled manganin coils coated with shellac, a number 
in boxes, by R. W. Paul and by O. Wolff, have been measured 
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from time to time, and the seasonal changes of resistance— 
especially in the case of the Paul box—must have been very 
small, certainly less than 1 part in 10,000. 

The floor of the standardizing room at the National Physical 
Laboratory is about four feet below the outer ground-level, and 
the room is maintained at a temperature not less than 17° C. 
In the summer months the temperature rises at times to 20° O. 
We have no records of the hygrometric state of the air of 
the room over long periods of time, but a series of observations 
has been commenced. 

In Table II. the results are given of some measurements 
on manganin coils in a box by Messrs. Nalder Bros. The 
outer case was removed, and a larger one substituted for it. 
In this larger box, water, fused calcium chioride, or phos- 
phoric anhydride could be placed, and the air inside the box 
could be heated by an electric lamp and stirred by a small 
motor-driven fan. The shellaced cylinder, previously referred 
to, was also hung inside the case, and was weighed from 
time to time to roughly determine the hygrometric state of 
the atmosphere. 

TABLE I]. 

Observations on Coils in Nalder Box 3921. 

Atmosphere dried |/Atmosphere saturated 
: with P.O; for with water for | : 

é Nominal | || Maximum 
Coils. 

Value change. 

2 6 20 2 4 20 
days | days | days || days | days | days 

| obms. i 
4000 

Be eee, 48) | 5 | 6 peel ea 93 
1000 J 

1000 « sess 1000 0 0 0 +1 }/+383;4+ 3 3 

400 
300 
200 1000 —2/ -5 | -6 ]/ 4+1/+6/4+7 13 
100 

UO So. :. | 100 —1| —2 —4 4+1},4+ 3) +45 9 

40 | 
30 
T - 100 U 0) -2 | 42/45/45 7 

0) | | 

Weight (in grams) of ey reat Deny jee ee i : 
Blieilaeeeiedimede } 51°265 |51:264 |51:263 |51-280 ie 281 151:283 

| ) 
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The range. of the box is from 4000 ohms to 1 ohm. 
Measurements were made of some individual coils and of 
some in series, as indicated in col. 1, Table IJ. The change 
Im resistance is given in parts in 100,000, the values in an 
atmosphere of about 60 per cent. relative humidity at 17° C. 
being taken as unit values. 

Table ILI. gives the variations in resistance of some coils 
in box No. 2385 by O. Wolff, the results of the observations 
being in chronological order. It is noteworthy that when 
the box-coils were measured in an atmosphere dried by P,QOs, 
the resistance of the three higher coils diminished by appre- 
ciable amounts, but the 1000 and 100 ohm coils remained 
practically constant. When, however, the atmosphere was 
converted into one saturated with moisture, the 100 ohm 
coils alone remained approximately constant in resistance ; 
the value of the other coils fell by very considerable amounts. 
Although this fall was probably entirely due to leakage, it 
persisted, in a diminished degree, after exposure of the coils 
to a normal atmosphere for thirty days. 

TABLE LIT. 

Observations on Coils in Wolff Box No. 2385. Unit Values 
in an atmosphere of about 60 per cent. relative humidity 

ue foal OP 

: emorphere dried. with: |Water.| Normal Atmosphere. | 
4 P30; for 

Coils Nomiral | 
) ; Value. | 7 Tier Tae earn arias 
} H : ) 

/ Heotestiesie oie (y110 £)npaiteshd to 30 
/ days | days | days | days days , day | days | days 

ohms. ! | / 
50000 &e. | 100000 | —25 | —381 —36 | —38 | —2100) —220) —33 | —15 

| 10000 6 10000 || —27 | —40 | 56} —59 ||— 630) —310| —71 | —25 
} 

10000 2 | 10000 | —20 | —25 | —38 | —35 |— 520 —265) —77 | —18 

1000 6 1000 | O. Sagan ES one yet aray | lee teeta 

| 1000 a 1000 | Ma eSRL. 0 2 Buled sei) =a'p9| E10 -4 
100 8 100 | — 2 | were Ero Pe 21. 0 0 | 

100 « 100 | 0 | lass 2 -2)+ 1) +2) 41 au 

| In the case of this box the humidity effect is seen only in 
: the change of resistance resulting when the coils were trans- 

ferred from a normal atmosphere into a dry one. When the 
saturated atmosphere was substituted, the leakage effect 
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quite masked over any.effect due to elongation of the wire 
by expansion of the shellac. 

It will be seen that our observations do on the whole 
support the conclusions arrived at by Drs. Rosa and Babcock, 
and that coils hermetically sealed, or coated with a varnish 
which does not absorb moisture, must have an advantage 
over manganin coils coated with shellac. The fact that some a ‘ : i cage ; 
high-resistance coils exhibit the ‘‘ humidity effect” to a 
negligible extent only, points to the possibility that a shellac 
varnish may be prepared, which, after baking, is notappreciably 
hygroscopic. 

XL. Minimum Spark Potentials. 
By Joun EH. Aumy, Ph.D.” 

ECENT work of Earhartt, Shaw, Hobbs§, and 
Kinsley || dealing with spark potentials for very short 

spark-gaps seem to show that the spark-discharge may take 
place at potentials far below the so-called “minimum spark- 
potential.” These results, so signally at variance with the 
results of Carr {J and others, who have found every evidence 
of a minimum value of potential, below which it was 
impossible to obtain a discharge with any spark-gap or any 
gas pressure whatever, seem to require further careful 
investigation. 

At first, two spark electrodes were mounted upon an 
interferometer of the Fabry-Perot type, one electrode being 
carried upon the table that carries the movable plate of the 
interferometer, the other being fixed adjacent to the second 
plate of the interferometer. ‘he supports were fairly rigid, 
being of massive brass plates, reinforced. In attempting to 
use electrodes which were segments of a sphere of 5 em. 
radius, and later, using spheres of 1 em. radius, it was noted 
that a discharge, or at any rate a short-circuit of the dis- 
charge circuit, was obtained with potentials considerably 
below the “minimum potential” (about 350 volts in air at 
atmospheric pressure), but that when this occurred the 
electrodes were invariably drawn together and remained 
fused together ; while in case the potential was raised above 
the minimum potential this fusing together of the electrodes 
rarely if ever results. It sometimes happened that with 

* Communicated by the Author. 
+ Earhart, Phil. Mag. [6] i. p. 147 (1901). 
t Shaw, Proc. Roy. Soe. Ixxiii. p. 337 (1903). 
§ Hobbs, Phil. Mag. [6] x. p. 617 (1905). 
|| Kinsley, Phil. Mag. [6] ix. p. 692 (1905). 
q| Carr, Proc. Roy. Soc. lxxi. p. 374 (1903). 
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potentials near 350 volts a rapid series of discharges or 
short-circuits would occur, accompanied by a humming note, 
very like that of the Trevelyan rocker; evidently the elec- 
trodes were set in rapid vibration by the electrostatic force 
between the charged electrodes. Clearly the supports were 
not sufficiently rigid. 

This phenomenon suggests the possibility that what have 
been considered spark-potentials for very short sparks may 
not have been at all the potentials required to give a disruptive 
discharge through the gas between the electrodes, but were 
rather the potentials necessary to give sutficient electrostatic 
attraction between the electrodes to cause a displacement 
equal to the spark-gap, thus bringing the electrodes in con- 
tact. If this be true, the potential required to effect a 
discharge, with these short distances, would be a function of 
the size of the electrode, especially if that size were com- 
parable in magnitude to the spark-gap. 

In order to investigate this question the following apparatus 
was devised: Spherical electrodes of minute dimension were 
obtained by fusing in the oxy-hydrogen flame the end of fine 
platinum wire, ‘0057 cm. in diameter ; the smallest spheres 
thus formed had a radius very approximately -0035 cm. and 
were essentially true spheres. ‘Two such electrodes were 
mounted on the interferometer, 2s shown in fig. 1 (horizontal 

Fig. 1. 

section). The electrodes ee are carried on screws that thread 
very tightly through the steel supports; one support is 
rigidly clamped to the moving carriage of the interferometer, 
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being insulated by ebonite ; the second, §, is carried on the 
frame which carries one plate of the interferometer, this 
plate, P, being supported on a post, p, about which, as a 
vertical axis, it is free to rotate but for the stop. R, which 
was made as rigid as the other parts of the apparatus. To 
take up “ back lash” and any looseness in the adjustment of 
parts, a number of strong indiarubber bands, BB, were 
stretched around the electrodes pressing upon the screw heads, 
ss3 a high-power microscope M, placed horizontally, made 
possible the careful alignment of the minute electrodes, and 
enabled one to follow visually the course of effects. With- 
out the rubber bands it was impossible to get the system 
sufficiently rigid so that the electrodes were not visibly 
moved when potentials near 300 volts were applied to spark- 
gaps of a few waye-lengths of sodium light ; with the bands 
in place the separation of the electrodes follows promptly the 
displacements of the bands of the interferometer, and that the 
rubber bands did not affect the accuracy of the interferometer 
in the measurement of the spark-gap, at least so far as the 
motion of the interferometer plates is concerned, was shown 
by determinations of the wave-length of sodium light, in 
which the same values were obtained with and without the 
rubber bands in place. 

The electrical system used was the usual one; a battery 
of storage-cells gave 1200 volts potential, this was connected 
through a cadmium-iodide-amyl-alcohol resistance to earth ; 
the spark-gap and a Weston voltmeter, in parallel, were 
shunted on this resistance with movable electrode in the 
iodide solution, so the potential applied to the spark-gap could 
be varied at will and read off directly. For a time, an 
auxiliary circuit with 2°2 volts and a galvanometer were used 
to detect short circuit of the spark-gap, but the settings 
made in this way proved less definite and capable of repetition 
than those made with from 10 to 20 volts on the regular 
spark circuit. The method of procedure was usually this: 
With the electrodes clearly in contact at the start, they were 
moved apart by steps of ‘1 wave-length (Na), testing with the 
10 volts for a short circuit after each step ; as soon as open 
circuit was obtained the electrodes were then separated by a 
certain number of wave-lengths and the potential gradually 
raised to a value somewhat less thanthe “ minimum potential”; 
if, after waiting a sufficient interval, this potential failed to 
give a discharge, the spark-gap was decreased by a wave- 
length and again tested; when this process had been-repeated 
until the spark-gap was unquestionably extremely small and 
had been subjected to the high potential several minutes 
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with no evidence of discharge, the potential was reduced to 
10 volts and the distance measured through which the 
electrodes needed to move to give short circuit. For example, 
using two platinum spheres each approximately ‘007 cm. in 
diameter the following observations are noted : 

i ) 

PPpetied Potential. Spark-gap. | Remarks. 

325 volts. | 1. wave-length. No spark. 
| 275 e 8 ”? 93 

ey”, | °4 by No discharge. 
m0... | 55 i No discharge, potential applied 5 

minutes. 
340+ ., |’ 46 os Discharge occurred. 
340, 1-5 wave-lengths. 56 Hy 
340, | 25 os A single spark occurred but no 

second could be obtained at 
that potential. 

365, / same. Second spark occurred. 
340 ,, | 3 wave-lengths. A single spark. 
340 ” ) 5 99 oD) 2 

410 ,, ‘105 - Discharge repeatedly. 

Using spheres of unequal size, with diameters ‘008 cm. 
and ‘0057 em. the following results were obtained : 

280 yolts; nodischarge; gap measured ‘8 wave-length. 
310 ” 29 39 f 93 

330 39 39 33 6 39 

S50 y 2 discharged ; - 6 H 

Next a pair of steel needles were substituted for the 
minute spheres. Needle-points are by no means geometrically 
pointed, but are usually more approximately parabolic, in the 
axial section. The appearance of the needles used, as seen 
in the microscope, is shown in fig. 2; the diameter at a 

Fig. 2. 

distance from the tip equal to the radius of curvature at the 
tip was approximately ‘0007 em. With two such electrodes 
the following observations dealing with spark-gaps of less than 
a wave-length of sodium light were made : 

a volts applied; no discharge; gap measured °9 wave-length. 
: ” 29 +) ” uf 9 

330 ,, on 5 minutes, no discharge; ga a) 
330 ,, applied; no discharge; gap measured °25 oy 
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By taking a definite spark-gap and gradually increasing 
the applied potential until a discharge, or short-circuit, 
resulted, the following observations were made : 

Spark-gap, ‘15 wave-length ; at 270 volts circuit closed, no discharge was: 
observable in the microscope. 

Spark-gap, *2 wave-length; at 345 volts circuit closed, electrodes were- 
found to be fused together. 

Spark-gap °35 wave-length ; at 360 volts a spark passed, clearly visible,. 
circuit remained opened for lower potentials. 

The evidence seems conclusive that with spark-gaps down 
to at least ‘3 wave-length of Na light, that is, ‘0000177 cm.. 
a potential of 330 volts is not sufficient to produce discharge 
through air at atmospheric pressure, while 360 volts is sufficient. 
to do so. | 

It is of interest to notice the nature of the discharge with 
these minute spark-gaps. Through the microscope (magni- 
fying about 500 times), the discharge that occurs with 
potentials near the ‘‘ minimum potential” is seen to be a quiet: 
luminous glow discharge, the luminescence beginning at a 
point somewhat back from the needle tip, completely surround-- 
ing the needle and extending back along the needle (one 
electrode only), exactly similar to the negative glow around 
“a cathode in gas at low pressure. But at the tip of the needle 
no luminosity was evident. While with higher potentials a 
brilliant, concentrated, discharge passed in a more limited 
path, appearing in the microscope much like a long arc-. 
discharge results. With a gap of several wave-lengths on a 
few occasions the passing of scintillating particles (dust or 
metallic ?) from one electrode to the other was noticed ; once 
or twice this occurred with potentials below the “ minimum,” 
but could not be repeated. The following observations made 
with steel needles as electrodes are illustrative (p. 461). 

It seems conclusive from the observations given that, at any 
rate when minute electrodes, comparable in size to the size of the 
spark-gap, are used, there is a ‘minimum potential” below 
which, no matter what the spark-gap, a true spark-discharge 
does not take place. And there seems large probability that 
Paschen’s law of inverse proportionality of spark-length to: 
gas pressure is equally applicable to spark-gaps shorter than 
that corresponding to the “‘ minimum potential.”” Some work 
has been done to verify this, with fair success at pressures. 
below atmospheric ; at atmospheric pressures the distances 
concerned are so extremely small that the problem of deter- 
mining the sparking potential, when the discharge is compelled 
to pass through the short path, is one of great difficulty. The 
results obtained will be given in a later paper. 
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: 
|. Spark-Gap Potential | Pe. 
(wave-lengths). (volts). | leaue 

| | | 
4. 345 | No discharge. 
3 345 / vet 

; 350 Glow discharge. 

1:0 | 345 No discharge. 
390 | Glow discharge. 

. 15 345 | No discharge. 
| 350 | Glow discharge. 

2° 345 _ No discharge. 
390 _ Glow discharge. 

: 
4:0 345 | No discharge. 

350 | Glow discharge. 

fH) 320 Scintillation: ceased immediately. 
350 Glow discharge; continuous. 

| 440 | Are discharge produced. 

9:0 490 Are discharge ; no glow obtained. 
10:0 505 | 7 ” ” 

12°5 530 3 +>) 29 

15-0 600 Mi 2 3 

Considering the electrostatic force which exists between 
two large electrodes brought within such minute distances as 
were used by Harhart, Shaw, and Hobbs, it seems not wholly 
improbable that the strains sufficient to bring their electrodes 
into contact may have occurred with potentials less than the 
“minimum.” So that the potentials that produce a short 
circuit in the spark-gap were simply those required to give 
the requisite displacement of the electrodes. 

In connexion with this question of short sparks, attention 
may be called to the fact that Harhart*, and Shaw+t, in 
recent work upon spark potentials in liquid dielectrics have 
apparently made no attempt to ensure absence of dust or 
other foreign particles from the liquids tested. True, Earhart 
gives as argument for this disregard the fact that the spark- 
potential for the second and succeeding sparks was the same 
as the first, but that is, in truth, evidence showing that the 
dust already present does affect the discharge potentials. It 
is well known that the passage of a spark in any insulating 
oil invariably results in the formation of carbon particles, 
and these particles collect between the electrodes, and it 
hardly seems probable that the presence of particles of so 

* Earhart, Phys. Rev. xxiii. p. 358 (1906). 
+ Shaw, Phil. Mag. [6] p. 317 (1906). 
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good a conducting material as carbon in the spark-gap could 
be entirely without effect upon the discharge. Rather, it 
seems likely that the particles present before the first spark 
were as effective as carbon particles. The writer* has shown 
clearly that the passage of a spark through an oil does very 
materially affect the potential required to produce the dis- 
charge. So that, valuable as the results of Earhart and 
Shaw are as representing the actual working conditions which 
usually obtain, they may not be taken to represent the 
potentials necessary to produce spark discharges through the 
distances given, in the pure liquid. 

The Brace Laboratory, 
Lincoln, Nebr., U.S.A. 

XLI. The Greenhouse Theory and Planetary Temperatures. 
By Frank W. Veryf. 

HEN Tyndall, as the result of his measures of the 
absorption of terrestrial radiation by water-vapour, 

assured us that the removal of moisture from its atmospheric 
covering would plunge the British Isles into a more than 
Arctic winter, he directed attention to that which, next to the 
solar radiation itself, is the most potent factor in terrestrial 
climate. Ina general way this is now universally recognized; 
but we have not yet arrived at unanimity as to the details of 
the process by which this protective agency works, or of 
their applicability to other worlds than ours. 

Never having had any experience with gases devoid of | 
convection, nor with solids lacking thermal conductivity, it is 
perhaps hardly safe to speculate as to how such substances 
would or would not behave ; but if a guess may be hazarded 
on the subject of Professor Poynting’s ideal greenhouse f, 
one would suppose that if the background were absolutely 
nonconducting, unless it were a perfect reflector, in which 
case it would not be heated at all, the heating effect of solar 
rays would be increased in something like the proportion of 
six to one even without any glass. For if we suppose cubical 
particles, each containing a cubic centimetre of perfectly 
absorbing and conducting substance, to be maintained in the 
sun’s rays at an excess of 10° above an initial temperature of 
300° A., and then reduce the thickness of the normal absorbing 

* Almy, Ann. der Phys. [4] i. p. 508 (1900). r 
+ Communicated by the Author. 
t J. H. Poynting, “On Prof. Lowell’s Method for Evaluating the 

Surface Temperatures of the Planets,” Phil. Mag. [6] vol. xiv. p. 749, 
December 1907. 
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layer from 1 cm. to ,,g5 cm., the radiating surface being 
only one-third as much as before, we should have, if there 
were no loss of heat by convection, three times the thermal 
effect, giving an excess of 27°°5 by the fourth-power law. 
But if the thin strip were backed by nonconducting material, 
the radiating surface would be only one-sixth of that of the 
cube, while the thermal effect of the same solar radiation 
would be six times as great, and the excess would be 49° 4. 

Now, where a layer of conducting material of indefinite 
thickness is to be heated, a day is too short a time to reach 
thermal equilibrium; but for an infinitesimal layer a day is 
relatively an infinite time ; and since the glass of the green- 
house roof is supposed to let in rays which are transformed 
at the surface into others which cannot get out, or can get 
out only in small part, a fraction of the heat from inward 
radiation must be added to the heat of the infinitesimal layer 
at each radiant transfer from solid to glass and back, until 
the temperature of the superficial layer of the solid background 
is raised so high that it either begins to give out radiations 
which will penetrate glass, or until the glass emits an equal 
radiation. If the layer is really nonconducting, or what is 
the same thing thermally, if its thickness is infinitesimal and 
its radiation one-sided, or again, if the background conducts 
but has been exposed to insolation so long that the interior 
temperature gradient is zero at the surface, a second is long 
enough for the entire process; or if the glass transmits a 
little of the infra-red, and a single layer of glass is insufficient 
to give the maximum effect, additional ones will complete the 
realization of the maximum temperature in static equilibrium. 

Now, as we are not making a world, but only an ideal, or 
perhaps I should say a transcendental greenhouse, there is 
nothing to hinder us from piling story on story until we get a 
greenhouse, let us say, fifty stories high. At first each added 
story will capture a little extra heat, and this will also go on ac- 
cumulating until tlie absorption of the additional sheets of glass 
for the solar rays is greater than their power to obstruct the 
passage of radiation of long wave-length, and thus to increase 
the amount of heat trapped. By making our glass thin 
enough, however, we can entirely obviate this difficulty; for 
by making a greenhouse of one thousand stories, each covered 
with glass one one-thousandth as thick as that of the ordinary 
greenhouse, the absorption will be no greater, but the heat- 
trapping will increase up to a certain point in proportion to 
the number of chambers traversed. Such a structure will 
have a cumulative action resembling that of a bundle of im- 
perfectly reflecting mirrors, which, if numerous enough, 

« 
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reflect as well as a more perfect one. In the present case, 
the mirror must be supposed to have the peculiar quality of 
being transparent to the ingoing radiation, and a perfect 
reflector of the outgoing rays ; but with such a mirror, if it 
were possible to obtain. it, there would be no possibility of 
stopping the accumulation of heat short of a temperature at 
which penetrating rays of solar quality are emitted. 

With absorbent, instead of reflective layers, the tempe- 
rature can only increase until, in the steady state, the roof 
radiates out as much as the sun sends in. But since the roof 
then radiates greatly inward to the background, the latter is 
receiving the direct solar rays as before there was a roof, and 
also an equal amount of returned radiation. Hence the 
thermal effect is doubled. The maximum heat-trapping effect 
is reached when the inmost layer of the roof and the back- 
ground reach the same temperature, or-when equal amounts 
of ener gy are interchanged between these surfaces according 
to Prévost’s law of exchanges. The condition is represented 
in Poynting’s equation for “the ereenhouse effect, 

fy © $3 Q/te we 
oe Eee +(n—Dajn? ee op 

if t=1, a=0; 4,=—0, a,=—1, and »=2, when R/S=20 00a 
of course the maximum increment of thermal energy which 
it is possible to get by means of a greenhouse provided simply 
with an absorbent covering. The more perfect our heat- 
trapping device becomes, the nearer will be the approach to 
this ratio. If the number of chambers is not indefinitely 
great, n must be a little larger than 2, because each suc- 
cessive chamber in the outward direction is at a little lower 
temperature, and radiation outward, being towards a colder 
surface, exceeds radiation inwards. 

Having demonstrated the properties of our ideal glass 
house, I might leave the subject with the remark that at first 
blush neither it nor Professor Poynting’s greenhouse bears 
the remotest resemblance to our actual complex world. But 
if the temperature of an ideal planet all depends on hypo- 
theses, let us introduce into our discussion assumptions 
which make for warmth rather than cold ; because evidence 
drawn from astronomical observations indicates that there is 
abundant warmth at the surfaces of the more distant planets. 
I shall endeavour to show that the higher temperatures agree 
better with facts of observation and with theory. 

* ¢and a denote the transmission and absorption of solar rays (S), and 
t,, a, the same for ground radiation (R), while 1/n is the fraction of 
glass radiation sent downward. 
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If we look a little further into the matter, perhaps we shall 
find that my greenhouse raised to the thousandth power is 
not so much of a reductio ad absurdum as one might suppose ; 
for have we not increasing evidence that matter is really dis- 
continuous, or that it is a form consisting of innumerable 
chambers? Thermal energy is transferred from molecule to 
molecule in the interior of a body bya process which involves 
a time-factor and a discontinuous mechanism. Restore these 
by giving our background conductivity, and we have again 
the analogue of the thousand-story greenhouse in the capacity 
of matter for storing up heat, quite apart from the atmospheric 
effect. 

Short of a duplicate thermal effect, there is no reason why 
various mechanisms of this sort. may not go on increasing in 
temperature until the emission of short-waved ether vibrations 
which will penetrate the outermost layers of the protecting 
roof limits the further acquisition of stored-up energy—that 
is, there would be none so long as we retain the further 
property which Professor Poynting assumes, that the atmo- 
sphere has no convection. This, however, is too wide a 
departure from actuality to be permissible in considerations 
which are to have any bearing on natural phenomena on this 
earth. Hxperiment has given the following relative losses of 
temperature by radiation and by convection: For a small 
thermometer, heated to 15° C. in sunshine, about three-tenths 
of the heat is lost by convection ; but in a thin strip of 
blackened platinum similarly heated, the loss by convection 

‘is twice as great as that by radiation. Up to a temperature- 
excess of about 15° C., convective emission from a body of 
the size of a thermometer-bulb increases rapidly. After this, 
convection is more nearly a constant proportion of the total 
loss of heat. At high temperatures, radiation, which varies 
nearly according to the fourth power of the absolute tempe- 
rature in solids, is increasingly potent to diminish heat, while 
the air becomes viscous, and convection is impeded ; but for 
small differences of temperature at moderate temperatures, 
such as would exist in successive chambers of the multiple 
greenhouse, convection is of importance in assisting to limit 
the possible accumulation of heat. | 

I have tried the effect of successive enclosures of ordinary 
glass around a sun-thermometer, and find that there is very 
little heat gained after two or three layers have been added. 
But probably the progression would be more noticeable if 
glass of a very thin lamination could be procured. I have 
indeed used mica with some success. 

In an experiment where a black-bulb thermometer in air 

Phil. Mag. S. 6. Vol. 16. No. 93. Sept. 1908: 21 
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was exposed to the sun’s rays in an enclosure protected by 
three layers of thin glass, separated by air-spaces, I obtained 
a reading of 104° C., the shade temperature in the air being 
35° C. The altitude of the sun was 50°, and the solar radiation 
was 1°30 small calories per square centimetre per minute 
(obtained with a mercury pyrheliometer). The temperature 
of the superficial layer of the soil was not taken, but is usually 
about 10° higher than the air temperature for the given 
altitude of the sun. Admitting that a layer of soil about 
1 cm. deep was maintained at a temperature of 45° C. by 
the sun’s rays, the retention of heat was augmented by three 
layers of glass in the ratio 

arma Ye vy 
(53573 gaye 

This already approaches the theoretical duplicate ratio, and 
yet nothing has been allowed for heat-trapping by the atmo- 
sphere which, with a relative humidity of 42 per cent., must 
have been considerable. Hence the ground temperature was 
probably higher than 45° C. 

If we take the excess of surface soil-temperature over air- 
temperature twice as large, making the surface temperature 
35+20=55° C., the augmentation by the three layers of 
glass was : 

== 1°/ 44, 
‘ges 273! 
as 

Even this givesa smaller heat-retaining power to the atmo- 
sphere than it usually possesses ; but except on mountains 
the excess of surface temperature is seldom greater than 20° C. 
Be this as it may, the observation certainly shows that a solar 
radiation of 1°3 cal./cm.? min. is competent to produce a tem- 
perature above that of boiling water; andif the solar constant 
is as largeas 3°1 cal./cm.’ min., which I believe to be probable, 
the sun can give at the earth’s distance a temperature of ¥°, 
where 

x*: (1044+ 273)4=3°'1 : 13, 

or v= 468° A. 

Langley * obtained at his mountain camp on Mt. Whitney, 
in a double hot-box of his design, an excess of 9875 C. above 
shade temperature. No simultaneous actinometer readings 
were made; but by interpolation from those of other days 

* §. P. Langley, “ Researches on Solar Heat,” Professional Papers of 
the Signal Service, No. 15, Chap. 18, p. 166. 
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(Table 85, p. 98, loc. cit.), it may be inferred that the solar 
radiation at the same hour, 1» 40™ p.m., was usually about 
1°84 cal./em.? min. For comparison with my observation, 
I will suppose the shade temperature to have been the same 
as mine, giving a reduced hot-box temperature 

= 354985 +273 =406°5 A, 
whence 

= { 3 x (406°)! 463° A wT ieee 

These temperatures are also in approximate agreement 
with that which I have found for the moon at midday 
(454° A.)*. The moon, unlike the earth, has a sufficiently 
prolonged insolation to produce a steady state of temperature, 
and it has so little atmosphere that very little heat is conveyed 
to cold parts of the planet through convection currents. 

Sun temperatures at planetary surfaces are very greatly 
modified by atmospheric agencies. In nature the etfect of 
convection is very marked, for the atmosphere acquires its 
heat mainly by convection of hot air, as well as by evapo- 
ration of moisture from a heated surface, and by the distri- 
bution of these thermal increments by means of atmospheric 
circulation. 

Atmospheric heating by the absorption of radiation is. 
accomplished with especial efficacy in two layers—one high 
up, the other near the surface. The multiple greenhouse 
has therefore a further analogue ; for the incoming solar rays 
are most efficacious in warming the air in the upper layers of 
the atmosphere where these rays first meet the atmospheric 
moisture. A very considerable fraction of infra-red solar 
radiation is taken out by line and band absorption in the 
upper air. In passing through the first ten kilometres of air 
containing appreciable moisture, or what may be called the 
aqueous atmosphere, certain rays are struck out from the 
spectrum completely. These rays do not enter into our 
formula for atmospheric absorption. They have been lost 
completely and do not reach the earth’s surface. Conse- 
quently the readings of actinometers which take no account 
of these lost rays, even after correction for the apparent 
absorption of the atmosphere determined by high and low sun 
comparisons, give only the solar radiation, minus an unknown 
line and band absorption. The solar radiant energy kept back 

* F. W. Very, “The Probable Range of Temperature on the Moon,” 
Astrephysical Journ. vol. vii. p. 284, December 1898.. 
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by those atmospheric constituents which have the first oppor- 
tunity to exercise absorbent action, is used in increasing the 
temperature of the upper air, and is probably responsible for 
a large part of the excess of temperature above tliat which 
would be indicated by the adiabatic rate, which has been 
made known by the records of sounding balloons. The 
observations of Teisserenc de Bort, who was the first to 
confirm the existence of this hypothetical warm upper layer 
of air, have now been extended by the German sounding 
balloons to a height of 25 kilometres, to which height the 
aqueous atmosphere certainly sometimes ascends. Un- 
doubtedly the height of the aqueous atmosphere is a variable 
quantity, subject to wide fluctuations which are partly 
responsible for the variations of surface temperature. In 
summer time, the lower part of the aqueous atmosphere stores 
up a great amount of heat, giving hot waves when descending 
currents prevail during periods of high baromeier. In winter. 
on the contrary, the periods of high barometer may be attended 
by cold waves, because the heavily moisture-laden layer in 
immediate contact with the surface is swept away, and surface 
radiation escapes freely; but the cold would then be far more 
intense if it were not for the presence of the rarer layers of 
the aqueous atmosphere, which still remain as a warm layer 
at no great altitude, but are unable to affect surface tempe- 
ratures much by direct radiation, since the emission of 
radiation by a gas through a deep layer of its own substance 
is small on account of its great absorptive power for its own 
radiation. 

The second region of atmospheric heating by absorption of 
radiation is one near the surface where the infra-red radiations 
from either land or water are so thoroughly absorbed at certain 
waye-lengths that these cannot escape except by a slow process 
of absorption and reradiation many times repeated. In this 
respect also, the illustration of the multiple greenhouse is 
again valid, and surface temperatures would accumulate until 
they became unbearable, did not convection overturn the 
atmospheric heat-retaining structure. 

The retaining action of an atmosphere for surface heat 
cannot be represented by so simple a device as that of a thin 
sheet of perfectly conducting glass, having the same tempe- 
rature at its upper and lower surfaces. It seems to me that 
in part Professor Poynting’s argument is irrelevant as regards 
the problem of the surface temperature of a planet without 
the inclusion of further details. If Professor Poynting will 
turn his great mathematical ability to the consideration of 
some of the numerous alternative hypotheses, it seems pro- 
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bable that a much wider range of possibilities may appear. 
fiven if the complete differential equations cannot now be 
attempted, the problem can be taken up in sections, as he has 
done for a part of the process, investigating one influence 
after another separately, but of course recognizing that these 
will have mutual modifications which must be considered in 
the final summing up. 

Take, for example, the climatic influences involved in the 
evaporation and condensation of water. M. Liais many 
years ago estimated that this process has a very large part in 
determining terrestrial thermal conditions. [ will suppose, 
in illustration, that we seek the effect of this factor on the 
climate of Mars. Assuming that the barometric pressure is 
much smaller on Mars, a supposition for which there is good 
reason, evaporation of moisture at a given temperature will 
be more rapid, and condensation more difficult than here. 
Consequently, at that temperature, more moisture can exist 
in the atmosphere of Mars, diffusing to a great height, and 
still the relative humidity will remain low*. The smaller 
relative humidity diminishes the strength of the broad diffuse 
bands of aqueous absorption, but does not affect the line 
absorption. Since condensation of moisture is favoured by 
the presence of free ions to serve as nuclei of condensation, 
we should like to know something as to this condition on 
Mars. We do know that here, with abundance of moisture 
in the air, rain does not fall unless some widespread general 
condition of the atmosphere, which appears to be associated 
with its electrical state, is added to the other favouring 
factors. Telescopic observation of Mars shows a very con- 
siderable degree of persistence in the surface markings which 
indicates comparative absence of obscuring cloud, that is to say , 
there is less lability of rain, moisture remains long in the air, 
and the continuity of the protecting aqueous envelope is more 
complete. Though less heat is received, the final result, if 
more is stored, may be not very different in the two planets 
so far as this factor is concerned. 

Professor Lowell+ emphasizes the importance of albedo in 

* Since this was written, Mr. Slipher has obtained at the Flagstaft 
Observatory spectrograms of Mars showing intensification, not of the com- 
paratively feeble “rain band” near D which has been the subject of much 
contention in the past, but of the much more powerful water-vapour 
band “a” in the extreme red, I have had the privilege of examining 
the original photographs, and can testify to the certainty of the evidence 
they bring of the presence of water-vapour in the atmosphere of Mars. ~ 

J Percival Lowell, “Temperature of Mars,’ Proc. American Acad. 
Arts and Sciences, vol. xlii. p. 651, March 1907. 
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determining a planet’s temperature, and shows that a planet’s 
albedo is largely atmospheric. This being so, since about a 
third of the sun’s radiant energy resides in the visible 
spectrum where selective scattering is most effective, the 
earth, with its greater albedo, receives a smaller proportion 
of heat at its surface than Mars on this account. In the 
visible region of the spectrum, the radiant absorption by 
gases is small, and the blanketing action of the atmosphere 
nil, because there are no rays of this wave-length emitted by 
its heated surface; but the larger proportion of heat received 
from this part of the spectrum by the ground of Mars pro- 
duces, if the absorbent and conducting properties of the 
surface are the same, a relatively larger radiation of infra-red 
rays outward, which is at the same time proportionally better 
preserved. 

Land temperatures on this earth exceed those over water. 
Mars has the land climate. The heat-storing powers of the 
soil are also greater witha dry climate. Again, the conditions 
on Mars favour a greater thermal effect from the same amount 
of solar radiation. That the cumulative effect of so many 
factors acting in one direction can largely overpower a defi- 
ciency of that due to remoteness from the sun, is a conclusion 
which is at least permissible ; andif computations founded on 
reasonable assumptions lead to results which are in good 
agreement with the seasonal indications deduced from the 
fluctuations of a snow-cap whose existence is far more pro- 
bable than some of the hypotheses made in arguments against 
its possibility, it seems to me that the balance of the evidence 
inclines strongly towards Professor Lowell’s conclusions. 

In treating the subject of atmospheric selective depletion 
of radiation, a more accurate result might be obtained by 
treating the diffraction by air molecules, and the selective 
reflexion from dust separately; but without going into this 
refinement, an approximate knowledge of the reflective 
depletion of the solar rays falling on an air-covered planet 
can be reached if we admit that the transmission, so far as it 

depends on reflexion, varies as ¢®, where ¢, is the reflective 
transmission for rays at the zenith, and eis the air mass. 
The depletion will then be 1—¢®, and the total reflective 
depletion for the entire surface of the sunlit atmosphere is 

X(1—t&) x A cos &, 

where ¢ is the sun’s zenith distance. For ¢,=0°6, 

>(1—t£)A cos C=0°677, 
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which corresponds very nearly with the depletion for a solar 
altitude of 27°. 

Bearing in mind that the discussion at this point does not 
relate to the line and band absorption which follow different 
laws, the value of 1—¢,, or the atmospheric depletion by 
diffraction and selective or scattering reflexion, may be 
approximately as follows :— 

By taking the spectral energy-curves given in my reduction 
of the Mount Whitney observations *, and making a further 
reduction to sea-level, Professor Lowell obtains for the 
light reflected by the air from sea-level upwards, the 
fraction 0°74. In the reduction to sea-level, observations 
made at different places and times, and with different instru- 
ments, were used, which is objectionable, but unavoidable, 
It is also desirable to differentiate the depletion in the 
infra-red into several kinds. I do not know that 0°74 is too 
large for the air-reflexion of visible rays, but we shall be 
taking a lower limit if we make it 0°6. It cannot be as much 
for the air above clouds. As clouds hang at very different 
altitudes in the air,noexact statement can be made asto the light 
reflected by the air before the sun’s rays reach the cloud level. 
Let it be 0°3, and the reflexion from clouds 0°72, as has been 
given by observation. Then the light reflected froma cloud 
area of the earth’s surface will be 0:3 +(0°72 x 0:7) =0°804, 
giving the albedo of a half-clouded earth, $(0°6-+0°8) =0°7. 
Only a small amount of infra-red radiation is reflected by the 
air. Let us say 0°2 for clear air, and 0:1 for the air above 
clouds. But the clouds also do not reflect the infra-red rays 
as well as they do the visible rays ; for I have been able to 
determine the position of the sun bolometrically through 
clouds so thick as completely to hide itfrom the eye. Allowing 
that clouds may reflect the infra-red rays half as well as the 
luminous ones, infra-red reflexion from a cloudy area is 
0-1+(0°36 x 0°9)=0°424. One third of the rays being visible, 
the total reflexion over cloud is 

(0°33 x 0°804) + (0°67 x 0°424) =0°549. 

The reflexion by clear air is 

(0°33 x 0°6) + (0°67 x 0°2) =0°332 ; 

and the mean reflexion from a half-clouded earth for the 
entire spectrum is $(0°549 + 0°332) =0-44, giving t,=0°56. 

* U.S. Weather Bureau Publication No. 254, “The Solar Constant,” 
fig. 1, p. 21. 

+ Proc. American Academy of Arts and Sciences, vol. xlii. p, 656 
March 1907. 



472 Mr. F. W. Very on the Greenhouse 

Professor Poynting objects * to Lowell's value for the 
reflexion of light by the air as being too large. ‘‘ On another 
point,” he says, ‘‘ common observation appears, at any rate at 
first sight, to contradict Professor Lowell. He assumes that 
the loss in the visible spectrum radiation in its passage through 
the atmosphere is practically all due to reflexion, and he puts 
it down as about 0°7 of the whole in clear sky. If this were 
true the reflexion from the sky opposite to the sun would I 
think be vastly greater than itis. White cardboard reflects 
diffusely about 0°7 of sunlight. But when a piece of white 
cardboard is exposed normally to the sun’ s rays, it is several 
times brighter than the cloudless sky.” 

This is true if the white surface is compared with a deep- 
blue sky far away from the sun ; but itis not always true for 
the sky near the sun, and the upward reflexion towards the - 
sun is probably nearly proportional to the downward reflexion 
when the sky is only slightly hazy. I tried the following 
experiment ona day with hazy blue sky, whitish near the 
horizon:—The sun being at an altitude of 20° and shining on 
fresh snow, I measured with a wedge-photometer the visibility 
(a) of a wide area of bright background, and (b) that of a 
narrow dark bar projected on the same background, getting for 

icye@eur THE TOUN, .. ewe we ee (a) 15°5 mag. (6) 13:0, 

Sky at horizon, azimuth 45° fromsuu ., 12:0 115, 

SHO MSS NILG 15... 4. sayvereh bene 12:0 11°5. 

Taking the ratio of brightness corresponding to the differ- 
ence of magnitudes, the sky near the sun was four times as 
bright as the sky at the horizon; but the latter was as bright 
as the sunlit snow. I confess that I was surprised at the last 
equality, for the sunlit snow gave me the impression of 
greater brightness ; but this impression is nv doubt due to 
the absence of colour in the snow, while the blue tint of the 
sky gives onea conception that the sky-light is dimmer than 
it really is. The sky at the horizon was half a magnitude 
brighter, or 1°6 times as bright as the sky at an altitude of 
20° and azimuth 90° from the sun. 
A repetition of the experiment on another occasion gave 

me the foilowing results :—The sky was a pale blue with a 
few fracto-cumuli, but without appreciable cirrus-haze. The 
observations were made through a slit 3 cm. wide, viewed 
at a distance of 1 metre by means of the wedge-photometer. 
The point in the sky selected for measurement was distant 
from the sun about four diameters, or far enough away for 

* Phil. Mag. [6] vol. xiv. p. 750. 
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the brightness to be nearly uniform. Mean altitude of 
sun = 28°. 

Sky, 13:0 mag. | Snow 11-°7 mag. || Sky, 12°8 mag. | Snow 11°8 mag. 

13-4 | in 114 | 130 | in 116 
13-2 | Sun, 115 13-1 | Sun, 11-7 
13-0 | 113 | 13:1 i 118 
128 | 118 i fig! 13-0 L138 

Bee ee iso a 

Difference of magnitude, lst set, Sky=11'54 mag. 

9 9 2nd ” 7 +1-26 ” 

The mean difference is sky = +1°4 magnitude, or the sky 
had 3°63 times the brightness of sunlit snow. 

With a clear blue sky, I found for— 

Sun’s altitude=30°, snow 1°'6 times brightness of sky, 

9 > =e sky 1:35 49 a5 snow. 

It appears from these comparisons that the discrepancy 
between the brightness of the sky and of a white sun-illumined 
surface is not as great as one is apt to guess. 

If one stands with his back to the sun and compares the 
light reflected from the sky with that from a piece of white 
paper, the former comes principally from remote depths of 
air, and has suffered further depletion in returning thence 
to the eye. It is therefore not to be expected that the air 
should reflect as well as a piece of white paper held close to 
the eye. | 

It will no doubt be agreed that the depletion suffered by 
the sun’s rays in the middle of the visible spectrum is not 
due to telluric absorption-bands, but results solely from 
diffraction and scattering reflexion. I measured the light 
from the sun, when it was about to set, and compared its 
intensity in the green of the spectrum with that which the 
same region had when the sun was 30° high. The intensity 
of green light from the nearly setting sun was 0°0600065 
times that at the higher altitude. The relative air-masses 
were 2°0 and 24°4, that at the zenith being unity. The 
zenithal transmission corresponding to that for air-mass. 24:4 
was therefore 

1 

(0-000 0065) 24-20 = 0-587, 
and the transmission at a middle altitude of 30° was 
(0°587)?=0°345, or the depletion equal to 0°655, which must 
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be further increased in a summation for the entire exposed 
hemisphere, becoming 0°690. This value is too small, because 
the reflexion from dust is to a certain extent independent of 
the air mass; but it represents fairly well the reflective 
depletion for the entire spectrum. 

Although the above is only a single observation which 
would have to be repeated on many different occasions to 
give a thoroughly reliable result, it is at least something 
better thana guess. To this depletion must be added the band 
absorption which chiefly affects the infra-red spectrum, and 
may be taken for moderate altitudes above the horizon in 
temperate latitudes as 0°3 x 2/3=0°2, but which is probably 
twice as great for the entire earth with its moist tropics. 

The radiation received from a zenith sun is (A—B) xz?,, 
where A is the solar constant, and B is the band absorption. 
If A is 3 calories per square centimetre per minute, 

(A—B)t,=(3:0—0°6) x 0°56=1°34 cal., 
a quantity which is not often exceeded at sea-level. 

In regard to selective, reflective depletion of the solar rays, 
itis clear that radiation of every wave-length undergoes more 
or less superficial reflexion at the outside surface of suspended 
particles of dust, ice crystals, &e. This differs in no wise 
from the reflexion at the surface of a mirror, although if the 
particles be many-faceted, the rays will be reflected in many 
directions and may not be distinguishable from the diffuse 
reflexion from internal bubbles or other discontinuities in a 
transparent but turbid medium. This surface reflexion is a 
general one, or in the visible spectrum we should call ita 
colourless one. If the rays penetrate a little way into the sub- 
stance before being reflected, certain rays may be absorbed, 
giving selective reflexion, which in the visible spectrum we 
call coloured reflexion. Melloni coined a special word for the 
selection of invisible rays, labelling it ‘“ thermochrose,” but 
the distinction isnotneeded. Finally, molecules and particles 
whose dimensions are small relatively to the wave-length 
give selective diffraction which varies progressively with the 
wave-length. I have used the word depletion to cover losses 
by all of these processes without individual specification. Any 
part of the solar radiation which is reflected back into space 
can have no effect on planetary temperature. This precept is 
so obvious that it seems strange that it should be overlooked. 

In considering the effect on climate it is not so easy to 
decide how we ought to treat the band absorption. So far as 
absorption occurs in the upper air, it raises its temperature, 
and this the more on account of the low density of the air at 
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great altitudes. Any extra warmth in the higher layers of 
the atmosphere must have some effect in raising the tempe- 
rature of lower ones. Heat transferred from earth to air is 
partly lost as radiation from air and cloud before being 
returned to earth. Whether the loss is counterbalanced by 
heat from absorption of solar rays in the upper air brought 
down to earth in descending air-currents as an accession to 
the potential temperature which is represented by the work 
stored up in a previous expansion, it might be difficult to 
determine ; but quite a large part of the band absorption 
may be indirectly useful in enhancing surface temperatures. 
Professor Lowell cuts the Gordian knot by an ingenious 
method which dispenses with a knowledge of these data. 
Before passing to it, I wish to consider what Professor 
Poynting calls the “ greenhouse effect” in planetary tempe- 
ratures a little more in detail. 

In Poynting’s equation for the atmospheric greenhouse 
effect, 1/n is the fraction of the radiant energy absorbed by 
the air which is returned downwards. Of n Professor 
Poynting says: “I do not see how to estimate the distribution 
of the radiation from the air between the upward stream into 
space and the downward stream to the surface.” This being 
so, I propose to substitute values for the other factors which 
are less problematical and determine n. Following Lowell, 
Professor Poynting has assumed a,;=0°5, a=0°325, t,=0°5, 
t=0°42. From (1) we obtain 

es a,R+aS < See @ 

Let S=3 cal./em.? min.=2°1 x 10° ergs/sec., which distri- 
buted over the whole earth becomes one fourth of this, or 
5°25 x 10° ergs/sec. Taking the mean temperature of the 
whole earth as = 288° A., 

R=o6*=5°32 x 10-° x 288*=3°66 x 10° ergs/sec. 

Substituting these values in (2), n=2-43, that is, less 
than half of the atmospheric radiation comes downwards ; 
but the determination probably has little or no significance, 
because the storing effect of the atmosphere is not a purely 
radiant effect. In fact the radiation from the atmosphere 
to the earth is comparatively small, as I have shown in my 
“Atmospheric Radiation.” Although much of the energy 
of terrestrial radiation absorbed by the air comes back to the 
ground, it does so largely by modes other than radiant, such 
as the condensation of water-vapour into rain. The green- 

n= 
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house effect, using the term in a very wide sense, may still 
be attained, but by a very complicated process. 

If we apply Poynting’s equation in its strictly limited 
sense to my hot-box experiment, its use becomes legitimate. 
The following approximate values are close enough for 
illustration: Take t=0°8, a=0°2, 4;=0, a,=1, (0,/0)°=1°744. 
Substituting in the equation 

Scale al ) 
(0/0) bt O~Dagn. ii ee (3) 

n=1:944/0°944 = 2°06, 

which is in substantial agreement with Professor Poynting’s 
supposition that one half of the radiation of the glass goes 
downward, although, of course, my experiment does not 
quite fulfil his requirement of a greenhouse of indefinite 
extent. 

In the application of the formula of Arrhenius to the cloud- 
covered half of the earth’s surface, Poynting says that Lowell 
~* finds that this half only receives 0°2 of the radiation which 
the clear-sky half receives. The surface temperature under 
cloud should therefore be only J/0:2=0:67 of that under 
clear sky. If the latter is 300° A., the former is only about 
200° A. Common observation contradicts this flatly, for the 
difference is at most buta few degrees.” This only illustrates 
the inadequacy of a consideration of the problem from a 
purely radiant aspect. Suppose that the clouds are so dense 
that only one per cent. of solar radiation reaches the surface. 
Must we presume that the temperature will immediately fall 
to near the absolute zero? Not at all. The true surface 
temperature cannot be found unless the heat received be 
linked with the heat lost. This Jowell does, obtaining from 
his analysis of day and night temperatures on the earth a 
value of the relative emissivity of the earth, and finding that 
only about 16 per cent. of the heat received from the sun’s 
rays in the day-time is lost by radiation into space in the 
twenty-four hours. What becomes of the rest? Obviously 
if so much heat is retained, the earth must be getting hotter. 
The answer to the question is that the earth does get hotter in 
summer, but the extra heat is lost in winter ; and the entire 
process requires an estimate of the heat transferred from the 
summer to the winter hemisphere by the winds of the 
lobe. 
On p. 749 (loc. cit.) Professor Poynting says that Lowell 

‘ pays hardly any attention to the ‘ blanketing effect,’ or, as 
I prefer to call it, the ‘ greenhouse effect’ of the atmosphere.” 
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It is true that Professor Lowell does not consider the green- 
house effect analytically and obviously, but it is nevertheless 
implicitly contained in his deduction of the heat retained, 
obtained by the method of day and night averages. The 
method does not specify whether the heat is lost by radiation 
or by some more circuitous process; and thus it would not 
be precise to label the retaining power of the atmosphere a 
“< oreenhouse effect” without giving a somewhat wider inter- 
pretation to this name. If it be permitted to extend the 
meaning of the term to cover a variety of processes which 
lead to identical results, the deduction of the loss of surface 
heat by comparison of day and night temperatures is directly 
concerned with this wider “ greenhouse effect.” The methed 
employed by Professor Lowell is a good one, for it dispenses 
with a detailed knowledge which we may hope to possess 
eventually, but which, when found, cannot be incompatible 
with the conclusions deduced by the less circumstantial. 
method. Thus the objection which Professor Poynting makes 
to the method where he says that Lowell “neglects both 
the surface radiation reflected down again and the radia- 
tion downwards of the energy absorbed by the atmosphere,” 
seems to me to be, on the contrary, one of the strong points 
in its favour; because for its use it is not necessary that we 
should know these details. The transmission by cloud for 
solar and terrestrial radiation may not be the same ; but ifa 
complex of radiant and conyectional processes which cannot 
be represented by so simple a formula as that of Arrhenius, 
gives a virtual equality of depletions under cloudy or clear 
sky, which can be represented by the statement that, 
though less heat is received under cloud, less is also lost and 
in about the same proportion, the precise part assigned to 
each fraction of the process does not affect the argument. 

Reverting to my simile of the bundle of mirrors, trans- 
mitting some rays and perfectly reflecting others, may it not 
be possible to realize it? Itis known that there are some 
transparent substances, such as quartz, which have bands of 
metallic reflexion in the infra-red spectrum. If there were 
gases in which such bands were sufficiently numerous in the 
infra-red without too seriously encroaching upon the visible 
part of the spectrum, it would be possible to obtain almost any 
increment of temperature at the surface of a planet covered 
by such selectively reflecting gases. 

The major planets have atmospheres containing unknown 
and highly absorbent gases which produce bands in the visible 
spectrum, increasing in strength with the distances of the 
planets from the sun. These bands invade the red end of 
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the spectrum, but diminish in width and blackness towards 
the shorter waves, and die out near the middle of the visible 
spectrum. This suggests that there may be present in the 
atmospheres of these planets substances having very numerous 
and intense absorption bands in the infra-red ; and if these 
bands are so strong that they give metallic reflexion for 
surface radiation, even the small amount of energy in the 
solar radiation on Neptune can be so largely stored up that 
a high surface temperature is maintained by the accumulated 
heat. The great inclination of the axes of the two outer 
planets, whereby large parts of their surfaces remain for long 
years in a state of arctic night, may serve in this caseas a 
safety-valve by the .transferring of heat to cold regions by 
atmospheric circulation, thus preventing too great an accu- 
mulation in the sunward zones. I believe that this, though 
problematical, is a plausible explanation of the high tempe- 
ratures which exist on the major planets, as evidenced by the 
vigour of their atmospheric circulation, the formation of 
cloud-belts, &c., which has driven some astronomers to 
maintain that these planets are much younger than the earth, 
although there is no reason for such a supposition, and much 
weighty evidence to the contrary. 

If in equation (1), distinguishing between relative losses 
by reflexion and absorption, so that the completed equation 
(vide Poynting) is 

R= +7,R+(eS4+a,R), .. . 2) 

we put ¢=0°1, r=0°7, a=0°2, ay=0°01, 7, =0°99, t;=0, we 
find for n=2, 

R=40S. 

I will take for the maximum or steady temperature in 
sunshine at the earth’s distance a mean of my three values, 
1/3(468 + 463 +454) =462° A. Then, since the inverse square 
root of Neptune’s distance from the sun is 0°18, the sun 
temperature at Neptune is 462 x 0°:18=83° A.=@,, and 

Oy= V7 40 x (6,)' = 323° A.= +50°C.; 

that is, it is possible for Neptune to have a torrid climate 
from the solar rays alone without owing anything to its own 
internal heat, and this without requiring any exceptional 
action of its atmosphere on luminous rays, or such as would 
be noticed in telescopic examination. 

After what precedes, it will be seen that we cannot com- 
pare the heat-retaining powers of the two planets, unless we 
have reason to believe that the heat-retaining process is similar 
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in the two bodies considered. Thus we cannot compare the 
greenhouse effect for the earth and Neptune ; but Mars and 
the earth appear to resemble each other so nearly that 
Professor Lowell’s method for obtaining the surface tempe- 
rature of Mars is eppropriate. 

In this method as applied to the earth, it is assumed that 
clouds transmit 20 per cent. of terrestrial radiation from a 
surface at sea-level, and clear air 50 per cent., values which 
are close enough as approximations. The mean of these 
being 0°35, if y is the radiant energy received at the earth’s 
surface, and e the relative emission of radiation from that 
surface, the heat retained is equal to that radiated from the 
surface, or 

o6!=0(288)*=yA1—0°35e). .. . . « (4) 
Lowell introduces into this equation different values obtained 
by observation of the loss of temperature by nocturnal 
radiation with clear sky, and also under a cloudy sky; and 
thus obtains for e the value, e=0°4634, whence 

o(288)*=0°838 y. 

By the ratio of retained heat deduced from my hot-box 
experiment, when compared with a possible maximum re- 
tention of heat of 2 to 1, we get 

1-744/2'000=0°872. 

We may conclude that something like 85 per cent. of the 
heat received from the sun’s rays is retained at the earth’s 
surface through the greenhouse effect of the atmosphere. 

For the whole earth with its moist tropics, and including 
marginal zones where the solar rays pass through a great 
thickness of absorbent, the band absorption is probably 
about 0°4. If 0°7 of the solar radiations are reflected from 
the hemisphere exposed to the sun’s rays, and if of the 
(1—0:7) x (1—0°4)=0'18 received, 85 per cent. are retained, 
the temperatures involved become according to the fourth- 
power law 

o(288)*=0(8,)* x 0°18 x 0°85 

= a(0,)* x 0'153, 
whence 6,=460° A. 

In the last part of his paper, Professor Poynting makes 
“an attempt to represent the effect of day and night on 
the temperature of the earth”; but as he neglects the con- 
duction of the ground, and assumes that “the surface has 
reached an equilibrium between receipt and expenditure of 
radiation,’ a condition which is never attained on the earth, 
since also he considers that a large amount of radiation is 
absorbed by the air, ‘nearly 1 with the setting sun,” which 
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is not the case, and as he then introduces hypothetical values 
of n, the reciprocal of the fraction of air radiation radiated 
downwards, the attempt cannot be regarded as successful. 
The band absorption which alone communicates heat to the 
air directly, remains but a fraction of the total depletion even 
at sunset. I doubt if the band absorption ever exceeds 0°5. 

Since no reasonable modification of the constants will 
enable the simple formula for a glass greenhouse to fit the 
atmospheric conditions on our earth, the formula is in- 
applicable to problems of planetary temperature without 
extensive modifications, except perhaps in the conceivable 
case of a special reflective atmosphere. 

Westwood, Massachusetts, 
February 7, 1908. 

XLII. The Production of Small Variable Frequency Alternating 
Currents suitable for Telephonic and other Measurements. 
By B.S. ConEn *. 

[Plates X VI.—XIX. ] 

[NTRODUCTI ON.—The devices described in the latter 
part of this paper are the outcome of experiments carried 

out in the Investigation Branch of the Engineering Depart- 
ment of the National Telephone Company, in order to obtain 
suitable alternating currents both of simple and complex 
wave form to act as substitutes for the voice in telephonic 
measurements. Although primarily designed for this purpose, 
it is considered possible that the apparatus to be described is 
capable of more extended use. 

A short summary of the methods known to the author of 
obtaining small alternating currents of the kind suitable for 
telephonic measurements may prove of interest as an intro- 
duction. 

Statement of the problem.—The ordinary telephonic current 
is a few milliamperes at a potential of about 2 to 10 volts 
and is of complex wave form. The frequency of the funda- 
mental harmonic generally lies between 100 and 300 complete 
periods per second, 7. e. it varies from 100~ to 300~, ithe 
highest harmonic having a frequency of 4000~ to 5000~, 
although all harmonics above 1500~ are comparatively un- 
important. The average frequency of the whole wave is 
about 800~. From consideration of these data it follows that 
the ideal device for supplying such alternating current is 
one which will give currents of any frequency lying between 
100~ to 500~, singly or in combination. The output of this 

* Communicated by the Physical Society : read May 22, 1908. 
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apparatus should be about 1 watt, and it is necessary that it 
should be capable of working uniformly over a fairly con- 
siderable period of time. 

Simplicity and portability are also highly desirable. 
Alternators.—A sine wave alternator coupled to a motor, 

the combination being capable of running at a constant speed 
for a considerable period, is a very useful form of apparatus 
for investigations in connexion with telephony. A suitable 
machine is, however, difficult to obtain. 

The Western Electric Company build a machine with an 
. output of about 30 watts at frequencies varying from 800~ 

to 1800~, and the wave form is stated to resemble a sine 
curve closely at all loads. 

Messrs. Siemens and Halske also make a machine with an 
output of 3 or 4 watts at about the same frequencies. Both 
these machines are of the inductor type, the purity of the 
wave form being secured by the shape of the teeth and pole 
faces. 

Mr. Duddell’s work with high frequency alternators is 
well known. He has also made several medium frequency 
machines, one of which, with a wound rotor, gives an output 
of about 20 watts, but only runs up to about 500~. 

In the Investigation Department of the National Telephone 
Company we have built a small alternator of the inductor 
type on the lines of the Siemens machine. This is illus- 
trated in Pl. XVI. fig. 1. 

With a 30 volt battery connected to the field windings, the 
output is only about*3 watt, but the wave form is fairly good, 
i. €. it approximates to a sine wave. By decreasing the air 
gap, the output can be considerably increased at the expense 
of the purity of the wave form. 

With the best air gap (about ‘015 mm.) the P.D., which 
is independent of the frequency, is 10°5 volts. 

Vig. 2 (Pl. XVI.) shows the wave form of this machine 
when the frequency is 800~. Measurements of the capacity 
of small mica condensers made with the current from this alter- 
nator on the assumption that it isa pure sine wave, are accurate 
to within about 3 per cent., and this forms a very good test. 
For more accurate measurements this machine has been 

used with a wave filter, consisting of series inductances of low 
effective resistance and parallel capacities, similar to that 
described by G. A. Campbell (Phil. Mag. March 1903). The 
wave form when at a frequency of 800~ this filter is used is 
shown in fig. 3 (Pl. XVI). 
Humming Telephone.—The interaction between a receiver 

and a transmitter setting up an alternating current whose 
Phil. Mag. 8. 6. Vol. 16. No. 93. Sept. 1908. 2K 
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frequency depends on the free period of the apparatus 
can be utilized. The method, however, is untrustworthy, 
and the output small. 

The wave form is also far from sinusoidal, as might be 
expected when it is considered that it is influenced by the 
action of the polarized electromagnet in the receiver. Vig. 4 
(Pl. XVI.) shows the wave form using the local battery type of 
telephone instrument. 

Mr. A. Campbell’s modification of the humming telephone 
consists of a steel bar with a free period of the frequency 
desired, and this is set in motion by a polarized electro- 
magnet, which has attached to it a light microphone, which 
maintains the interaction and supplies current to the external 
circuit through a transformer. This apparatus is more reliable 
than the humming telephone. The output, however, is limited 
by the transmitter, and the wave form is similar to that 
of the ordinary humming telephone *. 

Organ Pipes etc—Organ pipes, other wind instruments, 
and tuning forks sounding in transmitters, were experimented 
on for a short time, and might under certain conditions give 
satisfactory results. It is difficult to avoid trouble, however, 
with all such arrangements, owing to irregularities intro- 
duced by the transmitters and to their limited output. 

Vibrating Wire Interrupters—The vibrating wire inter- 
rupter described by Wien, Orlich, Campbell, and others, 
has when suitably modified given very satisfactory results, 
and I propose to describe a special form of this apparatus 7. 
It has been found very difficult to construct a vibrating wire 
which will run reliably at a frequency much above 300~, 
and I have been unable to find references to wires which 
could be maintained in vibration at a frequency higher than 
500~. The output is also very limited, and the frequency 
ditficult to determine and vary. 

In order to overcome these drawbacks the instrument illus- 
trated in fig. 5(Pl. XVII.) has been designed. The upper figure 
shows details of the mercury cups and electromagnet, and the 
lower figure gives a general view of the whole instrument. 
The wire is steel, 1:06 mm. in diameter, and supports a soft 
iron armature which is maintained in vibration by an electro- 

* For further particulars of these devices see Note by R. Appleyard, 
Elect. Rev. pp. 57 & 656, vol. xxvi. 1890; Paper on Humming Tele- 
phones, F. Gill, Journal I. E. E. vol. xxxi. 1901; A. Campbell, Proc. 
Royal Soe. -p. 208, June 12th, 1906; J. E. Taylor, Journal I. E. E. 
p-. 896, vol. xxxi. 1901; F. Dolezalek, Zeitschrift fiir Instrumenten- 
kunde, p. 240, Aug. 1903. 

+ (1) Max Wien, Wied. Ann. xhi. p. 593 (1891). 
do. do. xliv. p. 681 & p. 689 (1891). 

(2) Orlich, Electrotechn. Zeitsch. vol. xxvi. (1908). 



Variable Frequency Alternating Currents. 483 

magnet with a laminated core of stalloy, which is an alloy of 
iron much used in electrical work, a mercury cup and a 
platinum wire contact. The wire is provided with a tension 
adjuster, and will run steadily at frequencies varying from 
100~ to 250~ 

The frequency of the alternating output is quite inde- 
pendent of the wire frequency, and is obtained by means of a 
separate circuit, mercury cup, and contact. The mercury 
cups are made from glass tube 4 mm. in internal diameter, 
and these are enclosed in brass tubes to which the mercury 
is connected by means of a platinum wire fused into the glass. 

The cups thus made slip into brass adjustable carriers from 
which they can readily be removed for cleaning purposes, 
and the carriers admit of a fine vertical adjustment. 

Hixperiments have been made with cups of varying 
diameter. Those with the smallest diameters gave the best 
results. 

It would appear that the mercury in the small cups 
remains much steadier under the action of the vibrating 
contact than in those of larger diameter, owing possibly to 
the greater surface-tension effect. 

Single Action Cirewit.—Several forms of oscillating circuit 
have been used of which the two principal ones may be 
described as “single action” and “ double action ” 
respectively. 

Fig. 6.—Single Action Circuit. 

eS 

| 
In 

Fig. 6 shows the single action circuit and also the wire 
driving circuit. The latter requires no explanation. The 
former consists of a platinum contact and mercury cup which 

2K 2 
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in the make contact position connects a battery to a capacity 
in parallel with an inductance and transformer primary. 

On the break between the cup and contact an oscillation 
occurs in the circuit. 
By this method a series of damped trains of oscillations of 

any frequency can be produced, the trains following each 
other with the frequency of the wire vibrations. 

: vera : 2 gy th 
Theory of ment ht eg will we ues Sk 

their frequency being given by 52) Ti aes With the 

values of L, K and R used, the last term can be neglected and 
1 il 

formula becomes on LK: 

The total output in watts, excluding all losses, will be the 
energy stored, divided by the interval of time between each 
succeeding train of waves. 

The equation to the line joining the peaks of the damped 
aR 

waves is Y=e 7", so that for small damping L must be 
large and R small, which also gives the maximum output. 

In one of the circuits used the inductance is ‘037 henry, 
and its effective resistance which is practically invariable 
over the range of frequency used is 10 ohms. (These figures 
include the resistance and inductance of the primary of 
transformer.) 

Vig. 7 (Pl. XVII.) showsan oscillogram of damped wave 
trains produced in the manner just described. 

The three frequencies are 490~, 959~, and 2880~ pro- 
duced by using the three capacities, 2°88 mfd, -8 mfd, and 
‘1 mfd respectively. 

The frequency of the vibrating wire was 90~ in all three 
cases. It will be observed that only part of a complete train 
is utilized in the lower frequency waves. 

Problem of Output.—The transformer used in this circuit 
isa small one of the telephone type, with a few turns and a 
somewhat loose coupling. By reason of this, variations in 
the frequency and damping of the output caused by variations 
of the load on the secondary affecting the effective self- 
induction of the oscillating circuit are rendered small, but at 
the same time the output is reduced. 

Tn cases where the load is constant it is possible to use a 
more efficient transformer and so obtain a considerable increase 
in the output. 

It is worthy of mention that in the apparatus as constructed, 
the chief storage of energy occurs in the coil and not in the 
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condenser. ‘The single action circuit has proved of value 
for telephonic purposes. 

Double Action Cirewit.—The double action circuit previously 
referred to is illustrated in fig. 8. 

This circuit, unlike the single action one, gives a pronounced 
oscillation on the make contact, as well as on the break. 

On referring back to fig. 6 it will be seen that no oscil- 
lation can occur on the make contact as the battery short- 
circuits the oscillating circuit during that period. 
By introducing resistance into the battery circuit, however, 

an oscillation on the make contact can be obtained in addition 
to the break oscillation. This oscillation is of the frequency 
of the main oscillating circuit. 

Fig. 8.—Double Action Circuit. 

) () 

~ 4, 

. 
Although the results might have been predicted theoreti- 

cally, the following series of oscillograms (Pl. XVIII. fig. 9) 
are inserted as they show in a rather interesting manner 
the effect of insertion of resistance. 

This series shows the variations obtained in the make 
contact oscillations in a circuit as shown in fig. 6, when the 
resistance in series with the battery (which is of ‘negligible 
internal resistance) is varied from 4000 to 0 ohms. 

The make oscillation is most evident when the resistance is 
reduced to 1000 ohms. 



A86 Mr. B. 8. Cohen on Production of Small 

At 300 ohms the oscillation begins to appear during the 
current rise on the make contact, whilst at 100 ohms the 
oscillation is entirely confined to the rise during the make 
contact. 

The resistance is still large enough to cause the current to 
rise very quickly to its maximum value, thus giving a nearly 
square shouldered wave. 

As the resistance is still further reduced the current takes 
longer to rise to its maximum value and at the same time 
the oscillation is reduced, until ultimately at 0 ohms the 
familiar current rise curve with no superimposed oscillation 
is produced. 

In the double action circuit as illustrated (fig. 8) a 
capacity shunted by an inductance is introduced in place of 
the simple resistance. This somewhat modifies the action 
of the circuit. If the inductance Ly is inserted as shown in 
the figure and the capacity K, omitted, the effect is to give 
an oscillation on the make contact, the frequency of which 
is determined by the combined inductance of L, and L, and 
the capacity K,. When the capacity K, is added a similar 
effect is produced. The resulting make frequency being 
due to the combined effect of both inductances and capacities. 
The break oscillation will be that due to L, and K, only. 

Fig. 10 (Pl. XVIII.) shows two waves produced by this 
circuit. The following small table gives the necessary data:— 

Values of Frequency of oscillation : 
Wave. | 

| L, henrys. | Ly henrys.| Ki mfds. | Ke mfds. | make contact.| break contact. 

Ree De tony, ‘037 1:67 ‘167 1020~ T15~ 

Be yankee | *037 ‘037 167 1°67 1020~ 2160~ 

Double Action Circuit with two Transformers.—By inserting 
a second transformer in circuit as shown in ‘fig. 11, two 
separate and distinct oscillations can be obtained. If the 
circuits are similar two separate waves will be produced the 
shape of which will be exactly similar. 
By joining up the two secondaries so that these two waves 

either assist or oppose each other, some interesting results 
are obtained. 

Fig. 12 (Pl. XVIII.) shows two 900~ break oscillations 
assisting one another. The make oscillations oppose each other 
and are therefore wiped out, the result being to give a wave 
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exactly similar to that obtained with the single action circuit, 
but with about double the amplitude. 
When the secondaries are joined up so that the break 

oscillations oppose each other, whilst the make oscillations 

Fig. i1.— Double Action Circuit with Two Transformers. 

assist, the result, if these oscillations are equal in frequency 
but unequal in amplitude, is to give a continuous and more 
or less uniform wave. 

The first wave in fig. 13 (Pl. XVIII.) shows the effect of 
opposing two 850~ oscillations, and the second the effect with 
two 490~ oscillations. The continuous waves resulting are 
850~ and 490~ respectively. 

The regularity of the continuous wave can be best modified 
by slightly varying one of the inductances, which have air 
cores by inserting in the cores one or two strands of fine iron 
wire. 

It is obvious since the output depends on the difference 
between the two circuits that it will not be large. To in- 
crease the output, different inductances for each of the two 
circuits can be used, and the capacities adjusted so as to get 
the same frequency in each circuit. 

It is of course impossible to obtain a pure sine wave by 
this method, and the extent of the impurity has not yet 
been examined analytically. Some tests have, however, been 
made by using these waves for measurement purposes. These 
are given further on. 
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At 300 ohms the oscillation begins to appear during the 
current rise on the make contact, whilst at 100 ohms the 
oscillation is entirely confined to the rise during the make 
contact. 

The resistance is still large enough to cause the current to 
rise very quickly to its maximum value, thus giving a nearly 
square shouldered wave. 

As the resistance is still further reduced the current takes 
longer to rise to its maximum value and at the same time 
the oscillation is reduced, until ultimately at 0 ohms the 
familiar current rise curve with no superimposed oscillation 
is produced. 

In the double action circuit as illustrated (fig. 8) a 
capacity shunted by an inductance is introduced in place of 
the simple resistance. This somewhat modifies the action 
of the circuit. If the inductance L, is inserted as shown in 
the figure and the capacity K, omitted, the effect is to give 
an oscillation on the make contact, the frequency of which 
is determined by the combined inductance of Ly, and L, and 
the capacity K,. When the capacity K, is added a similar 
effect is produced. The resulting make frequency being 
due to the combined effect of both inductances and capacities. 
The break oscillation will be that due to L, and K, only. 

Fig. 10 (Pl. XVIII.) shows two waves produced by this 
circuit. The following small table gives the necessary data:— 

Values of Frequency of oscillation : 
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| L, henrys. | L: henrys. | K,; mfds. | Ke mfds. | make contact.| break contact. 

a uae x ek ‘037 1:67 ‘167 1020~ 715~ 

oN. | 037 ‘037 ‘167 1:67 1020~ 2160~ 

Double Action Circuit with two Transformers.—By inserting 
a second transformer in circuit as shown in ‘fig. 11, two 
separate and distinct oscillations can be obtained. If the 
circuits are similar two separate waves will be produced the 
shape of which will be exactly similar. 
By joining up the two secondaries so that these two waves 

either assist or oppose each other, some interesting results 
are obtained. 

Vig. 12 (Pl. XVIII.) shows two 900~ break oscillations 
assisting one another. The make oscillations oppose each other 
and are therefore wiped out, the result being to give a wave 
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exactly similar to that obtained with the single action circuit, 
but with about double the amplitude. 
When the secondaries are jommed up so that the break 

oscillations oppose each other, whilst the make oscillations 

Fig. i1.— Double Action Circuit with Two Transformers. 

assist, the result, if these oscillations are equal in frequency 
but unequal in amplitude, is to give a continuous and more 
or less uniform wave. 

The first wave in fig. 13 (Pl. XVIII.) shows the effect of 
opposing two 850~ oscillations, and the second the effect with 
two 490~ oscillations. The continuous waves resulting are 
850~ and 490~ respectively. 

The regularity of the continuous wave can be best modified 
by slightly varying one of the inductances, which have air 
cores by inserting in the cores one or two strands of fine iron 
wire. 

It is obvious since the output depends on the difference 
between the two circuits that it will not be large. To in- 
crease the output, different inductances for each of the two 
circuits can be used, and the capacities adjusted so as to get 
the same frequency in each circuit. 

It is of course impossible to obtain a pure sine wave by 
this method, and the extent of the impurity has not yet 
been examined analytically. Some tests have, however, been 
made by using these waves for measurement purposes. These 
ave given further on. 
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the point just makes contact on the mercury surface, a spark is 
observed. 

If then the distance between the mercury and the contact 
is slowly decreased, a series of sparkless points will be reached 
which are very sharply defined, as when such a point is 
reached, a variation either way of about ‘07 mm. gives the 
sparking condition again. 

The writer has not so far made any investigation into the 
reason for this action. 

lt is, however, most probable that this action is partly 
mechanical as at the sparkless points the vibrating surface 
of the mercury seems to be set in a rigid condition. 

Use of continuous Waves for Absolute Measurements.—The 
wave forms illustrated in fig. 13 (Pl. XVIII.), fig. 16 
(Pl. XIX.), and fig. 18 (Pl. XVI.) might conceivably be 
accurate enough for use when making absolute, as opposed to 
merely comparative, measurements. 

The following table gives some results arrived at by 
measuring the current and p.d. with standard condensers 
subjected to these waves. 

Standard Wave form used. Frequency. Capacity girioni 

tested. ‘ 

oe ; ; 1442 167 —18 
Wave similar to that illustrated 

-n fic. 13 854 33 —1'7 
BIC Bier ed ated sieeoisws seca ssa 593 40 er, 

Wave similar to that illustrated / 833 167 ay 

iN eae LOM erode shee.’ | 1442 “167 44-9 

Wave similar to that illustrated | 833 33 +2°4 

Tpit Sh) age ee Oe | 833 "167 +18 
1440 167 + 9 

These results were determined by inserting a non-inductive 
resistance of known value in series with the condenser, taking 
the potential-difference across both by means of a sensitive 
electrostatic voltmeter, and then calculating the capacity by the 
formula A .101°/pV, where A and V are the effective values 
of the charging current and potential-difference respectively. 
This is very satisfactory as very little time was spent in 
adjusting the waves. 

So far as these tests goit would appear that the amount of 
the departure from the sine shape in these continuous waves 
is comparatively inconsiderable. 
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Telephonic Measurements.—The special form of vibrating 
wire described was primarily designed for telephonic measure- 
ments ; and although the tests carried out in this direction 
are far too extensive to describe in any detail in this paper, 
a brief outline may perhaps be given. 

Telephonic measurements are now mainly carried out by 
expressing the attenuation of speech-waves in any line circuit 
or apparatus in terms of the attenuation over a given length 
of a certain type of cable line settled on as a standard. 

It has been found that the words representing the numbers 
1, 2, 3, 4, 5, embody all the frequencies of telephonic im- 
portance, and these numbers are invariably used for testing 
purposes. 

Inspection of the oscillograms of these five words as spoken 
by a number of persons shows that they may be approximately 
represented by fig. 19 (Pl. XVI.), which is given by the 
equation 

y='29 sin pt +°32 sin 2 pt +°39 sin 3 pt +°55 sin 4 pt 

pi0b ain a pee G5 sit (6 pt—3)—1:06 sin 
7 pt —"56 sin 8 pt—*39 sin 9 pt—*32 sin 10 pt 

—"29 sin Il pf, 

where p=27 x 145. 

The general resemblance of this wave to some of those 
produced artificially, see figs. 7 and 12, is obvious on 
inspection. 7 

It has been found that by replacing the human voice and 
transmitter by the vibrating wire producing these waves, 
and by using the correct frequencies, similar results to those 
produced by the voice can be obtained. | 

Having obtained a satisfactory substitute for the human 
voice, it is next necessary to replace the ear and receiver by 
some measuring instrument. 

Simple measurements of the comparative current attenua- 
tion over the standard line and the line or apparatus under 
test do not give accurate results, and it was suggested by my 
assistant Mr. A.J. Aldridge, to whom I take this opportunity 
for expressing my indebtedness for considerable help given 
in carrying out the investigations embodied in this paper, 
that direct measurements of the comparative volumes of 
sound issuing from the telephone receiver could be made by 
allowing the receiver to sound into a transmitter connected 
up in the usual manner to a battery and induction-coil, and 
to measure the current in the secondary of the induction- 
coil. 
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This method has been found to solve most of the difficulties, 
and with the vibrating wire at the sending end of the line 
and at the other end of the line a receiver sounding into a 
transmitter, the latter being connected to a barretter used as 
an alternating current milliammeter, it has been found possible 
to carry out comparative telephonic measurements with greater 
accuracy than with the voice and ear, owing to the elimination 
of the personal equation and the greater sensibility to volume 
variation of the apparatus used. 

This method can be used for such diversified tests as 
comparison of loaded with unloaded lines, comparison of 
standard and non-standard apparatus, such as receivers, 
transmitters, induction-coils. 

Conclusion.—Apart from telephonic measurements, the 
modified vibrating-wire interrupter may possibly have a 
field for both comparative and absolute electrical measure- 
ments, and especially for use with the vibration galvanometer. 
The ease with which the frequency can be varied together 
with the steadiness of the resulting wave and the simplicity 
of the apparatus are certainly great recommendations. The 
author must express his indebtedness to the National Tele- 
phone Co. for the facilities afforded to him, to Dr. A. Russell 
tor great help in the revision of this paper, to Mr. A. Campbell 
for references to humming and vibrating wires, and a tribute 
must also be paid to the oscillograph which has been of such 
great assistance in these investigations. 

XLII. Notices respecting New Books. 

The Collected Mathematical Papers of J. J. Sylvester. Volume II. 
(1854-1873). Cambridge: At the University Press. 1908. 

Oeuvres de Charles Hermite. Tome Il. (1858-1872). Paris: 
Gauthier-Villars. 1908. 
T is fitting that these important continuations of the collected 

papers of two great contemporaries should be noticed together. 
To a large extent they worked along the same lines of analysis ; and 
in the papers of each there are frequent references to the re- 
searches and results of the other. It is needless to point out 
in these days the great influence exercised on mathematical 
development by both Sylvester and Hermite. The former was 
characterized by an extraordinary exuberance of mathematical 
imagination. Who but a Sylvester, for example, could have dis- 
covered in the arduous course of discussing the equation of the 
fifth degree, that Music might be “ described as the Mathematic 
of sense, Mathematic as Music of the reason—the soul of each the 
same!” Of the 110 papers which fill the English mathematician’s 
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volume, many are mere notes; of the many others which are sub- 
stantial additions to knowledge special mention might be made of 
two. The one is the “ Trilogy” on the real and imaginary roots 
of algebraic equations (Phil. Trans. 1864), including proofs of 
Newton’s rule. The other is the interesting extension of Poinsot’s 
representation of the rotation of a solid body, a paper which con- 
tains some very elegant geometrical reasoning. 

The most outstanding papers in the French volume are the great 
memoir on the equation of the fifth degree, which was published 
at intervals in the Comptes Rendus during 1865 and 1866, and the 
essay or so-called Note on the Theory of Elliptic Functions, which 
originally formed part of the 6th edition of Lacroix’s ‘ Differential 
and Integral Calculus’ (1862). This second volume is adorned 
with a fine and evidently characteristic portrait of Hermite at the 
age of fifty. For their continued labours in editing the writings of 
Sylvester and Hermite, the respective editors, H. F. Baker and 
Emile Picard, deserve the thanks of the whole mathematical world. 

An Elementary Treatise on Theoretical Mechanics. By J. H. JEANS, 
F.R.S. Boston: Ginn & Co. 1907. 

Tuts isa thoroughly sane book on Dynamics, just such in fact as 
we should look for at the hands of Professor Jeans. The opening 
chapters deal in a clear Newtonian manner with the simple prin- 
ciples at the foundation of the science, and up to the middle of 
Chapter IV. no serious demand is made on the mathematical 
powers of the student. In this chapter, which treats of the 
statics of particles, the equilibrium of the flexible string or chain 
is discussed. This early introduction of the belaying-pin and the 
catenary has much to commend it :—e. g., they give easily realizable 
problems for the first use of the calculus. The next two chapters 
deal with the statics of rigid bodies and centres of gravity; and 
then in Chapter VII. we have a clear discussion of the principle of 
Work, including virtual work, conservation of energy, and the 
conditions for stable and unstable equilibrium. ‘The treatment is 
admirable. The illustrations are well chosen and sufficient for 
the purpose ; and there is no unnecessary wielding of the mathe- 
matical weapon. The simpler problems of motion under constant 
forces and of motion of systems of particles having been disposed 
of, the remaining chapters are characterized by a distinctly more 
advanced mode of treatment. Towards the end of the book the 
student is not spared, and rhany a reader who has, so to speak, 
cycled steadily up the incline to Chapter X. will begin to feel a 
steepening gradient as he essays the last two stages. Indeed it is 
not a mere question of a steeper ascent, it is ascent into a 
wholly different atmosphere. The symmetrical spinning top is 
a hard enough nut to crack for a student to whom most of the 
book is new; but the generalized methods of Lagrange and 
Hamilton are a much more severe test of the mathematical 
capacity of the reader. Weare at one with Professor Jeans in 
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his reasons for introducing this sketch of the higher dynamics. It 
will appeal strongly to the few students who have the requisite 
ability ; and for those who have not a more detailed discussion 
would be equally useless. Ina book in most respects so admirable, 
why does the author persist in using the misleading phrase 
‘‘ coefficient of elasticity’?? Thomson and Tait’s “ coefficient of 
restitution ” is much to be preferred, and moreover falls into line 
with Professor Jeans’s own appropriate phrase ‘impulse of resti- 
tution.” The whole section headed “ Elasticity” ought indeed to 
be revised, especially in those parts in which the word elasticity 
itself appears. Hach chapter ends with a number of problems 
which have the merit of being essentially practical. 

XLIV. Proceedings of Learned Societies. 

GEOLOGICAL SOCIETY. 

(Continued from p. 200. ] 

March 18th, 1908.—Prof. W. J. Sollas, Sc.D., LL.D., F.R.S., 
President, in the Chair. 

y } ‘HE following communications were read :— 

1. ‘ The Carboniferous Rocks at Loughshinny (County Dublin), 
with an Account of the Faunal Succession and Correlation.’ By 
Charles Alfred Matley, D.Sc., F.G.S., and Arthur Vaughan, B.A., 
D.Sc., F.G.S. 

After an introduction recalling the succession at Rush, already 
described by the authors, a detailed account is furnished of the 
various sections in the Loughshinny area. About 1100 feet of 
Carboniferous rocks are exposed. They consist mainly of limestone, 
but also include a thick mass of conglomerate and many intercalated 
beds of shale and chert. The rocks have been much folded, and to 
some extent faulted. The lowest rocks belong to some part of the 
Dibunophyllum-Zone, the higher range through Cyathaxonia-Beds 
into Posidonomya-Limestones and shales of Pendleside age. The 
Lane Conglomerate may be on or near the horizon of the Rush 
Conglomerate. Local decalcification has caused the more or less 
complete disappearance of some of the Cyathaxonia- and Posidonomya- 
Limestones. The following table (p. 495) gives the position and 
correlation of various members of the sequence. 

The region was close to an old shore-line of the Carboniferous- 
Limestone Sea, the actual position of which appears to have been 
almost parallel to, and a short distance seaward of, the present coast- 
line between Rush and Skerries. 

The paper closes with faunal lists from the various subdivisions 
and exposures, and an account of the faunal succession and corre- 
lation, both by the second author, 
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Stratigraphical Zones. grey: | Paleontoiogical Zones. ee eto | 

Loughshinny Black 110 Upper Posidonomya- | Not represented. 
Shales. Zone. (P,) 

Posidonomya-Limestone| 260 | Lower Posidonomya- Do. 
Group. by Zone... CP.) 

Cyathaxonia-Beds (base| 200 Cyathaxonia-subzone |Cyathaxonia-Beds 
not seen). (locally divisible of Bathing-Place 

into 1) 36 & Giants Hill. 
D 3a 

but overlapping). 
(Gap) (Gap) 

Dibunophyllum - Lime- | 100 |Upper Dibunophyllwm-| Curkeen - Hill 
stone. Zone. (D,) Limestone. 

(Gap) (Gap) 
Holmpatrick Limestone. 180 |) ?Carlyan Lime- 

| B stone. — 
Lane Conglomerate. 200 a ceawlaber ? Rush Conglom- 

ha Slee erate-Group. 
Lane Limestones. COM 4) ? Rush Slates 

(top part only). | 

2. ‘A Note on the Petrology and Physiography of Western 
Liberia (West Coast of Africa).’ By John Parkinson, M.A., F.G.8. 

The country is low-lying, with a gradual rise northward from shore- 
level, and rivers mature in character with alluvial flats raised above 
flood-level. Where the River Tuma falls into the River St. Paul 
the remnant of a hanging valley can be seen. Flat-topped ridges 
and isolated hills trending parallel to the foliation of the gneiss 
are characteristic of the country around Sanoyei and Boporo. 
There is a striking absence of late deposits of old gravels and 
sands. 

In the southern part of the district there are indications of a 
series of garnetiferous gneisses, tremolite-schists, kyanite-schists 
or gneisses, garnet-graphite-gneisses, etc., associated with others of 
granitic type, the latter being apparently free from microcline and 
containing a pleochroic pyroxene. ‘These rocks are replaced in the 
north by biotite-gneisses and hornblende-schists, which have an 
approximate and singularly constant east-and-west (magnetic) strike 
in their foliation. Mlicrocline is common. These old crystalline 
rocks are cut by an extensive series of basalts and ophitic dolerites, 
resembling so closely the post-Cretaceous dykes of Southern Nigeria, 
that it is difficult to avoid the conclusion that they are of the same 
age. 
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April 15th.—Dr. J. J. Harris Teall, M.A., F.R.S., 
Vice-President, in the Chair. 

The following communications were read :— 

1. ‘ The Geological Structure of the St. David’s Area (Pembroke- 
shire).’ By J. Frederick N. Green, B.A., F.G.S. 

With a view to the elycidation of controverted points in the 
geology of the St. David’s area, the author has mapped the district 
in considerable detail on the 6-inch scale. The Cambrian rocks, 
the succession of which is well known, were first traced and were 
found to be greatly faulted. The faults have been followed into 
the underlying volcanic tuffs (Pebidian), and the succession within 
the intervening blocks of country determined and pieced together. 
In this way the Pebidian has been subdivided into fourteen 
horizons, with a total visible thickness of over 3000 feet. The 
tuffs are described in some detail, and the subdivisions classified 
into four series—the lower two of which are composed chiefly of 
trachytic pebbles in a chloritic matrix, and are usually separated by 
a peculiar schistose quartz-felspar-porphyry sill. The third series 
is composed of fragments of rhyolite and hialleflinta in a silicified 
matrix, and the topmost now principally consists of highly- 
sheared schistose beds. ‘The volcanic fragments throughout the 
Pebidian are rolled, and have often undergone changes before deposi- 
tion; thus the tuffs appear to be mainly, if not wholly, detrital. 

By the aid of this succession, an unconformity between the 
Pebidian and the Cambrian is demonstrated, the position of the 
basal Cambrian conglomerate on the volcanic series varying by 
at least 1000 feet. The red coloration of the beds immediately 
underlying the conglomerate is due to staining. 

The schistose sill has been traced into the porphyritic margin of 
the St. David’s granophyre (Dimetian), to which it is allied petro- 
graphically ; and it is inferred that the granophyre is a laccolitic 
intrusion in the Pebidian. The boundaries between the granophyre 
and the Cambrian are prolongations of faults proved in the latter ; 
except at one point in the well-known Porthclais district, which, 
on account of its importance, has been mapped on the scale of 
25 inches to the mile. A trench specially opened at this point 
exposed basal Cambrian rocks resting upon a denuded surface of 
the granophyre, which is therefore of pre-Cambrian but of post- — 
Pebidian age. | 

The relationships of the basic igneous rocks west of St. David’s, 
which have hitherto been held to be Pebidian lavas, are discussed, 
and the conclusion is reached that they are all post-Cambrian 
intrusions. Finally, it is suggested that the word Pebidian 
should be revived as a general term. 

2. ‘Notes on the Geology of Burma.’ By Leonard Y. Dalton, 
Bc.) EEGs. 

Z 
‘ee 



it i ‘ee ge 

PHILOSOPHICAL MAGAZINE 

LINAS! 8 
ey 

THE 

LONDON, EDINBURGH, ann DUBLIN 

AND 

JOURNAL OF SCIENCE. 

(SIXTH SERIES.] 

OG TOLER. 1908. 
ooo . 

XLY. Another Method of Measuring large Molecular Masses. 
By Wi.u1AM SUTHERLAND™*. 

T has already been proposed to find the masses of mole- 
cules, which are too large for the ordinary methods, by 

determining their radii from their velocities of diffusion or 
their velocities in electrolytic conduction (Phil. Mag. [6] ix. 
p- 781 and xiv. p. 1). These methods have been applied to 
the large molecules of egg albumin and globulin. In the 
latter paper it was shown that they yield for the radius of 
the hydrogen molecule an absolute value agreeing well with 
that given by the kinetic theory of gases. The latter paper 
contains incidentally also another method of finding large 
molecular masses which will be worked out in the present 
communication and applied briefly to experimental data for 
certain peptones, casein, and globulin. The theoretical 
equation (13) of that paper gives the following connexion 
between the molecular conductivity % and the concentration 
of a solution containing x gram-molecules per cm.’ of a 
solute whose molecule yields , positive ions of valency v, 
and n, negative ions of valency v,, the conductivities of the 
ions at infinite dilution being Ao, and Ags, and at concentra- 
tion n being A, and A,: : 

NoMo/AN= 1+ 2r(Ay t+ Ag) Cryve{n(ny +22)/h}s/3KA9, (1) : 

in which C is a constant, 7 is viscosity of solvent, 7 of solu- 
oa 

tion, i is the mass of the atom of hydrogen, K is the 

* Communicated by the Author. 

Phil. Mag. S. 6. Vol. 16. No. 94. Oct. 1908. gf 
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dielectric capacity of the solvent, I the force in the solvent 
which ionizes the solute completely at all concentrations, 
and A, is generally identical with Ag; +Ag. In applying 
equation (1) to the refined measurements of Kohlrausch and 
his pupils on very dilute aqueous solutions I showed that 
v; v, did not suffice to express the whole dependence upon 
valencies, and that seemingly a factor (v,; +472)? 1s introduced 
by 1/I. Moreover, Kohlrausch has recently preferred to 
treat X as linear in n2 rather than in n3, which was his dis- 
covery of yearsago. I believe this discrepancy arises in the 
assumption made in calculating » from the experimental 
measurements that the conductivity of the water is not 
altered by the presence of the solute. Now in the Mole- 
cular Constitution of Aqueous Solutions (Phil. Mag. [6] xii. 
p. 1) I showed that the H ions of acids and the OH ions of 
alkalies ionize H,O powerfully. It is possible therefore and 
probable that other ions ionize H,O toa small extent, variable 
with the concentration. Probably a very careful discussion 
of Kohlrausch’s measurements would clear up the discrepancy 
between his experiments and (1) and would give the law of 
the ionization of H,O by all ions. Equation (1) is well 
verified by measurements on solutions which are not too 
dilute, though even with them 1v.(n;+7,)s does not suffice 
to give the whole of the dependence upon valency. But on 
the other hand equation (1), as it stands, expresses the 
valency rule discovered inductively by Ostwald from his 
experiments on dilute solutions of the Na salts of pobybasic 
acids (Ztschr. f. physik. Chem. 1. and u.). The form in 
which Ostwald’s valency rule is expressed by Bredig (dbid. 
xii.) is equivalent to ddA/dn=yyv,6(n), where (n) is a 
function of the concentration the same for all solutes. This 
is the result obtainable from (1) by differentiation. Thus 
(1) is in agreement with a large body of experimental 
evidence. But (1) for dilute solutions may be written 
approximately 

No/A= 1+ 2a(Agy + Ags) Cryvof n(my + ng)/h}3/BKIN. (2) 

But a better value of the coefficient of n can be obtained 
by improving the reasoning by which A, comes into the 
right-hand side of (1). In (1) A» measures the rate at 
which a positive ion and a neighbour negative one tend to 
relax the strain produced in them by electric force. But it 
will be better to regard each ion relaxing at its own rate, and 
so to replace 1/Xp by 1/Ap,+1/Aog. If in the usual way we 
are going to compare solutions of equivalent and not equi- 
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molecular concentrations, we have m the number of gram 
equivalents per cm.” equal to 

PIP) eae wy owt ik wt ody (DD 

So the relation between » and m is 

1/AN= $1 + 2aeC( Noy + Aos)?¥¥2(1 + Nq)3M3/3h3(yV, + NgV2)5 

KIA Ao2}/(Aor + Age). . (4) 
For brevity we write this :— 

1/A=1/(Ag + Ags) +bms, : = . “ (5) 

where 

b = 2a Cryvo(ny + Ng) \s(Agy + Ao) /3hs(nyVvy + NgV2)* KI Ao, Age (6) 

and is the immediate subject of study. 
In the important case of the Na salt of a v,-basic acid we 

have 2.7, = 2) %, 7.2 and 

b=27rC 
(mr) Vy Ve Ao, + Aoz (7) 
ee ee eR a aay 

The experimental material from which Ostwald discovered 
his valency rule affords a suitable test for this theoretical 
deduction. It will be noticed that }, the coefficient of m3, 
depends not only on yy, but also upon both Ag; and Aga, 
whereas in Ostwald’s rule there is no mention of this latter 
dependence. The reason for Ao and Ao: not entering into 
Ostwald’s statement of his rule is that he worked only with 
Na salts, so that Ag, was constant, and that although he 
worked with acids with basicity ranging from 1 to 6, there 
was a rough tendency for {(m,+7,)/2n1}5 Chita SNe to 
be constant and so to disguise the dependence on Ag:. In 
testing our equations we shall first apply (5) to Ostwald’s 
data for the sodium salt of nicotinic or 6-pyridine carboxylic 
acid C;H,NCOOH converting them from the Siemens unit of 
resistance, which he used, tothe ohm. I find Ag; + Agg=89°8, 
and b=0:0838, which give the following comparison :— 

NNO ite cue 32 64 128 256 512 1024 

RESINS | «Speitse 729 7a'4 78°0 80°3 82°4 84-0 

PR ERNG. 551 65.5. 726 75°6 781 80:3 82°0 83'6 

By availing himself of the carboxy] substitution compounds 
of pyridine up to pyridine pentacarboxylic acid, Ustwald 
obtained a series of similar ions with vz ranging from 1 to 3, 
and by means of the sodium mellitate C,(COONa), he carried 
his investigation up to 7.=6. ‘« ~~ following table contains 

21,2 
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the values of Ap;+Ay, and 0b which | have calculated from 
Ostwald’s data, as given by Bredig (loc. cit.), after I have 
converted them to the ohm as unit. The substances repre- 
sented by their formulas are the sodium salts of pyridine- 
monocarboxylic acid, -tricarboxylic, -tetracarboxylic, and 
-pentacarboxylic acids, the place of the -dicarboxylic acid 
being taken by that of phenylpyridine-dicarboxylic acid, 
and the 6-basic salt being hexasodium mellitate :— 

TARIGE ae 

C;NH,CO2Na. C,NH20;H;(CO;Na)> OsNH,(CO:Na)3. O;NH(CO:Na),. 
hee Ae) 80-8 106-1 1448 166'5 

D ee aate 0-0838 0:1257 0°1450 0-1796 

CN (CO,Na)s C5(CO2Na)g. 

Aoi + Ago... 19271 204°2 

Westen 0°2197 0-2830 

From the data of Kohlrausch Aj, for Na at 25° C. is 51:2), 
so that for the ions of these six acids we get for Age the 
values 38°6, 54:9, 93°6, 115°3, 140°9, and 153°0:” Wesimae: 
now all the data necessary for testing the implication of 
(7) that 

b( Noo/¥2) {24 /(my + 22) }3/CAo, + Avs) is to be constant. (8), 

Here are the products x 10* for the six Na salts :— 

361 358 308 363 382 423 

We shall take the product to be 0°036 at 25°, becoming 
0°036 x 1:18=0°0425at18°. The factor {22;/(m, +2) }3 enters. 

through the necessity for expressing as uniform a distribu- 
tion as possible throughout the solution of the nn; positive. 
ions, each charged with y, electrons, and the nn, negative 
ions, each charged with v, electrons. Mathematically it is. 
difficult to specify such a distribution ; it is still more difficult 
to make physical allowance for the effect of the different 
magnitudes of the charges. If we leave out {2m/(n, +.) }5 the 
products x 10* are 

361 325 313 alt 322 353 

On the whole then the theoretical deduction (7) is verified 
by experiment, and Ostwald’s valency rule in its amended 
form as given by (7) is established upon a_ theoretical 
physical basis. By its means the ratio Ao2/v2, can be found 
for an ion which has Ags too small to be measured with 
sufficient accuracy in the ordinary way. [rom this ratio 
the volume of the large slow ion can be found by one of the. 
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methods which I have proposed and applied for the measure- 
ment of large molecular masses. In the paper on Ionization 
in Solutions and Two New Types of Viscosity (loc. cit.), it 
was shown that for element ions this method is expressed 
for 18° C. by the equation 

og Ligaen mens 0022. 133 
BEA eee ele 0:5/B8)> 20 7 

in which B is the volume of a gram-atom of valency v. For 
the fatty acid ions from the acetic CH;COO up to C;H,,COO 
the same formula holds except that 0°0022 is replaced by 
0:0097, v of course being 1. While for these five ions the 
formula expresses the experimental facts closely, yielding A, 
to 1 per cent., it fails for formic acid for which it- makes A, 
too large by 18 per cent. Now for the pyridinecarboxylic 
acids 1 find that at 18°C., assuming that at 25° A, is 1:18 
times its value at 18°, 

1 _ 0:00547 , 00097 (10) 
eee reat Ie 10s) Bay) 

In the second term this is identical with the previous result 
for the fatty acid ions, the valency v appearing specifically, as 
it does in the case of the element ions. But the coefficient 
of the first term on the right is only 0°15 times that for the 
fatty acid ions and the element ions. I take this striking 
result to be due to the fact that pyridine is a base giving a 
markedly alkaline reaction. The N atom in it carries a special 
electron pair bZ, and the positive electrons of the acids 
derived from pyridine have their inductive effects mostly 
confined within the pyridinecarboxylic ions by this pair bf. 
Now the first term on the right originates in viscosity 
caused by the electron of the ion acting inductively on the 
molecules of the solvent. But if the induction is confined | 
within the ion mostly, then the viscosity of electric inductive 
origin must become relatively small. Inthe paper just cited 
I gave reason for theoretically expecting this variable effect 
in large ions, and was surprised not to find it in the 
fatty acid ions. It appears now that the paraffin residue 
CrHon+; does not affect the inductive action in the solvent 
appreciably until in the formic ion it is reduced to H, whence 
the exceptional behaviour of the formic ion. It is very 
satisfactory in these circumstances to find the ordinary viscous 
resistance to the pyridinecarboxylic ions expressed by the same 
term as applies to the fatty acid ions with fulfilment of the 
additional theoretical condition that v must appear as in (10) 
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with values ranging from 1 to 6. In the following table are 
compared the values of Ao, previously derived in this paper 
from the experimental data with those derived from (10) and 
multiplied by 1:18 to convert from 18° to 25°. The values 
of B the limiting volume of a gram-ion are derived from the 
data of Table IV. of Further Studies on Molecular Force 
(Phil. Mag. [5] xxxix. p. 1). B for certain elements has the 
approximate values C 8, H 4, N 8,and O 6. The substances 
are taken in the same order as in Table I. of the present 
paper. 

TABLE II. 

Bae a babesks 98 172 121 138 155 176 

Age ORDe aces 38'6 54:9 93°6 115:3 140°9 153:0 

Age cale. ...... 37'8 55:8 95:9 VS ress 136°3 151°9 

It ought to be mentioned that the theoretical considerations 
here used have led to very different values for Ao: from those 
found by Bredig from the application of Ostwald’s original 
valency rule and other empirical considerations. For 
example, Bredig gives the ionic conductivity of the ion of 
pyridinepentacarboxylic acid as 89°2 in the Siemens unit, 
equivalent to 94 with the ohm, to be compared with the 
140°9 of Table II. above, and there are similar differences. 
with the other ions though they tend to vanish when y=1. 
The fact that the values Ay, exp. in Table II. agree 
with those given by (10) is favourable to the conclusion that 
the theory has led to more correct limiting values Ag than 
Bredig could obtain at the time when he collected and caleu- 
lated the wealth of data in his paper. 

We can now see how the foregoing considerations lead to a 
new method of measuring large molecular masses, or more 
strictly large ionic masses from which the related molecular 
masses can be inferred. If the mass of an ion is large and 
v is not large, then the ionic velocity, say Age, 1s small com- 
pared with Ay; +Ao2, which is measured experimentally and 
is liable to error comparable with Ags, thus involving Ao in 
very considerable error. But if > is measured and used in 
(8) along with the measured Ao; + Aoz it gives Aoo/v, which in 
(10) gives B. The conditions of the solution are best 
understood by re-writing (10) in the following form :— 

Vv 0:00547r 0:0097 

Bans 9 eer Mest (IT) 

Here there is a second unknown v in addition to B. But it 
occurs as factor of a term which is small when vis small. So, 

the values of B can be calculated for such small values of v 



| 
. 
: 

} 

Measuring large Molecular Masses. 503 

as 1,2, and 3. To each value of B corresponds a value of 
the gram-molecular mass of the ion. But the equivalent 
mass of the ion is generally known from a titration, and this 
compared with the values of M shows what must be the right 
value of v, and so the right value of Mis obtained. But (10) 
applies strictly only to the pyridinecarboxylic acids, where 
there is an amphoteric union of basic and acid properties. 
We may assume (10) and (11) to apply approximately to 
other amphoteric ions. The first term on the right is 
uncertain, being for the pyridinecarboxylic acids only 0°15 
of the value for the fatty acids, but for the case of v not 
large it is of minor importance. Indeed, in these equations 
if we neglect the first term on the right we get a form of 
relation corresponding to the relation v/BsA=K/280, K 
being dielectric capacity of ion, which I used when first 
proposing to find the mass of an ion from its conductivity. 
For the large organic ions K =2 nearly. When + is large 
we shall have to proceed in a similar way with (11), but 
more warily. It will be best then to illustrate the method 
by applying it to some typical cases. 

The most interesting group is that of the peptones shown 
by Siegfried and his pupils to be definite chemical substances 
(Ber. d. Deutsch. Chem. Ges. xxxili.; Zeitsch. f. physiolog. 
Chem. xxxv., xxxvill., xlv.). The following are the names 
of these, their simplest formulas by analysis, and the corre- 
sponding provisional molecular weights along with equivalents. 
discussed below. 

Equivalent 
as acid, as base. 

Trypsinfibrinpeptone a ... Cy H),N305 259 157 290 

aA B... CyHyN305 273 Lore 397 

Pepsinfibrinpeptone a ... Cx H34N,Oo 515 248 370 

bs B ... CayHsgNe01) 533 

Pepsinglutinpeptone ...... C2,H39N-Oy) = 573 320 470 
Trypsinglutinpeptone...... CypH 39 N 509 486 

These are all amphoteric, but their acidic character is more 
pronounced than their basic. The equivalent weights for 
four of them both as acids and bases have been measured by 
Neumann according to the ingenious method of electric 
titration devised by Sjéqvist (Neumann, Zertsch. f. physiolog. 
Chem. xlv. p. 216 ; Sjéqvist, Skand. Archiv. f. Physiolog. v. 
1895). This method depends upon the exceptionally large 
electric conductivities of the Hion of acids and of the OH ion 
of alkalies. Suppose a normal solution of HCl has a normal 
solution of NaOH added to it in instalments, the specific 
electric conductivity of the mixture being measured after 
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each addition. At the point of exact neutralization the 
conductivity will be a minimum, namely, that of a normal 
solution of NaCl. If more NaOH solution is added, the 
conductivity increases till with an infinite amount it becomes 
that of normal solution of NaOH. ‘The experimental method 
of using the method to find the ee weight of an acid 
is to start with a solution of NaOH 0-05 normal, as in 
Sjoqvist’s investigation with albumin, and then to add the 
acid in instalments till it is present in great excess. Then 
if the results are graphed with amount of acid as abscissa 
and electric conductivity as ordinate, they give in the 
simplest cases two straight lines meeting at the point of 
minimum conductivity, whose abscissa gives the amount of 
acid required to make a known volume of 0°05 normal 
solution of the acid. In the more complex cases the graph 
does not give the two ideal straight lines near the point of 
minimum conductivity, but forms a curve with the two 
straight lines as fairly decided asymptotes. If these asym- 
ptotes are produced till they meet, their point of intersection 
gives the required datum. Neumann tested the method on 
oly cocoll NH,CH,COOH and asparagine C,H,NH,CONH, 
COOH both as acids to NaOH and bases to HCl, atl 
obtained by electric titration results agreeing with their 
known equivalents. Applying the method then to four of 
Siegfried’s peptones, N eumann obtained the results given 
above under the headings ‘‘equivalent as acid, as base.” 
These do not stand in any simple intelligible relation to the 
provisional molecular weights. The situation is a suitable 
one for applying the methods of the present paper. Neumann 
measured the equivalent conductivities of the four Na 
peptonates at strengths 1/32 and 1/1024 normal, as given in 
the next table along with the values of Ag; + Ags aad b in (5) 
derived from them. His values of the conductivity of HCl 
correspond to the temperature 21°°5, according to Kohl- 
rausch’s latest data. At this teinperature Ay, for Na is 47, 
by which we obtain Ao, for the peptone ions. Then by 
means of (8) with (0: 036 + 0°0425)/2 =()'03925 as the ap- 
propriate constant for 21°°5, and with tentative values of 
/(m4 +72), we calculate Ags/v, as given in the table, and so 
we obtain V5. 

TaBLeE III. 
Peptone. (32). ACI mee AgitAo2. Age. b. Aog/v2. Vo. 

Trypsinfibrina... 72:98 90°76 102 DE 1246 =. 29°2_ «1-88 
i: hice OL 2 104:7 120 13 “121 35°4 2:06 

Pepsinfibrin a 1 12°3 101°9 126 79 186 23:2 3-4 

1B Dar 7's) 106°6 129 82 163 27:1 -+3:@2 

Pepineiuee a. 758 1055 1285 815 "172 85:8 ae 
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It is to be noticed that four out of the five values of v are 
nearly integers, while that for the first specimen of pepsin- 
fibrin peptone « is nearly 3°5. - Such a fractional value 
might appear if a peptone was split up by NaOH into two 
ions, one of valency 3, the other 4. That there is a splitting 
of the peptone molecule we shall see immediately. But for 
the four cases where vy, is nearly a whole number we shall 
replace its value in the table by the nearest whole number, 
with which we shall then divide the tabulated value of Ajo 
to get the following amended values of Ao)/v, for the four 
peptones in the above order:— 

Vo. 2 2 3 3 

(i) 36°5 27°3 27° ~) Ag/ve see 2 b 

These valencies are the same as Neumann found by the 
use of Ostwald’s empirical valency rule. To use the values 
of Ao»/vz in (11) for finding B we must reduce them to 18° 
by dividing by 1°09 and then we get 

‘ Pept one. . 
Trypsinfibrin a. Trypsinfibrin £. Pepsinfibrin a. Pepsinglutin. 

Bice. ges oe 150 83 144 144 

The valencies of these ions must represent the number of 
COO groups they contain, so that 144/3=48 represents the 
volume of a COO group in a trivalent peptone ion, together 
with the volume of the atoms associated with it. But B for 
COO is 20, so that the volume of an equivalent of a trivalent 
peptone ion is about 24 times the volume of COQ, so its 
mass will be roughly 24 times that of COO, which is 44. 
Thus we find the order of magnitude of an equivalent to be 
about 110 at the most, and this is much smaller than 248 
and 320 found by Neumann by electric titration for the 
trivalent peptones. It is plain then that we have to do with 
a splitting up of the peptone molecule by NaOH. Suppose 
M to be the molecular mass of peptone, which is split into 
Mm, ions of valency v. and mass p, and a neutral residue of 
mass 7, then M=n,p+7, and the equivalent by titration is 
M/ngv,=p/ve+7/ngva. This r/ngv is the difference between 
our rough maximum of 110 found above for p/v, and 248 or 
320 for p/vg+7/nvz. It is important, then, to look into the 
values of B as closely as we can. In the trivalent ion with 
B=144 3000 would contribute 60 to B. Knowing the 
amino-acid character of the peptones we may assume that 
possibly an NH, group is associated with one COO group or 
two, if two they contribute 32 to B. In B there remains 
only 52 to account for, which is most easily done by assuming 
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the presence of C and H groups, which for the trivalent ion 
in peptones give HCCH,COO(CHNH,COO), as a typical 
formula, having B=144. The actual formula must be 
decided by chemical analysis of the acid ions when separated 
from the residue. But as regards the two peptones yielding 
trivalent lions we can assert that the molecular mass of 
pepsinfibrinpeptone 2 must be a multiple of 515, the minimum 
possible by analysis, and also a multiple of three times 248, 
the equivalent found by electric titration. The smallest 
number which satisfies these conditions within the limits 
of experimental error in determining the equivalent is 
515 x 8=1545, which would give an equivalent of 257, the 
experiments giving a possible range from 234 to 262. In 
the same way the molecular mass of pepsinglutin peptone 
must be a multiple of 573 and also of 3x 320. In this case 
5573 satisfies the conditions, since 2865/9 gives an equi- 
valent of 317, while the experimental range is from 317 to 
328. Treating the divalent ions in the same way, we find 
for the ion of trypsinfibrinpeptone « such a formula as 
(CHNH,), (COQ),, for which B is 152 instead of 150, and 
for pepsinfibrinpeptone 8 ions the formula C(NH,),(COO),, 
for which B is 80 instead of 83. For a the molecular mass 
is to be a multiple of 259, and also of 2x 157. The number 
1295 is the lowest satisfying the conditions nearly, since 
1295/8 gives an equivalent 162, the experimental value 
ranging from 157 to 164. For the 8 form the molecular 
mass is a multiple of 273, and also of 2x197, and 2730 
meets the case. We have not obtained perfectly definite 
molecular masses for the peptones, because we have found 
that we really deal only with the acid ions split from the 
peptone molecule, and are without definite experimental 
information as to the mass of the neutral residue. The HCl 
compounds of peptone are not so definite in their behaviour 
as the NaOH compounds, so that Neumann’s experiments 
with them do not enable us to add anything of importance 
to the foregoing. The molecular mass of the peptones seems 
to be of the order 1400 or 2800. If we use the estimated 
molecular masses for the four peptones along with the masses 
of the ions in M=n.p+7 for calculating 7, we get the values 
1111, 2214, 479, and 1806. Apparently these residues are 
important substances still of considerable complexity. 

In this connexion it will be useful to consider briefly the 
molecular conductivities of aqueous solutions of the peptones 
found by Neumann, these being calculated by him according 
to Siegtried’s formule above, as if these gave correct mole- 
cular masses. I find that his results can be expressed by 
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the formula 

Wey, SPE Bee 12) 

where a and ¢ are parameters characteristic of each peptone, 
and have the following values :— 

Peptone. 

Trypsinfibrin a. Trypsinfibrin (. Pepsinfibrin a, Pepsinfibrin a. 
commercial. Borkel. 

CSE ree Ci 10°56 af 8°78 

 cmtiaks 0:0549 0:0275 00187 0-016 

The following comparison is given to show how the formula 
expresses the experimental facts :— 

Trypsinfibrinpeptone a. 
1/1000 x. 8 16 32 64 128 256 512 1024 

Aexp.... 15°38 1801 2044 23°70 2882 36°99 49-23 66°51 

Acale.... 15°11 17:14 20°02 2409 29°84 37°98 49°48 65°76 

To explain the formula we may assume that the parameter 
a represents the molecular conductivity of a salt whose 
variation with concentration is not detectable at these dilu- 
tions in the presence of the rest of the peptone. The difference 
between 12°7 for the commercial sample of pepsinfibrinpep- 
tone and 8°78 for Borkel’s preparation may be ascribed to 
soluble impurity in the commercial sample. But in the other 
cases a may originate in some organic salt of an amine base 
which is split off from the peptone upon solution in water. 
Then the term c/n? arises from the conductivity of the acids 
separated from the peptone by water. Ostwald’s dilution 
law for organic acids at high dilution makes their con- 
ductivity proportional to 1/n?. I have suggested that 
this law of Ostwald’s originates in the organic acids 
consisting of double molecules which are partly dissociated 
by water according to the law, the dissociated molecules 
being completely ionized and the undissociated not at all. 
Thus, then, the formula (12) shows that either peptone is an 
organic acid or has organic acids split off from it, and that 
the single acid or mixture of acids forms so dilute a solution 
that its molecular conductivity can be accurately represented 
by c/n?. With an amount of ionized dissociated di-acid 
proportional to 1/n? the molecular conductivity ought to be 
proportional to A,/n?(1+4ms), where m is the actual con- 
centration of the organic ions. The fact that this term 
bms does not appear in (12) proves that the actual concen- 
tration of the organic ions is too small to make it appreciable. 
This is exactly what we should expect of such acids as 
we have found to form Na salts when peptone is neutralized 
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with NaOH. The phenomena of diffusion with peptones and 
their compounds must be considerably complicated by the 
lonizations which take place with them. ‘The result of Kiihne 
that ae diffuses only half as slowly as glucose 
(twice as fast) seems incompatible with the results of the 
present paper (see Cohnheim’s Chemie der Eiweisskérper, 
p. 87). The diffusion of the peptones is worth thorough 
investigation for its bearings upon the whole physical 
chemistry of digestion. 

By this method we shall now iny estigate the Na salts of 
globulin and casein. For Hardy’s data for the conductivity 
of solutions of Na globulin I have found the following formula 
to hold with the units used in this paper. (Proc. Roy. Soc. B: 
Ixxix. p. 146) :— 

A=224+1/(0'0054+3°'1ms). . « «- (1d) 

At infinite dilution this gives 7=222, which is a little 
greater than the 218°4 of Kohlrausch for NaOH at 18° and 
infinite dilution. The remarkable point about this formula 
is the functioning of one half of the Na in quite a different 
capacity from the other, shown by the term 22=44/2 which 
is independent of the concentration. Moreover, although at 
infinite dilution the conductivity is nearly that of NaOH, at 
ordinary finite dilutions it is much smaller than that of NaOH 
because the coefficient 3:1 is so large. This large coefficient 
is due to the globulin whose ions involve the half of the Na 
ions and all the OH ions in a greater viscosity of electric 
origin. The globulin ions act as an electric brake upon the 
electrically driven OH ions and half of the Naions. Thus 
although the experiments with Na globulin are not yet 
refined enough in practice and theory to yield directly the 
conductivity of the globulin ion, they give us the viscosity 
of electric origin due to the globulin ion, and thus enable us 
to find its conductivity and volume by the methods of the 
present paper, if we accept Hardy’s conclusion that y, is 
probably 2. Let us write (13) in the general form 

A=Noo/2+1/{1/(Ago/2+ Aga) toma}, . . (14) 

where A , represents the conductivity of the positive ion 
like Na, and Ag, represents that of OH. Probably Ag, the 
conductivity of the globulin or similar ion ought to appear 
on the right side as an additional term, but it is best 
omitted till it emerges clearly from the experiments. For 
NH, globulin this formula holds just as tor Na globulin. 
I shall now show that it applies to Na and NH, casein, 
thereby strengthening considerably the validity of its form 
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and interpretation. The data for the caseinates were obtained 
by Sackur (Ztschr. f. physik. Chem. Ixi. 1902) at 25°. For 
Na casein they give A,,/2=28:15, Ago/2 + A= 219°5,.and 

b=1:678. The sum of 28°15 and 219°3 is 247-4, while X for. 
NaOH at 25° and infinite dilution is 247°:2. Kohirausch’ s 
value for Ag,/2 at 25° is 25°6, so perhaps 28°15-25°6 repre- 
sents a tendency for Ags for casein to make its appearance. 
The following comparison shows the applicability of (14) te. 
Na casein :— © 

1/1000 im... 40 80 160 320 640 

A Exp. ones 513 56:2 63°0 69°5 

WN Gale ena. 46°58 51-1 56°4 62°5 69°7 

For NH, casein Ay/2= d8°4, Ago/2+Ape=231°5, and 
b=1'634. For Hardy’s NH, elobulin at 18° the corre- 
sponding values are 29, 208°3, ‘and 2° ‘3, this last number 
differing unaccountably oe the aL for Na globulin. 

It is necessary to form some conception | of the way in 
which half of the positive ions in these solutions are exempt 
from the resistance of viscosity of electric origin. The case 
becomes clearer if we consider first the simpler one of the. 
HCl compound of globulin for which (loc. cit.) 

1/A=1/384-640°9 ms. . 2. . (15) 

Here at infinite dilution the conductivity is 384°6, which is 
almost the 384-0 for pure HCl, while 0-9 for 4 is so large 
that it must be due to large globulin i ions. It seems, then, 
that HCl in water ionizes the globulin molecule into a 
positive and a negative globulin ion which we shall denote 
by the symbols G, and G,. The solution of globulin in HCI 
is a mixture of solutions of G,Cl and G,Na, which are both 
completely ionized at all concentrations, so that at 
infinite dilution the conductivity is the sum of those for 
H, Cl, G,,and G;. But Ag,+ Ao, is too small compared with 
Aor + Aoe for HCl to be found from ordinary conductivity 
experiments, and therefore does not appear in (15). But to 
find the effect of the globulin ions on the value of ) we may 
reason in the following manner. So far I have not considered 
the molecular conductivity of mixtures in general, though 
the subject ought to illustrate some of the details of visco- 
sities of electric origin. But for the matter in hand we may 
formulate a simple approximate theory for our mixture of 
globulin compounds thus:—As the ions pass one another we 
shall have cases where Gz has Ga for its neighbour, and also 
others where Cl is its neighbour, and similarly with Gu. It 
is as if we had to do with a mixture of G,G,, G,Cl, G,Na, 
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and HCl. The slowly moving ions G, and Gy, cause most of 
the viscous resistance of electric origin; we shall assume 
that they cause it all. To find the appropriate 1/d, for in- 
troducing in the righthand side of (1) we note that with 
pure GaG, we should use 1/Aja+1/Aq, say 2/Ap, and with 
pure G.~Na 1/Ag.+1/Ag1, so that a mean value suitable for 
G. would be (3/A,+1/Ao1)/2, which is nearly 3/2A9. So 
for Gy, we should get 3/2A,. With Ay as a sort of mean 
value for both globulin ions we have 1/), represented by 
3/2A.. 

Hardy has shown (Journ. of Physiology, xxxii. p. 251) 
that the valency of globulin is probably even, so we shall 
try 2 as its simplest likely value, according to my globulin 
paper (loc. cit.). Now G, when associated with G, as its 
neighbour would give 2x2 for vy; in (2) or (6), and when 
associated with Na would give 2x1. Hence for the mean 
value of v for its neighbcur we take 3/2, and we can now 
adapt (8) to the case we are considering by introducing into 
its righthand side Ag, or 44 for Na, which was omitted as a 
factor in comparing Na compounds amongst themselves. 
Hence for the mean globulin ion of assumed valency 2 we 
have 

b(Ao/2) 4 2ny/ (my + nz) }3/(3/2)? =0°0425 x 44. . (16) 

As each HOI produces two globulin ions, m should be 
replaced by 2m for G and H or Gl, and so the proper value 
of b to use in this equation is the mean of 0°9 and 0: Of ea. 
The appropriate value for $2n;/(m;+7,){? is the mean of 
ae for ny =n. =2, and ny =2, n»=1, or 1:050. These give 
A, /2 =4°965, and so A, =9°93, while Hardy’ s direct measure- 
ment by the method of Lodge shows that it is about 10. — 
With 4°965 for A,/v in (11) we get B=9506. Hence, with 
« for the number of C atoms in the globulin ion, by means 
of the following percentage composition of globulin and the 
values of B for the atoms 

C. i N. O. S. 

Percent. ..-.5 baal 701 15°85 Tao Tit 

Atomne B 22,22, 8 + 8 6 18 

we get the equations 12 z=0°5271 times the mass of the 
globulin ion (H=1), and 

7-01 4 ABSS of 29:32) + aed | vf 8+ salt -4 a +8. +6. SRG ea (17) 
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These give e=512 and the molecular mass of the globulin 
ion as 11650, so that its equivalent is 5825. With HCl 
Hardy found the equivalent of globulin to be 5560, the 
sharper results with NaOH indicating 5000. Thus the value 
of b has given us values of A, and of the equivalent of globulin 
in excellent agreement with the direct determinations of 
experiment. There is good reason for believing, then, that 
the valency of the globulin ions produced by HCl in water 
is 2 and their molecular mass (weight) is 10000 (nearly). 
The formula for the globulin ion is C512Hs17Ny320170S.. 

Returning to the cases of the globulin and the casein 
compound formed with NaOH we find the marked peculiarity 
that half of the Na ions move unaffected by viscosity of 
electric origin, while the other half of the Na ions and all 
the OH ions are affected by it to an unexpected extent. 
For NaOH globulin }=3'1, whereas for HCl globulin it is 
0-9. For NH,OH globulin it is 2°3, whereas we should 
expect the NaOH and NH,OH compounds to have nearly 
the same value, as they do in the case of casein. If there 
were an excess of NaOH it would show almost the conduc- 
tivity of pure NaOH, the ions of the excess appearing to 
escape the large viscosity due to the globulin. In reality, 
of course, all the Na and all the OH ions would move under 
a reduced average viscosity of electric origin, but the effect 
is the same as if those equivalent to the globulin suffered the 
full viscosity due to it, and those in excess moved as if free 
from that viscosity. But in the actual case half of the 
equivalent Na behaves as if free from the viscosity caused 
by the globulin. Here, then, we must have an arrangement 
of the Na, the OH, and the globulin ions, such as leaves half 
of the Na ions unconstrained by electric force from the rest 
of the ions. This arrangement, being different from the 
homogeneous distribution assumed in our theory, must be 
the cause of the increase in the value of 6. But though in 
our ignorance of this arrangement we are not able to calcu- 
late from } the value of A,, and that of B for the globulin 
ion in presence of NaOH, we can use the values of b to 
compare the sizes of the ions of globulin and casein. We 
must first reduce the value of b for NaOH casein from 25° 
to 18° by the factor 1:18, thus 1°678 x 1:18=1°98, and then 
with 3:1 for 6 in NaOH globulin we have B for casein nearly 
(1°98/3°1)? times B for globulin. If we take 10000 for the 
mass of the globulin ion in presence of NaOH, we have that 
of the casein ion 10000 (1°98/3'1)? nearly or 2605. With 
the percentage composition of casein, C 53:07, H 7:13, 
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N/ 15:64,.0 22-60,.8.:0'76, and, P 0:80, and with Gator 
the atomic B of P we can write down the corresponding 
formula for the casein ion, but it is better to derive this 
from the experimental equivalent of casein, as is done 
below. 

If v=2, as in the case of globulin, the equivalent of casein 
is 1302. Now Laqueur and Sackur found 1135 for the 
equivalent of casein in its NaOH compound using phenol- 
phthalein asindicator. The calculated result, as regards order 
of magnitude, is in satisfactory agreement with this. Hence 
the casein ion appears to be divalent, and its molecular mass 
by titration is 1135x2 or 2270. According to the per- 
centage composition of casein and 2270 for the mass of its 
ion the formula of its ion is half of Coo9H32N59Og,SP, and as 

Onn 

we have seen by analogy with globulin the casein ions must 
be derived in pairs from the casein molecule, the formula 
just given is the simplest possible according to physical 
considerations. It is also the simplest according to purely 
chemical considerations, as the 8 atom or the P atom cannot 
be divided. When we speak of the casein ion being half of 
this formula we mean the average casein ion, the S may go 
with one of the ions and P with the other, or both S and P 
may be in one ion and neither of them in the other, the mean 
ion always containing $8 and $P. In the same way the 
formula of the globulin ion is half of Cyp.4Hy631NogsOgi Se, 
which we take to be the formula for the globulin molecule. 
My previous estimate was dearly double this (Joc. cit.). 
According to the theory of the colloidal state proposed by 
me in ‘The Chemistry of Globulin’ (loc. cit.) colloidal glo- 
bulin and casein will have the molecules which are given by 
their formulas not present as free molecules, but as those 
three-dimensional patterns proposed to be called semplars, 
which are joined symmetrically to one another by some of 
the latent valencies of N and O being called into action. 
For a full account of many previous methods of estimating 
the mass of large protein molecules the reader is referred to 
Die Grisse des Liweissmolekils by F. N. Schulz (Jena, 
G. Fischer, 1903). 

Melbourne, May 1908. 
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XLVI. Attempts to detect the Production of Helium from the 
Primary Radio-Elements. By FReprERicK Soppy, J. A.* 

[Plate XX.] 

| eee question whether helium is a product of the radio- 
active changes of uranium and thorium has proved an 

extremely difficult one to settle experimentally. The work 
here described was commenced in 1905, and the results ob- 
tained, though by themselves of no significance as yet, appear 
to warrant the hope that all difficulties have been overcome, 
and now only a sufficiently long period of time and periodic 
testing are required to solve the problem. The quantities of 
helium that have been looked for throughout are of the order 
of a millionth part of a cubic centimetre, which is the amount 
present in only a fraction of a cubic centimetre of atmospheric 
air. Krom the first it was recognized that the difficulties in 
the way of ensuring that the observations had a real sig- 
nificance were so formidable, that mere qualitative detection 
or non-detection of helium, however definite or frequently 
repeated, would not of itself suffice to settle the question 
beyond all doubt. The objects of the experiments have been 
to obtain a quantitative estimate by the spectroscope of the 
amount of helium produced from uranium and thorium, or in 
the event of negative results to fix a definite limit to the 
quantity of helium that could not fail to have been detected 
under the conditions. To be quite sure, it is necessary to 
carry out a long series of consistent quantitative experiments, 
in which helium is detected with regularity when the time 
of accumulation is above, and not detected when the time of 
accumulation is below a certain period. These are only 
now being commenced. Whether the necessary certainty 
and perfection have been achieved for the results to bear 
a significant interpretation, only the results of future tests 
will disclose. All that can now be claimed is that a 
beginning has been made. 

Theoretical Rate of Production of Helium. 

At the commencement of the work radioactive theory 
afforded only a halting and as it now seems deceptive guide 
to the order of the amount of helium to be looked for in 
experiments of this character. The calculations were so 
indirect and so imperfect that it was hardly possible to sa 
as the result of any given experiment that it definitely 
conflicted with what is theoretically to be expected. The 

* Communicated by the Author. 
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theoretical estimates formed from now available data are 
quite different from what were formed when the work was 
commenced, and the difference between the older and the 
newer estimates indicated by theory have steadily widened 
as the new data have been accumulated, Had the present 
data been available, the task would have appeared even more 
hopeless to attempt than it did at first, for the theoretical 
estimates of the rate of disintegration of the primary radio- 
elements have steadily decreased. Thus Professor Rutherford 
gave for the radioactive constant of uranium, in 190d, 
10-° (year)— (‘ Radioactivity,’ 2nd edition, p. 458), and in 
1906 2x10- (year)-! (‘ Radioactive Transformations,’ 
p- 158), while the present value, calculated by the same 
method as the last, from more recent data, has again been 
lowered to 1:°2x10-". Considering the nature of the 
quantity, the alteration does not appear very vital, but for 
the purposes of the present work the difference between the 
first and last value is just the difference between waiting 
six weeks and waiting a year between tests before sufficient 
helium to be detected accumulates. The first is practicable, 
the second is hardly so. 

While, however, the quantitative estimates of the rate of 
production of helium have decreased, the "general progress 
of radioactivity since the commencement of the work has 
increased the probability that helium is a product of uranium 
and thorium, and indeed of all radio-elements producing 
a-rays, to such an extent that it is difficult at the present 
time to maintain the opposite view. The chief evidence, of 
course, is derived from the elucidation of the nature of the 
a-rays by Rutherford ; but strong support is also given by 
the way in which the atomic weights of uranium, radium, and 
polonium, the latter estimated from its probable position in 
the periodic table, conform to the simple supposition that 
each a-ray-producing change results in a reduction of the 
atomic weight by four units. 

It would scarcely be profitable to discuss all the possi- 
bilities that have to be taken into consideration in attempting 
to arrive at the upper and lower limits of the rate of pro- 
duction of helium indicated by theory. It is better to make 
the most probable assumptions and to consider in which 
direction the rate would be affected if thesé assumptions are 
altered. 

The value 1:2 x 10-?° (year)-!, just referred to, is arrived 
at by the application of the disintegration theory in its 
simplest form, from the ratio of the quantities of uranium to 
radium in minerals and the rate of disintegration of radium. 
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Throughout the most recent value for the latter, 3-48 x 10-4 
(year)~1, given by Boltwood (Am. Journ. Sci., June 1908, 
p- 493), will be taken. Multiplying it by the most recent 
value (3°4x 10-7) for the ratio of radium to uranium in 
minerals (Boltwood, loc. cit. April 1908, p. 297), gives 
12x 10-1 (year)-1, which may be taken as the present 
theoretical value for the rate of disintegration of uranium 
according to these data, and will be referred to as the “ direct 
value.” For thorium we have yet no such direct method, 
and the difficulties commence. 

It is necessary, before any further progress can be made 
with the calculation, to introduce the assumption that the 
a-particle is an atom of helium, and to first deduce, from 
the rate of disintegration of uranium, the rate of production 
of helium, on the assumption that one atom of uranium gives 
rise to some definite number (N) of atoms of helium. As 
the a-radiation of uranium is apparently homogeneous, and 
produced in the apparently single change of uranium into 
uranium X, it is reasonable to assume at first that one atom 
of helium is produced from one atom of uranium, and 
therefore that the helium is one-sixtieth of the weight of 
uranium disintegrating. This gives 2x 10-” (year)! for 
the rate of production of helium from uranium. 

To find from this the rate of production of helium from 
thorium it suffices, on the assumptions made, to compare the 
relative a-radiation of uranium and thorium and the average 
velocities of the a-particle of uranium and thorium re- 
spectively. For present purposes perhaps a_ sufficient 
approximation is reached if we regard the relatively greater 
average velocity of the thorium «@-particie as just com- 
pensating for the relatively higher specific a-activity of 
thorium. This gives the same rate of production of helium 
for both uranium and thorium, viz. 2 x 10-! (year). 

The unfortunate feature about this calculation is that it 
may not be allowable to calculate the ratio of the rate of 
disintegration of radium to that of uranium, from the ratio of 
their respective quantities in minerals, because it is uncertain 
that the disintegration theory in its simplest form applies. 
Rutherford has suggested tentatively, in order to bring 
actinium into the scheme of radioactive changes in pitch- 
blende, that actinium may be a product of disintegration of 
uranium produced simultaneously with the radium series, 
and not in the direct line between uranium and radium. 
Tf this is true, in equilibrium the number of atoms of radium 
formed are but a fraction of the atoms of uranium dis- 
integrating, and the rate of ci ane of uranium must 

2M 2 
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certainly be greater than 1°2x107!°, but to an, at present, 
indeterminate extent. This direct value therefore may be 
unsound, and the error affects also the derived calculations 
for thorium. As about to be shown, the increase from this 
cause is not, unfortunately, likely to be very great. 

There is also an indirect method of calculating the rate of 
production of helium by a comparison of the a-rays, for 
which Boltwood has just recently supplied much more 
complete data than were before available. It leads to a 
greater value than the direct method, which we have seen 
is likely to give too low a value, and is perhaps to be 
preferred. Boltwood deduces from his most recent deter- 
mination of the proportionate a«-radiation contributed by 
each of the radioactive bodies in uranium minerals (Am. 
Journ. Sci., April 1908, p. 296) that the. «-activity of radium 
(free from all products) is 1,300,000 times that of uranium. 
As the range of the «-particle is the same in each case, the 
rate of disintegration of uranium by this method comes out 
at 3°48 x 10-4+1°3 x 10° = 2°7x10~—% This is 2°25 times 
the “direct value,” and gives for the rate of production of 
helium from uranium and thorium 4°5 x 10— (year)7}. 
For pitchblende, containing equilibrium amounts of all 
products, Boltwood (loc. cet.) finds the e-activity to be about 
4-7 times that contributed by the uranium. As some of this 
activity is due to a-rays of much higher velocity than those 
of uranium, one can deduce in this method of calculation that 
for pitchblende the rate of production of helium should be 
about four times that of the uranium it contains. Whereas, 
of course, on the simple disintegration theory, which re- 
cognizes in pitchblende the existence of seven, and indicates 
eight, «ray or helium-producing changes, only one of which 
is contributed by uranium, it is to be expected that pitch- 
blende would produce helium at eight times the rate of the 
uranium present, which is twice the preceding value. Bolt- 
wood himself points out that the discrepancy could be 
partially accounted for on the assumption that uranium 
suffers two a-ray changes, which is, according to the pre- 
ceding view, that the uranium atom gives two helium atoms. 
Certainly his results are most suggestive. The «-radiation 
from the radium series is in good agreement with the 
view that a single «particle is expelled by radium and by 
each of its successive a-ray products, the «-radiation from 
uranium is slightly more than would be the case if it expelled 
two a-particles, while the whole of the «-ray-changes of the 
actinium series together only constitute about one-half the 
effect of a single «-ray change in the radium series. As 
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there are four a-ray changes known in the actinium series, 
these results indicate that out of eight atoms of uranium 
disintegrating, seven go to produce radium and one to 
produce actinium. With these assumptions the direct and 
indirect values for the rate of disintegration of uranium 
become consistent and give the same value 2°7 x 10-!°(year) —1. 
Thus 4:5 x 10-! (year)-! may be taken as the more probable 
value in both cases, while for pitchbleude, assuming that all 
the helium formed comes into evidence as «-rays, the more 
probable value is four times that of the uranium it contains. 
The smallest possible quantity of helium that can be detected 
under present conditions will be shown to be about a millionth 
of a cubic centimetre, or 1°8x 107! gram. That is to say, 
a gram of uranium or thorium should produce a just de- 
tectable amount of helium in a period of 40 years, while 
for a quantity of pitchblende containing a gram of uranium 
and all its products the same should occur in 10 years. 
Even with considerable quantities of material the accumu- 
lation of results must therefore be necessarily a slow process. 
So far it has not been practicable to deal with quantities of 
material containing more than a third of a kilogram of the 
element, so that on the new data it is to be expected that the 
minimum period of accumulation to give a positive result 
with uranium or thorium must be considerably over a 
month, on the indirect value, or three months on the direct 
value. 

In absence of direct experiments the question has been 
attacked indirectly, with conflicting conclusions by different 
observers, from the association of helium with uranium and 
thorium in minerals. Boltwood (Am. Journ. Sci. 1907, 
Xxill. p. 77) considers that helium is probably not a product 
of thorium disintegration, and that, even in thorianite, the 
helium can be accounted for by the disintegration of the 
uranium series alone. This would of course involve the 
abandonment of the view that the «-particle is an atom of 
helium and of almost all the preceding theoretical calculations. 
The only datum that would remain would be that from the 
“direct value” of the rate of disintegration of uranium, 
namely, that the helium production is N x 2.10-¥ (year)-}, 
where N is the number of atoms of helium formed from one 
atom of uranium, and this would be subject to an increase 
should branch series, such as actinium, occur. Strutt (com- 
pare Proc. Roy. Soc. 1908, 80 A, p. 572), on the other hand, 
has advocated the other view. He regards the existence of 
helium in a specimen of fluor from Ivitgut, Greenland, 
examined by Prof. Julius Thomson, which contains thorium 
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and helium but no radium, as conclusive evidence that helium 
is a disintegration product of thorium. He finds from a 
recent examination of a large number of rare, and repre- 
sentative common minerals, that helium in detectable 
quantity is present inall. In every case but one it can be 
accounted for by the presence of the uranium-radium. series 
and of thorium. The exception is Beryl, which contains 
noticeable amounts of helium and is scarcely radioactive. 
The existence of even this one exception would appear to 
weaken somewhat the argument he draws from the presence 
of helium in fluor, and shows the necessity for caution in 
drawing conclusions by the indirect method. 

Sufficient has been said to show the deep importance of 
obtaining if possible a direct experimental determination of 
the rate of production of helium from the primary radio- 
elements and from the radioactive minerals. ‘There is little 
doubt that such results, if they can be obtained, would 
prove invaluable in settling some of the outstanding problems 
in radioactivity which radioactive methods from their nature 
are unable unaided to solve. 

Method of Work, and Early Experiments. 

The process recently described (Soddy, Proc. Roy. Soe. 
1907, 78 A, p. 429) for the detection and measurement of 
infinitesimal quantities of helium has been exclusively used. 
Jt depends on the use of calcium heated to its volatilisation 
point in a specially constructed vacuum electric furnace. 
All known gases but those of the argon family are perectly 
absorbed. ‘The completeness of the absorption under proper 
conditions is such that the residual gas compressed several 
thousand times (by filling the absorption vessel after cooling 
with mercury) into the smallest possible spectrum-tube 
hardly suffices to conduct the discharge, and, in the absence 
of argon gases, the spectrum-tube remains on the verge of 
non-conductance. ‘The sensitiveness of the method as a test 
for the presence of helium is increased many thousand times 
by filling the apparatus with mercury, although the labour 
of the investigations entailed in the continual cutting down 
and building up of the complex apparatus is of course very 
great. The general method throughout has been to store the 
substances under examination in solution in glass flasks 
placed on water-baths. The air is first as completely as 
possible removed by boiling the solutions and pumping with 
a mercury-pump through a U-tube placed in a freezing- 
mixture. A new mercury-pump filled with new mercury, 
provided with two large drying-tubes, containing sulphuric 



Helium from the Primary Radio-Elements. 519 

acid and phosphorus pentoxide respectively, was erected at 
the commencement of the work, and has been kept ex- 
clusively for these experiments. In making a test for helium, 
the calcium furnace is first pumped out as completely as 
possible, the calcium is then heated, and the pumping con- 
tinued, so that the expelled gas serves to wash out the last 
traces of air. The pump is then sealed off, and communica- 
tion made with the flask through the cooled U-tube, and 
the solution boiled. ‘The calcium furnace is sealed off and, 
when cold, filled in the dark room with dry mercury. As 
soon as the spectrum-tube conducts at all, the spectrum is 
rapidly examined with a Ramsay train of prisms, and if D,, 
the characteristic line of the helium, is observed, the tube is 
generally sealed off and examined with a good spectroscope. 

The first and also the second series of experiments with 
thorium and uranium came to a premature end on account /-) » 
of accidents; but the third series, of which the experiment > P 
with thorium was started first, has been more successful, and BALA CG ¥ 
is still in progress. The main experimental difficulty at first ; 
encountered was air. The argon in a few cubic centimetres 7 gw 
of air is sufficient to prevent completely the detection of the” 
minute amounts of helium looked for in these experiments. 4, ) / 
To free a litre or more of solution from every trace of air,’ : 
and to preserve it for months or years in this condition while 
making provision for the complete removal of the gas for 
testing at will, calls for very perfect arrangements, and the 
method employed in the last series is the outcome of many 
previous failures. In the first series of experiments, started 
in August 1905, about a kilogram each of uranium nitrate 
and thorium nitrate, of ordinary commercial quality, were 
employed. The exit tube from the flasks was joined to 
a Y-tube, the vertical limb of which was a barometer dipping 
into a mercury reservoir which could be raised or lowered, 
sealing or opening the passage through the upper branches 
of the Y-tube. The other branch of the Y was provided 
with a tap, and the pump, &c. could thus be sealed to it 
without air entering the solution. In this way the air-tight- 
ness of the tap was depended upon only during the actual 
removal of the gases to the testing-furnace, and any air 
leaking through during the long periods of accumulation could 
be removed before lowering the mercury seal. This worked 
well until one night the lubricant of the tap failed, and the next 
morning air was found to be bubbling through the mercury 
seal into the flasks. Before this ten tests had been made— 
six with the uranium and four with the thorium. The whole 
of six former and the first three of the latter were failures 
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on account of the presence of argon, from air in the solutions. 
The last test with thorium was completely successful, but it 
was in the nature of a blank experiment, the period of 

<iccumulation of gas in the thorium being only about 
22°5 hours. No sign of helium was seen. The minimum 
quantity detectable under the circumstances—about 2 x 10-° 
gram—would have been observed, as the experiment was 
a very perfect one. 

In the second series of experiments, vertical all-glass 
reflux condensers were sealed to the flasks, and the principle 
of the mercury seal was pushed to its logical conclusion by 
making the two upper limbs of the Y-tube the barometric 
height, so that there could be a vacuum on the one side 
and the pressure of an atmosphere on the other. The 
principle was correct, and is being used in the experiments 
now in progress; but the design was faulty, and the arrange- 
ment need not therefore be described in more detail. Four 
flasks were set up in this series, but only two, with the 
uranium and thorium preparations before employed, are 
concerned in this investigation. The first and the only test 
with the thorium solution failed on account of argon being 
present. Carbon dioxide was noticed in the gas as it was 
admitted to the furnace, and, after the absorption, the 
spectrum was that of pure argon. The first two tests with 
uranium failed also from the same cause, but the last was a 
perfect experiment. The solution had been left to accumulate 
for six days and four hours, and D3; was present faint and 
clear on the spark-spectrum of argon. The spectrum-tube 
was of soda-glass with a volume of 0°3 c.c.,a kind that has 
been subsequently abandoned. With it, a quantity of about 
2x10-° gram helium could be detected. 

During the experiment, however, a violent bumping of the 
uranium solution during boiling projected some of it over 
on to the top of the mercury in the tap, and the strongly 
acid liquid at once began to attack the mercury with the 
evolution of oxides of nitrogen. These, of course, did no 
harm, as the calcium absorbs them, but the flask had to be 
cut down. In this operation, owing to faulty design of the 
mercury taps, the whole of the flasks were spoiled, and this 
series of experiments came to an end. With regard to the 
single result, it must be borne in mind that the experiment 
was performed three years ago, before the possible sources 
of error were as well known as now, and no significance is to 
be attached to it. In fact, more recent results have failed to | 
confirm it. : 

In the first experiment of the third series with thorium now 
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in progress, many changes and improvements were introduced. 
So far as the flask and its attached mercury tap is concerned, 
the design then adopted has been adhered to with but slight. 
modification in all the later experiments, and has been found 
to work perfectly, and will therefore be described in detail. 
But frequent changes have been made from time to time in 
the method of performing the testing operations. As finality 
in this direction has perhaps not even yet been reached, the 
detailed description of this part of the work will be deferred. 
The apparatus in its present form is shown in the diagram in 
fig. 1 (p. 522), and the photographs of the actual thorium 
apparatus, from the front and from the sides, are shown 
in Plate XX. The earlier failures had shown the difficulty, 
first of freeing a large quantity of liquid perfectly from 
dissolved air, and secondly of getting it under these circum- 
stances to boil regularly. The dangerous percussive boiling, 
which made the earlier experiments so precarious, was re- 
duced, and at the same time the dissolved air was efficiently 
and rapidly removed by sealing into the flask (B) a tube 
reaching to the bottom and connected to a voltameter (A) for 
generating a mixture of hydrogen and oxygen. An all-glass 
vertical condenser (C) with double circulation of water was 
sealed to the neck of the flask, and provided at the upper end 
with a large bulb. This was connected toa trap (D) formed 
by a single drop of mercury, for the parpose of preventing 
the expelled gas from diffusing back into the flask. During 
the preliminary removal of the air the by-pass (a) was open, 
and then it was sealed as shown. E isa glass chamber for 
combining the hydrogen and oxygen by means of a discharge 
from a coil, and for condensing the bulk of the water produced. 
I is the mercury tap. G is the U-tube to condense water- 
vapour, which in the later experiments has been immersed in 
liquid air. H is the calcium furnace, which, after the expe- 
riment, is sealed off and filled with mercury from the 
erucible (L). K is the spectrum-tube described later. J is 
a subsidiary volume, only used in the more recent tests, the 
purpose of which is to neutralize the effect of the volume of 
the U-tube. The device is copied from that employed by 
Ramsay & Cameron (Journ. Chem. Soc. Trans. 1907, p. 1598, 
fig. 1). The U-tube G must necessarily have a somewhat 
large volume to prevent its becoming choked with ice. At 
the temperature of liquid air its volume is virtually trebled, 
whereas the volume of the calcium furnace at the high tem- 
perature is virtually halved. Hence an inconveniently large 
fraction of the gas remains in the U-tube when it is sealed off. 
To avoid this, J is surrounded with a cup of moist filter-paper 



ay Mr. F. Soddy on the Production of 

which is then filled with liquid air. Its volume is equal to 
or greater than that of the U-tube, and hence the greater part 
of the gas is obtained for the test. 

The procedure in removing air is simply to keep the solu- 
tion boiling and to pass a rapid current of gas from the 
voltameter, recombining it with occasional sparks in the 
chamber E. From time to time, the mercury in the tap is 
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lowered and the contents of H removed by the pump. The 
tap F alone calls for more detailed description. It is worked 
by connecting the tap d toa mechanical air-pump. It is made 
slow-acting by means of the construction (e). Obviously 
the bulb (c) must be below the level of the junction of the 
limbs (g) and (h) ; so that if the tap (d) were left open to 
the air when h is also open to the air, the mercury would be 
blown out of the tap into the flask. This is the sole danger to 
guardagainst. Ifthe tap (d) is closed in time, even a sudden 
break anywhere on the / side of the mercury tap does no harm. 
The small bulbs a and 0 take up the inertia of the moving 
mercury, and the slow flow of mercury into ¢ increases the 
pressure of the air there above the atmospheric so that the 
mercury remains in the tap permanently above the level /. 
The dimensions of the tap are as follows :— 

Height over all, 107 cms. 
Distance between the bulbs a and 0, 85 ems. 
Diameter of bulb ec, 40 mms. 
Diameter of barometer-tubes g and h, 3 mms. 
Diameter of bulbs a and 0, 26 mms. 

What is very important is that these dimensions have suf- 
ficient margin to allow of the slight excess of pressure required 
for glass-blowing operations on the h-limb of the tap while 
there is a vacuum in the other. It was the failure to allow 
for this contingency which caused the accident to the second 
series of experiments. 

The height of the mercury in the limb g indicates the 
pressure of gas in the flask, which is never allowed to exceed 
a few cms. of mercury. Soon after setting up the thorium 
and uranium flasks, some of the mercury in the trap D 
found its way into the solutions during the operations, con- 
taminating them and causing oxides of nitrogen to be present 
in the removed gases. This does no great harm, but in the 
later experiments the trap Z has been added to avoid this 
contingency. Itis probable no further modification of this 
part of the apparatus will be called for. 
What may be called the engineering of so unwieldy an 

apparatus may be seen from the Plate (XX.). On the small 
wood base supporting the water-bath is fixed a vertical bar 
of T-iron to which the flask, condenser, voltameter, and 
mercury tap are fastened. The voltameter is between the 
flask and mercury tap, and is not seen in the photographs 
except by reflexion in the circular mirror placed behind it. 
The apparatus, when sealed off from the furnace, is self- 
contained, and can if necessary be moved. When not in use, 
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the tube attached to the limb / is exhausted and sealed. In 
reopening it, it is advisable to break the tip under a rubber 
cap and to admit the air slowly, although each mercury tap, 
before being used, is tested under working conditions by a 
sudden break to ensure that it is correctly dimensioned. 
Recently such a sudden break occurred with the thorium 
flask, doing no harm. 

Spectroscopic Test for the presence of Helium. 

Before discussing the results so far obtained, itis necessary 
to state exactly what is and what is not considered sufficient 
evidence of the presence of these infinitesimal quantities of 
helium. The Ds line is generally the only line visible, and 
fortunately its position is quite easy to verify with accuracy 
owing to its proximity to the sodium lines. The D;line becomes 
quite brilliant under all circumstances before any of the other 
lines in the helium spectrum appear. Now the hydrogen 
secondary spectrum, which is composed of so many lines in 
the yellow and green region that it appears more or less con- 
tinuous, has a line so near D; that it cannot be distinguished 
by visual observation even with a good spectroscope. It is 
always less brilliant than other lines on the more refrangible 
side. An ordinary hydrogen tube, filled at not too low 
pressure, shows this line; and it is useless to attempt to detect 
the minimum amount cf helium in presence of the hydrogen 
secondary spectrum. It is also useless when argon is at all 
strong, as there are lines in the spectrum very close to Ds, 
although there is always more than one, relatively weak, in 
the small tubes used, compared to the other lines. In the 
cases mentioned the test would be rejected. What is required - 
is that D3; should be seen on a black background with no 
lines in its immediate neighbourhood, except D, and D, if a 
soda-glass spectrum is used, and the position of the line must 
be exactly found both with reference to the sodium line, and 
by comparison with a helium-tube. 
A considerable quantity of helium, say 10 or 20 times the 

minimum amount, can be detected in presence of a strong 
argon spectrum, as Ds; under these circumstances is far 
brighter than the neighbouring argon lines. Very small 
quantities of argon do not interfere greatly with the obser- 
vation of D;; for under these circumstances only the blue 
or spark spectrum of argon is observed, which has practically 
no lines in the less refrangible part of the spectrum. 

With the infinitesimal quantities of gas dealt with in 
these experiments, the passage of even a weak discharge 
causes the spectrum-tube to become non-conducting in a few Se a 
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seconds. All observations must be carried out very quickly, 
but with experience a single glance is usually sufficient; and 
one’s first judgment, even with the smallest quantities of 
helium, is rarely reversed by subsequent observations. 

One other very important consideration must be mentioned. 
The fact that the argon from a cubic millimetre of air is 
sufficient to spoil the testis in reality a very great advantage, 
and constitutes its main claim to suitability and safety in the 
present work. If, for example, the method of Sir James Dewar, 
of absorbing non-helium gases by cold charcoal, were em- 
ployed, since that method absorbs argon also, there never 
could be any complete certainty, when helium was observed, 
that it was not derived from atmospheric air which had been 
left in the solution, or had leaked in. With the method em- 
ployed the slightest leak of air is fatal in itself, and there is 
no possibility if helium is observed that it is derived from the 
air. When first devised, it was thought the method would 
make the work comparatively easy; but afterwards, when 
the numerous failures due to residual argon were being ex- 
perienced, it seemed as though little had been gained. In 
the work with radium ihe difficulty had been nitrogen ; 
whereas here exactly the same precautions had to be taken 
to exclude air as if the calcium had not been able to absorb 
nitrogen. Its ability to absorb the hydrogen and hydro- 
carbon gases always normally present in work of this 
character, is, however, its real advantage. 

Calibration Experiments. 

Everything depends, if the results are to have any theo- 
retical significance, upon the smallest amount of helium that 
can be detected by the method described being accurately and 
definitely known; and this part of the investigation has been 
carried out with great care. The results have been gratifying 
in that they have shown that the limit of visibility of the 
D; line constitutes a perfectly sharp and definite quantitative 
test for helium. Some preliminary experiments on this 
question were given in the original paper describing the 
method. Ordinary Pliicker tubes were employed and the appa- 
ratus was not filled with mercury, but the minimum quantity 
detectable was arrived at by dividing the total quantity added 
by the ratio of the total volume to that of the spectrum-tube 
employed. The present data show that there is an error some- 
where in these calculations, owing probably to the limiting 
partial pressure of helinm detectable in an ordinary Pliicker 
tube being less than in a tube of minimum volume. The 
minimum detectable quantity of helium,"even in a tube of the 
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smallest possible volume, is much greater than was formerly 
deduced by calculation. Thus while the estimates of the 
amounts of helium to be expected have grown less, the estimates 
of the capabilities of the spectroscope have also diminished ; 
so that the task is now known to be more difficult, for a double 
reason, than was at first supposed. 

In the present series of tests the processes of sealing off, 
absorption, and subsequent filling of the apparatus with 
mercury, were carried out exactly as in actual. experiments. 
Tests were conducted with three different types of spectrum- 
tubes, all furnished with electrodes of simple platinum wire. 
Those used in the early work, but now abandoned, had a volume 
of about 0°3 ¢.c., and were made of soda-glass. The bore of 
the capillary was rather too wide for the best results. The 
kind now used exclusively consist of a very small tube indeed, 
with hardly any unnecessary space around the electrodes, 
made of lead-glass with a total volume of only about 0°04 ¢.c. 
A third type were exactly similar except that they were made 
of soda-glass. They all became exhausted under the discharge 
with great rapidity, but for the present work the advantage 
of smaller volume, made possible by the use of platinum 
electrodes, outweighed the advantage of longer life to be 
derived from using aluminium electrodes. 

Several mixtures of pure helium with pure oxygen, con- 
taining only a few parts per million of helium, were made up 
by the principle of successive dilutions, with the greatest care, 
using the spectrum-tube filler devised by Sir William Ramsay. 
With the same device, a known fraction of a cubic centim. of 
the mixture was admitted to the exhausted calcium furnace. 
The furnace was sealed off, and a correction applied for the 
part of the gas not used. The absorption of the oxygen and 
tilling of the apparatus with mercury were then carried out 
in the usual manner. 

The general result has been to show that with the lead-glass 
tube described, a quantity of helium below a “ tenth-gram,” 
that is 10-!° gram, cannot be detected; while in a perfect 
experiment two tenth-grams can be detected with certainty. 
For the tubes of soda-glass otherwise similar, the quantity 
detectable is about twice this. In the first place the brightness 
ot the neighbouring sodium lines interferes with the test; 
and, secondly, the glass conducts much more readily than 
lead-glass ; so that the discharge under some circumstances 
passes, not through the glass at all, the spectrum of which is 
not observed, but almost wholly along the glass surface, 
causing it to fluoresce brilliantly and show the sodium lines. 
Test C VI. of the table was a very instructive one in this 
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respect. On first running the tube the sodium lines were 
strong and D,; scarcely visible, but the character of the 
discharge suddenly changed and D; came out more strongly, 
and continued for some little time quite obvious. The expe- 
riments with the old type of tube show the great advantage 
of reducing the volume; for with these the minimum de- 
tectable quantity of helium was about 16 tenth-grams. It 
was found in actual practice that even when the absorption 
of the residual gas by the calcium was as perfect as possible, 
there was no danger of the helium being so pure that it would 
not conduct the discharge (compare Mackenzie and Soddy, 
Proc. Roy, Soc. 1908, 80 A, p. 92). In order to avoid all 
doubt from the fact that the electrodes of spectrum-tubes 
absorb the rare gases, a new spectrum-tube was always used 
for the actual tests with the radio-elements, and in doubtfui 
cases in the calibration tests. 

In the following Table (p. 528) the calibration experiments 
have been collected. The first column gives the number of the 
test (C=calibration). The second column gives the amount 
of helium added in “ tenth-grams” (10-!° gram). The third 
column gives the perfection of the experiment, that is, the 
degree to which the absorption of the residual gas was 
complete. If some running of the tube was necessary to 
clear the spectrum, the test is classed as good, fair, or bad, 
according to the amount of running required, Any expe- 
riments in which the spectrum could not be cleared are not 
included. 

With regard to C XIV, which was a blank test with air 
purposely introduced, it was found impossible to mistake any 
of the lines in the argon spectrum for helium. 

Lastly, tests have been made to see what multiple of the 
minimum quantity of helium detectable by means of the D; 
line is required to show the bright red line 6677, and the faint 
red 7056. In these experiments the calcium furnace was not 
filled with mercury. The minimum quantity of helium to 
show D; in a small lead-glass spectrum-tube without filling 
with mercury was found to be about 

dx 10 c.c. (=5'4 x10 gram). 

As the ratio of the voiume of the whole apparatus to that of 
the small spectrum-tube was about 1: 2500, this is in good 
agreement with the preceding tests. Before any glimpse of 
the red line 6677 was seen three times this quantity had to be 
added, while with four times the line, though still faint, was 
obvious. To bring out the faint red line 7056, at least 20 
times the minimum quantity is required; while with 30 times 



528 Mr. F. Soddy on the Production of 

| Number 

of Test. 
Quality of | Observation 

Experiment. of D,. 
Helium in 
tenth-grms. Remarks, 

—— ns 

Lead-glass spectrum-tubes, 0°04 c.c. volume. 

| OF vie. 0-9 Perfect. Not seen. Certainly below limit, 

Rokr pita 18 Good. Seen clearly.) Fairly bright argon also. 

1 OOM ee 1°64 Perfect. Ditto, D, less bright than argon 
lines. 

La EEE gene 33 Good. Ditto. D, not much brighter 
than in last test. 

C XII .e.| “168 Good. D,, the Exceptionally strong 
brightest line.| argon spectrum. 

C XIV .,..| Blank test.| Perfect. No line like | ‘025 c.c. of air added. 
Ds. 

| 

Soda-glass spectrum-tubes, 0°04 c.c. volume. 

© Ts... 14 Good. Not seen. | Sodium lines strong, 

Or LY ora 1°8 Good. Seen for a Sodium lines interfere. 
moment only. 

CV lanka 2-2 Fair. Seen fora | Not enough to be 
short time. depended upon. 

WAR Sante 3°6 Good. Seen well, But for some time D, 
was hardly visible. 

| Soda-glass spectrum-tubes, 0°3 c.c. volume. 

VAL, ees 3°6 Bad. Not seen. Strorg hydrocarlion 
spectrum at first. 

Pe WLI: 4:1 Fair. Not seen. | Certainly below limit. 

pet Werte 8:2 Good. Not seen. | Ditto. 

Ge Goa 16°4 Good. Seen clearly. About the limit. 
! 

t 

this line is still excessively faint. The characteristic colour 
of the helium glow appeared with about 6 times; and the 
tube began to conduct easily, the spark-gap falling below 2.cms. 
with about 150 times the minimum quantity. In these experi- 
ments arrangements were made to admit small quantities of 
water-vapour when the tube became non-conducting. Then, 
by making the furnace very hot, the hydrogen of the calcium 
hydride formed exerts an appreciable tension of dissociation 
so that the discharge will pass. The degree of vacuum and 
the amount of hydrogen present did not, within the limits 
tried, have any appreciable effect on the various quantities 
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of helium required to show the different lines. It may be 
inferred that, so long as a discharge will pass at all, D; will 
be seen if the minimum quantity of helium is present, however 
little other gas is present. 

It is of interest to compare this quantity of two tenth-grams 
of helium found to be the minimum quantity detectable by 
the: spectroscope, with the minimum quantity of radium, for 
example, detectable by radioactive methods. Using the ema- 
nation of radium for the test, about 10-“ gram is about the 
smallest detectable quantity, though no doubt with some 
refinements this could be with certaintv reduced. The radio- 
active method in the case of radium is thus about 20 times 
more sensitive than the spectroscopic in the case of helium, a 
comparison much more in favour of the older method than 
might at first have been anticipated. 

Results with Thorium. 

In addition to the calibration tests already described, in all 
about 30 tests, involving the filling of the apparatus with 
mercury have been carried out, but only a few of these have 
been successful, and the results so far obtained are regarded 
merely as preliminary. Now, however, with greater expe- 
rience, comparative certainty and immunity from failure have 
been secured. In the third series of experiments, which 
remain to be considered, four flasks have been set up, con- 
taining thorium nitrate, uranium nitrate, pitchblende in nitric 
acid solution, and sodium sulphate, The latter is intended 
partly as a blani experiment. Only the thorium experiment 
will be detailed in this paper, as the others have not yet 
been under observation a sufficient period of time. 

The flask contains a solution of ordinary commercial thorium 
nitrate, several years old, corresponding to about 350 grams 
of the element thorium. The first test was a failure, and 
the second was rendered ambiguous owing to a trace of 
mercury entering the spectrum-tube. The third test was 
carried out successfully after a period of accumulation of 
35 days. The absorption of the gas was only moderately 
perfect, but no indication of D3; was observed at any stage 
of the experiment. The subsidiary volume J before referred 
to was not used in this experiment, so that only about one half 
of the gas would have been obtained for the test. The test 
therefore indicates that the rate cf production of helium from 
thorium is not greater than 10-" (year)-1, which is in agree- 
‘ment with the theory given. 

In the next test the period of accumulation was 203 days, or 
about six times the preceding. As before, only about one-half 

Phil. Mag. 8. 6. Vol. 16. No. 94. Oct. 1908. 2N 
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of the total gas, probably, was obtained for the test. The 
experiment was a very perfect one, and Ds; was seen clearly 
in a fairly strong blue argonspectrum. It was exactly iden- 
tified with reference to the sodium lines and with a comparison 
helium tube, and its quantity was estimated to be about 2 tenth- 
erams. It corresponded very closely with the calibration 
test CII. This gives for the rate of production of helium 
from thorium about 2 x 10-” per year. 

Further experiments must now be waited for. Not until © 
a consistent series of quantitative tests of this character have 
been carried out, can any reliance be placed upon the results. 

Summary. 
The present rate of production of helium from uranium and 

thorium indicated by theory is about 2 x 10-¥ per year as a 
minimum value if it is produced at all, or about 4°5 x 10-¥ 
per year, calculated by an indirect method on the assumption 
that the a-particle is an atom of helium. The first of these 
values is almost eight times less than the value indicated when 
these experiments were started three years ago. 

The minimum quantity of helium detectable by the spectro- 
scope by the special methods employed has been shown to be 
two tenth-grams (10-!° gram), which is somewhat greater 
than was supposed at the commencement of the work. In 
consequence, the question has proved more difficult to settle 
than at first appeared. With the quantities of uranium and 
thorium employed in these experiments, a period of accumu- 
lation of several months is necessary to detect the helium if 
produced at the theoretical rate. 

The experimental difficulties in the way of performing 
such tests have now been overcome, but only one positive 
result has so far been obtained. This was with 350 grams of 
thorium in the form of nitrate. Helium to the extent of 
about two tenth-grams was detected after a period of accu- 
mulation of nearly seven months, which corresponds with a 
rate of helium production of 2x10-! per year. This result 
is of course of no significance until it is confirmed. All the 
other tests so far obtained only indicate that the rate of pro- 
duction of helium from both uranium and thorium is certainly 
below what was first deduced from the imperfect. theory, and 
is certainly not above the rate indicated by the present 
theoretical data. 7 

Since this paper was written, by the help of a research 
grant from the Carnegie Trustees, a new series of experiments 
have been successfully started with quantities of materials 
five-fold greater than before attempted. 

Physical Chemistry Laboratory, 
Glasgow University. 
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XLVII. Magnetic Rotation of Electric Discharge. 
iby Prot. D. N. Mavimer. 4.) ScD. Fn SE.* 

[Plate XXI.] 

i: ‘ee present paper presents a detailed study of the 
properties of the electric discharge in De La Rive’s 

apparatus. 
The apparatus is of the usual form. The vacuum-tube, 

however, is in communication with a pump and an ordinary 
barometric gauge. An aluminium disk and ring of the same 
material form the electrodes. 

Fig. 1. 

The electromagnet (H, E) is, as usual, made up of a coil 
carrying current and a soft iron core projecting from it. 
The discharge (in most of the experiments) is passed from an 
induction-coil, the H.M.F’. of which is varied by changing the 
number of cells in the primary circuit. 

2. As the pump is worked, it is found that at a certain 
pressure depending on the number of cells in the primary of 
the induction-coil, z.e. the E.M.F. of the induction-coil, and 

* Communicated by the Author. 
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the distance between the electrodes and the nature of the 
gas, the discharge passes, but this discharge when it becomes 
continuous is, as a rule (§ 18), in the form of a spray or 
shower consisting cf infinite number of streams or “ rays ”’ 
all round the axis of the tube. This discharge is unaffected 
when the electromagnet is excited. 

Figs. 2,3 (Pl. XXI.) are photographs* of such a discharge 
in air. The streams seem to be reflected at the side of the 
vessel; their shape therefore depends partly at least on 
the shape and dimensions of the vessel and the electrodes. 
Fig. 3 shows also a few bright streaks. They were formed 
temporarily, one after the other, during exposure of the plate, 
and were the results of the confluence of a certain number of 
“¢ s{reams.” 

3. As the exhaustion proceeds, more and more of the rays 
ageregate into a band which becomes brighter and thicker 
as aggregation proceeds. ‘This band is at first unsteady 
owing evidently to the fact that there is a continuous change 
in the constituent streams. Fig. 3 shows the initial stage of 
this process. 

4. The bright band gradually becomes steady when the 
constituents do not any longer change with time. It then 
extends from a definite point on the ring to the nearest 
point of the disk (cathode), which is partially surrounded 
by a glow. 

In the present apparatus (in which the ring has a gap) 
this point in the ring is about 180° from this gap. It is 
apparently the point in the ring at which the electric density 
is greatest, and the path of the band then meets the anode 
at the point at which normal electric force is greatest. 

Fig. 4 (Pl. X XI.) shows a fully developed “band” dis 
charge. [The dark space in this is only apparent by 
contrast. | 

5. The pressure at which this band attains steadiness and 
definite form depends on the .M.F. of the induction-coil 
and also on the distance between the electrodes and the 
nature of the gas. 

With the induction-coil I have used in these experiments, 
and for air, when there were three cells in the primary 
circuit, this state was attained somewhere about the pressure 
of 22 millimetres of mercury. With four cells it was about 
26 millimetres, and with five cells about 30 millimetres, the 
distance between the electredes being 18 cm. 

6. It is when the discharge forms a band of definite shape 
that rotation ensues on the application of the magnetic field. 

* Kindly taken for me by Mr. Hughes of the Cavendish Laboratory, 
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With a weak magnetic field the discharge sticks and rotates 
with a jerk, but gradually the rotation becomes steady as the 
magnetic field is intensified. As the pressure is further 
lowered, the ‘“‘ band” gradually broadens and changes in 
eqiour (fig. 5, Pl. XXI_.): 

7. The dark space is now well defined, increasing in size 
as the pressure becomes less, while the glow surrounding 
the disk is seen to extend, changing in form from oblate 
spheroid through spherical to prolate. And the rotation 
continues so long as a considerable portion of the discharge 
passes very nearly through the same point of the ring. 

In air, the rotation at first follows the law investigated 
later, viz., pw =constant, where p is the pressure and » the 
corresponding angular velocity (§ 22); but when the pressure 
is less than a certain amount, depending on H.M.F. of the 
induction-coil, &e. (§ 5), the angular velocity increases less 
rapidly than would be consistent with that law. Gradually 
the ring end of the discharge (ring being the anode) extends 
over a finite arc of the ring (fig. 6, Pl. XXI.). In this case 
there is only a twist on the application of the magnetic field. 
The pressure at which this occurs depends on the H.M.F. of 
the induction-coil &e. (§ 5), as well as on the magnetic field 
itself. Thus in my experiments with three cells in the 
primary it was about 3 millimetres; with four cells 4°5 
millimetres ; and with five cells 5 millimetres (fig. 6). 

8. Finally the discharge spreads over a considerable 
portion of the ring, gradually becomes striatory and whitish in 
colour, and ultimately fills the whole tube (fig. 7, Pl. XXI.). 
The only effect of the magnetic field in this case is to 
produce an apparent lengthening of the negative column, 
due to the fact that the ions move in spirals on the application 
of the field (§ 17). 

9. It will be thus seen that whenever the discharge 
consists of a large number of rays going in all directions 
there is no rotation. 

10. Thus rotation is only possible if the bulk of the 
discharge follows a certain path. This path joins the point 
of maximum electric density in the anode to the cathode, 
and is apparently the least path from the cathode to this point. 
Moreover, this is the case when the pressure is between 
certain limits (depending on the H.M.F. of the induction- 
coil and other quantities). The “band” discharge thus 
behaves like a flexible wire carrying current of sufficient 
intensity to produce rotation under a magnetic field of suitable 
intensity. 

11. Nearly all the salient points with regard to these 
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discharges in air can be derived from the curves (fig. 8, 
I. & I1.). In these, pressures in millimetres of mercury 

Fie. 8.—I. & II. 
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PRESSURE. 1 11M. OF MERCURY. 
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OMFF OF POTENTIAL BETWEEN ELECTRODES IN ELECTROSTATIC UNITS 

I EMF OF DISCHARGE DUE TO 3 CELLS IN THE PRIMARY OF THE (NOUETEOR Cort 
~ = #CELLS - 

are ordinates, and the enone colonia 
between the electrodes in electrostatic units are abscissze. 

These curves were obtained by measuring the lengths of 
sparks between two brass spheres of 3 cm. diameter im 
parallel with the discharge tube and deducing the corre- 
sponding potential-difference from the table given at p. 461 
of J. J. Thomson’s ‘Conduction of Electricity through 
Gases, 2nd ed., by interpolation. 

12. It will be seen that we may roughly distinguish four 
portions in each curve, AB, BC, CD, DE. The first portion 
(AB), which is very nearly straight, corresponds to the 
“‘spray’’ discharge. As the pressure decreases the character 
of the discharge changes ; it forms into a band by the con- 
fluence of most of the discrete streams. ‘This is indicated 
by the bend in the curve at B. 

After this, the relation between pressure and potential- 
difference is given by a straight line BC. Throughout this 
stage, the discharge is in the form of a band of light which 
rotates according to the law pw=constant. Gradually the 
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curve bends away from the straight line BC, and at this 
point (somewhere about C) it appears that the above law 
ceases to hold. Ultimately it bends round, as is also a priori 
evident from the fact that at a very low pressure the resistance 
to the passage of discharge is very great. With the method 
of spark distance, it is difficult to trace this portion of the 
curve ; I have accordingly made use of a different method 
(fig. 8, III., p. 536) for the purpose. 

13. If we admit that pressure x spark-length is a linear 
function of the corresponding potential-difference between 
the electrodes, the fact that AB, BC are approximately 
straight indicates that the average length of the path of 
the discharge is very nearly constant during these stages, 
and moreover that the path is longer for AB than for BC. 
That this is actually the case would be evident from an 
inspection of the figures 2, 3, and 4. 

14. Curve I. traces the changes in the case in which 
there were three cells in the primary circuit of the induction- 
coil, and Curve IJ. when there were four. It is evident that 
the potential-difference for the same pressure is greater in 
the second case than in the first, and it approximates to 
equality as the pressure decreases. 

15. Again, the pressure at which the band appears is seen 
to be higher in the second curve than in the first; so also 
the pressure at which the rotation ceases, the difference 
being more marked in the first case than in the second. 

16. For the same strength of the magnetic field, the 
rotation is very much less when the ring is the cathode 
than when the disk is the cathode. 

It is found that there is no essential difference in the two 
cases as regards the variation of electric intensity with 
pressure. The observed difference is therefore likely to be 
due to a difference in the number of ions. 

17. As the discharge from an induction-coil is inter- 
mittent, it is likely that, during the interval in which the 
discharge is not passing, a certain number of ions recombine. 
In order to find how far this affects the rotational effect, a 
steady discharge from 800 storage-cells was passed through 
a tube, the distance between whose electrodes had now to be 
much less (2°6 cm.) than in the previous experiments. 

It is found that the discharge passes at a pressure of about 
12 mm., and it is, as is to be expected, a “ band” discharge 
which rotates as usual. As the pressure decreases the 
rotation ultimately ceases, the discharge spreading over 
the whole ring. In this state, on the application of the field 
a well-marked spiral is seen to mark the path of the ions, 
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the number of convolutions depending on the strength of the 
field (§ 8). 

I have used the discharge from storage-cells to investigate 
the nature of the curve connecting the potential-difference 
between the electrodes and pressure when the latter is low, 
but as the nature of the discharge changes not merely with 
pressure but also with the current carried by the discharge 
which it is difficult to keep constant, the measurement of 
difference of potential between the electrodes in the case 
of a steady discharge is much more difficult than would 
appear a priori. The following curve (III., fig. 8), how- 
ever, fairly represents the main features of the relation 

Fig. 8.—III. 
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OST. BET ELECTRODES 2:6 CM. 

between pressure and difference of potential between the 
electrodes, for a current strength of 10 milliamperes: the 
difference of potential was read off on an electrostatic 
voltmeter. 

18. It is not without interest to compare the character 
of the discharge in this case with that obtained for the same 
distance between the electrodes when an induction-coil is 
used. In the latter case, also, the general character of the 
discharge is of the same form, there being only two stages of 
the discharge “band” and “glow”; only the range of 
pressure for which the discharge is in the form of a band 
is much greater than with storage-cells, being due to the 
much higher E.M.F. of the induction-coil producing the 
discharge. 
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Experimental Determination of the Relation between 
Pressure and Angular Velocity, Sc. 

19. If a magnet-pole of strength m acts on a movable 
and flexible wire carrying current 7, the energy of motion 
of such a wire is miQ, where © is the solid angle subtended 
at the pole by the area described by the wire. 

Moreover, if ¢ be the angular displacement of the wire 

OQ, =(cos 6,—cos 4), 

where 6; and @, are the angles made by the bounding radii 
of the wire, to the pole, with the axis of the magnet. 

.. the moment of couple acting on the wire 

= mi (cos @;— cos 4). 

[f, instead of a single pole, we have a distribution of 
magnetism and p is the linear density of magnetism, the 
moment 

= ilp dx (cos 8;—cos 4). 

In the case of an electromagnet as in fig. 1, and a flexible 
wire extending between the electrodes of the discharge-tube 
of fig. 1, it is 

1 

of, d= ( t V a+ 2? 

= 2A > = 37m nearly, 

(a=the radius of the ring, being small), if m is the total 
magnetic strength and / the length of the iron rod above the 
ring. 

Here p has been taken to be constant. This is found to 
be the case, both as the result of theory and experiment 
(‘‘ Experimental Determination of Magnetic Induction,” Phil. 
Mag. Jan. 1908). 

20. Assuming that the “band ” discharge can be replaced 
by such a wire (and experiments justify the assumption), the 
equation of motion of the discharge will be of the form 

lw = 3 mi —{u (A,+A,)rnds, 

where I is the moment of inertia of the discharge about the 
axis of rotation ; 

- » = angular velocity ; 
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u = velocity of an ion, due to rotation at a distance r 
from the axis ; | 

n = number of ions per unit length of the discharge, 
positive and negative ; 

A,, Ay =the retardations of + and — ions respectively 
per unit velocity ; 

ds = an element of length of discharge. 

S = electric intensity along the line of discharge, 
= charge on an ion, 

K,, K, =the velocities of + and — ions under unit 
electric intensity ; 

then K,S, K.S will be the velocities of the ions along the 

line of discharge. | 

Se K,SA)3 Ao Ae i 
1 

é 

Similarly, A,= = 
| 

2 

.. the equation of motion becomes 

loa= 2 mMi—w ne Aid ce pe \ ds : 
2 Xy K, 

~Mi—pw, say. 
. 

This gives 

.. when the steady state is reached, 

=m 

ce i 2 e 2 Wards | 

: (x, nA K,) | 

Moreover, | 

Se(K,+ K,)n=: ; 

o _K,K,8 
am \rPds 

21. Experiments * were made to obtain the law connecting 

* Similar experiments with a different apparatus have also been made 
by Prof. H. A. Wilson and Mr. Martyn (Phil. Trans. June 1907). 
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pressure (p), w, m, and V (the E.M.F. of the induction- 
coil) in air in the first instance. It should be noted that 
this law pertains entirely to the portion AB of the curves, 
fig. 8. 

Keperiment 1.—Current in the electromagnetic circuit 
constant (=2°2 amperes). H.M.F. of the induction- 
coil 3E, where E is the E.M.F. due to one cell in 
the primary circuit. 

p 

(in allan nee hanes P 
of mercury). (in seconds). T 

16°5 TO7 S'4 

14°5 P55 9°3 

11°76 1°25 Saks 

9°4 al 9-4 

Memo... : Gee 

Experiment I1.—C=2'2 amperes. V=4E. 

De ity a 

18°85 167 iL Bh 

15 27 BO ee 

13*5 gE) bes 

12 VLOG) L132 

10:97 98 oA 

Meany wai ice les 

Eeperiment II.—C=2°2. V=5H 

P vs aE r 

23 1:605 14°37 

£9 1°26 L5°3 

15 “99 tord: 

jae G2 16°6 

10 "63 15°S 

8 ORS 15*5 
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Combining all these results, we see that 

3 EH Ou 3 

4 11:4 28 

5H | 1d) or 

22. And we conclude that pw=XV, where 2 is independent 
of p, a, V, but depends on m and the nature of the gas. It 
also depends on the spark-length. 

23. It was a priori evident that w variesas m. In order 
to verify this and obtain the value of m, in the particular 
case in which the current in the electromagnet circuit was 
2-2 amperes, the following method was adopted :— 

| 
He 
Coes 
ape ae 
| a 

Currents in amperes. 

a 40 50 60 70 80 96 
x aig eek TS NUMBER OE ROTATIONS 1NV JOO SECONDS 

THROW X'3°7 

Experiment 1V.—wo was determined for different values of 
the current in the coil of the electromagnet, and the results 
were represented by a curve, in which the ordinates repre- 
sented current (in amperes), and abscissee number of 
revolutions in 100 seconds (fig. 9). 
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Experiment V.—In the next place a small coil (4 inch 
thick) containing 36 turns of wire, in circuit with a ballistic 
galvanometer and an earth inductor (in series) was placed 
in the same relative position to the soft iron rod, as the ring 
of the discharge-tube (which was removed for the purpose) 
and the throws (d) of the galvanometer corresponding to 
different currents were noted. Then, if w = strength of pole 
of an elementary magnet of length dz, wdv«=Idv, where I is 
the intensity of magnetization ; 

or uw = Ids 

B 

a a 
or 

m= as x total magnetic induction. 
dor 

Anrim: % 36 ie , =e 
Hence, Pp = where P is the magnetic induction 

through the earth inductor, and d’ the corresponding throw, 
when the earth inductor is rotated through 180°, about a 
horizontal axis. Therefore m evidently varies asd. Now 
when these throws were plotted, as abscissee on a suitable 
scale, currents In amperes being ordinates as in Experi- 
ment IV., it is seen the curve so obtained virtually coincides 
with the curve obtained in Experiment IV. This proves that 
wn mM. 

In particular, when the current in the magnetizing coil is 
2-2 amperes, m is given by 

9 
oe = — since P was known to be 8°6 x 10# ; 

and we have ultimately — 

K,KSp = os i {» ds, 
cee 
2 

where AV =27x9°1 when V = 38k; 

2 
and n= os “00 x LO, 

In order to determine [2 ds and ds, the band discharge 
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was photographed and the quantities calculated from 
measurement. 

D. Me { rds. \ ds. 

14°5 5K 38°16 19:97 

17 4B 36°92 19°85 

30 5E B12 19°92 

Mean )..<% 31°4 19°91 

24, Therefore, finally, we have 

KY 'p = a 2eel2 90, 

where V’ is the potential-difference corresponding to S at the 
pressure p. 

25. It is not without interest to note that Prof. Wilson 
and Mr. Martyn’s result can be written 

pV'K,Ky = 234 x 31. 

26. If we take V’ equal to the actual potential-difference 
between the electrodes, we have the following values of 
K,K, for different values of p. 

- in 1am in one per cm, i 

3 1158 58°2 L3i8 Rae 

) 2130 107 6°159 x 10° 

10 4560 229 é 1°438 x 10° 

27. These results may obviously depend on the special 
conditions of the experiments, such as the distance between 
the electrodes besides the E.M.F. used for producing the 
discharge. I proceeded accordingly to investigate the etfects 
of these quantities. 

28. In order to examine the effect of the distance between 
the electrodes on the discharge, the potential - difference 
between the electrodes for different pressures was determined 
as in art. 11, for the case in which the discharge between the 
electrodes was 5°8 em. (fig. 10). The curve for this case and 
that in which the distance was 18 cm. are plotted together 
(fig. 10) for purposes of comparison. 

It will be seen that the first bend in the curve associated 
with a change in the character of the discharge occurs at 
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higher pressure when the distance between the electrodes is 
less and is, moreover, less marked. In fact when the distance 

PRESSURE /N MM. OF MERCURY. 

10 20 30 40 50 60 70 
DIFFERENCE OF POTENTIAL BETWEEN THE ELECTRODES ( ELECTROSTATIC UNITS. 

ZL DsTv. BET. ELECTRODES 5-8 cm 
5 re /8 cm. 

is small (2°5 or 3 em.) there is no such bend, the first stage 
in which the discharge is showery being absent (§ 18). 

29. In order to determine the effect of the distance 
between the electrodes on rotation, the apparatus (fig. 11, 
p- 544) was used. 

The ring electrode is joined to a stiff copper wire (A), 
passing through and moving with a glass float B, which slides 
in the tube C. Mercury fills a portion of C, the flask D and 
the indiarubber tube E. The ring ‘ean be raised or lowered 
by the adjustment of the level of mercury in C. 

30. In this way experiments were made at different pres- 
sures and different distances between the electrodes. The 
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results are given in the following table and are also exhibited 
in the curve (fig. 12, p. 545). In these I have taken the 
amount of induced magnetism proportional to the length of 

Fig. 11. 

the iron core of the electromagnet above the ring, in accord- 
ance with results already established (“‘ Experimental deter- 
mination of magnetic induction in an elongated spheroid.”) 

Distance between = Be 

Seen a proportional to proportional to 

10 rag 210 
8°35 3 209 
78 3°6 219 
6°4 ov4 230°9 
6°3 3°8 230°2 
o°8 6°4 215°2 
4-2 16 281 

1. is a varies inversely as the square of the length of the 
mm 

discharge, as a rough approximation. 



Fig. 12. 

DISTANCES BETWEEN THE ELECTRODES /N CENTIMETERS 

2 a 6 8 10 (2 [4 16 

p p> Cer : 
A _, where p isin millimetres of mercury, T in seconds, and 7 taken 
Tin equal to the length of the rod above the ring. 

31. But since we have 

or @ sik KS 

ite ae (ds ; 

K, Ks 5 1 : 

we have, corresponding to any pressure, “Cag. Varying as 
rds 

This) roughly or K,K,V’ very nearly, independent of the 
e | 

distance between the electrodes. That is, K,K, is practically 
independent of this distance except in so far as V’ depends 
on this distance. 

32. I have also examined the behaviour of different gases 
and vapours, when the discharge is passed through them at 
different pressures. 

In all the following’experiments, the distance between the 
electrodes was 4°5 cm., the number of storage-cells in the 
primary of the induction-coil = 3, and the current; in 
the electromagnet circuit 3°4 amperes. 

(For purposes of comparison, the results for air obtained 
with the same apparatus are given below.) 

: Air. 

(in millimetres dl P 
of mercury). (in seconds). Me 

D8 1°41 Ail 
49 1:14 43°3 
ao. 95 All 
a4 "86 40) 

Meanie: . 4135 

Phil, Mag. 8. 6. Vol. 16. No. 94. Oct. 1908. 20 
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At lower pressures ~ decreases as p decreases. Thus 

P Dp, ale ie 

26°5 8 33 

19 7 27 

Nitrous oxide (N20). 
The discharge passes at a higher pressure than in air. 
The rotation begins above a pressure of 10°4 em.; the 

relation between pressure and the corresponding period of 
rotation is similar to that in air. 

p T df 
a 

62 Q+4 25°8 
39 16 244 
33°6 1:37 24°5 
23°58 1 93+5 
14:82 6 Q4°7 

Mean. 2... ce 24°6 

Since in air a = 41°5, 

P varies inversely as the density, very nearly. 
r 

The curve connecting pressure and _ potential-difference 
between the electrodes is of the same type as that for air, 
being situated further from the p-axis than the latter. 

Carbonic acid (CO.). 

The discharge passes at a very high pressure, the band 
discharge appearing at a pressure above that of 15 cm. 

po is not constant, but increases with pressure as is shown 
below. 

(in sitters fy D 
of mercury). (in seconds). 71 

125°5 1°8 70 

102 ie 60 

Td 14 D3°9 

42 1-07 40 

32 "84 38 

23°) 7 33°59 

15 Bo) 21°3 
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The relation between p and T is represented by curve I. 
(fig. 13). 

PRESSURE IN MILLIMETERS OF MERCURY. 

7 /N SECONDS i CO: Ti. SO,. ILE, Cet, 
(PERIOO OF ROTATION) 

Pressure in Mites: of MERCURY. 

A) ‘10 20 30 40 50 60 70 80 
POTENTIAL DIFFERENCE BETWEEN ELECTRODES IN ELECTROSTATIC UNITS. 

ICog Uso, W Cel, 

The relation between p and potential-difference between 
the electrodes is represented in curve I. (fig. 14). 

202 
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In order to get rid as far as possible of the effect of 
decomposition on the passage of the discharge, the gas was 
pu ped out and fresh gas introduced several times during 
the experiments. 

Carbon tetrachloride (CCl,). 

The “band” discharge appears at about 48 millimetres and 
the rotation continues up to a pressure of 6°9 millimetres. 

The following results indicate the variations of the period 
of rotation T and pressure : | 

p. Th r 

6°9 "05 (2 

10 Ie i 

24 1°6 y 

48 1S 26°6 

It was found to be a rather inconvenient gas to work with ; 
accordingly, sufficient number of determinations could not be 
obtained. 

The curves of p, T, and p and the potential-difference are. 
given in figs. 13 and 14. 

Sulphur dioaide (SQz). 

Rotation was observable between the pressures 46 mm. and 
3 mm. 

il increases with pressure. 

p- q. . 
A6 1°45 oid 

3() 125 24 
21 1:19 Yb 

13 *S4 Ly 

The curve connecting p and T, and that connecting p and 
potential-difference are given in figs. 13 and 14. 
When discharge was passed through benzene, ammonia 

and ether, they decomposed so rapidly that no measurements. 
could be obtained. 

Further experiments on the subject are in progress, and I 
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am also engaged in working out a theory of these rotations. 
In the meantime, the following conclusions are justified by the 
results already obtained. 

Conclusions. 

1. The discharge ina De La Rive’s tube, in general, passes 
through three stages, “ showery,”’ “ band,” and “ glow.” 

In air, when the distance between the electrodes is small, 
the first stage is absent. 

2. The discharge rotates under the influence of the mag- 
netic field, only when it is in the form of a “band,” over 
a range of pressure, depending on the nature of the gas or 
vapour in the tube, the E.M.F. producing the discharge, and 
the distance between the electrodes. 

3. Gases can be divided into two groups as regards the law 
of rotation : 

(1) In gases such as Air, H*, N *, N.O, 2. e., probably all 
elementary gases and those which do not decompose 
under the electric discharge, for a certain range of 
pressure (depending on the distance between the elec- 
trodes and E.M.F. producing the discharge) 

fn = constant, which varies inversely as the density of the 

gas, where T is the period of rotation at pressure p. For 

lower pressures, * decreases as pressure decreases, 

(2) In other gases (e. g., CO2, SQ2), which probably 
tend to decompose when the discharge passes through 

them, and probably all vapours (e. g., C Cl,), fe increases 

with pressure and with the density of the gas (fig. 13). 

4. In the case of the first group of gases, for pressures at 
: : : p 

which there is rotation according to the law f= constant, 
Ht 

the potential-difference between the electrodes is a linear 
function of the pressure. 

For each group the potential-difference between the elec- 
trode increases with the density of the gas. 

* Prof. H. A. Wilson and Mr. Martyn have investigated the law 
relating to these gases, 
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5. For all substances, the potential- difference increases with 
pressure (except for very low pressures), with the H.M.F. 
producing the discharge, and the distance between the 
electrodes. 

6. In air, and probably in all gases, the angular velocity 
of rotation is proportional to the E.M.F. producing the 
discharge, and increases as the spark-length decreases. 

K,K.S 
7. Since en, 

m \ds 

1 

but since 8 increases with density and T also increases with 
density, K,K, rapidly decreases as density increases. 

8. K,K, is independent of the distance between the elec- 
trodes (except in so far as the potential-difference in the 
discharge depends on it) but varies with the H.M.F. of 
the discharge. 

I have to thank Professor J. J. Thomson for permission 
to work at the Cavendish Laboratory and for many valuable 
suggestions. 

XLVI. Homogeneous Secondary Réntgen Radiations. By 
CHaRLEs G. Barxua, I/.A., D.Sc., Lecturer in Advanced 
Electricity, and CHARLES A. SADLER, JZ.Sc., Demonstrator 
in Physics, University of Liverpool *. 

HOUGH there are many phenomena of Secondary 
Rontgen Rays still awaiting investigation, it seems 

desirable in publishing the results of recent experiments— 
principally on the homogeneous secondary radiations—that 
a general survey should be made of the whole subject of 
“Secondary X-Rays emitted by substances subject to 
X-Rays,” and that a more concise statement of the experi- 
mental results and the conclusions based on these should 
be given. This, indeed, appears a necessity not only in 
order to make intelligible the results of what would other- 
wise appear isolated experiments of little significance, but to 
exhibit the observed limitations or the generality of laws. 

* Communicated by the Physical Society: read June 12, 1908. 
The expenses of this research have been partially covered by a 

Government Grant through the Royal Society.—C. G. B. 
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which are continually being tested by further experiments 
on a variety of substances and under a variety of conditions. 

As has been shown in previous papers *, the behaviour of 
substances subject to X-rays varies enormously with the 
atomic weight of the substance exposed, and generalizations 
cannot safely be arrived at except after an extensive series 
of experiments on a large number of elements. 

The results which have so far been found to be perfectly 
general will be briefly stated T :— 

All substances subject to X-rays are a source of secondary 
X-rays. 

The radiation from a given element is independent of the 
physical state of the substance and of its mixture or even 
chemical combination with other elements. 

The character of the secondary radiation from an element 
is independent of the intensity of the primary radiation 
producing it. 

The intensity of secondary radiation from an element is 
proportional to the intensity of the primary radiation of 
definite character producing it. 

The absorption by a thin sheet of any substance of the 
secondary rays from various elements subject to the same 
primary beam is a periodic function of the atomic weight of 
the radiating substance. 

There are, however, groups of elements of neighbouring 
atomic weight into which substances may conveniently be 
divided ; for when a primary beam of ordinary penetrating 
power is used, the radiations from the various elements in 
one group are very similar in properties, while those from 
elements in different groups differ considerably. But it 
should be understood that this grouping is somewhat 

* As frequent references are made to the following papers, they are 
denoted by the letters a—g :— 

Barkia: a. Phil. Mag. June 1903, pp. 685-698. 
6. Phil. Mag. May 1904, pp. 543-560. 
ce. Phil. Trans. A; vol. 204, 1905, pp. 467-479. 
d. Roy. Soc. Proc. A, vol. 77, 1906, pp. 247-255. 
e. Phil. Mag. June 1906, pp. 812-828. 
g. Phil. Mag. Feb. 1908, pp. 288-296. 

BaRrkELA & SavieR: f. Phil. Mag. Sept. 1907, pp. 408-422. 
+ These results were given in the papers to which reference has 

already been made; later experiments have not revealed any exceptions. 
It appears quite possible, however, that under certain conditions ex- 
ceptions will be found. Crowther, who by careful experiment has 
further verified some of these results (Phil. Mag. Nov. 1907), finds much 
less intense radiation from nickel when in combination as nickel carbonyl 
than we have obtained from the pure element in the solid state. As this 
cannot be accounted for by variation in the primary beams used, it is 
perhaps worthy of further investigation. 

_ 
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arbitrary, as elements of intermediate atomic weight emit 
radiations possessing intermediate properties, and the classi- 
fication depends to a certain extent on the character of the 
primary radiation. It is, however, convenient for the 
purpose of description. 

H-S GRrRovp. 

The group of substances of atomic weights from that 
of hydrogen to that of sulphur appears simplest in beLaviour 
under X-rays of ordinary penetrating power. 

Hach element, when subject to such a primary beam, 
emits a secondary radiation which has almost exactly the 
same penetrating power as the primary producing it. The 
secondary beam is complex like the primary, and contains 
the rays of various penetrating powers in approximately the 
same proportion as the primary (a & 0). 

Though it is very difficult, if not impossible, to detect by 
direct methods a difference in the penetrating powers of 
primary and secondary beams, when the primary is not 
more than moderately penetrating, it appears from indirect 
evidence that the secondary radiation is always slightly 
more absorbable than the primary (>). With more pene- 
trating primary rays the difference is more marked (6 & *). 

The intensity of radiation emitted by these elements is 
proportional merely to the quantity of matter passed through 
by a primary beam of definite intensity, if of low to moderate 
penetrating power : in other words, the intensity of radiation 
from an atom is proportional to the atomic weight tf (a & 6). 

The secondary radiation proceeding from one of these 
substances in a direction perpendicular to that of pro- 
pagation of the primary is fairly completely polarized, 
when the rays are of the absorbable type (d). 

The intensity of secondary radiation from each of these 
substances varies in different directions perpendicular to 
that of propagation of a polarized primary beam (e). 

The amount of polarization in a primary beam, as in- 
dicated by the secondary rays, diminishes with an increase 
in the “hardness” of a given X-ray tube emitting the 
primary radiation. 

* Beatty, Phil. Mag. Nov. 1907, pp. 604-614. 
+ It was considered possible that the discrepancy in the case of 

hydrogen, as found by one of us, might be explained by the mixture of a 
small quantity of air. Crowther, however, from more recent experiments 
has concluded that hydrogen and helium in this group are exceptions to 
this law of intensity. 
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The secondary radiation from these substances is approxi- 
mately twice as intense in the direction opposite to that of 
propagation of the primary rays as the average in directions 
at right angles, when the primary beam consists of rays 
of the easily absorbed type (9g). (Polarization produces 
variation in different directions at right angles to the 
primary beam.) 

This ratio varies somewhat with a variation in the cha- 
racter of the primary rays, but has not been found to exceed 
Bail. 

The results of all the experiments when an easily absorbed 
primary was used as the exciting beam, may be explained on 
the theory as given by Professor J. J. Thomson * shortly 
after the earliest systematic experiments on light gases. 
The electric displacement in the primary Rontgen pulses 
when passing over the electrons produces accelerations in 
these in the direction of that displacement, and thus causes 
the emission of secondary pulses of equal thickness. The 
natural deductions from this theory have all been strikingly 
verified by experiments on substances of low atomic weight 
when subject to an easily absorbed primary beam. 

Before the phenomena of secondary X-rays from these 
light atoms may be said to be fully understood, we must 
explain the effects produced when the primary rays change 
to those of more penetrating type. In experiments that 
have been described the secondary rays began to differ 
in penetrating power from the primary,—they were more 
easily absorbed ; they gave less evidence of polarization of 
the primary beam, the variation falling from about 20 per 
cent. to 6 or 7 per cent. in experiments made while the 
primary became more penetrating ; the ratio of intensity of 
secondary radiation in the direction opposite to that of 
propagation of the primary beam to that in one at right 
angles dropped considerably; the ratio of ionization in 
the secondary electroscope to that in one testing the primary 
beam increased slightly. | 

These results might be explained qualitatively either by 
the introduction of a secondary radiation of different type 
superposed on the almost perfectly scattered, or by the 
scattering becoming more imperfect by the introduction 
of forces of considerable magnitude other than those pro- 
duced directly by the primary pulses during the passage 
of those primary pulses over the electrons, or by the intro- 

* Conduction of Electricity through Gases’ (2nd edition) p. 321. 
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duction of a greater proportion of tertiary rays due to 
the emergence of the secondary rays from greater depths 
of the radiating substance, or by a combination of these. 

Though the experiments, the results of which are stated 
above, were not performed concurrently, it was evident that 
the variation in intensity of secondary radiation exhibiting 
the polarity of the primary beam changed from about 20 per 
cent. to only about 6 or 7 per cent. as the X-ray tube became 
“harder,” even before a difference between the penetrating 
powers of primary and secondary beams could be detected by 
direct comparison. It was not evident whether this change 
was actually one in the polarization of the primary beam 
itself or in the efficiency of the secondary rays in exhibiting 
a polarization of constant magnitude. The latter appeared 
the more probable when considered in conjunction with the 
changes that had been found in the ratio of intensities of 
secondary rays in a direction almost opposite to that of 
primary propagation and one at right angles. Further ex- 
periments were therefore made to determine if the changes 
were all attributable to the same cause. It was found, how- 
ever, that although increasing the hardness of a given X-ray 
tube produced a decrease in the amount of polarization 
detected, the more penetrating portion of a primary which 
was transmitted through a sheet of aluminium did not 
exhibit less polarity but slightly more, indicating that the 
effect was due not merely to change in the penetrating power 
of the radiation but to some change in the polarity of the 
primary beam itself. This was supported by the fact that 
the secondary radiation did not become appreciably different 
in penetrating power from the primary producing it,—indi- 
cating a fairly perfect scattering. Finally, later experiments 
have shown that for a primary radiation proceeding from a 
tube in the state of hardness which has invariably been found 
to exhibit a minimum of polarity in the primary, the ratio of 
intensities of secondary rays in the two directions indicated 
has been such as would be given by an almost perfectly 
scattered radiation. 
We cannot then attribute the decrease in the amount of 

polarization of a primary beam exhibited by the secondary 
rays to the scattered rays being only partially a scattered 
radiation or to imperfection of scattering, but it is almost 
certainly a decrease in the polarity actually existing in a 
primary beam when the tube becomes harder. 

These results are possibly due to the more swiftly moving 
cathode particles in the X-ray tube being productive of 
more secondary cathode rays in the anti-cathode. As the 
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secondary cathode particles are not directed like the primary 
cathode rays, they produce radiation which is not polarized. 
The greater the number of secondary cathode particles pro- 
duced, the less is the polarity of the complex radiation. As 
the X-radiation from the secondary cathode particles is 
probably less penetrating than that due to the primary 
cathode particles, the more penetrating portion of the 
complex X-radiation exhibits slightly more polarity than 
the more easily absorbed. 

The small increase observed in the intensity of secondary 
radiation from air, paper, &c., as measured by the ionization 
produced in an electroscope, when the primary beam is made 
more penetrating, is possibly due to the superposition of a 
homogeneous unscattered radiation, such as is emitted by 
elements of higher atomic weight. ‘This would account for 
the complex secondary radiation differing more and more in 
penetrating power from the primary as the latter became 
more penetrating ; for it has a definite penetrating power 
characteristic merely of the element emitting it. Though 
experiments have not yet been made to analyse this secondary 
radiation set up by the more penetrating radiation, it appears, 
for reasons discussed later, exceedingly probable that such a 
radiation does appear when a penetrating primary beam is 
used. 

A point still awaiting investigation is the change in the 
observed ratio of intensities of secondary radiation in direc- 
tions approximately opposite and perpendicular to that of 
primary propagation. Experiments have been made to 
ascertain the amount by which this ratio is affected by a 
change in the polarization of the primary beam, by the 
superposition of tertiary rays in greater proportion, and 
by the superposition of homogeneous radiation characteristic 
of the radiating element. In these later experiments, how- 
ever, the deviation from the theoretical ratio for perfect 
scattering has through all the changes made in the primary 
beam been much less than in the first experiments ; and it 
has been found that even a fairiy penetrating primary beam— 
much more penetrating than any used in the experiments 
referred to in a previous paper (@)—sets up secondary rays 
whose intensity distribution is within a few per cent. of that 
which would be given by perfect scattering. This matter is 
being further investigated *. 

* It ought to be remarked, that though an elementary consideration 
of the production of secondary rays indicates that the intensity of 
radiation is the same in the forward and backward directions, and that 
each of these is double that in a direction at right angles, a more complete 
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Cr—Zn GROUP. 

The radiation proceeding from elements of atomic weight 
between those of chromium and zinc, when subject to X-rays 
of ordinary penetrating power, is of a very different type 
from that discussed, for from no two elements in this group 
is the penetrating power the same. The absorption by a thin 
sheet of aluminium ‘0104 cm. thick is, between these limits 
of atomic weight, a decreasing function of the atomic weight, 
varying from 94 per cent. for the radiation from chromium 
to 64 per cent. for the radiation from zine. [Ofe of the 
primary beams used was absorbed to the extent of about 
34 per cent. | 

Homogeneity.—One of the most remarkable features about . 
the radiation from any one of these elements is that though 
the primary rays incident upon the substance are very 
heterogeneous, that is cousist of rays varying considerably 
in penetrating power, the secondary rays are homogeneous. 
This point has been briefly referred to in a_ previous 
paper (/). 

To give a particular example :—The ionization produced 
in a given electroscope by a primary X-ray beam was 
diminished by 51 per cent. by placing a sheet of aluminium 
‘0208 cm. in thickness in its path; atter 77 per cent. had 
been absorbed by aluminium, a similar plate produced a 
further diminution of this ionization by 27 per cent. ; after 
J1 per cent. had been absorbed the same plate cut off only 
18 per cent., showing that the rays after each transmission 
became on the average more and more penetrating. This 
effect has been explained as due to the more absorbable 
constituents being sifted out. 

Although such a primary beam produced in one of this 
class of substances the secondary radiation experimented 
upon, it was found that the secondary radiation was of an 
entirely different type, being equally absorbed after trans- 
mission through sheet after sheet of absorbing substance. 

The radiation from thick copper was found not to differ 
appreciably from that from a very thin sheet which was only 
thick enough to absorb 14 per cent. of the primary rays. 
Thus the radiations from the deeper layers after transmission 

theory shows that these results can at best be only approximately true. 
It is only necessary to consider the action of the magnetic field in the 
primary pulses on the electrons as they begin to move under the action of 
purely electric forces, to see that dissymmetry must exist. A complete 
theory must also take into consideration the distribution of the tubes of 
electric force round each radiating electron. 



‘Homogeneous Secondary Rontgen Radiations. ae 

through the surface layers were of the same character as 
those from the surface layers. Consequently, in dealing 
with these secondary rays it is not necessary as in the 
H—S group to deal with very thin plates in order to 
determine the character of the radiation as emitted by the 
atoms themselves. 

Using zine as the radiating substance, the direct ionizing 
effect of the secondary rays was determined, and afterward 
the ionization produced by the same beam after transmission 
through thin sheets of zinc and aluminium placed at a 
distance of several centimetres from the detecting electro- 
scope in order to avoid complications due to the more easily 
absorbed corpuscular secondary rays from the metal sheet. 

The effect of the radiation from air was determined by 
separate experiments, and correction was then made for this in 
each observation, though when a large proportion of the 
secondary rays was absorbed, the air dation was quite a 
considerable fraction of the whole and the possible error was 
as a consequence greatly increased. 

Below are tabulated the percentage absorptions by a plate 
of zine °00131 em. thick and one of aluminium -0104 cm. 
thick of the secondary beam direct from zinc and of this beam 
after transmission through various thicknesses of aluminium. 
These results exhibit the striking homogeneity of the radiation 
from zine. 

TABLE I. 

Radiation from Zine (thick sheet). 

i ) LE. TLL. 
Percentage Absorption | Percentage Absorption | Percentage Absorption 

by Al | by Zn (00131 cm.) by Al (‘0104 em.) 
previous to absorption | after absorption after absorption 
in column II. or III. | in column I, in column I, 

0 | 365 675 
| 22 | 36:2 67 

| 67 | 35-4 — 
| 0 | 35'S — 

| 89 304 67 

| 97 | 33:9 66 | 
| 0 | B42 i 

) 
= = a 

Similar experiments w were made on the absorption of the 
radiation from zine by zine when that radiation had been 
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passed through various thicknesses of zinc to absorb different 
proportions of it. 

The radiation from copper was examined in the same way. 

TaBue [I]. 

Radiation from Copper (thick sheet). 

| 
| if II. 
_ Percentage Absorption | Percentage Absorption 

by Zn | by Zn ('00181 cm.) 
| previous to absorption | after absorption 

in column II. in column I. 

0 43 

44 tf 

0 414 

42°6 42°6 

67-5 | 43-1 
| 81:5 | 42 
| 

| 96-7 41:8 
| 0 42:5 

All these experiments show extremely little change in the 
percentage absorption even after almost complete absorption. 
The contrast between primary and secondary beams is 
strikingly shown in fig. 1 (p. 559), in which the absorptions are 
represented by ordinates and the amount previously absorbed 
by abscissee. The corresponding curve for the secondary 
radiation from paper (in this case subject to penetrating 
primary rays) is given for comparison (fig. 1). 
~ Independence of Primary Rays---To exhibit the inde- 
pendence of the penetrating power of the secondary radiation 
from one of these metals Cu, of that of the primary pro- 
ducing it, we have tabulated below the absorbability of 
various primary rays and that of the secondary rays produced 
by these. Though the absorption of the primary by alu- 
minium ‘0208 cm. thick varied from 52 to 18 per cent., the 
absorptions of the corresponding secondary beams from 
copper by aluminium ‘0104 cm. thick were as nearly as 
observable the same, the experimentally determined values 
being 58°3 and 58:1 per cent. respectively. This constancy 
in character makes accurate experiments on these radiations 
possible. 
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Fig. 1 
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Note,—Cu Zn Zn ‘00131 indicates :—Copper radiation after transmission 
through Zn is absorbed by Zn -00131 cm. thick to extent shown by 
ordinates. 

TasuE III. 
Radiation from Copper (thick sheet). 

| 
id | Il. | III. 

Percentage Absorption Percentage Absorption | 
by Al of | of Primary Rays _ Percentage Absorption 

Primary Radiation | by Al(‘0208cm.) _— of Secondary Rays 
previons to incidence | after absorption given | by Al (0104 cm.). 

on Cu radiator. in column I. | 

0 | " | 58 | 
52 | zs | 58:6 | 
0 | 52 | 58:3 

77 | 27 | 588 
. 0 | 51 | 58°4 

- 91 . 18 ) o8'1 

; 0 | 51 | 58°8 
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Each of these elements therefore emits a characteristic 
radiation which is independent of the penetrating power of 
the primary beam setting up this radiation, and being homo- 
geneous, the absorption-coefficient calculated from the 
relation [=JIje—** has a value which is independent of the 
thickness x of absorbing substance *—a property which 
appears to be unknown among X-ray beams hitherto experi- 
mented upon. 

The absorption-coefficients for the radiations from Fe, 
0, Ni, Cu, and Zn, when absorbed by Al, Fe, Cu, Zn, Ag, 

Sn, and Pt have been given in a previous paper (/). 
Though it has been shown that the secondary radiation 

from some of the substances in this group (Cr-Zn) is re- 
markably homogeneous in comparison with the primary 
which produces it, the test applied is not one of extreme 
delicacy, and the presence of the scattered radiation similar 
to that of the first group (H-S) and of intensity given by the 
law found for that group would be exceedingly difficult to 
detect, as it would produce only about .), of the total 
ionization actually produced by the secondary rays from 
a very thin sheet of copper. Now we have seen that a 
radiation after transmission through metals may contain a 
considerable proportion of the radiation which is character- 
istic of the metal traversed and which was not in the incident 
radiation. ‘This acquired radiation may even, if the substance 
traversed has almost completely absorbed the incident radia- 
tion, constitute the bulk of the transmitted radiation. In 
such a case, experiments on the transmitted beam in order 
to analyse its constituents would be misleading, the con- 
stituents not being present in the original beam. 

To eliminate the possibility of this error, we have tested 
the radiation from copper after transmission through thin 
sheets of copper by absorbing by further plates of copper. 
Thus radiation of a fresh type was not introduced. 

It was found that after absorbing 98°3 per cent. of the 
copper radiation by copper, the absorption by copper 
00296 cm. thick had dropped from 74 to 70 per cent. The 
effect was more pronounced in the case of the radiation from 
iron, the numerical data for which are given below. 

* After transmission through sheets of absorbing substance, secondary 
rays are superposed on the transmitted radiation, and the resultant 
radiation in some cases ceases to be even approximately homogeneous. 
This effect can, however, be readily distinguished from true hetero- 
geneity by using as absorbers only those substances in which a radiation 
of different type is not stimulated. 
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TaB_e LY. 

Radiation from Copper (thick sheet). 

dt 
RE: Percentage Absorption by Cu, Zn, and Al 

Perceniage Absorption after absorption in column I. 
by Cu 

previous to absorption 
by Cu, Zn, or Al. Cu 00295 em. | Zn 00262 cm. | Al -0104 cm. 

0 74 69°7 72 
98°3 70 66 68 . 

Radiation from Iron (thick sheet). 

II. 
1 Percentage Absorption by Fe, Cu, and Al 

Percentage Absorption after absorption in column I, 
Fe | 

previous to absorption | 
by Fe, Cu,or Al. =| Fe 00318 em. | Cu ‘00296 em. | Al 0104 cm. 

| ac 
| 0 80°5 915 90 

80 79°8 91 89°5 

96 76°9 86 | 83°5 

There was thus evidence of a slight heterogeneity even in 
these radiations. 

Scattered Rays.—To test if this heterogeneity could be 
accounted for by the mixture of a scattered radiation, like 
that from light atoms, with the homogeneous radiation, a 
direct comparison was made between the ionization produced 
by the secondary beams from thin sheets of copper [:00067 
em. | and paper, subject to the same primary radiation. The 
paper which was used had ten times the mass of the thin 
copper, yet the ionization produced by the secondary rays 
from the copper was 19°5 times that produced by the 
secondary rays from paper even though a greater proportion 
of the radiation from copper was absorbed by the copper 
itself than that from the paper in the paper. As sheet after 
sheet of aluminium was placed in the path of the two 
secondary beams, the copper radiation was absorbed to a 
much greater extent than the radiation from paper; thus 
.34 per cent. of the radiation from paper was transmitted 

Phil. Mag. 8. 6. Vol. 16. No. 94. Oct. 1908  2P 
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through aluminium ‘0416 cm. in thickness, while only *7 per 
cent. of the copper radiation got through. The ratio of the 
lonization due to the copper radiation to that due to the rays 
scattered from paper, after transmission through ‘0416 em. 
Al had dropped to -401:1. After transmission through 
‘0782 cm. of Al the two radiations appeared approximately 
equal in penetrating power, the last 26 per cent. of the 
copper radiation being much more penetrating than the 
homogeneous radiation which had been practically all 
absorbed. When the two transmitted radiations were ap- 
proximately of the same character, the ratio of their ionizing 
effects was about 18:1; or from equal masses of copper 
and paper—disregarding all internal absorptions the inten- 
sities of the penetrating rays were in the ratio 18: 1. 

TARENUY. 

1: II. | Ld: IV. 
‘Ratio of ionizations 

Thickness of Al Percentage Percentage due to 
in path of of Cu radiation | of Paper radiation; Secondary beams 

Secondary beams. | absorbed. | absorbed. from equal masses 
| of Cu and Paper. 

0 bide 9 0 195°5 oa 

0208 94:5 51:8 20:1 SI 
0416 99°3 66 4:01:1 
‘0574 | 99-6 | 71 1:94: 1 
0982 5/4 99°74 | 78 1:88:1 
gO i onc 00:8 ia ©. Sana 

Allowing for the small extra absorption of the penetrating 
portion of the copper radiation in the copper plate itself 
above that of the corresponding rays in the paper—guantities. 
which were determined by separate experiments—the radia- 
tion from copper must have contained approximately twice 
as much of the penetrating radiation as the radiation from 
paper. 

By using a thicker copper plate as radiator the intensity 
of secondary radiation was increased, but the correction for 
absorption in the metal itself was also increased so that the 
result could not be regarded as more accurate, this correction 
not being obtainable with great accuracy. The conclusion 
was however practically identical with the above. We thus 
see that mixed with the homogeneous radiation from copper 
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is a more penetrating radiation. The most penetrating 
portion of this is about twice as intense as the corresponding 
radiation from substances of the H-S group. 

The radiations from other elements of the Cr—Zn group 
have not been examined so minutely as that from copper, 
but it has been seen that these also contain a small quantity 
of a more penetrating radiation which is probably scattered 
radiation. This more penetrating radiation was more evident 
in the radiation from thick iron, probably because the homo- 
geneous iron radiation being very absorbable emerges from 
a thinner surface layer, w hile a scattered radiation emer ges 
from greater depths than in the metals of higher atomic 
weight owing to the greater transparency of iron than sub- 
stances of higher atomic weight. Consequently the scattered 
rays—if we may assume them to be such—are in reality 
from a much greater mass of iron than the homogeneous 
rays, and produce more than their appropriate portion of 
the total ionization. 

It may be objected that in this case the radiation was 
transmitted through a second substance Al, and may have 
contained a considerable quantity of secondary radiation 
from Al of a kind not existent in the original radiation from 
copper. The production of a secondary radiation more pene- 
trating than the primary producing it is, however, contrary 
to all experience. 

Energy.—The ionization produced by the secondary rays 
from one of the elements of this group has been shown to be 
enormous in comparison with that produced by the secondary 
scattered rays from an equal mass of an element of low 
atomic weight. From a sheet of copper ‘00067 cm. thick, 
absorbing 14 per cent. of the primary radiation, the secondary 
radiation produced an ionization in the detecting electro- 
scope 200 times as great as that from an equal mass of 
paper. Correcting for absorption of primary and secondary 
rays, the ratio of ionization produced by the rays from equal 
masses of copper and paper was approximately 300:1. This 
is considerably greater than would have been found if all 
the radiation absorbed Jad been simply scattered as an 
untransformed radiation. This, however, by no means gives 
us a measure of the energy of the secondary rays, for these are 
of much more absorbable type than the primary. The per- 
centage absorption by a thin sheet of aluminium is about 
five times as great for these secondary rays as for the primary. 
If we assumed the same ratio for the ionizations produced 
in air by the two radiations if of equal intensity, we should 
be led to conclude that the energy of this homogeneous 

7a ey 
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radiation is about 45 times that of the scattered radiation 
from an equal mass of paper, and about } the total energy 
absorbed in the copper *. 

Though it is impossible by such experiments to determine 
the energy with accuracy, we may safely conclude that the 
energy of the homogeneous radiation is many times greater 
than the energy of “secondary radiation scattered from an 
equal mass of one of the light elements. 

Comparisons of the ionizations produced by the rays from 
other elements of this group have been made. They are all 
of the same order of magnitude. 

Distribution —It has been shown by one of us that the 
secondary radiation from thick copper, when this is subject 
to a primary beam of ordinary penetrating power, is approxi- 
mately equally intense in a direction almost opposite to that 
of propagation of the primary and in a direction at right 
angles. As probably 98 per cent. of the ionization produced 
by “the secondary radiation from thick copper is due to the 
homogeneous rays, this may be said to be the result for the 
homogeneous rays ‘alone. 

From thick iron, however, the radiation varied in intensity 
by an amount represented by the ratio 1:1: 1 in these two 
directions. But as we have shown, the heterogeneity of 
the radiation from thick sheets of iron is more marked, and 
this can be accounted for by the fact that from iron the 
homogeneous rays are very easily absorbed, consequently 
scattered rays emerge from a much thicker layer and appear 
in more than their normal proportion. The ratio 1-1: 1 
verifies this by showing the presence of a radiation which is 
controlled by the electric field in the primary pulses. 

The result is of the order of magnitude that would be 
given by a mixture of scattered rays of about the same 
intensity as found in the radiation from copper with the 
characteristic radiation uniformly distributed. 

Polarization Experiments —Though very careful experi- 
ments have been made with iron, copper, and zine as 
secondary radiators placed in a partially polarized primary 
beam of Réntgen radiation, the secondary rays from these 
have not been found to give evidence of any polarity. Thus 
the intensity of secondary radiation in a given direction is 
independent of the position of the plane of polarization of 
the primary beam producing the radiation ; in other words, 

* The homogeneous radiation has been assumed to be distributed 
uniformly i in all directions and the scattered radiation to be proportional 
to sin? 6, where 6 is the angle between the direction of radiation con- 
sidered and that of acceleration of the radiating electron. 
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the intensity of secondary radiation from members of this 
group is independent of the direction of electric force in the 
primary radiation. Again, this result may be taken as 
applicable to the homogeneous rays, as these constitute the 

_ bulk of the radiation from these metals. 
Efficiency of Primary Rays as Secondary Ray Producers.— 

Although in addition to the relatively small amount of 
scattered radiation, rays of only one penetrating power were 
emitted by an elementary substance upon which a hetero- 
geneous primary beam fell, it was still possible that only one 
constituent (rays of one penetrating power) in each hetero- 
geneous primary beam was producing this radiation. It 
was therefore important to determine to what extent each 
constituent of the primary beam was effective in producing 
these secondary rays. 

To do this, a portion of the primary beam direct from the 
X-ray tube was sent through one electroscope while another 
portion was incident on a secondary radiator, some of the 
rays from which passed through a second electroscope. The 
method was then simply to place absorbing plates in the 
primary beam before falling on the radiator, and to observe 
the extent by which the primary and the secondary radiations 
were reduced. It is obvious that the more penetrating con- 
stituents of the primary beam penetrate to greater depths 
than the absorbable constituents, and so are really trans- 
mitted through a greater mass than these. Hence, if two 
homogeneous constituents of primary radiation in passing 
through equal masses of radiating substance were equally 
efficient as secondary-ray producers, the radiation emitted 
by a thick plate would be produced principally by the more 
penetrating constituents; consequently an absorbing plate 
placed in the position indicated, would, by cutting off the 
more easily absorbed constituents, produce less diminution 
of the ionization in electroscope E, than of that in E;. It 
was therefore necessary to use as the radiator a sheet of 
metal which would absorb very little of the primary radia- 
tion, so that even the deepest layers would transmit different 
constituents in proportions approximately the same as those 
transmitted through the first surface-layer. 

It was found that a sheet of Cu 00067 em. in thickness 
when placed in the primary beam produced an absorption of 
only 14°5 per cent., as measured by the ionization produced 
in an electroscope. This was considered sufficiently thin for 
use asaradiator. The deflexions of the electroscopes were 
first observed when no absorbing plate was used. Aluminium 
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plates of thickness shown in column I of Table VI. were 
placed in the primary beam, and the deflexions of the primary 
and secondary electroscopes were diminished by the amount 
given in columns III and IV. 

TasBuLe VI. 

Radiation from Copper (thin sheet absorbing 14°5 per cent. 
of primary rays.) 

I IL. SHE Ay fl i 
Absorption Percentage 

Thickness | of Primary ’ diminution of | | Ratio of 
of Al by Cu Percentage | gecondar Tonizations 

in Primary (-00393 em.) rn Ate a by Al i in Secondary 
beam in’ | after passing |*. ae ie yy in column I, | and Primary 

centimetres. | through Al |7" °° """":| absorbing | electroscopes 
in column I. Primary. (relative). 

0 84 0 0 1 

‘0032 82:8 12:2 13°6 “98 

‘0064 81-4 24°9 25°5 ‘99 

‘0104 80°3 J4°2 33'1 1:01 

‘0168 779 46°7 46°6 1:00 

‘0208 75°9 511 51°4 “99 

0312 72:3 62°9 629 1:00 

0416 69°6 70°2 70°5 ‘99 

‘0520 65°2 746 75°0 ‘98 

‘0728 60:4 82°4 82°3 1:00 

‘0936 57 0 85'8 85:8 1:00 

"124 51°2 886 88'9 “97 

‘248 41°7 95°4 95°3 1:02 

Jn fig. 2 the ionization produced by the primary beam in 
air is indicated by abscissee and that produced by the corre- 
sponding secondary beam from a thin sheet of copper as 
ordinates, when different portions of the primary beam have 
been absorbed. ; 

As the secondary beam is practically homogeneous we have 
exhibited the relation between the ionization produced by a 
primary beam in the air, and its power of producing secondary 
rays in copper. We are thus led to the conclusion that the 
intensity of this homogeneous secondary radiation set up in 
a thin sheet of copper is proportional to the number of ions 
the primary beam would produce in a thin layer of air. 
Thus if two beams of Réntgen rays, which in passing through 
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a thin film of air would produce equal ionizations in that 
air, be sent through a thin sheet of copper, the intensity of 
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secondary radiation produced on that sheet by one beam will 
equal that produced by the other, even though one is three 
or four times as penetrating to copper as the other one. As 
for such ranges of penetrating power as are possessed by the 
constituents of such a primary beam, the relative ionizations 
produced by those constituents in different substances are 
usually fairly constant, it is highly probable that the intensity 
of the homogeneous rays from copper is through wide ranges 
of penetrating power of the primary proportional to the ioni- 
zation which takes place in the copper, and is independent of 
the character of the primary producing it. . 

It does not necessarily follow from this that the process of 
lonization produces the radiation, but it seems to indicate 
that the energy of the homogeneous secondary radiation is, 
for such ranges in penetrating power, proportional to the 
energy of the primary beam spent in the process of ionization. 

When the primary radiation was transmitted through 
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copper or iron before falling on the copper radiator, the 
ratio of intensity of secondary radiation to ionization pro- 
duced by the primary beam dropped slightly, showing that 
the radiation transmitted through these substances was less 
efficient as a secondary-ray pr oducer in comparison with its 
power of. producing ionization in air. This may have been 
due to the fact that in transmission through these plates, a 
Abeer) increasing quantity of secondary radiation from 
he plates was superposed on the primary. ‘This being in 

one case of the same penetrating power as the secondary 
emitted by the radiator, and in the other more easily absorbed 
than it, would not afterwards produce secondary rays in the 
copper (see later). When the radiation was absorbed by 
zinc, the ratio remained fairly constant. This result would, 
on the corresponding theory, be due to the fact that the 
radiation from zine is slightly more penetrating than that 
from copper, consequently the zinc radiation acquired in the 
primary beam would be capable of stimulating a feeble 
secondary in copper. (See Table VII.) 

TaBue VII. 

Radiation from Copper (thin sheet absorbing 

14-5 per cent. of primary rays). 

L IT. III. Ab es 
Percentage 

Thickness of | Percentage of | diminution of Ratio of 
platein | Primary Secondary by | Lonizations in 
Primary absorbed by Zr. | Znin column 1 | Secondary and 
beam. incolumnl. absorbing Primary 

Primary. electroscopes. 

Zn ‘00151 cm. 59:4 59°6 “99 
(SOU 2IE2 1 ie 775 176 “99 

00393 ,, 848 84°8 1:00 
00524 ,, 89:1 90°1 ‘91 

Lig  fOOTSE....45 93°5 93°6 ‘98 
sO kia 5, 972 96°3 1:32 

Cu ‘00067 cm. 43°5 4571 ‘97 
00134 _,, 65:0 66:5 95 
"00296 _,, 82 848 "84 
00592 ,, 90 91°6 "84 
‘Olist; 97 98 66 

Fe -00318 cm 0 he” 80°8 "84 
00630 _,, 89-0 91-4 ‘78 
00945 ,, 93°0 95 fal 

| 
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Whatever may be the true explanation, these results show 
that the proportionality exhibited after absorption by alumi- 
nium is not general even when copper is the radiating 
substance. This result may be contrasted with the corre- 
sponding phenomena exhibited by the homogeneous radiation 
from silver. In these experiments the homogeneous rays 
disappeared when the primary beam was made more absorbable 
and more efficient as an ionizer of air. The difference is 
almost certainly due to the fact that in the latter case the 
primary radiation passes from one more penetrating to one 
more easily absorbed than the secondary radiation charac- 
teristic of the element exposed to the primary rays. It seems 
highly probable therefore, that with sufficiently absorbable 
primary rays no such relation as that shown by fig. 2 would 
be obtained, but that the secondary would disappear while 
the primary still produced considerable ionization in air. 
It will be interesting to learn if a primary which ceases to 
stimulate the homogeneous radiation ceases also to produce 
ionization in the radiating substance. We, of course, know 
that elements of the H-S group are ionized, but do not 
emit a homogeneous radiation which can be detected. This 
appears to indicate no necessary connexion between ionization 
and radiation, but is not conclusive for various reasons. 

Special Penetrating Power.—In studying the absorption of 
these homogeneous radiations by a number of elements, it 
was found that the relation between the absorption by a 
given substance of the various homogeneous radiations from 
elementary substances and the atomic weight of those 
radiating substances was similar for all absorbing substances, 
except in the case of the radiating and absorbing elements 
being identical or possessing neighbouring atomic we eights. 
Each substance appeared to be especially transparent to its 
own radiation, and to a less extent to that from elements of 
neighbouring atomic weight. 

The tra ansparency of various elements to an ordinary 
heterogeneous beam of X-rays has been investigated by 
Benoist, who studied the phosphorescence produced by the 
beam after passing through absorbing substances. He com- 
pared the transparencies by finding the mass of a prism of 
absorbing substance of definite cross-section, which when 
placed in the path of the beam absorbed it by a definite 
amount. The relation between the transparency so defined 
and measured, and the atomic weight of the absorbing sub- 
stance was shown by a curve similar to that for paper given 
in fig. 3. It shows a rapid decline of transparency, with 
increase in atomic weight for low atomic weights, the 
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rapidity of the fall of transparency diminishing with an 
increase of atomic weight. In the case of very soft rays 
this decline becomes a slight incline. 
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By using thin plates of absorbing elements and testing by 
the ionization method the percentage diminution of intensity 
of the secondary beams by transmission through these plates, 
it was easy to calculate the thickness and hence the mass 
per unit cross-section necessary to absorb a given proportion 
—in this case 75 per cent. Some of these results we have 
given in a previous paper (/)*. They show that in place of 
the usual relation between transparency and atomic weight 
there is a strongly marked deviation in each case in the 
neighbourhood of the atomic weight of the radiator, the rays 
from an element being especially penetrating to that element 

* In the paper referred to the numbers given in Table II. represent 
mass in grammes, not thickness in centimetres as stated. 
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and to a less extent to elements of neighbouring atomic 
weight. 

That this special penetrating power is not due to the con- 
stituent easily absorbed by the radiating substance having 
been sifted out before emergence through the surface layer 
might be inferred from the fact of its homogeneous character, 
unless of all the constituents in the radiation as emitted from 
the atom itself this was the only one transmitted through 
even fairly thin layers of the substance. But we find other 
secondary rays transmitted with almost the same facility. 
We may conclude, therefore, that it is not merely from the 
surface of relatively thick sheets that the radiaticn emerges 
in a homogeneous state, but that it is so emitted by the 
atoms themselves. The special power of penetration is thus 
a specific property of the secondary rays and does not appear 
to be due to previous selective absorption. 

Tertiary Rays.—Some of the most interesting phenomena 
in connexion with these homogeneous rays were those shown 
by experiments made in order to investigate the special 
penetrating power of these rays. | 

When the characteristic homogeneous radiation from iron 
was passed through a thin sheet of copper—a substance 
whose characteristic radiation is of more penetrating type— 
it was partially absorbed, and the transmitted radiation 
appeared unchanged in character. 

When, however, the radiation from copper was passed 
through iron there was superposed on the copper radiation a 
considerable quantity of iron radiation; when the thickness 
of the absorbing plate of iron was sufficient to produce almost 
complete absorption, the bulk of the transmitted radiation 
was iron radiation. 

Similar experiments were made on copper and zine. The 
radiation from the former, which is more absorbable than 
that from the latter, when passed through zine was trans- 
mitted without admixture of other radiations, but when the 
radiation from zine was transmitted through copper it became 
more like the copper radiation. The effect was not so well 
marked as in the case of the transmission of copper radiation 
through iron. 

Thus a characteristic homogeneous radiation was emitted 
by a metal when the primary beam to which the metal was 
exposed was of more penetrating type than the characteristic 
radiation. When the primary was of a more absorbable type, 
this characteristic secondary radiation was not emitted*. 

* Details of these experiments will be given later. 
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Ag-I Grotp. 

When subject to primary beams of moderate penetrating 
power such as those used in these experiments, the elements 
of atomic weights from that of silver to that of iodine are 
exceedingly susceptible to small changes in the penetrating 
power of that primary radiation, both as regards the character 
and the intensity of the secondary rays that they emit. This 
is indeed the most remarkable feature of this group of 
elements. 

Silver and tin are the only elements of this group which 
have been examined in any detail, but they appear from 
superficial observation to be typical of the whole group. 
In previous papers it has been shown that the radiation from 
these two when subject to a primary beam of only moderate 
penetrating power, is not a scattered radiation like that which 
proceeds from elements of the H-S group, for it differs 
much more in penetrating power from the primary producing 
it than the radiation from the elements of that group, though 
not so much as the radiation from Cr, Fe, Cu, &. The 
radiation does not exhibit the polarity of a primary beam 
where such exists, and it is not distributed in the manner of 
the radiation from substances of low atomic weight, the in- 
tensity in a direction almost opposite to that of primary 
propagation being approximately equal to that in a direction 
at right angles. It was not possible, however, to perform 
this experiment with anything like the degree of accuracy 
with which it was done in the case of the radiation from Fe, 
Cu, &c., because the ionization produced by the secondary 
beams from Ag and Sn was much less intense. 

Secondary Scattered Rays.—Experiments with the softest 
rays procurable from an X-ray tube of ordinary type, how- 
ever, considerably simplified the secondary radiation, for it 
was found that the secondary rays from silver then differed 
very little in penetrating power from the soft primary. 
When the intensity of secondary radiation set up by a 
powerfully polarized primary was examined in the two 
principal directions at right angles, it was found that it 
varied by approximately the same amount as that from 
elements of the H-S group, thus exhibiting the same per- 
fection of scattering. When tin was examined in the same 
way, the variation in intensity was found to be about half 
that exhibited by the rays from paper and from silver. Thus — 
by using a very soft primary radiation, an almost purely 
scattered secondary radiation was emitted by silver, and a 
radiation consisting of a large proportion of scattered rays 
was emitted from Sn. 
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To compare the intensity of this scattered radiation from 
silver with that from elements in the H-S group, the 
ionization produced by the secondary radiation from a thin 
sheet of silver ‘00064 cm. thick was compared with that 
produced by the radiation from paper. The masses of silver 
and paper emitting the secondary rays were °2695 gr. and 
2°72 gr. respectively. The relative ionizations produced by 
the secondary rays from these were 148 and 280. From 
other experiments on the absorption of the primary beam by 
sheets of silver and paper of different thicknesses, it was 
estimated that about 60 per cent. of the silver radiation and 
75 per cent. of the paper radiation was transmitted through 
the surface layer. The intensities of radiation from these 
masses were, therefore, in the ratio 37: 56 approximately. 
From equal masses this was 37: 5:6, or 6°5: 1 approximately. 

As the primary radiation incident on silver became more 
penetrating, the ionization produced by the secondary rays 
increased enormously, the variation of intensity in the two 
principal directions at right angles to that of propagation of 
the primary rays gradually decreased from its original 
amount—about 14 per cent.—until it was inappreciable, 
though with the same primary the variation in the intensity 
of radiation from carbon had only dropped to about 6°5 per 
cent. The evidence of polarity of the primary given by the 
secondary rays from silver thus disappeared, while that given 
by the rays from carbon simply decreased from 14 per cent. 
to 6°5 per cent. It should, however, be noticed that the 
ionizing effect of the secondary rays from silver increased 
considerably, and when the evidence of polarity disappeared 
the total secondary ionization had increased about tenfold, 
so that such an effect would have been produced by the 
superposition of the homogeneous radiation, like that emitted 
by Cu, Fe, Zn, &.; for such a radiation gives no evidence 
of polarity in a primary beam, being uniformly distributed 
around that beam™, 

* An early experiment by one of us on the radiation from tin (e) 
indicated that the scattered radiation was not emitted in even the 
intensity that could be given by an element of the H-S group. The 
experiment was performed by comparing a very penetrating portion of 
the radiation from tin with that from paper. There are possibilities 
which make such an experiment inconclusive, and we feel that it requires 
verification. If the numerical values for the polarization given in 
Table VIII. could be taken as strictly accurate throughout, we should be 
led to conclude that the evidence of polarity disappeared more rapidly 
than could be accounted for by mere superposition of the homogeneous 
radiation, but the measurements in the final stages were too uncertain 
for such a conclusion to be based on them. We have, therefore, no 
conclusive evidence of a disappearance of the scattered radiation. 
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The evidence of polarity of the primary given by the 
radiation from tin disappears for even softer primary rays 
than in the case of silver. This must be connected with the 
fact that the characteristic homogeneous radiation from tin 
is less penetrating than that from silver, and is set up by a 
less penetrating primary radiation. It thus appears earlier 
in the process of hardening the primary and swamps the 
etiect of the scattered radiation sooner. 

TAB Til. 

i. | it. cg 
Percentage Variation of 

Ratio of Tonizations in intensity of Secondary 
Absorption Secondary and Primary _ radiation exhibiting polarity 
of Primary | electroscopes. of Primary beam. 
by O01 Al. | ft ia : 

| C radiator. Ag radiator.| C radiator. | Ag radiator. 

30°) | "303 | "180 ‘14 115 

o2°6 , "340 "309 10°95 4°45 

32°3 Ca 12:9 62 
52°0 "B15 ‘369 12'9 4:5 

v0 | ‘349 ) “821 9°9 2°8 

ey ads | eae 96 2°45 
ee toot! | Oi 915 ‘9 

Ne (iO sale... BBO 1:35 eee: "75 
/ 27°3 | “405 1-62 ff "45 

bia Pal Kh 4 3425 1-82 65 0 

Homogeneous Rays.—An analysis of the radiation from 
silver similar to that made of the radiation from elements of 
the Cr—Zn group shows that when the primary radiation is 
moderately penetrating, such a homogeneous secondary radia- 
tion constitutes the bulk of the rays emitted. Absorption 
by thin sheets of aluminium showed slight heterogeneity at 
first, such as would be evident if the scattered radiation were 
superposed on the more penetrating homogeneous radiation. 
After the absorption of this more easily absorbed scattered 
radiation the remainder appeared perfectly homogeneous. 

The contrast between the constitution of the copper and 
silver radiations is shown by the curves given in fig. 1. In- 
the copper radiation the homogeneous rays are more easily 
absorbed than the scattered rays, so the curve is initially 
horizontal and finally slopes downwards. In the silver 
radiation the scattered rays are on the average more easily 
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absorbed than the homogeneous rays, consequently the curve 
dips initially and finally becomes horizontal. The absorp- 
tions at successive states are shown in the following tables. 
With these results may also be contrasted those obtained for 
the scattered radiation from paper. 

TABLE IX. 
Radiation from Silver (thick). 

| Percentage diminution | Percentage diminution 
Thickness of Al placed | of Ionization produced by) of Ionization by Second- | 

in Secondary beam Secondary rays by trans-| ary rays due to absorp- 
from Ag. mission through Alin | tion by further sheet of 

column lL. Al (0208 em.). 

0 ) 15°9 

"0104 em, 9:2 14:8 

0208 ,, ie 13:8 
0574 ,, on 131 

124, 58 13°5 
piss 72 14 
205. ty ss 82°5 13°6 

oh ae 92 13°8 

526, 97 142 
0 0 16 

TaBLE X. 
Radiation from Paper. 

Percentage diminution | Percentage diminution 
Thickness of Al placed | of Ionization produced by| of Ionization by Second- | 

in Secondary beam | Secondary rays by trans-| ary rays due to absorp- | | 
| from Paper. mission through Al in | tion by further sheet of | 

column 1. Al (:0208 em.). | 

0 0 29°, 

"0104 em. LB: 7 20°9 

"0208 _,, 28 L7-4 

“0574 ,, 475 10°9 

182, 70 5:8 
584 Senne 88 2:5 

| 0 274 
/ 
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W-Bi Grovp. 

The radiations from the elements with atomic weights from 
that of tungsten to that of bismuth have not been examined 
minutely. They, however, appear to be very similar to the 
rays from Cu, Zn, &. The ionization produced by these 
rays is of the order of magnitude of that produced by the 
rays from elements of the Cr-Zn group; but there appears 
slightly more variation in the character due to changes in 
the primary rays. 

Though accurate observations have not been made, it appears 
probable that the radiation is a mixture of the scattered with 
the homogeneous rays, the proportional effect of the scattered 
being greater than in the radiation from Cu, Zn, &e. 

Conclusions. 

Secondary Réntgen rays of two distinct types are emitted 
by substances subject to a beam of X-rays. One, a scattered 
radiation produced by the motion of electrons controlled by 
the electric force in the primary Réntgen pulses, has been 
dealt with in previous papers by one of us, and has been 
further discussed in this paper with the H-S group of 
elements, The other, a homogeneous radiation characteristic 
of the element emitting it, and produced hy the motion of 
electrons uncontrolled by the electric force in the primary 
pulses, has been but briefly mentioned. 

All the phenomena of secondary X-rays so far observed by 
us may be explained by means of these two. 

The experimental results of these investigations, both on 
the scattered radiation and the homogeneous radiation, are 
summarized below. In order to make the summary more 
complete, we have introduced several results which have 
been previously published. The references for these 
are given. 

Experimental Results—Scattered X-rays—those produced 
by the motion of electrons controlled by the primary pulses— 
constitute the bulk of the secondary radiation from elements 
of the H-S group when these are subject to a primary beam 
of low to moderate penetrating power. 

Scattered X-rays are also emitted by many elements of 
higher atomic weight—probably by all—when subject to 
such a primary beam; but unless the primary is very soft 
they are accompanied by homogeneous secondary X-rays 
(characteristic of the radiating element) which produce 
much greater ionizations. 
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The law of intensity of these scattered rays which holds 
for elements of the H-S group—that the intensity of radiation 
from an atom is proportional to its atomic weight—cannot 
be extended to include the elements of higher atomic weight. 
From some elements at least the intensity is greater than 
would be given by this law. 

The scattered radiation from some elements whose charac- 
teristic homogeneous radiation is of comparatively penetrating 
type has been obtained free from admixture with this 
homogeneous radiation by the use of a primary beam 
consisting of less penetrating rays than the characteristic 
secondary. 

Those scattered radiations not thus isolated have been 
accompanied by a homogeneous radiation more easily absorbed 
than the primary radiation producing them. 
We have obtained no conclusive evidence that the relative 

‘intensity of secondary scattered and primary radiations 
changes with the penetrating power of the primary rays. 

All elements of atomic weight greater than that of sulphur 
which have been examined emit a homogeneous secondary 
radiation when subject to a primary beam of X-rays of 
ordinary penetrating power. Cr, Fe, Co, Ni, Cu, Zn, Ag, 
have been examined. All other elements whose secondary 
radiations have been examined less minutely appear similar 
in this respect. 

The penetrating power of this radiation from each element 
examined has been found independent of the intensity or the 
penetrating power of the primary radiation producing it; it 
is characteristic of the element emitting it. 

The penetrating power of this radiation is a periodic 
function of the atomic weight of the radiating element (e). 

The ionizing power of this radiation and almost certainly 
its energy is usually very much greater than that of the 
scattered radiation. 

The homogeneous radiation has invariably been found more 
easily absorbed than the primary radiation producing it. 

In all cases, when a primary was used which was softer 
than the characteristic homogeneous radiation, this radiation 
was not emitted. Also there is reason (from the curve con- 
necting absorbability of a secondary radiation and the atomic 
weight of a radiator) for believing that those elements H-S 
which do not under ordinary circumstances emit such 
radiation, possess a characteristic radiation which is more 
penetrating than any primary beam used. 

The intensity of this homogeneous radiation from copper 
Phil. Mag. 8. 6. Vol. 16. No. 94. Oct, 1908. 2Q 
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is for a considerable range in the penetrating power of the 
primary merely proportional to the ionization produced by 
that primary in a thin film of air and is otherwise independent 
of the penetrating power of the primary. This is not 
general, as in many cases—probably all—the homogeneous 
radiation disappears when the primary radiation becomes 
more absorbable. 

The intensity of the homogeneous rays in a given direction 
does not depend appreciably on the position of the plane of 
polarization of primary beam producing them. 

The intensity of this radiation in a direction approximately 
opposite to that of propagation of the primary beam producing 
it, is within the small errors of experiment equal to that in a 
direction at right angles (9). 

This radiation is specially penetrating to the element which 
emits it and to a less extent to elements of neighbouring 
atomic weight (/). 

The fraction of the homogeneous rays from one element— 
copper—scattered by air, is the same as that for X-rays 
proceeding direct from an X-ray tube (within experimental 
errors) (0). 

The absorbability of the secondary rays from copper which 
are scattered by air—tertiary rays—is the same as that for 
the direct secondary (0). 

Theory. 

The theory of the scattered X-rays has been dealt with in 
various papers, and the experimental evidence in support of 
that theory—briefly referred to in this paper—is so over- 
whelming that it need not be further discussed here. 

It is important, however, to consider the evidence we have 
regarding the nature and origin of the homogeneous rays, 
which are characteristic of the elements emitting them. 

The fact that the homogeneous secondary rays from copper 
are scattered by air in approximately the same proportion as 
the primary rays proceeding direct from an X-ray tube, and 
that the absorbability of these scattered rays is the same as 
that of the direct secondary rays, is strong evidence that they 
are of the nature of X-rays, for neither the observed intensity, 
nor the scattering without degradation, would have been ex- 
pected on any corpuscular theory, whereas they are in perfect 
harmony with the ether pulse theory. 

The relation between the absorption of a mixture of the 
homogeneous rays from a number of elements by various 
elements and the atomic weight of those absorbing elements 
is also very different from that found for any material 
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radiation, while it is very similar to that obtained by experi- 
ments on a beam of Réntgen rays *. 

The special powers of penetrating certain substances are 
such as have not been observed and are difficult to conceive 
of on any corpuscular theory. 

Neither electrostatic nor magnetic deflexion of these rays 
has been observed. 

Finally, the fact that the homogeneous rays are invariably 
produced by primary rays of more penetrating type, yet not 
necessarily more than just on the more penetrating side, 
appears some of the strongest evidence in favour of similarity 
in type between the primary and secondary rays. If the 
natures were different, the penetrating powers would represent 
totally different physical facts, and such connexion between 
them would be inconceivable. We can only conclude from 
consideration of this evidence that the nature of the homo- 
geneous rays is similar to that of the primary X-rays. 

As the homogeneous rays are of the nature of Réntgen 
rays, we must conclude that the radiation is set up by distur- 
bance of electrons produced directly or indirectly by the 
passage of the primary pulses. That this motion of electrons 
is not controlled by the electric forces in the primary pulses, 
is proved by the equality of the intensities of radiation in a 
direction approximately opposite to that of primary propa- 
gation and one at right angles, by the absence of evidence 
from the secondary rays of polarization of a primary beam 
in which such polarization exists, and by the absence of 
dependence of the penetrating power of the secondary beam 
on that of the primary. 

The forces called into play which produce the accelerations 
resulting in radiation cannot then be directly due to the 
electric displacement in the primary pulses, but must be those 
called into play in the atom itself. The two possibilities that 
suggest themselves are that the radiations result from a dis- 
turbance of the atom, which quickly recovers its normal 
contiguration, or that it is produced when the equilibrium of 
an atomic system is destroyed and forces of unusual magnitude 
are called into play. 

The homogeneity of the radiation and its independence of 
the primary rays suggest a regularity in the motion which is 
characteristic simply of the atom ; and although the relation 
between intensity of secondary radiation from copper and 
ionization produced by the primary in air is striking, it does 
not follow that the radiation is due to ionization in the 

* Details of these experiments have not been given. 
2Q2 
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radiating substance. Indeed, this appears highly improbable, 
for the homogeneous radiation disappears when the primary 
radiation is made “soft” and appears in great intensity when 
the primary is “hard.” 

If, then, the radiation were emitted simply during the 
process of ionization and were proportional to it, a soft 
primary radiation would produce little or no ionization and 
a more penetrating radiation—(that is one more penetrating 
to most substances)—wouid produce an ionization at least 
hundreds of times as great. Though experiments have not 
been made on the ionizations produced in these substances 
investigated, such variations in ionization are of a higher 
order of magnitude than any observed. Again, ioni- 
zation is undoubtedly produced in substances of the H-S 
group of elements when homogeneous rays are not emitted 
in appreciable intensity. We, however, do not know anything 
of the homogeneous rays from these substances except that 
they are probably of penetrating type. 

The relation between the absorption of a primary radiation 
and the intensity of secondary radiation emitted by the 
absorbing substance, also shows that the emission of homo- 
geneous radiation necessitates a special absorption of the 
primary beam. Also, as far as we can estimate from experi- 
ments made, the energy of the homogeneous radiation is more 
than accounted for by the special absorption necessary to the 
production of that radiation. 
Thus in fig. 4 we have plotted the coefficients of absorption 

of rays from "Fe, Co, Ni, Cu, and Zn by Al, Zn, Ag, Sn; Pt 
In each case the radiations absorbed are not—if we generalize 
from results given—capable of stimulating a homogeneous 
radiation characteristic of the absorbing substance, because 
these are of more penetrating type. Thecurvesaresimilar. But 
when iron is used as the absorbing substance, cobalt radiation, 
which is just more penetrating, is unable to produce more than 
a feeble secondary in the iron, so the decline of the line for Fe 
is not quite so great as would have been expected, because of 
the little extra absorption necessary to set up this slight 
radiation from iron. The copper radiation, which is much 
more penetrating, is able to stimulate an. intense radiation in 
iron and at the same time is enormously absorbed. ‘This is 
exhibited by the sudden rise in the Ie curve. Beyond copper, 
the absorption appears to fall again according to the usual 
law, the absorption of the zine radiation being a little less 
than that of the copper radiation. ‘The stage is thus reached 
when the change in the penetrating power of the primary 
radiation produces no difference in the relative amounts of 
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secondary homogeneous radiation and ionization by the 
primary beam, as shown by fig. 2 for the copper radiation. 
A study of the curves (fig. 3), exhibiting the transparency of 
various metals to homogeneous rays, shows the same thing. 
Thus, dealin y with the radiation from zinc, aluminium, in 
which a Zn radiation does not stimulate, a homogeneous 

Atomic WEIGHT OF FPADIATOR 

secondary radiation is fairly transparent. Iron, in which an 
intense radiation is set up—the characteristic radiation from 
iron being considerably softer than that from zinc—is very 
opaque. Copper is much more tr ansparent, as the zinc 
radiation being only a little more penetrating, is only able to 
set up a feeble radiation ; while zinc, in which zinc radiation 
is unable to set up any further radiation, is more transparent 
still. The substances Ag, Sn, and Pt appear relatively more 
transparent to this radiation than to a more penetrating beam™*. 

* Also Phil. Mag. Sept. 1907, p. 416, fig. 5 
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The zine radiation is unable to set up radiations in these 
elements, as they are of more penetrating type. The absorp- 
tions are, however, not sufficiently abnormal to speak of with 
certainty. The piped is more clearly shown by the curve 
obtained from the homogeneous radiation from silver (fig. 3). 

These results show that a substance whose characteristic 
radiation is equally or more penetrating than the radiation 
incident upon it, does not absorb that radiation so much as 
when the incident is of more penetrating type and able to 
stimulate a secondary radiation in that substance. As the 
penetrating power of the incident radiation (as measured by 
most substances) increases, the absorption increases up to a 
certain point. A definite portion of the absorption thus 
appears to be connected with the secondary radiation, and 
may be proportional to it. But this does not conclusively 
show that ionization, or some kind of disruption in the atom 
is not the cause of the radiation, for the absorption of a 
certain amount of energy of the primary beam might be 
required to produce the instability which liberates more 
energy. 

The facts that the homogeneous rays have invariably been 
found more easily absorbed than the primary rays producing 
them, and, in the cases investigated, that the homogeneous 
rays disappear when the primary becomes more easily 
absorbed, indicate a relation between primary and secondary 
which would be difficult to explain if this radiation were 
directly due to a disruption of any kind taking place in the 
atom. It appears rather that the radiation is due to what 
may be regarded as quite a normal behaviour of an Bic | 
after it has been passed over by Réntgen pulses, such as 
free vibration of electrons. 

Let us consider the passage of an electromagnetic pulse, in 
which the electric field is undirectional, over an electron 
with a free period of vibration much longer than double the 
time taken for the pulse to pass over it. (In this case the 
Réntgen pulse is thinner and more penetrating than the half- 
wave “produced by the free vibration of the electron.) The 
electron receives an impulse and is left with kinetic energy 
after the pulse has passed. Consequently itis then acted upon 
by forces called into play in the atom itself. These produce 
a motion which is characteristic of the atom of which the 
electron forms a part, and this results in radiation—probably 
the homogeneous radiation discussed in this paper. 
When the thickness of the primary pulse approaches the 

half-wave length characteristic of the vibratory motion of the 
electron in the atom, the restoring force in the atom is brought 

: 
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into play before the primary pulse has passed and the absorption 
of energy and energy of subsequent radiation are diminished. 
This explains the diminished radiation when the penetrating 
power of the primary decreases and approximates to that of the 
radiation characteristic of the radiating substance. When the 
primary pulse is thicker than the half-wave characteristic of 
the motion of the electron, the electron is displaced a short 
distance and is gradually brought back by the restoring force 
against a gradually weakening electric force in the primary 
pulse, so that when this has passed, the electron is near its 
position of equilibrium again and the motion and radiation 
produced in the other cases are now absent. It is impossible 
to give an exact solution without some knowledge of the 
distribution of electric force in the primary pulses, of the 
forces binding the disturbed electron to the rest of the atomic 
system, and of the structure of that system; but we may 
consider this to be an approximation to the behaviour of each 
electron directly concerned with the phenomena discussed. 
The number of such electrons may not exceed one in each 
atom of radiating substance. _ 

According to this theory, energy is taken from the primary 
beam and part, at least, appears as secondary homogeneous 
radiation, the rest being transformed into heat. 

As the energy of this radiation is quite a considerable 
fraction of the total energy absorbed, we should expect that 
the difference between absorptions of primary rays more or 
less penetrating than the radiation characteristic of the 
absorbing element would be evident from a study of the 
absorption of the various homogeneous beams. But we have 
seen that there is a large absorption of a homogeneous 
radiation by an element which emits a much more easily 
absorbed radiation, because much of the energy is given to 
the electrons ; that for other elements which emit a radiation 
only slightly softer, the absorption is much diminished because 
only a feeble disturbance and consequent secondary radiation 
is set up in the absorber; and when the radiation charac- 
teristic of the absorbing substance is more penetrating than 
the absorbed radiation, the absorption is small and no homo- 
geneous secondary radiation is produced. Thus what we have 
previously referred to as the special penetrating power of the 
homogeneous radiations may be explained by the small 
displacement produced in an atom by a radiation more easily 
absorbed, equally absorbed, or slightly more penetrating than 
the radiation characteristic of that atom, for reasons 
indicated. 

Though according to such a theory, if the displaced electrons 
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were merely held by a body of much greater mass, we 
should expect the emission of wave-trains instead of pulses, 
yet if the atomic system consisted of a number of interacting 
electrons, the energy of vibration would be rapidly commu- 
nicated to other parts of the system and the motion of the 
displaced electron would be little more than half a complete 
vibration. The resultant radiation would in that case behave 
much as a number of isolated pulses. 

An explanation on the disruption theory would be similar 
in many respects, but the displacement of electrons would on 
such a theory be sufficient to destroy the equilibrium of the 
atomic system and produce some change in its structure. The 
evidence against thisis perhaps not conclusive, but there is no 
indication from the energy of secondary X-radiation of such 
a phenomenon, and the relation between the primary and 
secondary radiations points rather to the latter being due to 
the motion of the atomic system in regaining its normal 
configuration. 

George Holt Physics Laboratory, 
University of Liverpool, 

30th May, 1908. 

———— — — 

College, Cambridae*. 

N 1900 Elster and Geitel + found that when a negatively 
electrified wire was exposed to the atmosphere for some 

time a radioactive deposit was formed on it whose properties 
agreed very closely with the properties of the active deposit 
from radium. Blane ft and others have shown that a thorium 
deposit accompanies the radium deposit, the relative amounts 
of the two deposits being dependent on the time of exposure 
of the wire. Eve§ compared the amount of the active 
deposit obtained from a known volume of air with the active 
deposit obtained from the emanation generated by a solution 
of radium bromide of known strength, and in this way 
formed an estimate of the amount of radium necessary to 
keep up the supply of emanation. Strutt ||, Eve J, Joly ** 

= Communicated by Prof. J. J. Thomson, F.R.S. 
+ Elster and Geitel, Phys. Zezt. ii. 1901. 
ane Phil. Mag. Mar. 1907. Also Dadourian, Le Radium, April 

Ke Eve, Phil. Mag. July 1905. 
|| Strutt, Proc. Roy. Soc. May 1905, May and Aug. 1906. 
q Eve and MacIntosh, Phil. Mag. Aug. 1907 

** Joly, Phil. Mag. Mar. 1908. 
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and others have detected radium and measured its amount in 
rocks, waters, &c., so that there are many agencies by which 
radium emanation can be supplied to the atmosphere. It is 
of importance to find the amount of radium emanation in the 
atmosphere in order to calculate how far the natural ioni- 
zation of the air is due to changes going on in the air and 
how far due to radiation from the earth or from sources 
exterior to the earth and its atmosphere, and also to find how 
the amount of emanation in the atmosphere varies with 
weather conditions. 

This paper contains an account of an attempt made by two 
methods to measure the amount of radium emanation in the 
portion of the atmosphere near the earth. The amount of 
emanation in a given volume of air is expressed in terms 
of the mass of radium which would be sufficient to keep up 
the supply of emanation, the radium and its emanation 
being supposed to be in radioactive equilibrium. This neces- 
sitated the use of aknown quantity of radium ; and Professor 
Rutherford was good enough to give mea solution of radium 
bromide containing 3°14 x 10~ gram of radium*. In essence, 
the principle of the experiment is first to measure, by some 
means or other, the emanation in a known volume of air, 
and then to measure by the same means the emanation given 
off from the solution in a known time. A direct comparison 
of the two figures enables one to calculate the amount of 
radium which is capable of supplying the emanation in a 
known volume of air, the assumption “being made that the 
emanation in the air is in radioactive equilibrium with the 
radium that gives rise to it. 

>) 

Two methods of experiment were tried :-— 
(1) Absorption by Charcoal, 
(2) Condensation by Liquid Air; 

and an electrical method of testing was used throughout, the 
amount of emanation being expressed in terms or the in- 
creased electrical conductivity it imparted to a known volume 
of air. 

Method (1) will be described first. 

(1) The Charcoal Method. 

In a letter to ‘Nature’ in Oct. 1906, Prof. Rutherford 
announced that he had found that when a stream of air con- 
taining radium emanation was slowly passed at ordinary tem- 
peratures through charcoal made from the shells of coconuts, 

* The solution was acidified with hydrochloric ‘acid. This prevents 
partial precipitation of the radium by the carbonic acid of the air which 
is bubbled through the solution. 
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the emanation was almost completely abstracted from the air, 
being absorbed in some way or other by the charcoal *. He 
also discovered that the emanation while absorbed by the 
charcoal decayed at the usual rate (half value in 3:71 days), 
and also that when the charcoal was heated to just below a red 
heat the emanation was released, and could be swept out by 
a current of air. 

In the summer of 1907 I started to adapt this method to 
the measurement of the emanation in the atmosphere; but 
except for getting the apparatus together and obtaining 
practice in the method of work, little progress in actually 
measuring the amount was made till the beginning of this 
year when I obtained the radium solution. 

Meanwhile a paper had appeared in the Philosophical 
Magazine of Dec. 1907 by Mr. A. 8. Eve, of Montreal, who 
had measured the amount of emanation in the air at Montreal 
by the charcoal method. As, however, each one of his expe- 
riments lasted between two and three days, whereas I found 
that I could get a measurable amount in two or three hours, 
I decided to continue my experiments. 

Details of the Apparatus. 

(1) The Testing Vessel and Electrometer.—The testing 
vessel was a brass cylinder 40 cms. high and 10 cms. 
diameter. It was fitted with two side tubes, one of which 
communicated with a U-tube mercury nianometer! the other 
served as an inlet and outlet tube, and communicated with a 
calcium chloride drying-tube. The neck of the can was closed 
by an indiarubber stopper which supported the insulated 
wire electrode. As it was necessary to exhaust the vessel, 
sulphur could not be used as an insulating agent. Amber 
was used instead, a straight amber mouthpiece of a tobacco- 
pipe proving very convenient for the purpose. The wire elec- 
trode was threaded through the amber and fixed in position 
with sealing-wax ; the amber was similarly fixed in a guard- 
tube, which was afterwards earthed, and the guard-tube fitted 
tightly into the indiarubber stopper. Within the vessel the 
wire reached nearly to the bottom; outside the vessel it 
was bent round and passing through an earthed shield-tube 
dipped into a calcium chloride cup supported by one of 
the terminals of a quadrant electrometer. Communication 

* See also a paper by E. Henriot, “ Sur la Condensation des émanations 
radioactives,”’ in Le Radium, Feb. 1908. Using a statical method, he 
found that the emanation is completely absorbed by coconut charcoal at 
ordinary temperatures (18° C.), and is completely ot rid of by heating 
the charcoal to dull redness. 
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with the calcium chloride cup was obtained by a rod which 
passed through a hole in the side of the shield-tube. This 
rod was connected with a potentiometer-circuit consisting 
of a 2-volt cell and a resistance-box; by these means the 
cup, and therefore one pair of quadrants, could be charged, 
earthed, or insulated at will. 

The quadrant electrometer used was of the Dolezalek 
pattern, the insulation of the quadrants and terminals being 
amber and the suspension-fibre a long phosphor-bronze strip. 
The case of the electrometer and one pair of quadrants were 
earthed. The needle was kept at a potential of +80 volts by 
being connected to a battery of small cells, the negative ends 
of the battery being earthed. For a potential-ditterence of 
one volt between the quadrants a deflexion of 90 cms. on a 
scale two metres distant was obtained. 

The testing vessel could be earthed or charged by connexion 
to a battery of small cells, the other end of the cells being 
earthed. Usually a potential of —280 volts was applied to 
the vessel. This was sufficient to produce saturation for all 
the leaks that I had occasion to measure. Water resistances 
were inserted between the vessel and these cells, as also 
between the electrometer-needle and its cells, to lessen any 
dangers that might have occurred in short-circuiting. 

During the experiments it was found that if the air in the 
testing vessel was left to itself, the air leak gradually increased 
for some days; but that fairly steady air leaks could be obtained 
if the vessel was exhausted every day. The usual value of 
the air leak was about 1°0 cm. per minute on the scale 
described above. This is equivalent to a production of about 
28 ions per c.c. per sec. 

Sometimes complications were introduced by the calcium 
chloride in the drying-tube next the testing vessel. If the 
vessel was exhausted and then filled quickly through the 
drying-tube, an abnormally large leak was often obtained 
directly afterwards, although great care was taken to prevent 
any dust entering the vessel with the stream of air. This leak 
eradually decay ed to the value of the normal leak in about 
8 minutes, the curve of decay being very nearly exponential 
and the time of half value being about a minute. This 
abnormal leak was, however, not always obtained; it seemed 
to depend on the condition of the calcium chloride, and 
whenever anything peculiar was observed in the ionization- 
current obtained directly after filling the can, a check expe- 
riment was performed as soon after as possible by taking 
another leak after a quick filling of the vessel. 

The various insulations behaved fairly well during the 
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experiments. The insulation leak was often tested. When 
it became serious enough to gradually slow down the motion 
of the spot of light when taking the normal air leak the 
insulation was attended to and put right. In taking the air 
leak and other leaks of about the same order I observed that 
the leaks for successive minutes often differed largely from 
each other, while leaks for longer periods, say five minutes, 
agreed very closely. From this it seems that small ionizations 
are rather irregular, the irregularities, however, smoothing 
out if the leaks are taken over sufficiently long periods. 
When the leak is large the values for successive minutes 
agree much more closely than when the leak is small. 

* Throughout the experiments air was never passed through 
the testing vessel. The method of renewing the air was 
always that of exhaustion and refilling through the lower of 
the two side tubes. The exhaustions were performed by 
means of a hand Fleuss pump. This pump exhausted down to 
within about 9 mms. of vacuo. Exhaustion took a very long 
time if a calcium chloride tube was inserted between the 
vessel andthe pump, so that usually the vessel was exhausted 
without the intermediary of a drying-tube, and the drying- 
tube exhausted separately and then connected to the vessel. 

(2) The Charcoal Tubes.—Preliminary experiments were 
made with charcoal in glass combustion-tubes and iron tubes; 
but the glass tubes did not stand heating and the iron tubes 
took too long to get hot. Finally, porcelain tubes were 
tried. Three tubes were obtained about 50 cms. long and 
1-6 cm. in internal diameter. The coconut charcoal was 
made by strongly heating fragments of coconut shells under 
sand ina fire-clay crucible. The fragments were then ground 
fine by means of a pestle and mor tar. The central 12 inches 
of the tubes was filled with the charcoal, the column of 
charcoal being kept in position by wads of asbestos fibre. 
The ends of the tube were closed by indiarubber stoppers 
provided with glass tubes and indiarubber caps. Thirty-nine 
grams of charcoal were placed in each tube. The three 
tubes made were denoted by A, B, and C for purposes of 
identification. The furnace used was made of two 6-inch 
sections of a Fletcher’s tube-furnace, and was supplied with 
twelve burners, and the tubes were always placed on the 
furnace so that the 12 inches of charcoal got to a bright 
red heat. 

(3) The Aspirators—Two aspirators were made up to 
collect the gases drawn through the heated charcoal. Hach 
aspirator consisted of two large glass bottles of slightly larger 
volume than the testing vessel. When collecting the gas 
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I could run the water out of the collector down to a certain 
mark, and make sure that when I exhausted the testing vessel 
and connected the vessel with the collector all the gas collected 
would pass into the vessel. Tap-water could not be used in 
the aspirators as Cambridge tap-water gives off quite an 
appreciable quantity of radium emanation. Distilled water 
was therefore used. The aspirators were denoted by (a) and 
(>) for purposes of reference. 

(4) The Manometers for Measuring the Air-Current.— 
During an experiment it is necessary to draw the air-current 
through the charcoal tubes at a steady rate for some time. 
A convenient form of manometer by which the air-current 
could be fairly accurately measured is shown in fig. 1. 

Fig. 1. 
fo) 

It consists of a piece, AB, of 1 mm.-bore brass tubing 20 ems. 
long soldered into two right-angled pieces of brass tubing of 
much larger bore. The parts of the larger tubing in the 
straight line of AB were used to carry the air-current ; the 
other parts were connected by indiarubber joints to a glass 
U-tube manometer containing water and affixed to a paper 
scale. Calibration of the gauge was effected by connecting 
it to a large aspirator containing water. This water was run 
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out as a steady stream and collected in a litre flask. The time 
taken for 1 litre was taken two or three times and the reading 
of the gauge noted. This was repeated at various speeds, 
anda curve drawn showing the relation between the air- 
current in litres per minute and the gauge-reading. 

Three such gauges, denoted by A, B, and C, were set up. 
B was used for some time, but for some reason or other 
proved untrustworthy. It was then rejected and A and C 
only were used. These were calibrated separately, and also 
occasionally compared by putting them in series. They were 
always in good agreement. 

(5) Lhe Suction-pump.—When performing the experi- 
ments air was drawn through the tubes by a filter-pump 
fitted to a tap connected with a large cistern in the tower of 
the laboratory. With the constant head of water thus pro- 
vided the pump worked very steadily. To damp out small 
oscillations, which were sometimes produced by water accu- 
mulating in the bends of the composition-tube joining the 
gauges to the pump, a large bottle, which I have called a 
“‘collecting-bottle,”’ was inserted next to the gauges. All three 
gauges connected with this bottle, as did also an extra tube 
which served as a by-pass. Screw clips were provided to all 
the tubes communicating with the collecting-bottle, so that the 
air-currents through these tubes could be readily altered and 
adjusted. 

(6) The Drying- Tubes.—Charcoal does not absorb well the 
emanation from the airif the air is damp. Also on heating 
the charcoal any water given off condenses in the cold parts 
of the porcelain tube, and if great care is not taken the tubes 
crack when taken from the furnace. Calcium chloride was 
used as a dehydrating agent, the tubes used being about 
40 cms. long and 15 cm. in diameter. Eve uses sulphuric 
acid, but I had started using calcium chloride, and continued 
touseit. Itis more convenient to use, and has the advantage 
that one can see when it has been used sufficiently. The 
choice of a dehydrating agent is, however, an important one, 
as besides abstracting the water it might abstract the emanation 
as well. More on this point will be given below. 

Method of conducting an Experiment. 
(a) Measurement of the Emanation in the Air.—The air was 

drawn from outside by a glass tube passing through a hole in 
the window. It passed in succession through a glass tube 
filled with cotton-wool to free it from dust (this was fixed 
permanently on to the air-tube, it was not always required 
but was rarely disconnected), a tube filled with calcium 
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chloride, a charcoal tube, a gauge, and to the pump. When 
the pump was started the stream of air began, and gradually 
increased up toa steady value which was adjusted, by clipping 
the indiarubber connecting tubes, to about half a litre per 
minute. The current was kept passing at this rate for a given 
period. Meanwhile the testing vessel was exhausted and 
tilled with dry air several times and the air leak taken at 
intervals. The insulation leak was also tested and the sensi- 
tiveness of the electrometer measured. When the period for 
passing the air had elapsed the charcoal tube was taken and 
laid on the furnace. One end was connected with an auxiliary 
glass tube containing coconut charcoal (whose function was 
te purify the air drawn from outside from any emanation it 
might contain), the connecting tube between them being at 
first tightly clipped, and the other end was connected to an 
aspirator, say aspiratora. ‘The two taps of the aspirator were 
opened and water allowed to run out. The stream quickly 
stopped as the other end of the charcoal tube was closed. The 
burners were then lighted and the tube heated to a red heat. 
When the temperature had sufficiently risen, the clip joining 
the two charcoal tubes was unscrewed and the aspirator then 
drew emanation-free air into the heated charcoal tube, and 
this sweeping out the emanation in the heated tube was 
collected in the aspirator. When sufficient gas had been col- 
lected in one aspirator the taps were turned and the aspirator 
removed. ‘The other aspirator, aspirator b, was then placed 
in position and filled in the same way. Then the charcoal 
tube was allowed to cool. Nearly all the emanation was 
collected in the first aspirator. Sometimes there was some 
in the second, often there was none. The amounts collected 
were then tested. It is more convenient to test the gas 
collected in the second aspirator first. The steady value of 
the air leak in the testing vessel having been found, it was 
exhausted by the pump and the inlet-tube then clipped. The 
drying-tube attached to it was then exhausted and also clipped. 
This tube was then connected to the upper tap of the aspi- 
rator, and then all the taps being opened the water rose in the 
aspirator, driving the contained air and emanation into the 
testing vessel. ‘The pressure in the testing vessel usually just 
got up to atmospheric pressure when all the gas collected had 
been passed in. : 

The leak wasthen taken. Mr. Eve states that he rarely took 
initial leaks, they being small; but he waited for three hours 
when the leak had increased toa maximum. This increase 
is due to the growth of the radioactive deposit (Radium A, 
B, and C) on the walls of the vessel. Sometimes I took 
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initial leaks and also leaks three hours afterwards ; but usually 
time could not be spared, and after taking the initial leak the 
air was pumped ont before the emanation had time to deposit 
any active matter*. Usually the air leak was repeated again 
to test this point. The first aspirator-full was then passed 
into the vessel and the leak again read. From the two sets 
of readings the total leak due to the emanation given off by 
the charcoal tubes could be calculated by deducting the air 
leaks Tt. Now this emanation is notall due to the air. I found 
that when a charcoal tube is left to itself it gradually accu- 
mulates radium. The amount accumulated in different times 
I measured at odd intervals by heating, collecting, and testing 
as above. rom the mean of these auxiliary measurements I 
calculated for each experiment the amount of emanation 
accumulated by the charcoal itself between the last heating 
and the present one. By subtraction the leak due to the ema- 
nation in the air passed through the tubes during the run was 
found. 

If the emanation absorbed during an experiment was not 
measured till a day or two after absorption, the amount of 
the emanation when first absorbed was calculated from the 
decay curve of radium emanation (fig. 2). © 

(b) Measurement of the Emanation from the Solution.— 
The solution given me by Prof. Rutherford was placed in a 
bottle furnished with a stopper and delivery-tubes. Air was 
bubbled ¢ through the solution, thus removing the emanation. 
If the solution had been allowed to stand for some time 
the emanation would have been accumulated in the solution 
and the first volume of air drawn through would he very 
strongly radioactive. Itis essential, therefore, to pass air 
through the solution for some time before beginning the 

* Soddy and Mackenzie (Phil. Mag. Aug. 1907) recommend that the 
leak be taken 8 minutes after filling the vessel with emanation. A tem- 
porary Maximum occurs about that time, and the leak is comparatively 
constant for about 15 minutes. This was what I usually did, for my 
readings, though often commenced directly after filling the vessel— 
which itself took some time—lasted about 20 minutes. 

1 There will be a quantity of carbon dioxide in the gas collected in the 
aspirators. This, however, had no effect on the air leak, The point 
was tested many times. 

t Several experimenters have urged the boiling of the solution to get 
rid of all the emanation, but it seems to me that bubbling through the 
cold solution will put the solution in a steady state which is all that is 
required during the experiment. I tried boiling once, but along con- 
denser would be required to remcve the excessive amount of water-vapour 
carried on by the air-current; and as bubbling seemed to me quite suffi-. 
cient, I contented myself with it. 
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experiment proper. I usually ran an air-current through 
the solution for three or four hours, and hoped that the solu- 
tion would have then got into a steady state. The solution 
was then connected up as follows :— 

Outside air=—>Dust tubem—> Radium solution=—>Calcium chloride tube ° 

2=>—>Charcoal tube=—>Gauge»—> Pump. 

Air was drawn through the solution for a known time and 
at the same rate as in the air experiment. The tube was 
then heated and the emanation collected in the two aspirators 
and the leaks due to it measured. The result gives the leak 
due to the sum of the emanation due to the known volume of 
air drawn through, and the emanation generated by the 
solution in the given time. 

Since the amount of emanation in the air may be subject 
to considerable variation, it was thought well to carry out 
the two experiments at the same time, so that the emanation 
due to the air would be the same in both tubes. To do this 
the tube from the outside air was connected to a bottle which 
I shall call a “ distributing ” bottle, from which two tubes led, 
and the two tubes from the two gauges led, as before men- 
tioned, into one bottle, a “ collecting ” bottle, from which one 
tube led to the pump thus:— 

itside == CaCl, = Charcoal tube A =» Gauge A => /),,\Pump 
i =— Rad. sol.s»—CaCl,=—Char. tube Be» >Gauge B= Le i 

If the same volume of air goes along each path, then by 
subtraction we can get the value of 

emanation in a known volume of air 

emanation generated in the solution in a known time 

The method being a comparative one, gives true results 
only if all the emanation is absorbed, or if the amounts 
absorbed are the same fractions of the total amounts what- 
ever be those total amounts. Experiments made to test this 
proportionality with solutions giving about the same amounts 
of emanation as those obtained in the experiments gave fairly 
satisfactory results. 

Phil. Mag. 8. 6. Vol. 16. No. 94. Oct. 1908. 2R 
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CALCULATIONS. 

The factors that are required— 
(1) To correct for the decay of emanation if the emanation 

is not measured till some time after it is absorbed; 
(2) To correct for the accumulation of emanation in the 

charcoal ; 
(3) To calculate the amount of emanation generated in a 

given time by the solution *; 
are all obtained from the decay curve of radium emanation, 
and its inverse, the production curve. 

Taking the time of half value of radium emanation to be 
3°71 days, we have, using the nomenclature of Rutherford, 

T=3°71 x 24 x 3600 seconds. 

Now if A=the radioactive constant of the emanation, 

log, 2=souee 

A= 27d Hoe LOTR: | 

The equation of the “ decay’ curve of radium emanation is 
— T a—aAt 

where I is the initial amount of emanation and I, the amount 
in existence at time ¢. 

If a radium solution is completely exhausted of its ema- 
nation at a time <=0 and then left to itself, the emanation 
will gradually accumulate, the equation of the ‘“ production ” 
eurve being 

I/=I,(1—-e-™), 
where I/ is the amount in existence at time ¢, and Ip the 
amount in existence after an infinite time. 

Taking Ip equal to 50, the numbers in Table I. have been 
calculated. They give the corresponding values of ¢ and I;, 
¢t and 1,’, ¢ in the tables being expressed for convenience’ sake 
in days. 

TAsiE I. 

iB 0. ze 1 Daiidl’ aoe 4, 5. Sa itl oO, 

Terie 50 | 45 1.41.) 34 1428) 23) 19.) 16 cledeeiee 

es | 5) 99 16 | °22") (OT 4 (8174 347) sai eee 

From this table the curves AB, CD of fig. 2 have been 

* Eve (Phil. Mag. Dec. 1907) neglected altogether the time element 
of his solution. 



Radium Emanation in the Atmosphere. 595 

plotted. It will be noted that for all times the ordinates 
of the curves for the same value of ¢ add up to a constant 
amount (2. e. .+1/=I)). 

AB - DECAY CURVE. 

CD- PRODUCTION CURVE, 

INTENSITY OF EMANATION 

= 
TIVE -1N DAYS. 

If, for instance, the emanation is measured when it is 

one day old, its measured amount must be multiplied by 

or 1:22 in order to find what the amount would have been 

if it had been measured when collected. The factors for 2 

and 3 days are 1:47 and 1°78 respectively. 
Again, if a radium compound is cleared of all emanation 

and then left to itself for two days, the amount of emanation 

accumulated is only = of the amount of emanation that would 

be generated and in existence were the radium lett until it was 

in radioactive equilibrium with its emanation. , 

The “ production” curve C D, drawn to the scale of fig. 2, 

will not give us accurate values of I,’ for small valuesof ¢. It 

must be expanded in its initial stages. The equation of the 

production curve may be written as 

I,’ —\t 
Te = 1 sie ; 

2R2 
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/ 

and the numbers in Table II. give values of Hey and its reci- 
I Io 

rocal. —2. for values of ¢ from 1 to 7 hours. procal, 7, 

Tapim Tl, 

ne i 2. 3h 4. 5. 6, 7, 
(in hours. 

= eta 0077 | -0154 | -0231 | -0308 | -0381 | -0456 | -0530 
0 

Rae 135 | 65 45 33 26 29 19 
t 

120 

CD ~-PRODUCTION CURVE 
_ EF -DIV/DING-FACTOR CURVE 

/00 0S> 

> ah 
80 0+= 

S 
w 

60 03s 

> 
8 

40 ‘02 e 

S ke 
20 = 

0 
¢ O / $f. o. 6 “a 

TIME - in HOURS 

From this table the curves C D, EF of fig. 3 have been 

plotted. I have called a the ‘ dividing factor.” 
t 

It will be noted from the curve C D (fig. 3) that the amount 
of emanation in existence increases very nearly proportional 
to the time when the time is small, but that there is a slight 
falling off due to the decay of the first portions produced. 

We see from Table II. and fig. 3 that in 2 hours the amount 
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of emanation that can be got from a solution is only = the 
amount that could be got 

(1) From a solution in radioactive equilibrium, could all 
the emanation present be removed at once; or 

(2) From a solution were the removal carried on for an 
infinite time and the emanation given off collected in 
some absorbing agent. 

As an example of the method by which the radium-content 
of the air is calculated, the mean values of the results of 
Table IV. may be taken. It is there shown that 70 litres of 
atmospheric air contain, on an average, an amount of ema- 
nation represented, say, by 0°3, while my solution containing 
3°14x 10-° grm. of radium gives in 2 hours an amount of 
emanation represented on the same scale by 2°5. From these 
numbers it follows that 1 cubic metre of atmospheric air 
contains an amount of emanation that would be generated by 

OOO. 33 a Me ; 
aE x a5 x 3:14 x 10-* erm. of radium in 2 hours, 

7. é. an amount that would exist in radioactive equilibrium 
with 

9 . =) S 

 % 55 x eee or 80x 10-¥ orm. of radium. 

Record of the Tests of the Amount of Radium Emanation 
accumulated in the Charcoal Tubes when left to themselves. 

In Table III. are given, Ist the date of testing, 2nd the 
tube, 5rd the time the tube had been resting since the last 
testing, 4th the amount of emanation accumulated measured 
by the leak per minute it caused when passed into the testing 
vessel, 5th the amount of emanation accumulated per day. 
The amounts in this column are calculated from the amounts 
in the last column by means of the production curve of radium 
emanation (fig. 2). 

From this table I find that on the average the accumulations 
of A and B per day are'19 and ‘23 respectively. The results 
agree with the mean of the combined accumulations given in 
the last two rows of the table. C was so high that it was not 
used in the following experiments. 
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Tasie Doe 

Amount 
Period ante ae accumulated 

Date of testing. Charcoal | of Rest | *°CumU 1: ‘| per day: 
Tube. indy. hace ee expressed in 

divs. per min,| 4. . 
| ivs. per min. 

Wed.. daa. eee A 26 to ee 
omnes i.) Oia. i B 31 2-0 36 

Thurs. Feb. 13...... A 6 8 ‘20 

” 2 3) tte B 6 5) 20 

iPmesy’ 5 Yi C 25 2°6 ‘47 

1 eo lagna ee eee Ab a A 5 6 18 
” ” 39 tteeee B 5 65 “19 

Weds io. ai. Be A 7 D5 18 

” oe) 39) “ine eieinis B i “90 "24 

Thurs. Mar. 4 ....:. | A 6 67 “19 
5 Tee eee B 6 ‘5 13 

UGS: ee aa A 4 56 "19 
ie fb Ug ee | B 4 | 8 "26 

jy AGERE sates A+B 4 1:0 23) 

Wed. May 6...... A+B 27 32 “67 

First Set of Experiments with the Charcoal Tubes. 

During this set two tubes were connected in parallel as 
shown in the diagram below:— 

Outside 2—>CaCl,=—Charcoal tube A»—~>Gauge A --——-——> 

; Radium Charcoal Gauge B =>—>Pump. 
os ——> olution = 7 o2CL™— inube B «or ae 

So that the air absorbed in tube B should contain volume for 
volume the same amount of emanation as the air absorbed in 
tube A. Once or twice tubes A and B were interchanged 
in order to detect any differences in the absorbing powers of 
the charcoal, but none was found. Sometimes the run was 
made one day and the tubes heated the next; corrections in 
all cases were made for accumulation and decay. ‘The results 
are indicated in Table ITV. In the last column I have tabulated 
the relative amount of emanation absorbed from the solution 
per two hours’ run. The amount is not quite constant, but 
very nearly so, if the run of Jan. 27 is omitted. The approxi- 
mate constancy is a test of the accuracy of the method. 
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From the numbers in the last table the following results 
were calculated. The time tactors of the radium solution were 
obtained from the curves of fig. 3. 

TABLE V. 

Date Weather and Amount of Radium required per cub. 
Barometer. metre of Air to keep up the quantity 

of Emanation to the observed amount. 

OE ee ee Dry; ‘757, falling. 150 10—!2 grm. 
a. oan 3 758, falling. Spx 10ei4 

Hebw ic. F 771, rising. 50x107!7 _,, 
: as ees . 780, steady. 85x 10-4 a 
a 2 769, falling. 160 x I071* e 

MM Aad acckecs Wet; 753, falling. 35x 10 ie . 

Mar. 6.00.5 Damp; 743, steady. 75x Oz. %, 
fe ae Ser ee Fine; 760, rising. G7 SclO a. 

Mean... 88x 107] grm. 

Some more measurements made in April and May agreed 
very nearly with these. The mean of the three results given 
by Eve in his paper (the mistake in his calculations makes 
all his results too large ; I have corrected them according to 
the rules stated above) is 26x 10- gm. so that it would 
seem that there was much more emanation in the air of 
Cambridge than in the air of Montreal. Now Professor 
Thomson * found that Cambridge tap-water contained a large 
quantity of radium emanation, and therefore it is not 
surprising that the air of Cambridge should contain more than 
the normal amount of emanation. 

Although the correlation is not very definite the results 
above seem to indicate that with a falling barometer the 
amount of emanation in the atmosphere increases, unless this 
fall is accompanied by wet weather. A rising barometer 
seems to give about the same amount of emanation asa steady 
barometer at high or low. 

In this connexion it is interesting to note that Campbell and 
Wood + found that weather conditions were entirely without 
effect on the spontaneous ionizations of air in closed vessels. 

Nearly all the runs given in the table above are short runs 
(13 hrs. to 43 hrs.) taken in the afternoon. Later on, I made 
some long runs, during the night and day. For the night 
runs the air-current was started at about 6 or 8 oclock in 
the evening, and left on till about 7 or 9 or 12 o’clock in the 

* Phil. Mag. Sept. 1902. 
t Phil. Mag. Feb. 1907. 
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morning. For the day runs the air-current was started at 
about 6 or 9 in the morning and left on till about 5 or 7 in 
the evening. The average current was about °d litre per 
minute. The results are stated below :— 

Tasie VI. 

Volume | Emanation 
“ss of Air expressed | Emanation. 

Date. Nighti') Weather'ane drawn | ited in|, per 400° | 
or Day. | Barometer. through, div. per litres of air. 

in litres. min, | 

Apr. 7-8 ...| Night | Fine; 770, 550 8 6 
falling. | 

oO) Bess s | Fine; 766, 521 Zell | 16 | 
/ falling. | 

May 6-7 ... fs Wet; 748, 414 9 9 
| rising. | | 

So Ge eae ce Fine; 760, 378 “4 | “4 | 
| steady. 

ee 12 Day | Wet to fine; 3S) 18 2°4 | 
| 760, falling. | 

,, 12-13... Night | Fine; 758. 378 11 Hoe hy 
| ) 

There is unfortunately only one day run amongst these, but 
its result, 2°4 per 400 litres, is considerably higher than the 
highest result for the night runs and more than twice as high 
as the average nightrun. Hence, from these results we should 
conclude that on the average there is more emanation in the 
air during the day than during the night. 

Later on, however, I made two long runs, using sulphuric 
acid as the dehydrator with the following results :— 

TaBue VII. 

Emanation | 

| iwrolame of | oe the given | Emanation 
Weather and mune ©" | volume of air per 400 

Date. —_ | Barometer. | a aene expressed in _ litres of 
| rous™ | terms of the | air. | 
| : leak. 

May 13-14... Night | Fine; 755. | 329 lit. | om | 6°2 

May 14......| Day | Fine; 758.) 902, | 46° |, 61 | 

So that in this case the amount of emanation was very nearly 
the same in the night as in the day following. The barometer 
was very steady all the time. 
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Il. The Condensation Method. 

Another method of measuring the emanation now suggested 
itself to me, viz. that of freezing or rather condensing the 
emanation out of the air by the help of liquid yp. 4 
air. Atnormal pressures liquid air boils at me 
about —182°C. Rutherford and Soddy * found 
that radium emanation condensed at a tem-  . ‘||| 
perature of about —150°C. They also found | | 
that with a flow of 2 ce. per sec. through their 
tube (which meant a velocity along the tube of 
50 ems. per sec.) there was no escape of ema- 
nation at — 154°C. (they could read to ;,, part). 
At —152°C. one-half per cent. came off and at 
— 150° C, 50 per cent. came off. No doubt all 
would come off if given a time long enough. 
They concluded that the condensed emanation 
exerts a true vapour-pressure and commences 
to volatilise slowly 2° ©. below its volatilising 
point. 

From these results it seemed that if I could 
pass air through a long tube immersed in liquid 
air so that the air was a long time in the 
neighbourhood of metal surfaces at —182° C. 
I had a very good chance of condensing out all 
the emanation. 
My first thought was to imitate Rutherford 

and Soddy and use a long spiral of fine-bored 
copper tubing. If air passed through a spiral 
of tubing of 1 mm. bore at the rate lof half 
a litre per minute (my usual current), the 
velocity of the air would be 1000 cms. per 
second, and even if I used 500 cms. of such 
tube the air would take only half a second 
to pass through the spiral. This was not 
thought long enough. The next plan was to 
put a large number of fine tubes in parallel 
so that the apparatus cculd be made more com- 
pact, the magnitude of the current increased, 
and also the length of time during which the 
air was subjected to the action of the liquid air 
increased. The form finally adopted is shown 
in the figure (fig. 4). The apparatus is made | [| 
of brass. Although brass is heavy and the 
apparatus therefore has a large capacity for heat, yet it was 

* Phil. Mag. May 1903. 

\ 
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thought that the good conducting qualities of the metal 
compared with those of glass would more than counter- 
balance the large capacity of heat and the consequent large 
consumption of liquid air. AB (fig. 4) is a straight thin 
brass tube about 42 cms. long and ‘43 cm. in external 
diameter. It fits centrally through a thin tube CD, 20 ems. 
long and ‘69 cm. in external diameter so that 5 cms. are 
outside at the higher end and 17 cms. at the lower end. 
CD supports a much wider brass tube HI’ 17 cms. long, 
2°75 ems. in external diameter, and 2°62 ems. in internal 
diameter, ‘and closed at both ends except where attached 
to CD. The space between AB and EF is packed tightly 
full with straight brass wires 16 cms. long and ‘185 cm. in 
diameter. 154 such wires were got into the annular space. 
These wires leave spaces *5 cm. deep at the top and bottom 
of EF so that AB can deliver air to the bottom of the 
apparatus; this air can pass up between the wires, collect at 
the top of HF, and pass out along ©D and the side tube 
attached to the upper end of CD. 

Calculations relating to the Condenser. 

It is of interest now to calculate the approximate sum of 
the cross-sections of the tubular spaces thus formed. Fig. 5 

represents a number of rods in close contact ({ cannot 
conclude that my rods were packed so closely as is here 
shown but no doubt patches of them were). 

Let the radius of cross-section of the wires = acm. 
Then area of the triangle ABC formed by joining three 

centres = a? /3 sq. cm. 
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The area of the three portions of the circle enclosed in this 
triangle = half the area of cross-section of a wire = wa?/2. 

*, area of cross-section of one tube 

= a@( /3—7/2) = -161a?. 

.. fraction of whole cross-section which is tubular 

alae 
1-732" 

Now area of cross-section of the annular space occupied 
by the tubes 

= 7 {2622-437} = 5-25 sq. cms. 

Total cross-section of the tubes 

teh 
eT 82 

To calculate the number of wires required on the 
assumption that they are as closely packed as possible we 
note that with each wire there is associated two tubes, and 
since total cross-section required per wire and two tubes 

= 2a? 4/3 the number of wires 

X 0°25 = 48 sq. cm. 

iH S ee Mae 9c 
2x Coat pa a) 

As a matter of fact no more than 154 tubes could be 
placed inside so that the appproximate total cross-section 
of the tubes is greater than °48 sq. cm. For the total 
cross-section of 154 wires 

= 154 x 7 x (185)? 

= 4°14 sq. ems. 

.. total cross-section of the tubes 

i020 Ae aL Saunciiig, 

Taking, then, 1:0 sq. ems. as the total area of cross-section 
of the tubes and half a litre a minute or 8°3 c.c. per sec. as 
the usual rate of flow of air during the experiments the 
velocity of the air through the tubes is 8 cms. per sec., and 
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since the length of the tubes of the condenser is 16 cms. 
the air spends two seconds in going through the tubes of the 
condenser, and to this may be added a little more, due to the 
stem of the condenser. So that the condenser has two seconds 
in which to reduce the temperature of the air from 15° C., 
say, to —150° C. If we assume that the tubes are as closely 
packed as possible the greatest distance a particle of air could 
be from the cold metal =*185/,/3 cm. or 1 mm. Of course 
if the packing is irregular there will be some tubes much 
larger than the others, and most of the air will go through 
these large tubes. 

The mass of the condenser was 713 grms., of which, say 
700 grms. fell to the temperature of liquid air. To cool it 
from ordinary temperature to the temperature of liquid air 
700 x 095 x 200 calories of heat must be abstracted. The 
latent heat of vaporisation of air is 55 calories per grm. 

095 x2 
Hence ha = age or 245 grms. of liquid air are used 

up in reducing it to the temperature of liquid air. The air 
passing through the condenser also gives out heat. The 
amount of liquid air boiled away by a stream of air flowing 
at the rate of } litre per minute for two hours, 

60 X 1:3 x *238 x 200 
= Ree ne weer tr = 68 grms. 

li was also calculated that 130 grms. would be required to 
supply the heat conducted down the stem of the condenser in 
two hours. This gives a total of 450 grms. of liquid air 
required for a 2 hours’ experiment. As a matter of fact I 
usually required # litre for a 3 hours’ experiment. 

Method of conducting an Experiment. 

The apparatus used was the same as before except, of 
course, that no charcoal tubes, furnace, er aspirators were 
required. | 

The stem of the condenser was covered with cotton-wool 
and supported by a clamp so that the condenser could be 
placed well into the interior of a cylindrical Dewar’s tube 
about 4 cms. in internal diameter and 28 cms. deep 
internally. 

In beginning an experiment the Dewar tube was about 
two-thirds filled with liquid air and the condenser gradually 
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lowered into it. When lowered into position, which was as 
near the bottom of the tube as possible, more liquid air was 
poured in until the condenser was quite cold and the liquid 
air came to within 1 cm. of the top of the tube. The inlet 
tube, AB fig. 5, was then connected by a length of india- 
rubber tubing to the drying-tube (either a calcium chloride 
tube or a sulphuric acid bottle or a cold spiral (see below) 
which was connected to the dust tube and the open air. 
Since the gauges were calibrated with air at ordinary tem- 
peratures aad the air leaving the condenser would be very 
cold and therefore less viscous, it was deemed necessary to 
pass this air through a long copper spiral so that it might 
attain a normal temperature before reaching the gauge. The 
outlet tube CD was therefore connected by a length of india- 
rubber tubing to such a spiral containing 230 cms. of tubing 
of one centimetre bore, the other end of the spiral being 
connected to one of the gauges. 

The connexions being made, air was sucked through the 
condenser by the pump at the steady rate of half a litre per 
minute for a period usually of from 2 hours to 4 hours. In 
about 40-60 minutes the liquid air in the Dewar tube sank to 
just above the top of the condenser and required replenish- 
ment. Meanwhile the air in the testing-vessel was repeatedly 
exhausted and renewed and the steady value of the air leak 
determined. When the time of running the air-current was 
nearly up, the testing-vessel was exhausted and also its 
attached drying-tube. Clips on the tubes connecting to the 
condenser were then closed and the air-current stopped. The 
clip on the inlet tube AB still being closed, the outlet tube 
CD was put in open connexion with the drying-tube and the 
testing-vessel. The liquid air was now removed from the 
condenser and the condenser warmed by a Bunsen burner 
until its temperature rose above 0° C. The clip on AB was 
now opened and the air admitted slowly. It swept through 

. the condenser and carried all the emanation therein to the 
testing-vessel. The leak in the vessel was now taken. 
Usually the vessel and its contents were left to stand for 
three hours in order to see how the leak varied with time. 
When this last leak was taken the vessel was twice ex- 
hausted and refilled and then allowed to stand till the next 
experiment. 

Blank experiments were made to see whether warming 
the condenser or rushing the air through it gave any 
increased conductivity to the air, but the results were 
negative. 
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As the method of drying the air may be open to criticism 
(see Method I.) I tried various methods of drying. 

Since 60 litres of air at 15° C. and of dew-point 10° C. 
contain only °5 grm. of water it was thought that if the air 
were allowed to pass through the condenser undried it would 
not choke it. I therefore tried one experiment in which no 
drying-tube was used at all, but in half an hour the air- 
current began to decrease, and before the hour was up 
the condenser was quite choked and the experiment came 
to an end. 

Another plan was to pass the air through a long spiral of 
composition tubing 500 cms. long immersed in a freezing- 
mixture of salt and ice (at —18° C.), but even with this 
arrangement the condenser very nearly choked. <A subse- 
quent examination of the spiral showed that very little, 
if any, water had been condensed by it out of the current 
of air. 

Still another plan was to use strong sulphuric acid as a 
dehydrator. Two bottles were three parts filled with acid 
(400 c.c. were used) and fitted with delivery-tubes so that 
air bubbled through a total length of about 20 cm. of acid. 
This worked quite satisfactorily. The results are given below. 
Just as in the case of the CaCl, tubes I never used a tube 
for the air that I had already used for the radium solution, 
so in this case any batch of acid used for the solution 
was put away and a fresh batch used for the next air 
reading. 

It would have been better if two condensers had been used 
just as in Method I. two charcoal tubes were used. Simul- 
taneous runs ef air and air plus solution could then have been 
taken, but the large quantity of liquid air required precluded 
this. Only on one occasion (May 16) did I do two liquid 
air experiments on the same day. 

The following tables contain the experimental results 
obtained with the condenser. None of the experiments made 
are omitted. Details of the weather, the height of the 
barometer, and the time of day of the experiment are inserted 
in order that any effect on the amount of emanation caused 
by the weather or time of day could be detected. The leaks 
are given in scale-divisions per. minute. It will be noticed 
that the air leak is subject to considerable variations. These 
variations were sometimes caused by the proximity of radium 
(in sealed tubes) used by other experimenters. 
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TasBLE VIII. 

First Set of Results with the Condenser. 

Drying Agent Calcium Chloride. 

Ww | Source Time of Volume Total 
Date Wenther and a assing the | of ain | ae 

Barometer. Emana- | P® 8 diate 
: Air Stream. | passed. 

tion. + leak. | 
| 

| 2 oy 

| March. | P.M. litres. 
Mon. 23...| Fine; 762, steady.) Air. 3.8-5.45 78 18 
| 157 mi: 
hes, 24.42 .\' 7, - . Air 3.45-5.45 56 4:5 

| +8ol 120 m. 
Wed. 25...; Wet; '763, rising. | 
Thurs. 26.) ,,  765,steady.| Air. 3.11-5.45 ae 2°8 

| 184 m. 
Sun. 29 .. Rained. 
Mon. 30...| Windy, Fine ; Air. 2.47-5.32 82 2-9 

760, falling. 165 m. 
Tues. 31..., Windy; fine, Air * 2.32-5.32 &8 18 

756, steady. 180 m. | 
een” | 

Thurs. 2 Ya ; 762, falling.| Air 2.41-5.14 67 Th 
+Sol.* 153 m. 

BP eo sha Windy, hail, rain;| Air 2.39-5.11 70 6-2 
| 758, steady. +Sol.* 153 m. 

Sat, 4......| Cold, hail; 760, | , Air. |9.80a.m.-12.4| 77 4:0-1:9+ 
rising. 154 m. 

Tues. 7 . \ windy; abs ply’, 12.43-5.11 133 7'0-2:°0tF 
4 773, steady. 268 m. 

eg Si . Cloudless ; 769, Air 1.11-5.11 120 88 
falling. +Sol. 240 m. 

| Thurs. 9.. _ Fine; 766, falling.) Air. 12.55-5.7 109 13 
| 252 m. 

Air 
Leak. 

Leak due to 
the Emanation| — 

| 

Imme- 3 hrs 

diatel after- 
Y | ward 

1 3] 

33 | 50m 

17 | 23 

1 | 16m 

8 5 

6-2 

50 | ae 

18—7| Of 

56-6| -3t | 

72 1109 

2 | 8 

* Denotes that charcoal experiments were made at the same time. 
| These results are curious. 

high, as shown by the number first given. 
approximately steady about 30 minutes afterwards at the last number given. 

Evidently the main part of the initial leak 
The decay was not exponential, and I 

have not yet fathomed its cause. It could not be due to any thorium emanation 
condensed at the same time as the radium emanation was condensed, for this 

Three hours after it was small. 
was not due to radium emanation. 

would have long since decayed to an indefinitely small quantity. 

This set of readings was taken before the Easter Vacation. 
Summarising the above we get Table 1X. in which are 
tabulated the leaks, due to the emanation (1) from 70 litres 
of air, and (2) from 70 litres of air and 23 hours of the 
solution at the dates given. 

The initial leak due to the emanation was 
It rapidly decreased and remained 
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TABLE IX. 

| Air, Air + Solution. 
ee | 70 litres. 70 litres and 23 hrs. 

LAP CH DS. Uses cete cee | Sie es SIT Pasa 
| ve DEE S85: eho eae 4°] 

Pee as Osis. | i 
aT Ja eect aoe eae “SN Se eee 

Sk ico eee PT Se aaes 
April 2 fa ceac ake! aa ae 6:2 

ic. Se wang ide Dede ee NL ee See 50 
fy. A ee oT) Si iat ae oe 
bend ieee Bae: oa Reema WY OY cccied s 
igh. 4s Slee arte $n ai Ene 4:5 

| Se Micoptes cadtaae al haae 20 Ue oe ae eee 

Menanai3.2.5..9%.. | 7 50 

t See footnote t p. 608. 

The air results vary very much among themselves, much 
more can be accounted for by errors of experiment. This 
shows that there are large actual changes in the amount of 
emanation in the air. In taking the mean the anomalous 
results of April 4 and 7 were neglected. 

The results of the air and solution also vary largely, but 
the agreement is better than in the case of the air alone. 

Method II. as well as Method I. is comparative, and the 
calculations only hold provided that.the same proportion of 
the amount of emanation sent through is condensed in 
each case. 

Assuming that such is the case we have, therefore, that 
70 litres of air contain an amount of emanation represented 
by ‘7 and 23 hours of the solution and 70 litres of air give 
an amount represented on the same scale by 5:0. By sub- 
traction we find that on the same scale 2} hours of the 
solution gives us an amount represented by 4°3. 
We can now calculate the mean emanation content of the 

air, and we find that 1 cub. metre of the air contains the 
emanation (when in radioactive equilibrium) from 

. -9 
- x = x ——— or 140x10—-¥ grm. Radium. 

Phil. Mag. Ser. 6. Vol. 16. No. 94. Oct. 1908. 28 
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TaBLE X.—Second Set of Results with the Condenser. 
Drying Agent Calcium Chloride. 

re aa | ee due to 
ource 2 otal | | Bnaeationl 

Weather and of Lee of val ae imme- Air | a 
Date. passing the of air ED a 

Barometer. EKmana- Ay Geren etd diate Leak. | 
tion. pend teagan 0 i Leak. | Imme- oi 

i . f er- 

hee war 

April. P.M. litres. | ; 

Wed. 29...) Change to fine ; Air. 1.57-5.3 103 | 292-1-1 | 1:1 |1:1-0t) ie 

768, rising. 206 m. | | 4 

Thurs. 30.}| Wet; 768, steady.) Air 2.32-5.2 75 Peace 6:2 68 | 
+Sol 150 m. | ‘ 

May i 
Fri. 1...... Wet; 707. PAM ME) ede No drying-tube used. Condenser choked. | 

Mon. 4 ...| Dry, hot, heavy ; Air. 1.57-5.15 99 16 1:0 6 

756, falling. 198 m. 

Tues. 5 ...| Warm, showery ; Air. 1.9-5.5 IB 7 1:0 we 8 

751, falling. 236 m. 

Wed. 6 ...| Wet; 748, steady! 

Thurs. 7 | Fine; 759, steady.| Air *. 1.9-5.9 85 16 1-0 6 8 

240 m. "4 

Fri. 8 .| Fine ; 759, steady.) Air 2-5 90 ie Mia hl 4:8 6 

+Sol. 180 m. | 4 

Thurs. 14.) Showery; 753, | Air 12.45-4.45 88 8:9 1°4 75 | nom 
steady. +Sol. 240 m. tule 

* See footnote * p. 608. 
lint i T p. 608. 

Summarising Table X. in the same way as before we get 
Table XI. 

TASB GE ps be 

ea he | Air 75 litres, and 
eis | acshaneae | 25 hours of Solution. 

April 30p4 2), | 6-2 

Many wee “45 | 

Pe an 45 | 

attics ane cet ee "52 

Nag ie Sie iyeaieen 4:8 

RNC Ga ee 4-7 

Means......... 79) | 52 
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The air results agree better this time but are less than 
before. As in the former table there is a solitary high 
result for the air and solution together. Still there was only 
one reason why it should be omitted, namely, that during the 
three-hour wait it only increased in the ratio 1 to 1:1 whereas 
the most usual ratio was 1 to 1*4 or 1°5. From the mean 
results of this table the amount of radium necessary to supply 
one cub. m. with emanation would be 

1000 iS ay p 3°14 10-2 

7a A°7 ot 

In the case of the results with the condenser I have not 
been able to find any correlation between the amount of 
emanation in the air and the barometric and weather 

changes. 

90 x 10-2 orm. of Radium. 

Third Set of Runs with the Condenser. 

In this third set calcium chloride was not used as a 
dehydrator. In the first experiment the spiral of composition 
tubing immersed in ice and salt was used, in the others 
sulphuric acid was used as the dehydrator. The results vary 
much among themselves. The result obtained with the 
“compo” tube is very high, and I thought at first it must be 
due to emanation given off by the lead. Mr. N. R. Campbell 
informs me, however, that lead gives off no emanation. If 
the spiral had been used before in radioactive work it may 
have got contaminated. It, however, appeared quite new 

| 
e : a 

28 2 

TasLe XII. 
| | 

| Leak due to 
| Source ; Total Emanation. 

2 Weather and of Time of Volume imme- | Air 
® Date. passing the | of Air ; = 
| Barometer. Emana- ‘Air Ste d diate | Leak. 

Goa: ir Stream. | passed. yoy ree ae 

| diately wards. 

ee: ee owl any | 
q May. P.M, litres, | 
ee. 12 .| Fine; 759, falling.| Air. 1.49-4.13 57 5:0 14 | 36 5:4 
5 144 m. 
Wed. 13 .| Thundery ; 756, Air. 1.1-3.57 89 4] a2 Wy 2e9 3°7 

falling. 176 m. | | 
Fri. 15 ...| Wet; 755, rising.| Air | 1257-457 | 196 | 195 | 12/113 
4 +Sol. 240 m. ) 
Sat. 16 ...| Fine; 768, rising.| Air. 2.45-5.15 75 1:8 LE} Cee 
b 150 m. / 
Sat. 16 ...| Fine; 768, visit Air 7.0-9.15 67 yy 1:0 | 4-7 

| +8ol. | 115 a. | 
. 

| 
| 
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and unused, but the workshop mechanic could not guarantee 
its virginity. Therefore, either (1) there was an excessive 
amount of emanation in the air that day, (2) lead does give 
off an emanation, or (3) the tube was contaminated with 
radium. I have not tested the last two points. 

Expressing the results as before we get Table XIII. 

TABLE XIII. 

Date P75 litres of Air. [pap tee 

I Ee ee eee 4:7 

iy Mea epsacnn tw 2-4 

SE ee a 

He a A Oeste oie zi 52 

Little can be done with the huge result of May 12. The 
result of May 13 is also very high, but if we assume that as 
the barometer remained fairly steady all the time the 
emanation in the air would remain the same over to May 15, 
we get, on subtracting 2°4 from 7:1, an amount 4°7 for 
24 hours of the solution, a result which very nearly agrees 
with the former results. It will be noted that on May 14th 
the air and solution gave with calcium chloride an amount 
4:7, which is much below 7:1, showing that if the supply was 
the same, either the chloride absorbed some emanation or 
the acid yave off some. To test this point the experiments 
of May 16 were done using fresh acid. On this date, owing 
to a plentiful supply of liquid air, I was able to do two 
experiments on the same day so that the amount of emanation 
in the air had scarcely time to change. The results were 

75 litres of air give *7 *. 

2} hours of the solution give 4°5. 

These results are in agreement with those of the first two 
sets and show that the amount of radium required to supply 
the emanation per cub. m. of air 

1000 | *7 | 3:14x10-9 
aes. eae : —12 = TE 15 * ral or 1360x 10 _grm. 

* From this result it is evident that the acid is not responsible for any 
emanation. 3 
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Comparison of the Efficiencies of the Charcoal and 
Condensation Methods. 

It is quite possible that in neither method is the whole of 
the emanation taken out of the air; it is, however, hoped with 
each method the same fraction of the emanation in the air 
and the emanation from the solution will be absorbed so that 
the comparisons made are correct. To test the relative values 
of these fractions I did two experiments in which the charcoal 
tube and the condenser were put in parallel thus :— 

rom ——+CaCl, ——+Charcoal tube A———>Gauge A ——> To. 
> ——— 

utside = Cal => Condenser => Gauge C= pump 

The results reduced to the same volume of air are shown 
in Table XIV. ; 

TABLE ATV. 

Leak from emanation | Leak from emanation 
absorbed by Charcoal | abstracted by Con- 

Date. Tube from 70 litres | denser from 70 litres 
of air. of air. 

March 31 ....... 29 | 62 | 
| 

oe ae 3b4 | ‘66 | 

so that 

amount absorbed from the air by charcoal __ ‘31 
amount abstracted from the air by condenser ia tod 

Now dealing with the amount of emanation given off in 
the solution in two hours we get (See Tables IV., IX., XI.) 

amount absorbed by charcoal _ 253.9) 14 hl 

amount abstracted by condenser 3°62 Petey» 

so that in each case the condenser takes out about twice as 
much as the charcoal, the charcoal, however, becoming more 
efficient as the amount of emanation in the air-current 
increases. Both methods, therefore, give about the same 
result for the amount of emanation in the air, but the method 
of the condenser is quicker and more accurate than the 
charcoal method. The chief disadvantages of the charcoal 
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method are the accumulation of emanation by the charcoal 
and the tediousness of the heating and collecting processes. 
On the other hand, the condenser method consumes a large 
quantity of liquid air and could only be used in laboratories 
where there is a good supply of this valuable commodity. 

How much of the Natural Ionization of the Atmosphere 
2s due to the Radium Emanation present ? 

Rutherford* states that the total number of «-particles 
projected per second by one gram of radium and its dis- 
integration products in radioactive equilibrium is 2°5 x 10%. 
Radium, radium emanation, radium, A and radium C are 
equally responsible for this output of a-particles, hence it 
follows that the amounts of emanation, radium A, and 
radium C in radioactive equilibrium with one gram of radium 
project 1:9 x 10" «-particles per sec. 

It is now necessary to find the number of ions produced 
in a gas by these e-particles. An a-particle from radium 
itself produces 86000 ions in a gas before it is absorbed F. 
On the assumption { that the number of ions produced 
by an a-particle from any product is proportional to the 
energy lost by that particle before it reaches its critical 
velocity § it follows that a-particles from radium emanation, 
radium A, and radium C produce 106,000, 110,000, and 
172,000 ions respectively betore they are absorbed, or an 
average of 130,000. 

In comparison with the ionization produced by the 
a particles, the ionization produced by the 8 particles and 
y rays from the three products considered may be neglected. 

The number of ions produced per sec. per cub. metre of air 
by the emanation, radium A, and radium C in radioactive 
equilibrium with 100 x 10-¥ yrm. of radium is therefore 

(L00°%107") x (19 x10"): (13 x 10°) or’ 2755010 

or about three per c.c. per sec. 
The number of ions actually produced in the air per c.c. 

per sec. is subject to great variation. Rutherford || states 
the number in the open air to be 80; Schuster { found it to 

* Rutherford, ‘ Radioactivity,’ 2nd edition, p. 155. 
+ Lbid. p. 433. t Ibid. p. 549. 
§ Ibid. p. 547; and Phil. Mag. Jan. 1907. 
| Rutherford, ‘ Radioactivity,’ 2nd edition, p. 526. 
«| Schuster, Proc, Manchester Phil. Soc. 1904, 
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lie between 12 and 38 near Manchester; Eve* calculated 
values between 1 and 5 for the air over the Atlantic Ocean. 
Eve f concluded that the radium emanation in the atmo- 

sphere near the earth fully accounted for the rate of production 
of ions observed in it, but the results above show that although 
the proportion of the natura] ionization of the air due to the 
radium emanation and its products is rather uncertain, it 
does not seem likely that the radium emanation and its 
products are responsible for anything like all the natural 
ionization. 

Summary. 

The amount of radium emanation in the atmosphere near 
the earth’s surface at Cambridge has been measured by two 
methods :— 

(1) Absorption by charcoal, 
(2) Condensation by liquid air, 

and the amounts compared with those given off by a radium 
solution of known strength. The two methods give results 
fairly close agreement. They show that the amount of 
emanation in a cubic metre of air is subjected to considerable 
variation, and is, on the average, equal to that amount which 
would be in radioactive equilibrium with about 100 x 10-” grm. 
of radium. No very definite correlation could be established 
between the changes in the amount of emanation in the 
atmosphere and changes in the weather and barometer during 
the period through which the experiments were performed. 
I intend to attack this part of the problem again. 

The above quantity of radium emanation, together with its 
disintegration products, would produce about 3 ions per c.c. 
per sec. As the number of ions actually produced per c.c. 
per sec. is about ten times this, it follows that only a small 
proportion of the natural ionization of the air is due to the 
presence of the radium emanation and its products. 

In conclusion, I thank Professor J. J. Thomson for per- 
mission to carry out this research in the Cavendish Laboratory 
and for many helpful suggestions. 

May 21, 1908. 

* Eve, Phil. Mag. Feb. 1907. 
+ Eve, Phil. Mag. July, 1905. 
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L. On Periodic Nongenerating Force of High Frequency. 
By Axprew STEPHENSON *. 

i f hes influence of periodic nongenerating force of 
high frequency has been investigated in the two 

cases when the force is simple oscillatory r and impulsive t 
respectively. We now take up the general problem of 
determining the effective spring of a system about a position 
of equilibrium when acted on by any rapid periodic dis- 
turbance of the above type. 

In the first place we deal with the case in which the | 
disturbance-time graph has an axis of symmetry: the spring 
is then made up of a series of simple elements which are in 
zero phase simultaneously. The equation of motion under 
such disturbance is 

Cc 

U+(A+ 2n? a, cos rnt) c=0, 
1 

where z is the frequency of the force per 27 units of time. 
The complete solution is given by 

lS S A,.sin : (c—rn)t+ Ey, 

where e¢ is arbitrary, and 

A,{A—(c—7n)?} +n? F a(ApstArs)=0. . (7) 
s=1 

We limit our enquiry to the case when the a@’s are small, 
and the applied frequency so large that 2» is negligible 
compared with n?._ Under these conditions it will be observed 
that a sound approximation is given by 

by 
A,=A_,= “ato 

when products of the a’s are neglected. Thus Ag is large 

compared with >(A, +A_,), and the mean motion is there- 

fore Spee tne simple oscillatory 

w= Ag sin (ct+e). 

On substituting for the A’s in (0) we find 

C=) + 2n? > ick 
fh Ss 

an equation determining the effective spring of the motion. 
For any given disturbance the coefficients « can be found 

* Communicated by the Author. 
+ “On Induced Stability,” Phil. Mag. February 1908. 
t “On a New Type of Dynamical Stability,” Manchester Memoirs, 

vol. lii. 1908, no. 8. 
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by Fourier’s theorem, and hence ¢ obtained; but there is 
a much simpler method of procedure applicable alike to 
general and numerical cases. 

If A denotes the variable part of the spring about the 
mean value, A, then 

| Ade =2n? > a, cos rnt dt 
JO 1 10) 

fo 6) hy 

—29n>— sin rnt 
Maes 

Hence {A dt \ 9 279 72> (“) + An? > Yr COS rnt. 
0 il : a 
oO 2 

Thus 2n2>(“") is the mean value of the square of the 
Lae 

time integral, from t=0, of the spring variation A. 
If, therefore, the spring of a system is an even function of 

the time, of high frequency, and if the ratio of the amplitude 
of each elementary variation to the square of the frequency 
is small, then the mean motion is the same as if the spring 
were constant and equal to the mean spring A, together with 
the mean value of the square of the time integral of spring 
variation about A, the range of integration being a period so 
chosen that the values of the spring at equal intervals from 

_ its limits are equal. 
2. As an illustration let us take the extreme case of 

impulsive disturbance which has already been examined by 
a different method *. : 

If the variation of spring is made up of equal and opposite 
constant changes acting alternately for equal times and 
following at equal intervals, its graph over a period is 

is : ke 

ABCDEF ... as shown in the diagram, the period being 
chosen in accordance with the preceding rule. 

* In the latter of the papers referred to above. 
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The graphs of the required integral and its square are 
OPQRS ... and OP’Q’RS’... respectively; CP=OA:0OC, 
and CP'= CP?. The limiting case of impulsive disturbance 
is reached by keeping OA.QOC constant, =3y, say, and 
continually diminishing OC towards zero. The mean value 
of the squared integral is then CP'=,?; and therefore 

C=rA+ip. 

Thus a spring disturbance made up of equal and opposite 
impulses of magnitude pw, following at equal intervals, 
increases the effective spring by u?/4, provided the frequency 
of the disturbance is large compared with that of the 
system. 

If X% is zero we have c=p/2. This case is realised 
mechanically by pivoting a body so that it is free to rotate 
horizontally and driving the pivot to and fro in a small 
horizontal path with constant speed, V say. The amplitude 
of the imposed motion being small, the action at the pivot is 
confined to the impulsive forces at the ends of the path. 
Let h be the distance of the mass centre from the pivot, and 
k the radius of gyration about the vertical axis through the 
mass centre. If the angular displacement from the position 
of relative equilibrium is @ when the pivot is at the remote 
end of the path, and if w and @, are the angular velocities 
before and after the reversing impulse, then since the 
angular momentum about the pivot is unchanged by the 
action, 

(k? + h?)o, — VhO= (kh? +17)o + VAG, 

le Ce @—@ + 75773 0=0. 

Similarly;-if 6, is the angular displacement on reaching 
the other end, and w, the angular velocity after the impulse 
there, 

2Vh 
lL R24 fe A ve 

Thus the spring is made up of equal and opposite impulses 
of magnitude 2Vh/(4?4 1?) following at equal intervals, and 
therefore by the preceding the mean motion is a simple 
oscillation 

; Vh 
| @=asin (4) +h pak .). 

If ais the length of the pivot path ¢/n=p/2n=ah/m(? +h’), 

which is small, and the conditions necessary for the approxi- 
mation are therefore satisfied. 

@o—@W 
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3. As a second example we shall determine the period of 
a pendulum the point of suspension of which is moved to and 
fro vertically in a small period 27, with constant acceleration 
a in one half of the path and equal and opposite acceleration 
in the other. Let / be the length of the simple equivalent 
pendulum ; then the spring is (y+a)// and (g—a)/I altern- 
ately for equal intervals 7. The spring variation about the 
mean, the required time integral, and its square, are shown 
graphically :— 

The graph of the a integral is made up of parabolic 
ares. UF) P’Q), 

pie NP’ =NP?= (57) 

Hence the mean height of OP’Q is al(4 2); therefore 

Por a 1 (ar)? 

Pa 19. | 

and the period of the pendulum is 

“JI hPy 
It must be remembered that 7 is small compared with s/Il/g, 
but at may be comparable with W/g. 

4. In the investigation of § 1 the problem is limited to 
the case when the disturbance is made up of a series of 
simple elements which are all in zero phase at the same 
instant. Removing this restriction, we now examine the 
motion when the spring has any rapid periodic variation 
27 (t) about its mean value 2X. 
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27 (t) can be split up into the even function f (t)+/(—1%), 
and the odd function f(t)—/(—7); and these are expressible 
in cosine and sine series respectively. Hence the equation 
of motion is 

& +{N+2n? > (a, cos rnt + 8, sin rnt)}e=0, 
1 

where 7 is the frequency of variation per 27 units of time. 

The solution is 

w= > {A,sin (c—rn) t+B, cos (ec—rn)t}, 
where ae 

A,{rx—(c—7n)?} + PS {a Ae +A,+4s)—8;(B,-;—B,+5)}=0 | 
i (r / 

BrtA— (c—rn)’$ - n? > {as(B,_s a B,+s) 1 B( Aves Ages) ;=0 | 

These equations determine the A’s and B’s in terms of 
A, and Bo, and the eliminant gives c. Under the same 
conditions as before . 

uf 
A, = AD (apAy— BrBo), 

1 . 
A_,= ye (a,Ag cE BBels 

iL 
B; = a (4»Bo+8,Ao), 

il 
B= Be (a,By —BrAo)s 

when terms above the first degree in the «’s and #’s are 
neglected. 
H oe 
ne A, a5 a — 2 = Ao, 

Pr 
B,—B_,=2 PD Ag; 

Br 
Ar—A_,= —2 75 By, 

Ay 
ibe BES. = 74 ye Bo: 
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Hach of the equations (0)' therefore gives 

Co 7 2 nett ant BH =o 
1 

a) 2 ee) 2 

1. Cs argon (“) +203 (©) : 
1 

Now —)}dt=2n? S ( a, cos mnt dt ow J {FO+K t)\ n S| cos rn 

© = Ap - =n >,— sin rat, 
yl 

fer) 2 

so that 20 3( =) is the mean value of the function 
pS eY 

(7 +r(—ojaey, 
Again, ; : 

\, {SOP =O fede = 2n? 3 [8 sin ent di 

= 2n S i (1—cos rnt). 
1 

Therefore if M denotes the mean value of the integral over 
a period 

hoot dens rnt=M—J { f(t) —f(—t)\dt; 
i Toe 

(eo) 2 

whence it follows that 2n?> e) is the mean value of 
seine 

[Mf FOAM) jae] ) 
Thus if the spring of an oscillation consists of any periodic 

variation 27(t) about a mean value, X, which is small in 
comparison with n”, the square of the variation frequency, 
and if, furthermore, the ratio f (t)/n? is always small, then the 
resulting mean motion is simple oscillatory of spring equal 
to X together with the sum of the mean values of the periodic 
functions 

[Sr +4(—a tae]? 

ae [M-{(4@-f(—)}ar}? 
where M is the mean value of if { f(t) —f(—t) } dt. 

Manchester, 
April, 1908. 



LI. On the Amount of Radium Emanation in the Atmosphere 
near the Earth's Surface. By A. 8S. Evn, D.Sc., Associate 
Professor of Mathematics, McGill University, Montreal. 

ey a previous paper published in this Magazine (December 
1907) a preliminary account was given of determina- 

tions of the amount of radium emanation present in the 
atmosphere. In the present communication the results are 
given of experiments, continued at intervals throughout a 
year, which not only determine the amount with “oreater 
accuracy, but also throw some light on the effect of meteoro- 
logical conditions in causing variations in that amount. 

Tn order to save reference a brief summary of the previous 
paper is here given. The experiments were made at 
Montreal, in the Chemistry Building of McGill University, 
in a room about fifty feet above the ground. The air, drawn 
from outside through cotton-wool, was passed through three 
glass tubes containing charcoal prepared from the shells of 
coconuts. The air-current was continued for 2°7 days, at a 
speed of 6°7 cm.?/sec., so that 1°56 m.° of air passed through 
the tubes, two of which were in parallel+ and the third in 
series with them. The tubes were then successively heated 
over two Bunsen flames, so that the gases absorbed by the 
charcoal were expelled, and these were collected over water 
and introduced into a silvered glass electroscope, which had 
previously been partially exhausted by a filter pump. The 
movements of the leaf of the electroscope were measured in 
the usual way with a microscope. 

A solution of radium bromide, containing 1°57 x 10—-° gram 
of pure radium, taken from a standard solution prepared by 
Boltwood t, Levin, and the writer, was then introduced into 
a flask. Air was bubbled through this solution, dried by 
passing through two flasks of concentrated sulphuric acid, 
and passed at the same rate for the same time and through 
the same charcoal as before. The tubes were heated, and 
the freed gases were collected and tested for radium emana- 
tion. It was found that, at the above-named speed, about 
twenty per cent. of the emanation given off by the solution 
was in this manner introduced into the electroscope. This 
percentage was found to be a function of the speed of the 
air-current, but within wide limits it appeared to be inde- 

* Communicated by the Author. 
+ It is better not to place tubes in parallel as the resistances to the 

air-current are often unequal and inconstant. 
{ American Journal of Science, vol. xxii. July 1906. 
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Amount of Radium Emanation in the Atmosphere. 623 

pendent of the total strength of the solution employed, 
ranging from 1:57 x 10-7 to 10— gram of radium. 

Thus the emanation from 1°56 m.? of air gave an electro- 
scope reading of 0°125 division a minute, and that from 
1:57 x 10~° orm. of radium gave 0°98. Hence it was reasoned 
that one cubic metre of air contained the emanation which 

“JOR . -—9 

would be in equilibrium with a x ae or 
127 x 10-® gram of radium. 

The quantities of charcoal employed were varied and 
experiments were made at intervals during several weeks. 
The lowest value found was stated to be 24 x 10-!°, and the 
highest 127x10-, with a probable average value of 
80 x 10-” gram. 

There is, however, a somewhat subtle error in the above 
method of reasoning. If the speed of the air-current through 
the tubes is varied, the percentage amount of emanation 
absorbed by the charcoal is a function of the speed. The 
exact relations between these quantities have not, however, 
as yet been determined in the case of radium emanation. 
When air is drawn for a given time from the atmosphere 
through the tubes, it is clear that, on varying the speed, the 
greater the amount of air, the greater is the amount of 
emanation passing to the charcoal. But when using the 
standard solution of radium, the amount of emanation passing 
therefrom to the charcoal in a given time is entirely inde- 
pendent of the speed of the air-current, although the per- 
centage amount absorbed is dependent on the speed in both 
eases. It will be seen then that the method of calculation 
given above is not quite correct, and it should be replaced 
by the following :— 

I. Let 1 grm. of radium produce m grms. of emanation per 
second, and let M gms. of emanation be in equilibrium with 
1 grm. of radium, so that 

eo ( me-* dt =". 
5 Xn 

II. Let the amount of radium in the standard solution be 
R’, and suppose that initially any accumulation of emanation 
has been removed by boiling or by an air-current. The 
amount of emanation given off is m R/ erm. per second, so 
that if at the end of the experiment, after absorption, heating, 
and. collection, Y’ is the maximum electroscope reading, in 
divisions per minute, due to the emanation from the solution, 
we have 

AT 

Y'= (bn! edt hm! ee on ee eee 
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Here T is the time during which the air-current passes 
through the charcoal, and & is a constant depending on the 
electroscope calibration and on the percentage absorption of 
the charcoal. 

III. In the case of air drawn from outside through the char- 
coal, let X equal the average number of grams of emanation 
present in one cubic metre of the atmosphere during the 
experiment, and let v be the volume, in cubic metres, of air 
passing to the charcoal every second. If Y is the maximum 
reading of the electroscope in divisions per minute, after 
collection, heating, and introduction in the electroscope, we 
find 

T 
Y= ( kuX e—~* dt 

“0 

l—e-At 
= hy X x = kV X bar ) ° ° ° (2) 

where k& is the same constant as before, and vI[=V is the 
total number of cubic metres of air passing to the charcoal 
in time T. 

But X=RM=Ry, where Ris the amount of pure radium 

which would be in equilibrium with the emanation actually 
present in each cubie metre of the atmosphere at the tume and 
place of the experiment. 

So that Rm 1—et 

BP reat moun 
Comparing (1) and (2) 

YO VS WARY; 

and finally we have 

Beye) Ae i 
a | Bef ES $ R=N oy - POEM 

This formula will first be applied to the experiments given 
in the previously published paper (Dec. 1907). 

Case 1.—EHight cubic metres of air were passed in 3°7 
days through three iron tubes in parallel, each containing 
220 grams of coconut charcoal. From the three tubes 15 
litres of gas were driven off by heat, collected and then 
passed very slowly through three small glass tubes in series, 
each containing 7 grams of charcoal. In turn these were 
heated, and the gases driven off were collected over water 
and inserted in the electroscope. 
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A standard solution, containing 10—-° grm. of radium, was 
then placed in a flask, the accumulated emanation was re- 
moved, and air was passed through the solution to the three 
iron tubes containing charcoal, and the experiment was in 
all other respects repeated as before. 

Then R= 1 * erm. 
Y=0-40,. ¥’=1:45 D/m. 

Vi Sue 
T=3°1 days=o'19 x 10° sees. 
A= 21h or We? and A T=0°69. 

and hence OE Es OO? gi, on 
R=10 Taps Do Xol0 ° 

This replaces the value 35x10-! given in the previous 
paper. 

Case 2.—The mean of seven observations, made in 
July and August 1907 gave Y=0°112, Y’=0-98 D/m, 
e151 lO ee 6m, | T= 2°71, days=2°32°x 
10° sees. 

Hence R=57'4x10-¥, in place of 127x10-” grm. as 
given in the previous paper. 

Case 3.—A typical example is given for a result sub- 
sequent to 11th Nov. 1907, namely, that of 26th Dec. 1907. 

fire & 1077 orm 

Y= 39, YS 2710 D/m. 

V=1°35 m’. 

T= 2°32 x 10° secs. 

rXT=0°50. 

Hence R=84'2 x 10-¥ grm. In every case the value of Y’ 
is given after deducting that due to the emanation in the air 
passing to the charcoal. 

It is unnecessary to give further examples of the method 
of calculation. 

The experiments were continued for almost a year in order 
to ascertain the relation existing between the amount of 
emanation in the air and the meteorological conditions 
existing during the time of the experiment. As the air was 
passed through the charcoal for a little more than two and a 
half days, it is clear that the amount of emanation measured 
is not dependent on merely local conditions. The radium 
emanation decays to half value in about 3°8 days. Witha 
wind velocity of 20 miles an hour, the emanation collected 

Phil. Mag. 8.6. Vol. 16. No. 94. Oct. 1908. pal 
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at the end of an experiment may have travelled 1300 miles 
since the experiment began: and some of the emanation 
may have left the radium in the ground, or sea, any time 
during about a month previous, although the greater pro- 
portion must have been of much more recent origin. It is 
therefore possible to connect only the most strongly marked 
differences, in excess or defect, of the amount of emanation 
present, with very clearly defined weather conditions. More- 
over, the amount of emanation collected is so small that the 
effect even in a good electroscope is less than the natural 
leak, so that too much importance must not be attached to 
any one reading. 

The results obtained are given in the Table which follows 
(pp. 628-9) and they may be divided into two series, separated 
by adouble line. For, on the 12th November, 1907, there was 
an abrupt breakdown in the electroscope due to a thin deposit 
of black dust on the sulphur bead insulation, possibly due to 
smoke or very fine dust from the charcoal. The whole 
apparatus was reconstructed of fresh material after this 
accident, and the natural leak and calibration of the electro- 
scope were therefore altered. The two series give results in 
satisfactory agreement. In the second column of the table 
is given the sum of the three readings obtained after testing 
the emanation expelled by heat from the charcoal in each of 
the three glass tubes. The figures in the third column are 
obtained by subtracting from those in the second column 
the average electroscope reading deduced from a number of 
“rest”? experiments. A “rest” experiment consisted of 
testing the gases from the three tubes after 2°7 days’ rest, 
during which no air was drawn through the contained char- 
coal. Before November 12th the “rest” experiments géve, 
in divisions a minute, ‘251, -221, :243, -233, °276, °243, -277, 
with a mean value °250. This is larger than three times the 
natural leak of the electroscope, which was 3 x -065, or ‘195. 
I have never found the glass tubes, containing the charcoal, 
entirely free from emanation, some of which probably entered 
the tubes during cooling from the previous heating, and some 
was perhaps due to minute traces of radium in the glass or 
the charcoal. The amount was fairly constant, and too small 
to interfere with the main issue under investigation. A ver 
slow current of air through the tubes gave rise to about the 
same electroscope readings as a “rest”? experiment. 

After November 12th the “rest” experiments gave °435, 
"456, °432, “449, with a mean of ‘450 divisions a minute, 
whilst three times the natural leak was 3 x ‘123 divisions a 
minute. 
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The third column in the table gives the amount of radium 
which would be required to supply the emanation to one cubic 

metre of the atmosphere at the place and during the time of 
the observation on the supposition that the emanation is in 

egquilibri tum wth the amount of radium stated. 

I venture to call this the radium equivalent per cubie 
metre. 

The remaining columns give the approximate means of the 
temperature in degrees Fahrenheit, the barometric pressure 
in inches, and the wind direction, during the time of the 
experiments. Remarks have been added to indicate the 
weather conditions, when well defined. The figures and 
remarks are deduced from notes made at the time, from the 

_ weather reports of the McGill University Observatory, issued 
by Professor C. H. McLeod, and from the weather maps 
issued daily by the United States Department of Agriculture. 

Discussion of Results. 

In the first place it will be seen that temperature has little © 
or no appreciable direct effect on the amount of emanation 
in the atmosphere near the earth’s surface. The results for 
July and August with a mean temperature of 65° F. are not 
very different from those made in the month of J anuary with 
a mean temperature of 12° F. 

Again, during the month of March there was, at Montreal, 
an average depth of snow between two and three feet, and 
yet the radium equivalent, 45°5 x 10-!, was but little less 
than that for April, 51:5 x 10—-", after the snow had melted. 
‘These results agree with the observations of Rutherford and 
Allen, that the active deposit collected from the atmosphere 
varied little in magnitude between summer and winter, even 
when the wind blew from cold regions deeply covered with 
snow. This fact suggests that: the radium emanation escapes 
from considerable depths in the ground. 

Ii may be noted, however, that in the winter 1907-8 the 
‘snow preceded any severe frosts and so protected the earth 
that the ground was scarcely frozen. 

It may be stated generally that, so far as these experiments - 
- go, they indicate that a well-defined cyclone, accompanied 
by heavy rain or a quick thaw of snow, gives maximum 
values to the radium equivalent. On the other hand, anti- 
cyclones, with dry weather, and, in winter, very low tempe- 
ratures, give minimum values. 

Ze 
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If curves are plotted which show the variations of barometer 
pressure and radium equivalent, it is found that the fluctua- 
tions are not markedly synchronous, and that a connexion 
can only be established when the changes of pressure are 
exceptionally large. The reason for this has already been 
indicated, and depends upon the slow rate of decay of 
radium emanation and the necessarily long period of each 

Prof. A. S. Eve on the Amount of Radium 

experiment. 

SERIES 1. 

El ectro-| Less : : : 
Date. scope | “rest” Radium 4 i ae Bar Wind. Rain Reka. 

reading.| value. [8™™*- x 10-12 Fahr | ins. ins. 

1907 pe! pe 
July 13 | -331 ‘081 41-7 | Shallow cyclones 

? 15 : ; & thunderstorms. 199 383 183 68°6 70.) 29°83 1S We LB amchev nena 

25 | °385 ‘085 43°8 rainfall. 

mag, lr 390 °°.) 140 72:2 
| 29: 6| +373 | °128 63-4 } Ga] | AeA ea 

9} 360 | “110 56°6 

TOS ue Ua ee 577 | 
Oct. 17| -419 | +169 87:1 51 | 301 | sw. Antieyelone. 

Ze}, Bol 081 417 AO) 2070 Ae NYE alee 

31 361 gil 57°3 Sit 3) BO NAW. Anticyclone. 

Nov. 5 | -415 165 85:1 ? 40 | 296 63 

11 | -420 170 87°6 37 | 29:8 W. ... | Heavy rain pre- | 
| viously. 

Mean 719 

SERIES 2 

1907 | 
Dec. 9 | 880? 43 108 ? 36 =| 380°0 8. Thaw after frost 

and snow. 
12.) 617 ‘167 42 29 | 296 | W. | 05 | Cyclone,: “rainy 

then frost. 
20°) 571 "123 3] 21 | 300 W. 

23 | 1:24? 79 198? 30°, 4.300) | Wes | Oraa 

26) °84 39 98 ai | 297 8. Cyclone, some 
snow. 

Mean 95°2 
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SERIES 2 (continued). 

Electro-; Less ; F 
Pate} scope | “rest” ee ae an Wina.| Bain Remarks. 

reading. | value. grms. X 4| Kahr,| ins. ins, 

| 1908 A aaa 
medan, 2| ‘726 276 69°3 is | 300 | W. | 03 |Thaw on 30th 

Dec. 

6 | -60 "150 37°6 16 | 298 | S.W.| ... | A cold spell. 

9} -877 ‘427 107-0 24 | 29:5 | S.W.| ... | 8 ins. snowfall. 
20 ins. on ground, 

13 | 583 133 33:4 17 | 29-7 | NE. 

16 | -688 238 60:4 6 | 29:9 | N.W.| ... | Cold spell. 

20 | -544 094 BAe ee Vi! 301 

Zar "858 408 102°4 31 29°9 W. | 0°34 | Well marked 
thaw. 

a7 |) *750 -300 75-4 13 | 29-5 | N.E. 

380 | ‘509 059 14:7 -4 | 303 | W. ... | Very cold spell, 
abl x th SO Maca and anticyclone. 

Mean fe page 58:2 

Mar.10 | -524 ‘O74 18°5 21 | 303 | W. | ... | 23 ft, snow on 
ground. 

13 | ‘611 161 404 97 | 29:9 

16)» -712 ‘262 65°5 24 | 296 | S.W.| 09 | Thaw. 

ae) G25 | aia 43°8 ior 300", |) 

23 | -710 "260 65-2 29 | 299 | W. | 016 | x 

26| 618 | ‘168 | 429 29 |299 | w. | 0-21 

31 | “621 ‘171 429 Bo 30:0" |: W. 1 ft. snow on 
ga ground. 

Mean Ve oes 45:5 

P| Apr. 3/ 582 | “182 332 | 95 | 297 | W. | 0:02)1 ft. snow on 
| | ground. 

6| 594 ‘144 39:9 29 | 300 | W. | O-1 

9| 678 228 57:3 32 | 300. | E. | 03 

13 | -560 ‘110 31:3 35 (29°77 | W 

LG, |, -627 ya, 37°0 32 | 802 | S.W.| ... | Snow nearly 
gone, 

20 | -610 "160 40-2 35 | 29:6 | S.W.| 0:2 

23 | -684 "234 - 586 38 | 298 | W. 

27 | 821 ‘371 979380 58 | 297 | S.E. | 1:0 | Thaw, rain, 
cyclone. 

30 | “745 | °295 741 46 | 29S | S.W.| 0-1 

Mean ee oe oLb 

Mean of monthly Means ... 59°7 * During March and early April thaw and frost 
alternated. Snow went mainly by evaporation. 
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The best examples of cyclone effects were 

9 Dec. 1907. LOS? tormasx Mee 
EW cee 198? i 

23 Jan. 1908. 102 a 

21 April 9 93 ” 

and of anticyclones 

20 Dee. 1907. ol erm. x 10m 
20 Jan. 1908. 25 we 
oU Jans ik 5 s 
10) March,, ks) a 

On 30th January the barometer rose to 30°5, and the 
thermometer fell to 20° below zero, Fahr. The natural leak 
of the electroscope, and the “rest” experiments, were not 
affected by the changes of weather, as the laboratory was 
dry and at a steady temperature. 

The reading of 23rd December was nearly twice as great 
as any other, and may perhaps have been incorrect. Hx- 
cepting this, the ratio of the greatest to the least values was 
7 to 1, and this is less than the corresponding ratio 16 to 1, 
found by Elster and Geitel in the case of the active deposit 
collected from the atmosphere by a negatively charged wire. 
The variations in the amount of active deposit are modified 
by the influence of smoke, dust, and mist—disturbing factors. 
which are avoided in measurement of the emanation. 

There are many reasons why the amount of radium ema- 
nation in the atmosphere should be increased when a cyclone 
prevails, for then :— 

(1) The air is moving along the surface of the earth in 
large spiral paths towards the centre of the depres- 
sion where the air rises. Thus the air near the 
earth’s surface contains much of the emanation 
escaping from the ground. But with an anticyclone, ' 
air is descending from altitudes where the contained 
emanation has decayed, and where fresh supplies are 
not forthcoming. 

(2) Diminishing pressure causes radium emanation, with 
other gases, to pass out from the ground into the 
atmosphere. 

(3) Rain usually accompanies a cyclone, and in winter 
higher temperatures prevail and cause the snow to 
melt. In both cases water enters and moistens the 
soi, and emanation escapes more readily from radium 
salts when these are moist or in solution. 

After experimenting for some months it was found possible 
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to make fairly good forecasts of the radium equivalent, when 
weather of a pronounced type prevailed. The gradual thaw 
of March and April produced fairly steady values, until the 
well-defined cyclone of 27th April arrived from the westward 
with a south wind and an inch of rainfall, and then there 
was a considerable increase. 

The month of February was spent in calibrating instru- 
ments, and in vain endeavours to obtain daily measurements. 
The quantity of emanation collected between 5 P.M.and 9 A.M. 
proved too small for measurement with any approach to 
accuracy. 

The mean of the results is 59°7 x 10-” orm. of radium as 
the amount in equilibrium with the emanation present in a 
cubic metre of air. This is in fair agreement with the 
determination 82 x 10- described in a previous paper (Phil. 
Mag. July 1905). In the latter case, the active deposit on a 
negatively charged wire was measured and compared with 
similar deposits from the emanation arising from a standard 
solution. 

I regret that pressure of other work prevented me from 
making simultaneous observations on the active deposit, 
ionization and potential gradient. At present there is much 
waste of labour in the incomplete work of many observers 
who have not time or opportunity to make more thorough 
investigations. The time has certainly come for a complete 
radioactive survey at a well-equipped laboratory with a 
sufficient staff of skilled observers. Simultaneous and con- 
tinuous experiments are needed on the meteorological con- 
ditions, amount of radium emanation in the atmosphere, 
active deposit obtainable, potential gradient, penetrating 
radiation, and ionization (Ebert’s and Langevin’s methods). 
In the measurement of penetrating radiation too much 
reliance has sometimes been placed on the readings of a 
single instrument. It is desirable to observe the fluctuations 
with both electroscope and electrometer, and to ascertain if 
the variations agree with different types and arrangements 
of apparatus. 

Those engaged in balloon, or kite, experiments might 
obtain useful information on the penetrating radiation at 
high altitudes, by observations on the rate of discharge of 

-electroscopes at the earth’s surface and at considerable 
elevation. The active deposit on the wires employed should 
also be measured. 

The ionization of the atmosphere near the ground appears 
to be largely due to radioactive matter, and meteorological 
conditions are dependent on ionization to a large and unknown 
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extent, so that a thorough radioactive survey cannot fail to 
be of interest and advantage. 

Summary. 

(1) The amount of radium which would be in equilibrium 
with the average amount of radium emanation 
present in a cubic metre of air, as measured at 
Montreal at intervals extending over a year, 1907-8, 
is 60 x 10577 Gram. 

(2) The amount of radium emanation in the atmosphere 
varied so that the maximum is to the minimum as 
about 7 is to 1. 

(3) The amounts in summer and in winter are not widely 
different, and large changes of temperature appear 
to have little or no direct influence on the quantity. 

(4) The approach of a deep cyclone, accompanied by heavy 
rain or a quick thaw of snow, cause an increase, 
whilst anticyclonic conditions, with dry or very cold 
weather, give a decrease of the radium emanation in 
the air. 

I am grateful to Professor Rutherford for proposing to 
me this experimental work and for suggesting the general 
methods adopted. 

Hornsea, 27th June, 1908. 

LIL. The Relation between Uranium and Radium. III.* 
By FREDERICK Sovpy, J.A.T 

ORE than a year has elapsed since the last published 
tests in the second series of experiments with large 

quantities of uranium, purified with great care by Mr. T. D. 
Mackenzie. The subsequent tests on these preparations and 
some new experiments are given in the present paper. The 
only change of method to be recorded is the use of a glass 
electroscope of globular form, silvered internally, which 
being air-tight and capable of standing a vacuum, is more 
suited for the measurement of minute quantities of radium 
emanation, as the observations can be extended over longer 
intervals without fear of loss. In Experiments I. and LI. the 
emanation has been extracted by the mercury pump exactly 
as before; but this arrangement has now been dispensed 
with and the solutions sealed up in large flasks. Subsequent 

* I. Soddy, Phil. Mag. June 1905, p. 768. II. Soddy and Mackenzie, 
Phil. Mag. Aug. 1907, p. 272. 

t+ Communicated by the Author. 
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tests will be carried out without the pump in the manner 
previously described (loc. cit. II. p. 281). All the other 
radium tests described in the paper are carried out also in this 
way, as it involves less labour than the pump method. Before 
the results in the main experiments (I. and [I.) are described, 
the less important, but gratifying result of Experiment VI. 
will be first dealt with, 

Experiment VI.—The residues from the uranium used in 
experiments I. and II. (loc. cit. II. pp. 285 & 293), had 
been purified from radium by the original barium sulphate 
method employed in 1904, and the quantity of radium then 
present (June 20th and July 3rd, 1907) was found to be 
only 4x 10—” gram. In two agreeing consecutive tests on 
May 22nd and July 1st, 1908, the amount of radium found 
was 3x 10-4 gram. Thus ina year the quantity of radium 
had increased about seven times. This establishes, indeed, 
what was all along to be expected, first the existence of a 
radium-producing body in commercial uranium salts, and 
secondly that the original barium sulphate method of purifi- 
cation of uranium from radium does not remove all this 
substance. Though, in the present state of the subject, not 
of much importance, these results are personally very grati- 
fying as they bear out the original observation of a growth 
of radium, which was ascribed to experimental error by a 
subsequent investigator who employed one tenth part of the 
amount of uranium, a shorter period of observation, and a 
different method of purification. 

The original experiment was of necessity terminated, as it 
was necessary to prove that the sulphuric acid present, by 
causing the radium formed to assume the non-emanating 
condition, was not interfering with the resalts. The solution 
of the barium sulphate precipitate, used at the end of the 
experiment to precipitate the radium formed, has however 
been preserved unchanged. In 1905 the leak it produced in 
an electroscope, by the bubbling test, was much less than 
when tested by the same method a few weeks ago. It is 
therefore being examined to see if it does not contain some of 
the original radium-producing substance precipitated with 
the barium sulphate. 

‘The amount of the radium parent in commercial uranium 
salts probably varies very much. In some commercial uranyl 
nitrate recently purchased the total impurities present 
amounted only to a few tenths of a per cent., whereas from 
one of the kilograms used in the earlier work over 200 grams 
of the sulphate of an alkali-metal were extracted. 

The very first uranyl nitrate examined, in 1903, was 
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divided into two halves; the one was purified by means of 
barium sulphate, and the other is still in its initial condition. 
The first now (May 1908) contains 4:°5x10- gram of 
radium, and the second 2°7x10-". Even assuming that 
in both the whole of the radium has been formed within the 
last five years the amount of the parent of radium is only 
one-sixtieth per cent. and one-tenth per cent. of the equi- 
librium quantity in the two cases. 

The growth of 2°6x10-" gram of radium in about a year 
from the residues, probably, of about 1500 grams of com- 
mercial uranyl nitrate, indicates the presence of about one- 
thirtieth per cent. of the equilibrium quantity of the parent. 
Marckwald and Keetman (Ser. d. D. Chem. Gesell. 1908, li. 
p. 43) point out that, since the radium-bearing insoluble 
residues of pitchblende are poor in the parent of radium, the 
main quantity of the latter must go into solution with the 
uranium. These results show that it is almost all separated 
before the uranium comes into the market. It is not difficult 
to see therefore that it must be almost wholly contained in 
the mother-liquors from the crystallization of the uranium 
salts, which are probably wasted. The curious preferential 
restrictions woven around the supply of radioactive material 
to scientific workers, which have resulted in many of the 
original investigators being deprived of material for their 
researches (see Zeit. Elektrochemie, 1907, xiii. p. 369) close 
this avenue of search except to the privileged. 

Experiment 1.—The solution, containing about 255 grams 
of uranium, initially contained 1:9 x 10-1 vram of radium. 
The last published test (July 3rd, 1907), 617 days from the 
start, showed 2°7x 10-Neram. The last test, performed on 
Aug. 7th, 1908, 1018 days from the start, showed 2°9 x 10-11 
gram. This increase, which, though slight, appears to be 
real, is in all pr obability due to a small fraction of the parent 
of radium, present in commercial uranium salts, escaping 
removal during the purification with ether, and being still 
present with the uranium. In any case, the experiment 
proves that the amount of radium tormed per kilogram of 
uranium is less than 5x 10—" gram in the first 1018 days, 
or 24 years. 

Ei eperrment II.—408 * grams of uranium in the initial test 
showed 1°3x 10—"! gram of radium. In the last published 
test (July 9th, 1907), 208 days from the start, the result 

* A recent analysis has shown that the solution contains 408 grams 
of uranium instead of 480 as previously stated. The analysis of the 
solution of Experiment I. showed the Oe of 255 grams of uranium, 
confirming the previous estimate of about 250 grams. 
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was 1°2x10-" gram. In the last test on August 8th, 1908, 
586 days from the start, which was an exceptionally perfect 
one, the amount of radium was found to be only 07 x 10"! 
gram. This test is more trustworthy than the earlier ones 
and is in accord with one performed on June 10th, 1908. 
For these extremely minute amounts of radium the figures 
previously were rather maximum estimates than accurate 
measurements; but with the slight improvements already 
referred to smaller quantities of radium can be more accu- 
rately determined than formerly. 

The increase in this experiment, if any, is certainly less 
than 5x10-¥ gram. The amount of radium formed per 
kilogram of uranium is certainly not above 10—" gram in the 
first 586 days, or 12 years. 

From these data the period of average life, or its reciprocal 
the radio-active constant, of the intermediate parent of radium, 
may be calculated, at least so far as to indicate a minimum 
value for the average life, as shown by Rutherford (Jahr. 
Radioaktivitét, 1908, v. p. 164). The calculation is here 
reproduced. Let Po refer to the quantity of uranium under 
observation, and Qo, Ro, to the quantities of the parent of 
radium, and of radium, respectively in equilibrium with Pp». 
Ay, Av, and A; denote the respective radioactive constants, or 
fractions changing per year, of uranium, the parent of radium, 
and of radium. Then 

Po ae A2Qo = AgHo. 

The intermediate body UrX is neglected in the calculation, 
being of too short period to affect the result, and the assump- 
tion is made that the time, ¢ in years, is short compared with 
the period of average lite of the intermediate parent, while 
the latter is short compared with that of the primary parent, 
uranium. 

The amount of uranium changing, and the amount of the 
parent formed, in the time of the experiment is Pot. The 
amount of radium formed in short time dt is A2(A,Pot)dt. IE 
R is the amount of radium formed in the time of the 
experiment, 

t 

1% = ( Ng (Aa Pot) dt = EA ASP of? = ArgA3Rot?. 

2 0 

From this \, may at once be deduced from the data given. 
If Rk is made to represent the amount of radium formed per 
kilogram of uranium in time ¢, the numerical value of ,P, or 
fees oo x 10-* x SA x10 4ST sso Gs 
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Haperiment I. 

Re ok 10g = 23 years, 

5x10-U> 4dr(12x 10-9), 

Nome eT 

Experiment IL. 

R<10-4, t=12 years, 

L0G ane 2 x10 Gea, 

AD=— 6X 10: 

The result of the second experiment is thus the best at the 
present time. It shows conclusively that, if only one inter- 
mediate parent exists between uranium X and radium, its 
period of average life must be far greater than that of 
radium. According to the second experiment the period is 
not less than 16,500 years. This is six times that of radium, 
so that the quantity in minerals should be at least six times 
greater than that of radium. 

Other considerations, however, indicate that there may be 
two or more intermediate bodies in the series. For, the 
difference between the atomic weights of uranium and radium 
is 12, which is equal to the mass of three «& particles, and 
rayless changes are certainly to be expected if the initial decay 
of the activity of UrX is, as hitherto supposed, complete. 

’ Rutherford’s method of calculation appears to be applicable 
to a general solution for the initial rate of production of 
radium, however many intermediate bodies intervene, pro- 
vided the life of each is long compared with the time of 
observation. The method of calculation in reality neglects 
decrements of the quantities of the changing substances, and 
considers only the increments. Any member of the changing 
series being considered, except the first, it experiences an 
increment of quantity due to the preceding change, and, in- 
cluding the first, a decrement of quantity due to the succeeding 
change. The decrementis consistently neglected throughout, 
as by hypothesis in the initial stage of the change it is insig- 
nificant, the fraction of the total changing being always 
small. Changes of very short periods compared to the time 
of observation, on the other hand, like that of UrX, may be 
omitted altogether without serious error. 

If the radium is formed after n changes, so that the change 
of the radium is the (n+ 1 )th change, the general expression is 

i (1/n !) AA, cee Ay WTS 

where U is the quantity of uranium. If, as before, a kilogram 
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of uranium is considered, since 

Ng Lhe? 3400 ae 

Fy (L/D Xghg. CA ee 1054, 

It is interesting to note that the experimental results, when 
they have been obtained, will enable the number of inter- 
mediate changes to be at once determined, this number being 
the power of the time to which the initial rate of production 
is proportional. Of the intermediate bodies, the products of 
their periods may be deduced, and the geometrical mean 
period, but not the individual periods. 

For the case of two intermediate bodies, n=3, and the 
expression becomes 

R= Br~Azt? X 12 x 10-7. 

From Experiment L., 

5 x 10—M = Greds x (41)? x 1:2 x 10-7. 

Aokg 2 xX 10-* 

From Experiment II., 

Pt = hk (2) x 12x 10>7, 

Roe Ex 10rs 

On the assumption of the existence of two intermediate 
bodies, therefore, both experiments indicate that the products 
of the two periods is at least 10,000 years, so that if the two 
periods are similar each is above 100 years. It is probable 
that several intermediate bodies will ultimately be found to 
intervene. 

With regard to Experiment IV., which was an attempt to 
detect a production of actinium from uranium, no further 
tests have yet been done. In Experiment V., the wire made 
active by exposure to an actinium preparation for five months 
now shows no detectable activity, and no detectable amount 
of radium emanation was obtained from it on heating to 
redness in a recent test, though 2x10-*? gram could have 
been detected. . 

Summary of Results. 

(1) The results of the second series of experiments have 
confirmed the original experiment, started in 1903, in showing 
the existence of a radium-producing substance in minute 
amount in commercial uranyl salts. The amount is, in the 
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specimens tested, always below one part in a thousand of 
the theoretical equilibrium amount: which should be present 
in the natural mineral. The main part by far of the parent 
of radium in minerals-is probably contained in the mother- 
liquors from the crystallization of the uranium salts, and so 
is lost. 

(2) In the carefuily purified uranium salts prepared by 
Mr. T. D. Mackenzie in 1905-06, the growth of radium in 
one case is not greater than 5 x 10-1"! gram per kilogram of 
uranium in 2#tyears, and in the other it is not above 10-" gram 
per kilogram of uranium in 12 years. It can be shown from 
these data that if there exists only one long-lived intermediate 
body between uranium and radium, its period of average life 
must not be less than 16,500 years, or six times that of 
radium; so that at least six times more of it than of radium 
must exist nm minerals. If there be two such bodies, the 
product of their periods must be at least 10,000 years ; and if 
they are equal each must be not less than 100 years. 

Physical Chemistry Laboratory, 
The University of Glasgow. 

10 Aug. 1908. 

LIU. A Directive System of Wireless Telegraphy. 
By EK. Bevuini and A. Tost*. 

Part I,—Bilateral Directive Wireless Telegraphy using Closed 
‘Oscillatory Circuits: (i.) for Transmission; (1i.) for Reception; (111.) for 
‘both Transmission and Reception. 

Part I].—New Unilateral Directive Method: Simultaneous Use of 
‘Closed Oscillatory Aerial Circuits and the Open Oscillator or Vertical 
Antenna. 

YYNHE authors, having lately obtained some interesting and 
very remarkable results in the course of their work 

upon a further development of their directive system, propose 
to give an account of the arrangements employed and the 
results attained. 

Since the complete understanding of these experiments 
depends upon the properties shown by the closed oscillatory 
circuits used by the authors, it is considered desirable, in 
the first part of the paper, to recapitulate, as briefly as 
possible, the main features of the original method, thus 
enabling a more comprehensive view to be taken of the later 

* Communicated by the Physical Society : read June 12, 1908. 
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arrangements, as well as supplying the necessary informa- 
tion to those who are not familiar with the earlier work, 
which has been fully dealt with elsewhere*. 

Part I. 

The aerial of the bilateral system is composed of vertical 
closed oscillatory circuits. : 

The closed oscillatory circuit is, as is known, an oscillatory 
circuit, the metallic portion of which forms a geometrically 
“nearly closed” figure, the electric field of which is concen- 
trated in a very narrow region, and the conditions of 
vibration of which are independent of the position of the 
spark. 

Although in such circuits the electric field is situate almost 
exclusively between the armatures of the condenser, none 
the less there always exists an electric field of dispersion 
the lines of force of which go from different points of the 
cirenit to neighbouring conductors and to earth. Conse- 
quently, if one of these circuits be vertically placed in 
proximity to the ground, and with the condenser at the 
upper part, a number of lines of force will reach the earth, 
giving rise to an electromagnetic field which propagates 
itself in space. Since one of the armatures of the condenser 
has at the same instant an equal potential of opposite sign to 
that of the other, the electromagnetic field of one side will 
be opposed in phase relative to the field of the other side. 
Asa result it is evident that in the direction perpendicular 
to the plane of the circuit there is no radiation whatever ; 
that is to say, the said type of circuit radiates principally in 
its own plane. 

An oscillatory circuit placed in an electromagnetic field 
will become the seat of an E.M.F. due to the variation of 
magnetic flux across the surface bounded by the circuit. 
This E.M.F. will vary with the cosine of the angle which 
the plane of the circuit makes with the direction of propa- 
gation of the field. 

Using the Duddell thermogalvanometer, the authors have 
determined the diagrams of the energy emitted or received 
by such a circuit. The energy diagrams obtained were 

* Electrical Engineering, ii. pp. 771-775 (1907), and iii. pp. 348-351 
(1908). The blocks referring to this part of the paper have been kindly 
lent by the Kilowatt Publishing Company. 



640 Messrs. E. Bellini and A. Tosi on a 

equal and composed of two equal tangent curves (fig. A) 
whose equation is H=H) cos?a, where a is the angle which 
the direction of propagation makes with the plane of the 
circuit. The diagram of the electromagnetic field is composed 
of two equal tangent circles (fig. B). 

Fig. A. 

Energy Transmission Transmission Diagram 
Diagram (Micro- of Hlectromagnetic 
watts). Field Intensity 

(Microamperes). 

It is owing to these properties possessed by closed oscil- 
latory circuits that such circuits were chosen by the authors 
for use as directive aerials; and the triangular form of 
circuit, open at the apex, was employed, owing to the fact 
that it could easily be sustained by a single mast. In order 
to be able to transmit and receive to or from any direction 
whatsoever, without having to turn the aerial, or having 
recourse to a large number of aerials in fixed positions, the 
aerials were built up of two equal closed oscillatory circuits, 
vertically placed and mutually perpendicular. This aerial 
svstem is connected up to special instruments for trans- 
mission and reception which the authors have called ‘“ Radio- 
goniometers.” 

The radiogoniometer for transmission comprises two fixed 
windings, ™, 2;, mutually perpendicular, one of which is 
inserted in each of the two aerial circuits AB, A,B, as 
shown diagrammaticaily in horizontal projection in fig. C. 
A third winding s, enclosed by the two first, is arranged so 
as to be movable on its vertical axis, which axis is that of 
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the intersection of the planes of the two fixed windings. 
This winding s is included in the oscillatory exciting circuit, 
by means of contact brushes. S is the secondary of the 
spark coil or transformer. 

It is evident that on placing the movable winding in 
different positions the magnetic flux which passes through 
the two fixed windings will vary, as also will the oscillatory 
currents in the aerials. The electromagnetic field in space 
will be produced by the superposition of the partial fields 
created by the two aerial circuits. Its intensity will be 
independent of its direction, and this latter will coincide 
with the direction of the central plane of the movable 
winding. The law of angular variation of the energy 
and of the magnetic field is the same as for a single 
circuit. 

Fig. O. 

A 

The apparatus is provided with a fixed dial over which 
moves a pointer rigidly attached to the movable winding. 
On setting the pointer in the direction of the station to which 
the signals are to be sent, the emission will be a maximum 
in the vertical plane which contains the transmitting and 

_ receiving stations—that is to say, both towards the receiving 
Phil, Mag. 8. 6. Vol. 16. No. 94. Oct. 1908. 2 Ul 
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station, and at 180° from this. The receiving radiogonio- 
meter is similar in construction to that for the transmission. 
The fixed windings m, » (fig. D) are connected to their 
respective aerial circuits. The movable winding s, is suitably 
connected up to the detector, through two brushes. 

Fig. D. 
A * 

The oscillatory currents set up in the two aerials, when 
these latter are subjected to the influence of an electro- 
magnetic field, create, in the interior of the fixed windings, 
a resultant magnetic field of an intensity which is inde- 
pendent of the direction of the transmitting station. When, 
therefore, the movable winding is perpendicular to this re- 
sultant field, that is, its central plane is oriented towards the 
transmitting station, the effect on the detector will be a 
maximum. In this position the reception is practically 
limited to the plane containing the transmitting station, and 
the pointer indicates on the dial the direction of this plane. 
One is, however, not able to determine which side of the 
receiving station the transmitting station is located. 

The receiving radiogoniometer is provided with special 
contacts for tuning the fixed windings to the lengths of the 
waves to be received, which is effected by varying the number ~ 
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of active turns equally and simultaneously on the two 
windings. 

The experiments with the system have been carried out at 
three stations on the French side of the English Channel, at 
Dieppe, Havre, and Barfleur respectively. The distance 
Dieppe-Barfleur is 107 miles, all over sea; that between 
Dieppe and Havre 54 miles, entirely over land; the angle 
made by the three stations Havre-Dieppe-Barfleur is 23°. 

Employing this bilateral system it has been possible to 
transmit from Dieppe to either Havre or Barfleur without 
the emission which was directed towards the one post 
troubling the other one. The energy sufficing for this 
purpose was about 500 watts. 

By the use of the receiving radiogoniometer at the Dieppe 
and Havre stations the authors have been able to determine 
the direction of stations both knownand unknown. Further, 
by receiving the same transmission (signals) simultaneously 
at both Dieppe and Havre, and determining at each station 
the bearing of the unknown station, it has been possible to 
locate, by intersection, the actual position of the station 
which was transmitting. The accuracy obtainable by the 
use of the receiving radiogoniometer is about one degree 
of arc. 

The triangular closed oscillatory circuits comprising the 
aerial system were 45 metres high, with a base of 55 metres. 

Part II. 

The system of wireless telegraphy reviewed in the first 
Part allows of transmission and reception in the plane in 
which the station with which one is communicating is situated. 
That is to say, in transmitting, one is sending the signals to 
the corresponding station and at the same time in the opposite 
direction also. As regards the reception, either of two dia- 
metrically opposite transmitting stations will affect the receiver 
in the same way, and it will not be possible to decide as to 
which side of the receiving station the transmitting station is 
actually located. 

Since the sending of the waves in a single useful direction 
is often of great importance, and it is desirable to be able to 
decide not merely the direction but the azimuth, the authors 
have worked out a method of achieving this object, and have 

solved the problem in the following manner. 
Transmission.—The diagram of the electromagnetic field 

2U 2 
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of the bilateral directive system already described is composed 
of two equal tangent circles, and the one half-field, repre- 
sented by one of the circles, is opposite in phase to the other 
half-field. 

If one operates simultaneously, at the same station, both 
the directive system and an ordinary system giving a circular 
emission, whose vertical antenna is symmetrically placed 
with reference to the directive aerial, the resultant electro- 
magnetic field of the simultaneous emissions of the two 
systems, can, in general, be obtained by vectorially adding 
the partial diagrams of the two systems. 

As an example, let a, and ay, (fig. 1) be the two tangent 

Fig. 1. 

0-97 

0-88 

¢. 0-59 

0-25 

Old 

circles forming the diagram of the electromagnetic field of 
the directive system ; the circumference 6 represents the 
diagram of the system with circular emission, of amplitude 
equal to the maximum amplitude of the directive system ; 
let the phase-difference between b and a, be zero, and’ that 
between 6 and a, 180°. The resultant diagram ¢ is obtained 
in this case by adding algebraically the radii vectores of the 
curve a, to those of the diagram 0 and by subtracting the 
radu vectores of the curve b from those of curve a,. The 
resultant diagram is represented by a “ cardioid.” 

St 
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It is evident from the figure, that the resultant maximum 
electromagnetic field is directed to one side only ; that it has 
a value double that of the component electromagnetic fields ; 
and that the field on the other side is zero. 

The intensity of the electromagnetic field set up by the 
directive system at a point whose direction makes an angle « 
with the maximum radiation, is expressed by Ccosa. Let 
M be the intensity of the electromagnetic field produced by 
the circularly radiating system at the same point, and let 
be the phase-difference between the electromagnetic field of 
the circular system and that of one side of the directive 
system. 

The intensity of the resultant electromagnetic field at the 
point considered will be 

I=,/(M+U cos @ cos $)? + C? cos? « sin? h 

= ,/M?+C? cos? «+2MC cos « cos d. 

The minimum of I with reference to « is obtained when 

cos a= — 700s Pp. 

This value of cos a is imaginary when M cos¢@>C. 
In the case when M cos $<, one has Inin=M sind ; when 

M cos ¢>C one has 

Trin = «/ M2? + C? cos? a—2MC cos « cos o. 

In the special case when ¢=0 the equation of the resultant 
electromagnetic field transforms itself into 

I=M+Ccosa, 

which is the equation of a curve that can have three 
different forms according to the value of theratio M/C. The 
curve represented by the condition M=C is the cardioid 
above mentioned. 

But since in wireless telegraphy the action depends chiefly 
upon the energy, it will be useful to consider this in prefer- 
ence to the intensity of the electromagnetic field. 

In the general case the energy radiated in the different 
directions is expressed by the equation— 

W = M?+C? cos? «+ 2MC cos « cos , 

and in the case of the cardioid by the equation— 

W = M?(1+ cos 2)’, 
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The corresponding curve is given in fig. 2. 

Fig, 2. 
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Fig. 3 represents the energy diagram in the case where 
M/C=0°72 and @=53°. 

Fig. 3. 
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Fig. 4 shows the same diagram for the case where M=2C 
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and p=0, and finally fig. 5 the same diagram for M=C and 
b6=90". 

Fig. 4. 
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In consequence, one can conclude that the shape of the dia- 
gram of the energy radiated in the different directions depends 
upon the value of the phase-difference of the component electro- 
magnetic fields, and that the superposition of a circular system 
on a directive system allows of the concentration of the emitted 
energy in the desired direction and in the useful sense only. 
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Fig. 6 shows diagrammatically the advantages which the 
employment of the mixed unilateral system has over the 
ordinary circular, or the simple bilateral directive method. 

Fig. 6. 

Let it be supposed that a station A ought to transmit to a 
station B. If the station A uses a circular system the energy 
is radiated all over the circular region a, affecting all the 
stations comprised within this region. If A uses the bilateral 
directive system the active area is the region bounded by the 
two tangent curves b, 6. If the station uses the mixed 
unilateral system adjusted for M=C and ¢=0, the active 
area is considerably smaller than that with the other methods. 

The practical realization of the superposition of the two 
systems has been effected by employing as the directive 
system the bilateral system already dealt with in Part I. 
It was evident a priori that, owing to the different conditions 
under which the radiation from the directive circuit takes 
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place with reference to the radiation from the vertical 

antenna, a phase-difference betwcen the emissions of the two 

systems should exist, for equality of phase in the excitations. 

As will be seen further on, the experiments have shown that 
this phase-difference is 90° or near to that value. The aerial 

Fig. 7. Fig. 8. 
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of the unilateral system is formed by the aerial of the directive 
circuit to which has been added a vertical antenna in a position 
symmetrical with reference to the first. To secure the simul- 
taneous excitation of the closed oscillatory circuits and of the 
vertical antenna, various arrangements have been employed 
which are diagrammatically depicted in figs. 7, 8, 9, 10. 
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In the first of these arrangements (fig. 7) the excitations 
of the two systems are in phase; in the other three cases 
they are in quadrature. The diagrams of the energy radiated 
in the different directions (figs. 11 and 12) are selected from 

Fig. 11. 
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among the large number which have been determined. They 
were obtained with the thermo-galvanometer in a similar 
manner to that employed in the case of the bilateral directive 
system. In particular the diagram of fig. 11 was obtained 
when using the arrangement shown in fig. 7; and that of 
fig. 12 with the arrangement of fig. 10. In the last diagram 
(fig. 12) the phase-difference between the radiation from the 
two component systems turns out to be much smaller than in 
the preceding diagram, and only by means of this last 
arrangement (fig. 10) have the very small values of the 
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backwardly radiated energy been obtained. This proves the 
existence of a phase-difference of 90°, or thereabouts, between 
the emissions from the two systems. The diagram of fig. 12 
shows besides, that the problem of the emission of the energy 
exclusively on the useful side can be considered as having 
been practically solved. 

4 Fig. 12, 
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It is interesting to note that, even if the phase-difference 
between the radiation from the two systems is as much as 
a certain number of degrees, and the ratio of the partial fields 
is slightly different from unity, the backward radiation is 
always practically zero. The phase-difference has to be over 
45° for the backward radiation to become noticeable. In 
order to see if the energy emitted by each component of the 
system and by the resultant system satisfied the theoretical 
predictions, these have been measured in several cases with 
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the thermo-galvanometer. The results were always in practical 
agreement with the theory. 

The simultaneous excitation of the two systems was effected 
by adding, internal to the primary of the transmitting 
radiogoniometer, a winding, fixed in position relatively to 
the primary and inductively excited by it. To this winding 
is connected the vertical antenna. On turning the movable 
winding of the apparatus the excitation of the vertical antenna 
remains constant whilst the excitations of the closed circuits 
forming the aerial of the bilateral system, vary. Consequently, 
to transmit by the unilateral system in a given direction, one 
has merely to turn the movable pointer until it points in this 
direction. 

The tests of the unilateral system at long distance were 
made between the stations of Dieppe and Havre, and have 
confirmed the results obtained at short range—that is to say, 
on placing the pointer of the transmitting radiogoniometer 
in the direction of Havre, reception was effected ; on turning 
the pointer to 180° from this the reception ceased entirely. 

Reception.—The same principle of the superposition of the 
two systems has been applied to the case of the reception. 
Considering the case of a receiving station provided with an 
aerial composed of a single closed oscillatory circuit, fixed in 
position, and of a vertical antenna symmetrically placed with 
respect to the closed oscillatory circuit, let it be supposed 
that any transmitting station is moving along a circumference 
of which the receiving station is the centre ; it is evident that 
the intensity and phase of the oscillatory current in the vertical 
antenna of the receiving station will remain constant, whilst 
in the closed oscillatory cireuit they will vary with the position 
of the transmitting station. The intensity passes through two 
maxima and two minima, and its phase varies by 180° 
when the transmitting station passes from one side to the 
other of the plane perpendicular to the closed oscillatory 
circuit. Further, although a closed oscillatory circuit utilises 
the variation of magnetic flux across the surface bounded 
by such circuit, the E.M.F. generated in it will be in 
quadrature with the E.M.F. generated in the vertical antenna, 
and the same phase-displacement will exist between the 
currents in the two types of aerials if these latter are both 
tuned to the length of the waves received. 

Let it be supposed, for instance, that the closed oscillatory 
circuit is oriented in a certain meridian and that the trans- 
mitting station in moving about arrives in the plane of the 
closed oscillatory circuit, on the north side. In such a 
position, by bringing the actions of the two systems on the 
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detector into phase by any means, the effects of the two will 
be added. When the transmitting station finds itself, 
similarly, in the plane of the closed circuit but on the south 
side, the effects of the two systems counteract one another. 
If the directive aerial of the receiving station is composed 
of two closed oscillatory circuits connected to the receiving 
radiogoniometer, the phase of the E.M.F. induced in the 
movable winding of the apparatus will vary by 180° when 
the coil is turned through 180°. So that the action of the 
directive aerial in one case will add itself to that of the 
vertical antenna, and in the other case will subtract itself 
therefrom. It follows that, to the position of maximum 
reception of the movable coil, there corresponds a position 
of zero or minimum reception when the coil is turned through 
180°, which thus permits of the determination not merely of 
the direction of the transmitting station, but also of the side 
which it is on. 

The action of the detector depends, as in the case of the 
transmission, upon the values of the phase-difference between 
the actions of the two systems and on the ratio M/C. The 
law of variation of this action is the same as that of the 
variation of the resultant electromagnetic field at the trans- 
mitter and the diagrams are the same. 

Fig. 13, Fig. 14. 

To obtain quadrature between the actions of the vertical 
antenna system and that of the directive bilateral system 
several arrangements have been tried which are shown in 
figs. 13, 14, 15. 
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In the case of fig. 13 the phase displacement was obtained 
by inserting an excess of self-inductance in one or other of 
the aerial circuits ; in the arrangements of figs. 14 and 15 

Fig. 15. 
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the shift of phase was produced automatically when the 
circuits were all carefully tuned, but the arrangement of fig. 14 
is preferable owing to its simplicity, rapidity, and certainty 
of operation. In this case, as can be seen from the figure, 
the vertical antenna is joined to one end of the secondary 
circuit of the receiving radiogoniometer, through a self- 
inductance 8; the other end of the secondary is earthed 
through the detector R. The working of the arrangement 
is very simpie, since it only requires the tuning of the two 
circuits as in ordinary cases: of circular reception. The 
diagrams of the reception were obtained in the same way as 
those of the transmission, by means of the thermo- 
galvanometer in place of the detector, and by turning the 
movable secondary of the receiving radiogoniometer, the 
transmitting station being fixed. The curve of fig. 16 in 
particular was obtained by means of the arrangement shown 
in fig. 13; the curve of fig. 17 (p. 656) by that of fig. 15; 
and the curve of fig. 18 (p. 656) by the arrangement of fig. 14. 

The arrangements have always enabled the sense of the 
received transmissions to be determined, and in many cases 
to get no reception when the pointer of the movable coil of 
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the receiving radiogoniometer was turned in the opposite 
direction, which was precisely the object to be achieved. 

Fig. 16. 
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The directive system of wireless telegraphy described can 
be employed in many ways, according to the requirements, 
owing to the facility with which one can pass from one 
system to the other. For example, when the operator expects 
a message from a station whose position is unknown, he 
could employ the single vertical antenna system; a soon as 
reception is effected he can, by using either the bilateral or 
unilateral system, determine the direction and upon which 
side the transmitting station lies, and make himself independ- 
ent of other transmissions. 

For the transmission the operator could, similarly, employ 
the system with circular radiation when he does not know 
the position of the receiving station or when he wishes to 
send the same message to several stations. He could in other 
cases use the unilateral or bilateral system according to the 
position of the stations which should not receive the messages. 
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Fig. 17. 
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The directive system described presents some advantages 

over other systems, which are very important either from the 
commercial or the strategic point of view. 
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So far as the commercial services are concerned, the 
possibility of transmitting messages to one station without 
affecting the others, results in the stations having an increased 
working capacity and consequently in an enhancement of their 
commercial value. The ability to receive from one determined 
direction renders the receiving station independent of extrane- 
ous transmissions, and even owing to this circumstance alone 
the working capacity of the stations is raised. Further, the 
ability to determine the origin of a transmission, apart from 
its obvious advantages, presents the advantage of enabling 
the route to be followed by a ship proceeding to the assistance 
of another in danger, to be indicated. 

From the strategic point of view the directive reception 
enables one to learn of the presence of the enemy in a certain 
direction and to follow him in his movements. The directive 
transmission will allow, wiien suitably employed, of trans- 
mitting to one’s friends without the enemy being able to 
receive the waves—for the simple reason that there are no 
waves there to be detected in the undesired region. 

In conclusion, the following is given as one practical 
example of the main strategical advantage of the directive 
system. Supposing it were necessary to send radiotelegraphic 
messages to the cruiser squadrons on the north-east, north, 
north-west, and west coasts of the United Kingdom ; if the 
messages were sent by an ordinary vertical antenna system 
they would be perceived in Denmark, in Germany, in Belgium, 
Holland, and France. Employing, on the other hand, the 
unilateral system, the messages sent from London to the 
Fleet would not be received outside the United Kingdom. 

The authors desire to thank Mr. L. H. Walter for trans- 
lating this paper from the original. 

LIV. Positive Rays. By J. J. THomson, M._A., F.R.S. ; 
Cavendish Professor of Experimental Physics, Cambridge ; 
Professor of Natural Philosophy at the Royal Institution *. 

HOUGH the ordinary cathode rays are the most con- 
spicuous of the rays spreading out from the cathode 

in a vacuum-tube, there are other rays mixed with them, 
which as Goldstein (Verhandl. d. Deutsch. physik. Gesellsch. 
iy. p. 228, 1902) and the writer (Proc. Camb. Phil. Soc. ix. 
p- 243) showed long ago are not appreciably deflected by 
weak magnetic fields. The very complete study of the region 
near the cathode made by Goldstein, the results of which are 

* Communicated by the Author. 

Phit. Mag. Ser. 6. Vol. 16. No. 94. Oct.1908. 2X 
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described in a paper read before the Physical Society of Berlin 
(republished Phil. Mag. Mar. 1908), has led him to distinguish 
five kinds of rays besides the cathode rays. Recent experi- 
ments made by Villard (Comptes Rendus, exliii. p. 673, 1906) 
and the author (Phil. Mag. xiv. p. 359, 1907) have shown 
that some of these rays are deflected in electric and strong 
magnetic fields, and the direction of the deflexion indicates 
that they carry a positive charge of electricity. The 
fact that these positively charged rays travel with high 
velocities away from the cathode, and thus against the 
direction of the electric force, makes the investigation of 
their properties a very interesting problem, and I have 
lately made a series of experiments with the object of obtain- 
ing some information as to their nature and origin. 

The tube used in the first series of experiments is repre- 
sented in fig. 1. A isa perforated electrode through which 

Pie. 

rays can pass on their way to the phosphorescent screen S 
covered with Willemite ; the rays on their journey to the 
screen traverse strong electric and magnetic fields, the 
former produced by charging the plates LM to different 
potentials and the latter by placing the tube between the 
poles of a powerful electromagnet. From the deflexions 
which these produce on the rays, the velocities and values of 
e/m for the rays can be determined in the usual way. B is 
a flat electrode at the other end of the tube; this electrode 
is carried by a stopper working in a ground-glass joint, and 
can be rotated about a vertical axis. C is an auxiliary elec- 
trode at the side of the tube. Disa side tube in which a 
metallic obstacle is placed at the end of a rod, this end is 
fastened to a closed glass vessel containing a piece of iron. 
By moving this vessel along D by means of a magnet, the 
obstacle can either be inserted in the line of fire of the rays 



Positive Rays. 659 

coming from B and passing down the hole in A, or with- 
drawn into the tube; the obstacle is in metallic connexion 
with a wire leading out of the tube, so that it can be used as 
a cathode if required. The discharge through the tube was 
produced in some cases by a large induction-coil, in others 
‘by a Wimshurst machine. 

If the stopper carrying the electrode B was turned so that 
the normal to the electrode coincided with the axis of the 
tube A, or made only a small angle with it, and if B were 
made cathode and a discharge sent through the tube, then 
in addition to the cathode rays other rays passed through 
ithe tube in A and excited phosphorescence on the screen. 
‘The direction of the deflexions of the phosphorescence under 
electric and magnetic forces showed that these rays were 
charged with positive electricity. 

If A were made cathode, the ordinary Canalstrahlen pro- 
‘duced bright phosphoresence on the screen. The first point 
investigated was to make sure that the positive rays observed 
~when A was anode, were not due to reversals of the induction- 
coil making A at times a cathode and sending ordinary Canal- 
-strahlen down the tube. Very simple observations, however, 
‘showed that this could not be the explanation. In the first 
place, the positive rays still passed down the tube when A 
~was disconnected from the coil and the auxiliary electrode C 
used as an anode; secondly, A being connected with the 
coil, the rays down the tube disappeared when B was twisted 
round, so that the normal to its plane made a considerable 
angle with the axis of the tube ; and thirdly, the rays down 
the tube were stopped when the obstacle in the side tube was 
pushed forward so as to be in the line between the cathode 
and the aperture in the anode. 

The next point investigated was to see whether the effect 
might not be due to A acting at times as a cathode in virtue 
of the negative charge given up to it by the cathode 
rays starting from B. That this is not the explanation is 
proved by the following experiments. When the cathode 
rays were diverted by a magnet so that they no longer fell 
upon A, the brightness of the phosphorescent patch due to 
‘the positive rays going down the tube in A was not appre- 
ciably diminished, although the tendency for A to become 
cathode must have been almost entirely removed. The con- 
clusions drawn from this experiment were confirmed by the 
results obtained when the obstacle in the side tube was used 
as a cathode instead of B. When the obstacle was not pushed 
far enough across the tube for its normal to pass down the 
tube in A, no positive rays passed down the tube, but as 

2X2 
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soon as the obstacle had advanced into such a position that 
its normal went down the aperture in A, the phosphorescence 
on the screen due to the positive rays appeared. The con- 
trast between the brightness of the phosphorescence when the 
normal to the obstacle went down the hole in A and when 
it did not was very sharp, though there was very little 
variation in the number of cathode rays striking against the 
anode as a whole. These experiments show that the positive 
rays under discussion are not due to reversals of the induc- 
tion-coil nor to the negative electrification of A by the 
bombardment of cathode rays, but that they originate at the 
cathode and travel away from it down the tube. . 
By means of the rotating cathode B we can determine 

whether the positive rays coming from the cathode are 
emitted normally to its surface, or whether, like some of the 
rays observed by Goldstein, they come off in all directions. 
When the normal to the cathode went down the tube in A, 
a plentiful supply of positive rays went down the tube. When 
the cathode was rotated, the phosphorescence due to the 
positive rays did not immediately disappear, although it 
became very much fainter ; it could, however, be detected 
until the normal to the cathode made an angle of about 15° 
with the axis of the tube. The positive rays under discussion 
appear to follow much the same path as the cathode rays, 
for it was found that the angle of rotation required to prevent 
these getting down the tube was much the same as that 
required to extinguish the phosphorescence due to the positive . 
rays. 

Properties of these Positive Rays. 

These rays get exceedingly faint at very low pressures, 
and cease to be observable at pressures when the Canal- 
strahlen are still quite bright. It is probably due to this. 
that I have never been able to observe the resolution of the 
phosphorescence, under the action of electric and magnetic 
forces, into separate patches as in the case of Canalstrahlen 
(Phil. Mag. xiii. p. 561, 1907) when the pressure is low. 
The spot of phosphorescence due to the positive rays coming 

out in front of the cathode is, under the action of electric and 
magnetic deflexion of the rays, drawn out into a continuous 
band, even when the pressure is such that the phosphor- 
escence due to the Canalstrahlen shows well-developed 
patches. In the case of the Canalstrahlen, there are some 
rays whose deflexion shows that they are negatively charged 
and have a mass comparable with that of the positive rays. 
We find, too, in the case cf the rays travelling in the opposite. 
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direction to the Canalstrahlen, that a considerable number 
of them are negatively charged particles, indeed I think the 
proportion of the negative to the positive is greater in this 
ease than in that of the Canalstrahlen. JI have observed 
cases in which the phosphorescence due to the negatively 
charged particles was little, if at all, less than that due to 
the positively charged ones. 
A large number of determinations were made, by the 

method described in my first paper (Phil. Mag. xiii. p. 561, 
1907), of the velocity and values of e/m for these rays; in 
consequence of the spot of phosphorescence being drawn 
out into a band, the values of e/m ranged continuously from 
0 to a maximum value. 

Two tubes were used for this purpose, in one of them 
(fig. 1) the electrode B was connected with a stopper ground 
into the tube, one side of the electrode was aluminium, the 
other calcium ; by turning the stopper either side could be 
made to face the tube A, down which the rays passed. IL M 
are parallel plates, which can be connected with a battery of 
storage-cells ; when this is done rays passing between the 
plates are acted on bya strong electric field. S is the screen 
at the end of the tube. H, K the pole-pieces of the electro- 
magnets. Cis a wire fused into the tube, to serve as an 
electrode, thus allowing A to be insulated or connected with 
one or other of the electrodes at will. The dimensions of 
the parts of the tube which affect the deflexions of the 
phosphorescence are as follows :— 

Distance between the plates Land M =-45 cm. 
Length of these plates . . . . =3°8 cm. 
Distance between the screen and the 

Cod-Gmwig giantess « « « . ==4°0 cm, 

If V is the potential in volts between the plates, e the 
charge, m the mass, and v the velocity of the rays, D the 
deflexion due to the electrostatic field, we can easily prove 
that 

e D 

me 5x 10°V" 

While if d is the deflexion due to the magnetic field when a 
current of 1 ampere is passing through the coils, it was found 
by the method described in Phil. Mag. xiii. p. 561, that 

gy 
2°8 x 10+ 

é 

UT) 
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From these equations the following determinations of e/m 
and v were made; the value of V was 420 volts. 

Tube filled with Air. 
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Tube filled with Hydrogen. 
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Pig. 2. 

The other type of tube (fig. 2), in which there were no 
auxiliary electrodes, had the following dimensions :— 

Distance between the plates Land M= °4 cm. 
Length of plates . . . . = 4 ome 
Distance between screen and plate == 3°9 eme 
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Hence if V is the potential-difference in volts between the 
plates, and D, as before, the deflexion in the electrostatic 
field, 

Bice siclt ably Be 
me 5:°5x10°V 

The magnet had been readjusted and furnished with new 
pole-pieces. If d was the magnetic deflexion, it was found 
that when 1 ampere was the current through the coils 

Cel d 

mv 4:5 x 10* 

With this tube the following values of e/m and v were 
obtained for the positive rays proceeding from the cathode 
in the opposite direction to the Canalstrahlen. The value 
of V was 400 volts. 

Tube filled with Air. 

D. | d | e/7n. | v. 
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Tube filled with Helium. 
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The deflexions of the Canalstrahlen in the same tube were 
also observed: this could easily be done by making the tube A 
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the cathode. It was found that the structure of the Canal- 
strahlen was more complicated than that of the retrograde 
positive rays, the former showing two types of rays, charac- 
terized by values of e/m in the ratio of 2 to 1: the latter 
showed only one type of ray, this type coinciding, however, 
both as to value of e/m and the velocity with the type of 
Canalstrahlen rays having the maximum value of e/m. 
Some of the retrograde rays, as well as some of the Canal- 
strahlen, are deflected in a direction which shows that they 
carry a negative charge, and that their mass is comparable 
with that of the positively charged particles. I have deter- 
mined the value of e/m and the velocity of these negative 
constituents of the retrograde rays, and find that the value 
of e/m for the negative particles is numerically equal to 
that of e/m for the positive ones ; while the velocity of the 
negative ones is slightly, but only slightly (about 15 per 
cent. in my experiments), less than that of the positive ones. 

EHaperiments with Goldstein's Double Cathodes. 

Goldstein (loc. cit.) found that when the cathode consists 
of two parallel plates in metallic connexion, rays other than 
the cathode rays proceed from the space between the plates. 
If the plates are triangles, Goldstein found that a pencil of 
easily deflected cathode rays start from the middle points 

Fig. 3. 

of the sides, while pencils of undeflected rays start from the 
corners of the triangle. The difference in the character of 
the rays can be strikingly shown by using helium in the 
discharge-tube, when the rays from the corners are red and. 
those from the sides blue. J have examined the electric and 
magnetic deflexion of these rays, using for the purpose a 
tube such as that shown in fig. 3. 
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The cathode consists of two parallel triangles, and is carried 
by a stopper working in a ground-glass tube. By turning 
the stopper the different parts of the triangular cathode 
could be brought opposite to the opening in the tube and 
the distribution of the rays round the triangle studied. I 
found that this distribution depended a good deal upon the 
pressure of the gas in the discharge-tube. At all the 
pressures I tried, I found that the maximum emission of 
ordinary cathode rays was along the line starting from the 
middle points of the sides ; at the higher pressures, this was 
the only direction in which the cathode rays could be de- 
tected ; at very low pressures, however, rays could be detected 
starting from the corners of the triangle as well as from the 
middle points of the sides, few, if any, however, were given 
out in any intermediate position. With regard to the positive 
rays, | found at all the pressures I tried that these streamed 
off from both the corners and the middle points of the sides, 
there were but few in any intermediate position ; the most 
abundant stream came, as was the case for cathode rays, from 
the middle points of the sides, but the disproportion between 
the streams from the corners and from the sides was nothing 
like so great for the positive as it was for the cathode rays ; 
so that the ratio of the quantity of the positive rays to the 
quantity of cathode rays was greatest at the corners of the 
triangle. 

I also measured the velocity and the value of e/m for the 
positive rays. 1 found that this was the. same whether the 
rays came from the corners or from the sides, and the same 
as that of one type of Canalstrahlen (the type for which 
e/m=10*), which went down the tube when A was made 
cathode. In the case of the positive rays coming from the 
triangular cathode, often only a small traction were at all 
affected by electric and magnetic forces, by far the larger 
portions were quite undeflected by these forces ; so that the 
phosphorescence of the screen when the magnetic force 
was applied to the tube presented the appearance of a 
bright central undeflected patch with a faintly luminous 
tail. 
We can, I think, explain this distribution of the rays from 

the triangular cathode on the view that there is a reciprocity 
between the cathode rays and the positive rays of the follow- 
ing kind. The corpuscles in the cathode rays are due to the 
impact of positive ions at or near the cathode, while the | 
positive rays are due to the impact of the corpuscles at some 
distance from the cathode. Let us consider now what 
happens when the lines of electric force in the neighbourhood 
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of the cathode are curved as in fig. 4. A corpuscle starting 
along the normal from P would on account of its inertia not 

Fig. 4. 

follow the line of force PQ but some path PQ’ between 
PC and PQ, PC being the normal to the cathode. If, now, 
the corpuscle produces a positive ion at Q’, this ion as it 
moves up to the cathode will not follow the path Q’P but 
some such path as Q’P’, striking the cathode at P’, and pro- 
ducing a cathode ray at P’. Thus the positive particle, if it 
strikes the cathode at all, will not give rise to a cathode ray 
to replace the one which produced it, but a ray starting from. 
some other region. If, however, the line of force starting 
from P were a straight line, the positive particle produced 
by the ray at P would strike the cathode at P. When the 
discharge is ina steady state the number of corpuscles coming 
from any region must be proportional to the number of 
positive particles falling on that region. Now this will be 
the case when and only (except perhaps in very special cases) 
when the positive rays which strike the region are those 
produced by the corpuscles coming from it. For this to 
happen, the lines of force from that region must be straight 
lines. In the case of the triangular cathode there are six 
regions where the lines of force are straight, the middie 
points of the sides and the corners ; and it is therefore from 
these regions that we should expect the discharge to be 
concentrated ; and inasmuch as the region over which the 
lines are approximately straight is much greater at the middle 
points of the sides than at the corners, we should expect the 
maximum discharge to come from the middle point or 
the sides. 
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Magneto- Cathodic Rays. 

Among the rays which sometimes occur near the cathode 
are some observed by Villard (Comptes Rendus, cix. p. 42, 
1905) and called by him magneto-cathodic rays. These 
rays occur when the discharge-tube is placed in a strong 
magnetic field ; they are in the direction of the lines of 
magnetic force, and when subject to an external electric field 
they are displaced in a direction at right angles to the electric 
and also to the magnetic force. Jlons moving through a 
medium in which they are under the action of electric and 
magnetic forces, and which resists their motion with a force 
proportional to their velocity, would behave exactly in this 
manner. For, just as a stone falling through a resisting 
medium moves at first with nearly uniform acceleration but 
after a time settles down into a state where the velocity is 
constant and equal to what is known as the limiting velocity, 
so ions, when exposed to electric and magnetic forces and to 
a resistance proportional to their velocity, will after a time 
settle down to a state where the velocity is uniform. The 
time required to reach this state is inversely proportional to 
the resistance when the velocity is unity and directly pro- 
portional to the mass of the ion. I have shown in my 
‘Conduction of Electricity through Gases’ (2nd edition, 
p- 106) that when the ions have reached this state, and the 
magnetic force H is so large that Hw, is large compared with 
unity, vp being the velocity acquired by an ion when unit 
force acts upon it, and inversely proportional to the pres- 
sure, then the ions move nearly along the lines of magnetic 
force, but have a small component in the direction at right 
angles to both the electric and magnetic forces. In these 
respects they resemble Villard’s magneto-cathodic rays; the 
ions, however, would carry electric charges, while Villard 
could detect no charge when the magneto-cathodic rays 
entered a Faraday cylinder. It is perhaps possible that the 
absence of charge may have been due to the rays making the 
gas round the Faraday cylinder so good a conductor of 
electricity, that no appreciable charge could accumulate in 
the cylinder. 

On the Method by which the Retrograde Rays acquire 
their Velocity. 

We have seen that the velocity of those positive rays 
which move away from the cathode, and which are, 
when under observation, free from the influence of the 
electric field in the tube, is practically the same as that of 
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the Canalstrahlen which have moved up to and then passed 
through the cathode. This result is remarkable, for in the 
latter case the action of the electric field which produces the 
discharge in the tube would increase the velocity of a 
positively charged particle, while in the former it would 
diminish it. The fact that the velocities in the two cases are 
very much the same suggests, at first, the suspicion that the 
electric field may not be accountable for any considerable 
portion of the velocity in either case, and that perhaps the 
particles forming these rays may, like the # particles given 
out by radioactive substances, start with a hich initial velocity, 
much higher than they could acquire under the electric field. 
If we refer to the table of velocities given on pages 662-3, we 
shall see that there is not, in the different experiments, much 
variation in the velocity of the particles ; these are always 
about 2x 10° em./sec., and could be generated by a fall 
through a potential-difference of about 20,000 volts. We 
must not, however, attach too much importance to the 
constancy of the velocity, for the range of pressure over which 
we can make accurate observations on the retrograde rays is 
very limited. For when the pressure gets very low, and the 
discharge requires a high potential-difference to send it 
through the tube, the rays are not bright enough to be observed; 
while if the pressure is more than a small fraction of a milli- 
metre, the rays either do not reach the screen, or when they 
do reach it are so diffuse that the phosphorescent patch is not 
definite enough for its position to be measured with accuracy. 
And although even rough measurements show that at these 
high pressures the velocity of the particles is less than when 
the pressure is low, we should not be justified without further 
evidence in coneluding that the initial velocity was less, for 
before reaching the screen the rays have had to make a long 
journey through the gas, and if the pressure is high, they 
will in their journey lose more of their velocity than when 
the pressure is low. 

To test whether or not the velocity of the rays was due to 
the electric field, I tried the following experiments :— 

In the first experiment, a piece of wire gauze was placed 
about 2 mm. in front of the perforated electrode of the tube 
represented in fig. 2 and well insulated from it; the gauze 
was used as the cathode and measurements of the velocity of 
the particles were made (1) when the perforated electrode 
was connected with the gauze, (2) when it was connected 
with the anode. In the second case, a particle if it retained 
its charge during the whole of its path, would in its journey 
between the gauze and the perforated electrode be at least as 
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much retarded as it had been accelerated before reaching the 
gauze, and any velocity it possessed after passing through the 
perforated electrode must have been acquired from sources 
independent of the electric field; while in the first case its 
velocity would be measured by the electric field in the tube. 
On trying the experiment, it was found that though the Canal- 
strahlen were not nearly as bright in the second case as in 
the first, they were still quite perceptible, and that the velocity 
of those which got through was the same as the velocity of 
those reaching “the sereen in the first case. The fact ‘that 
a large proportion of the rays are stopped by connecting 
the perforated electrode with the anode, while those which 
get through are not affected, shows that the velocity of the 
majority of them is not great enough to travel against the 
potential-difference between the electrodes : ; while the fact 
that some get through without diminution of velocity, dicates 
that when they are passing between the gauze and the 
perforated electrode, they are for the moment electrically 
neutral and without charge, and that they re-acquire, by 
losing a corpuscle, a positive charge after passing through 
the opening in the electrode by collision with the molecules 
of the gas. The following experiment shows in perhaps a 
simpler way than the preceding one that some of the Canal- 
strahlen are uncharged during a portion of their path. The 
perforated cathode (fig. 5) was wedge-shaped, the angle 

of the wedge being about 27°, the diameter of the cathode 
was 2 cm., the aperture through which the Canalstrahlen 
assed was about 5 mm. from the sharp end, the length of 

the path of the rays from one side of the eaihede to aniatliee 
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was about 2°55 mm. A flat piece of wire gauze was fixed 
parallel to the upper face of the cathode (the face most 
remote from the anode), and insulated from it: the distance 
of the gauze from the cathode was about 8mm. The Canal- 
strahlen travel at right angles to the lower face AB of the 
cathode. If the wire gauze is connected with the anode, and if 
the particles in the Canalstrahlen are charged, they will after 
passing through the cathode be acted on by a force which 
has a component at right angles to their direction of projection: 
thus if they are positively charged they will be bent to the 
right, if they are negatively charged to the left, while if they 
are uncharged they will be undeflected. The path of the 
rays when the pressure of the gas is not too low, can readily 
be traced by the luminosity they produce in the gas as they 
pass through it. On trying the experiment, it was found 
that when the gauze was connected with the anode the path of 
the few rays which got through the gauze was a straight line, 
coinciding in direction with their path before passing through 
the cathode. An easy way of seeing this is to connect by means 
of a key the gauze in quick succession with the anode and 
the cathode, when it is easily seen that though the Canal- 
strahlen are much more numerous in the latter case than in 
the former, the paths of those which do get through are 
identical, so that even when the gauze is connected with the 
anode some of the rays get through the space between cd 
and ef without suffering any deflexion, showing that they 
must be uncharged as they pass through this region. It is 
thus evident that a considerable number of the positively 
charged Canalstrahlen lose their positive charge by attract- 
ing when in the neighbourhood of the cathode a negatively 
electrified corpuscle ; the mass of the corpuscle is so small 
in comparison with that. of the particles forming the Canal- 
strahlen, that the addition of the corpuscle will not materially 
reduce the velocity of the Canalstrahlen. These rapidly 
moving uncharged particles will soon get ionized by collision, 
and by losing a negatively electrified corpuscle again become 
positively charged. 

In my first paper on the positive rays (Phil. Mag. xiii. 
p- 561) L showed that at not too low pressures the appearance 
presented by the phosphorescence on the screen indicated 
that many of the particles in the Canalstrahlen were posi- 
tively charged for only a portion of their path; the experiments 
just described are very direct evidence of this effect. 

Again, at not too low pressures the Canalstrahlen are 
accompanied by negatively electrified particles having 
masses and velocities equal to those of the positive particles ; 
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the negatively electrified particles in my experiments always 
being less numerous than the positive ones, in most cases very 
much so, in others the difference was not very great. We 
should expect the negatively electrified particles to be less 
numerous than the positive ones, since they would more 
readily lose their charges by collision. 

I think that the positive rays which travel away from the 
cathode arise in the same way as the negative rays which 
accompany the Canalstrahlen. Let us consider what 
happens to the Canalstrahlen as they approach the cathode. 
When they reach the cathode some of them, as we have seen, 
get neutralized there, some will go further than this, and by 
gathering another corpuscle will become negatively electrified; 
those negatively electrified ones will, however, be repelled 
from the cathode, and under the action of the electric field 
will acquire a velocity of the same order as that acquired by 
the positive particles in their approach to the cathode. The 
rapidly moving electrified particles will in their course 
through the gas soon lose corpuscles by collision and thus 
become positively electrified, forming the positive rays which 
come from the cathode. Such rays, however, on the view 
just given start their journey with a negative charge. 

The Canalstrahlen and the positive retrograde rays are not 
found with all types of discharge, thus in the type of discharge 
sometimes called the flash discharge: which occurs when a 
condenser of large capacity is earthed through the discharge- 
tube, the discharge passes as a column of uniform luminosity 
stretching from one electrode to the other, and there is no 
dark space in the neighbourhood of the cathode. In this 
case I have never been able to detect positive rays of any 
kind, either in front of or behind the cathode. 

It is important to distinguish between the positive ions to 
be found in a gas, ionized by Réntgen rays and not exposed 
to electric fields strong enough to give to them very high 
velocities; and the positive ions which, like those in the Canal- 
strahlen, have very great kinetic energy. For between the 
positive charges and the molecules there are forces comparable 
in intensity to those which exist between the atoms of different 
elements having the greatest chemical affinity for each other. 
Thus, unless the positive ions possess more than a certain 
amount of kinetic energy, combination will go on with great 
rapidity and positively charged aggregates will be formed. 
If, however, the positive ions are moving with great rapidity, 
they will be ina state analogous to a gas at a very high 
temperature, and at these very high temperatures chemical 
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combination does not take place. We have seen that the 
particles in the Canalstrahlen have a velocity of the order 
of 2x 10° em./sec. With a velocity such as this their kinetic 
energy would be equal to the mean kinetic energy of the 
molecules of a gas at a temperature of many hundred thousand 
degrees absolute; and though, as I have shown in ‘ Conduction 
of Electricity through Gases,’ 2nd edition, p. 360, a positive 
ion might be expected to combine with a corpuscle if its 
velocity were but a little less than this, it would not be likely 
to do so with an uncharged molecule where the attraction 
would be very much less. If we take the case of a positive 
ion of mass m projected with a velocity V at right angles to 
the line joining it with a molecule of mass M, and ata given 
distance from it, the condition that the ion should be able to 
get away from the molecule is that 

M 

“m+ M 

should be greater than a certain quantity depending on the 
force between the molecules and the ion and the apsidal 
distance between them. Now if the force were independent 
of the mass of the molecule, we see that it would require a 
greater value of mV? to separate the ion from the molecule, 
when M is small compared with m, than when itis large. Thus 
if the kinetic energy of the ions were eradually to diminish say 
by collisions with the molecules, then if there were molecules 
of different masses in the gas through which the Canalstrahlen 
are moving, combination would occur first with the molecules 
of smallest mass, while the heaviest molecules would be the 
last to combine. The lightest molecules would thus have the 
first pick of the ions, which would therefore tend to be 
absorbed by the lightest gases. The force between an ion 
and a molecule is proportional to the volume of the molecule ; 
and if the volume of a molecule were to increase as rapidly 
as its mass, the preceding considerations would not be valid. 
We have every reason, however, to believe that the changes in 
the volume of the molecules are not comparable with the 
changes in the masses: that, for example, the volume of a 
molecule of oxygen, instead of being sixteen times that of a 
molecule of hydrogen, is hardly more than twice, so that the 
increase in the forces exerted by the heavier molecules 
is not sufficient to counteract the influence of the increased 
mass. 

mV? 
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The Nature of the Positive Ions in different Gases when 
the Ionization has settled into a steady state. 

The Canalstrahlen are formed in very intense electric fields, 
and the kinetic energy which they possess tends to prevent 
them combining with the molecules and corpuscles around 
them ; they are thus under quite different conditions from the 
ordinary ions produced in a region where the electric force 
is small or absent, for these have time before being removed 
from the field to enter into combination with the molecules, 
the system of molecules and ions getting into a steady state 
if the source of ionization is constant. The difference between 
this case and that of the Canalstrahlen may be compared 
with the difference between the state of a mixture of different 
chemical substances after they have entered into combination 
and settled into a state of equilibrium and when they were 
first mixed. I thought that it would be interesting to deter- 
mine the values of e/m for the ordinary ions simultaneously 
with the determination of e/m for the Canalstrahlen in the 
same discharge-tube. The method used to determine e/m 
for the ordinary ions was as follows. <A tube represented in 

Fig. 6. 
F 

fig 6 was sealed on to the tubes such as have already been 
described in connexion with the determination of e/m for the 
Canalstrahlen. B is an ionization chamber, the gas in it 

Phal. Mag. S. 6. Vol. 16. No. 94. Oct. 1908. 2¥Y 
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being ionized by cathode rays coming down through the 
tube C which was connected with the earth. The cathode 
was at D in front of the tube, the anode in a side tube F. 
Three parallel electrodes, L, M, N, were put in the ionization 
chamber. The first, L, was a plate at the top of the tube ; the 
second, M, near the bottom of the tube was a piece of wire 
gauze about a millimetre above N, which was the top of an 
earth-connected cylinder, with a small hole ‘9 mm. in diameter 
bored through the centre, the thickness of this plate was 
16 mm. By means of these electrodes ions could be collected 
and some of them sent through the hole with a definite and 
known velocity. Suppose for example we wish to send a 
stream of positive ions through the hole. A small difference 
of potential (in our experiments generally that due to two 
Leclanché cells) was maintained between the plates L, M, 
L being at the higher potential. The electric field produced 
in this way caused a stream of slowly moving positive ions 
to pass downwards through the gauze ; by means of a potential 
divider any potential-difference between 10 and 800 volts could 
be established between the gauze and the top of the cylinder, 
the gauze being positive to the cylinder. The ions collected 
by the upper plates thus entered into a much stronger field 
which gave to them a velocity much greater than that with 
which they entered it, so that when they passed through 
the hole they were all moving with practically the same 
velocity. 

Beneath the top of the box there was an insulated Faraday 
cylinder (P) connected with a Wilson electroscope. The 
distance between the top of the cylinder and the bottom of 
the plate was 1 mm. in one piece of apparatus, °5 mm. in 
another ; the diameter of the hole in the Faraday cylinder 
was 2°3 mm. Beneath this hole there was a metal disk 
insulated and connected with another Wilson electroscope; 
the plane of the disk was parallel to N and thus at right 
angles to the undeviated path of the ions, the axis of 
the hole in N passed through the centre of the disk. 
The part of the tube below N was placed between the poles 
of a powerful electromagnet, the lines of magnetic force 
being at right angles to the undeviated path of the ions, and 
parallel to the direction of the cathode rays. To protect the 
cathode rays coming from D from the magnetic field, a deep 
cutting was made in one of the poles of the electromagnet 
and the portion from C to D of the tube placed in this and 
then covered over with layers of soft iron. This tube was 
sealed on to the tube T of the kind already described, for the 
determination of e/m for the Canalstrahlen. 
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If the ions travelled without deviation parallel to the axis 
of the tunnel in N, they would all strike against the disk Q, 
and the Faraday cylinder would not receive any charge. If, 
on the other hand, they were very much deflected by the mag- 
netic field, they would all strike against the Faraday cylinder 
and the disk would not receive any charge. If we measure the 
charges received by the disk and the Faraday cylinder during 
any time, the ratio of the charges will be the ratio of the 
number of ions which strike against the disk to the number 
striking against the cylinder. The readings of the electro- 
scopes do not give us directly the charges received by the 
systems to which they are attached, but the potentials to 
which these systems are raised. We can, however, if we know 
the ratio of the potentials easily deduce that of the charges. 
For let E,V, be the charge and potential of the Faraday 
cylinder, E,, V, the corresponding quantities for the disk. 

Thus if the q’s represent coefficients of capacity, we have 

E,=HVitgQ2Ve 

B= qnVi tq, 

so that 
E, ie nV == N2V 2 (1) 

| HE, qeVit eV ok OO al 

To determine the g’s by experiment we proceed as follows. 
Given a charge to the disk, the cylinder being insulated and 
uncharged, then if V,‘ and V,’ are respectively the potentials 
of the cylinder and disk as determined by their electroscopes, 

1V1'+412V2=0, since H,=0. 

Thus if « is the ratio of the potential of the cylinder to 
that of the disk when the cylinder is uncharged, 

fiz 
ol . 

Ae 
Giss pte aot 

Similarly, if @ is the ratio of the potential of the disk to 
that of the cylinder when the disk is uncharged, we have 

SS a : 

Substituting in equation (1) we have 

Ky, mts B (Vi-2#Vo) 

HT a Wee 
The quantities « and # are very easily determined, and 

- ad 
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from this equation we can deduce the ratio of the charges 
when we know that of the potentials. By using two electro- 
scopes and determining by means of them the ratio of the 
charges received by the cylinder and disk, we eliminate any — 
irregularities that might arise from variations in the working 
of the coil used to produce the cathode rays which ionize the 
gas in the ionization chamber. 

If an ion is projected through the tunnel in N along the 
axis of the tunnel, it will, if there is no magnetic field acting 
jupon it, travel along astraight line and hit the disk, If there 
sa magnetic field its path, after getting through the hole, 
will be a circle, since if it is free when once it has got 
through the hole from any electric force, it will, however, 
continue to hit the disk until the radius of this circle is less 
than the radius of the circle passing through the hole, the 
edge of the disk, and touching at the hole the axis of the 
tunnel. If d is the distance of the disk below the hole, a 
the radius of the disk, x the radius of this circle is equal to 
da +a? 

2a 

this, the ion will give up its charge to the Faraday cylinder; 
when it is greater than this it will give up its charge to the 
disk. 

If H is the magnetic force acting on the ion, e its charge, 
m its mass, and the radius of its circular orbit, 

When the radius of the path of the ion is less than 

Her=muv, 

if V is the potential-difference between the gauze and the 
top of the box 

Ve=4mv’; 

thus Hee 2 av. 
0 

Thus when H increases through the value given by the 
equation 

2 2\ 2 

HE") £ = av, . 
2a m 

there ought to be a large increase in the ratio of the charge 
on the Faraday cylinder to that on the disk. If the pencil of 
ions coming through the hole were indefinitely thin, and if 
all the ions travelled with the same velocity in the same 
direction, the transference of the charge from the disk to the 
cylinder would be quite abrupt. With a magnetic force less 
than a certain value, all the charge would be on the disk, 
while with a force greater than this all the charge would be 
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on the cylinder. In my experiments the diameter ot the 
hole, ‘9 mm., was a considerable fraction of the length 
1°6 mm. of the tunnel, so that there was a considerable 
latitude in the direction of propagation of ions through the 
hole. This has the effect of making the ratio of the charges 
on the cylinder and disk change much less abruptly than if 
they were all projected in the same direction, since those 
ions which are projected towards the side of the cylinder to 
which they are bent by the magnetic field, will be carried to 
the side by a smaller magnetic force than those which are 
projected at right angles to the disk. When the hole is very 
small, the charge carried by the ions passing through it ina 
given time is also very small, and the potentials of the disk 
and cylinder change very slowly. The purpose for which 
these experiments were made was not so much to get accurate 
values of e/m for the ions as to find out whether these had 
masses comparable with the mass of an atom of hydrogen, or 
of oxygen, &c. The arrangement used was adeguate for 
doing this, and had the advantage of giving a supply of 
ions which could produce measurable effects in a minute or 
so, thus avoiding many difficulties as to insulation which 
crop up when the experiments have to be extended over very 
much longer periods. Experiments with very much smaller 
holes are, however, in progress. 

The strength of the magnetic field between the poles was 
determined by comparing the currents induced in a small 
coil when suddenly withdrawn from the magnetic field with 
the current obtained by turning an earth inductor through 
180° in the earth’s magnetic field. When the pole-pieces 
were 1:15 cm. apart, the magnetic forces H for different 
currents through the coils of the electromagnet were as 
follows :— 

Current through Electromagnet 
in amperes. H. 

D 1330 
I 2570 
2°59 4000 
2 4900 
2°35 5600 
3 6000 
o°9 6400 
4:0) 6660 

When, as in our Faraday cylinder, d=5 mm. ¢e=? mm., 
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the radius of the critical circle e - O='725 mm., we see by 

the application of equation (2) that if e/m=10*, the potential- 
difference V required to reduce the radius of the orbit to the 
eritical value would, when the currents through the electro- 
magnets were 1, 2, 3, 4 amperes, be respectively 170, 620, 
900, 1100 volts. These are the potential-differences between 
the gauze and the top of the cylinder N required to send the 
ions to the plate. The following table gives the charge ac- 
quired by the disk when the sum of the charges on the disk 
and Faraday cylinder was 100 for different strengths of 
magnetic fields; assuming that all the ions carry the same 
charge, these numbers represent the percentage of the ions 
passing through the hole which reach the disk. In the table 
V is the potential-difference between the gauze and N in 
volts, + the current through the electromagnet in amperes, 
and 2 the percentage of ions which reach the disk. The gas 
in the tube was hydrogen. 

V=10. | V=20. | v=s0. | v=40. | V=50. | V=60. | V=80. 
| — } 

‘aa 17 18-4 18 18 18 19 22:8 
Bal as 18 23 23 22 22 20 19 

feria. 1h hed :08 92 | 23 25 26 21 
Berl 8 9 20 | 225 25 27 26 

ie 23 25 24 | 28 31 | 505- 
rats 16 17 Bo oe tbe 19 | 49 
Beil. 2] 19 fc” lhe 9 
tO 25 93 21 18 15 

On looking at the numbers we see that until the voltage 
exceeds 160 volts there is no appreciable difference between 
the number of ions going to the disk when the magnetic 
field is due to a current of 1 ampere, and when it is due to 
2 amperes. We saw, from the preceding calculation, that a 
voltage of 170 volts would carry ions for which e/m=10* to 
the disk against the electric current, while it would require 
about 700 volts to drive them across when the current was 
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2 amperes, thus the difference which sets in between the 
results when c=1 and 1=2 at 160 volts indicates the presence 
of a considerable number of ions for which e/m=10*. 

For voltages between 30 and 160 there is no appreciable 
difference with currents ranging from 1 to 4 amperes, while 
for voltages less than 30 there is an appreciable diminution 
in the number which get to the disk when the current through 
the electromagnet is raised from 1 to 4 amperes. This in- 
dicates that there are some ions which, under a voltage of 
say 25 volts, are stopped when the magnetic field is that due 
to 4 amperes, but can get across when it is due to 2 amperes. 
Since 1100 volts would just drive particles for which 
e/m=10* across the field due to 4 amperes, 25 volts will drive 
particles for which e/m=10*/(1100/25) =10*/44 across this 
field. For the field due to 2 amperes 620 volts are required 
to drive particles for which e/m=10", 25 volts will drive 
particles for which e/m=10*/(620/25)=10*/25. From the 
preceding results we infer the presence of ions for which e/m 
is between 10*/44 and 10*/25. Such ions might be molecules 
of nitrogen or oxygen due to traces of air in the discharge- 
tube; these, however, are only a small fraction of the whole 
number of ions. The pressure of the hydrogen in this case 
was about 003 mm. It is necessary to work at pressures 
so low that the mean free path of the ion is large compared 
with the distance d. 

Let us now compare the results obtained when the apparatus 
had been repeatedly filled with oxygen obtained by heating 
permanganate of potash in a tube fused on to the discharge- 
tube, running the coil with the gas at the pressure when the 
discharge passes most easily, and then filling and repumping ; 
the oxygen on its way from the permanganate to the dis- 
charge-tube went through a worm immersed in liquid air to 
free it from any traces of water vapour given off from the 
permanganate. No hydrogen lines could be detected in the 
spectrum. The Faraday cylinder had been taken down 
between this experiment and the preceding one, and slightly 
altered so that the radius of the critical circle in this case 
when d=4, a=2°5, is ‘47 cm., hence the potentials required 
to force ions for which e/m=10* across to the disk when 
currents 1, 2,3,4 amperes flow through the coils of the 
electromagnet are respectively 72, 270, 400, and 480 volts. 
The pressure of the oxygen was ‘009 mm. 

The following are the results of the experiments, n as before 
being the percentage of ions which reach the disk :— 
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The figures in this case are quite different from those for 
hydrogen. We see that for voltages over 100 the charge on 
the disk is not appreciably diminished when the current 
through the electromagnet is raised from 1 up to 4 amperes; 
this shows that the number of ions with masses comparable 
with those of a hydrogen atom is too small to be detected, for 
such ions under a field of 100 volts would have been able to 
make their way to the disk against a magnetic field due to 
1 ampere, but not that due to 2 amperes or more; thus if 
these had been present in any considerable number, the 
number reaching the disk when s=1 would have been appre- 
ciably greater than when 1=2. 

The fact that 20 per cent. under these voltages reach the 
Faraday cylinder is due, I think, to the obliquity of the ions 
as they come through the hole, and to the diffusion they 
suffer in passing through the gas. Under the smaller 
voltages the effect of the magnitude of the magnetic field is 
very apparent; thus until the voltage is above 20 the majority 
of them are stopped by a field of 4 amperes, indicating that 
the mass of the majority of the ions is not greater than 
480/20 or 24 times the mass of an atom of hydrogen. In 
fact that the majority of the ions have masses comparable 
with that of the molecule of oxygen, and are not aggregates 
of several molecules. 

Though the preceding list shows that the number of ordinary 
hydrogen ions in this gas was too small to be detected, yet 
when the Canalstrahlen produced in a tube in direct con- 
nexion with the one in which the ionization occurred were 
investigated they were found to be well developed, and to 
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give exactly the same value for e/m as when the apparatus 
had been filled with hydrogen, as in the experiments discussed 
on pages 678, 679. 

By measuring the relative numbers of ions carried to the 
eylinder and the disk by different voltages against a constant 
magnetic field we can readily estimate the relative amounts 
of heavy and light ions in the gas. Indeed I think that by 
using a very small hole in the plate N a very fair analysis of 
the gas in the ionizing chamber might be made. ‘Thus 
suppose the magnetic field were that due to 3 amperes 
through the coils of the electromagnet; then with apparatus 
of the dimensions used in one of the experiments the ions 
for which e/m=10* would not reach the disk until V = 900, 
while those for which e/m=4310* would reach it when 
V=450, those for which e/n=,10° when V=56, those for 
which V=~4104 when V=28. Thus for ions of different 
atomic weights the stages are well separated, and the relative 
numbers of the ions of the different kinds could be determined. 
With the comparatively large hole used in the experiments 
described above it was quite easy to observe the gradual 
diminution in the number of the lighter ions, as each dose of 
oxygen was supplied to the tube and then pumped out. This 
method of analysis is applicable at pressures far below those 
at which even spectrum analysis is available. 
By reversing the potentials in the ionization chamber we 

can collect and send through the opening in the plate nega- 
tive ions and corpuscles which are present in large numbers 
in the gas. The corpuscles, on account of their small mass, 
are prevented from reaching either the Faraday cylinder or 
the disk by a comparatively small magnetic force, and then 
only negative ions get through to the conductor. The pro- 
portion of these reaching the disk and cylinder with changes 
in the electric and magnetic fields show variations of a similar 
character to those observed for the positive ions. 

The relative rates at which the cylinder or disk charged up 
according as positive or negative ions were supplied to them 
from the ionization chamber was determined. When the 
magnetic field was weak the rate of charging was much 
more rapid with negative than with positive ions; this was 
due to the excess of corpuscles in the ionization chamber; 
when, however, the magnetic field was strong enough to stop 
the corpuscles, the rate of charging under potential-differences 
of the order of about 200 volts was about the same for the 
negative as for the positive ions, while with smaller differences 
of potential, say 25 volts, the rate of charging with negative 
ions was only about 1/6 of that with positive. The positive 
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ions seem, in the ionization chamber, to be moving more 
rapidly than the negative, for with no electric field in that 
chamber both cylinder and disk acquire a positive charge 
when the magnetic field is strong. 

With the apparatus we have been describing’ we can 
measure simultaneously the values of e/m for the ions and 
the Canalstrahlen in the same vessel, and the experiments 
we have described show that we can get a complete change 
in the character of the ions without any change in the nature 
of the Canalstrahlen ; this is, I think, strong evidence that 
the particles composing the Canalstrahlen are the same from 
whatever source they may be derived. 

It might, however, be urged that although the tube might 
be cleared of hydrogen to begin with, this gas might be 
driven by the discharge out of the cathode and that this 
might be the source of the Canalstrahlen, and I have 
noticed a phenomenon which at first sight suggests this view. 
I have observed that under some conditions there is a lag 
amounting in some cases to half a minute or so between 
starting the discharge and the appearance of the phosphor- 
escence due to the canal-rays; this might be explained by 
supposing that it takes time to liberate sufficient hydrogen 
to produce appreciable Canalstrahlen. I have made many 
experiments on this lag and these show that it has no special 
connexion with hydrogen, but is due to an alteration in the 
pressure of the gas produced by the discharge. It is well 
known that the Canalstrahlen are only well developed when 
the pressure in the tube is between certain limits. It is only 
when the initial pressure is near to, but outside, one of these 
limits that the lag occurs, and then the alteration in pressure 
which occurs when the discharge passes may accumulate 
until the pressure is brought within the required limits. 
That this, and not the introduction of hydrogen rather than 
any other gas, is the explanation of the lag is I think proved 
in the following experiments :—If the presence of hydrogen 
were all that is wanted for the Canalstrahlen, then the lag 
should not occur when the tube is filled with hydrogen: we 
find that the lag occurs when the tube is filled with hydrogen, 
as well as when great precautions have been taken to remove 
this gas from the tube. Again, in a tube from which 
hydrogen has been removed and the lag is well developed, 
the admission of a small quantity of dry air will remove the 
lag just as effectively as the admission of hydrogen. When 
once the lag has been got rid of it is necessary to give the 
tube a long rest from the discharge before it returns. The 
fact that the lag may be destroyed by admitting a small 
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quantity of gas shows that it is due to the alteration in 
pressure and not to a change produced by the discharge in 
the surface of the electrode. This can also be proved in the 
following way: two discharge-tubes A and B are connected 
together and with the pump, and the pressure is adjusted so 
that both A and B show the lag ; thenif the discharge is sent 
through A until the lag disappears from that tube, it will be 
found to have simultaneously disappeared from B, though no 
discharge has been running through this tube. 

It is somewhat remarkable that we do not, when the tube 
is filled with oxygen, get any trace in the Canalstrahlen of 
particles having masses comparable with those of the ions in 
oxygen. For though such ions would not be formed in very 
intense electric fields, there are places in the discharge-tube 
where the electric fieid is weak, as, for example, outside the 
cathode dark space; we might expect positive ions to be 
formed in these regions, and then dragged by the electric 
field up to and through a perforated cathode mingling with 
the Canalstrahlen. The reason that we get no evidence of 
these oxygen ions in the Canalstrahlen is, I think, as follows : 
Let A be a positive ion, B a corpuscle, and let the relative 
velocity of A and B at the instant under consideration be at 
right angles to AB and equal to V. Then it is easy to show 

e2 

: AB’ 
where m is the mass and e the charge of the corpuscle, M the 
mass of the ion being supposed very large compared with m. 
Thus if the relative velocity falls below a certain value the 
ion and the corpuscle will form a neutral doublet and will 
cease to bea possible constituent of the Canalstrahlen. If 
the ion is moving much more rapidly than the corpuscle, 
then V will be the velocity of the ion, and we see that the 
smaller this velocity the more likely is it to have its charge 
neutralized. M being the mass of the ion }MV*=Pe, where 
P is the potential-difference moved through by the ion, thus 

the ion wil] be neutralized unless p>™ : vee Thus to 

protect a heavy ion, for which M, is large, from being 
neutralized it must be subject to a much stronger electric 
field than would be necessary for a light ion ; thus, if there 
were a mixture of different gases in the discharge-tube, the 
ions formed from the lighter gases would persist longer than 
those formed from the heavier ones. 

An illustration of this result is furnished by the fact that, 
as I showed in the paper (Phil. Mag. ser. 5, vol. xiii. p. 561), 

ee 
that A and B will not part company if aS is less than 
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the only ions besides those of hydrogen which can be 
observed in the Canalstrahlen are those of the next highest 
gas helium, which, when the discharge passes through 
helium, can be observed in the Canalstrahlen without 
difficulty. 

The places where the neutralization of the positive ions by 
the corpuscles takes place will be either quite close to the 
cathode or when the cathode is perforated in the region 
behind the cathode ; for in front of the cathode where the 
positive ions are produced, though the velocity of these ions 
will be small, since they are in a feeble electric field, yet the 
corpuscles which have come from the cathode will have 
passed through a great potential-difference and will have a 
very high velocity ; thus the relative velocity of the positive 
ions and the corpuscles will be very large. Quite close to 
the cathode the velocity of the corpuscles will be very small, 
and though the velocity of the ion will be much greater than 
in the former case, yet since the mass of the ion is so much 
ereater than that of the corpuscle, the velocity acquired by 
tne ion under the same potential-difference will be small 
compared with that acquired by the corpuscle, so that the 
relative velocity of the two close to the cathode will be much 
less than at a greater distance in front of it, so that com- 
bination is much more likely to occur near to the cathode, 
or if the cathode is perforated behind it. 

If the forces between a small positive ion and an un- 
charged molecule are independent of the atomic weight of 
the molecule, or only increase slowly as the atomic weight 
increases, then such an ion is more likely to attach itself to 
a light molecule than to a heavy one; for we can show that 
the condition that the ion and the molecule should separate 
is that 

M M’ Vv? 
M+M’ 

should be greater than a certain quantity depending only on 
the force between the systems and their distance apart when 
nearest together. M is the mass of the ion, M’ that of the 
molecule, and V the relative velocity of the two at the absidal 
distance. If M’ is very large compared with M the condition 
is that Mz? should be greater, while if M’ were equal to M, 
the condition is that 4Mv? should be greater than the same 
quantity ; thus in the second case the ion would take twice as 
much energy to get free as in the first, and so would be more 
likely to combine with the molecule. 
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Nature of Ionization by Cathode Rays. 

If, as seems most probable, the positively charged particles 
are produced from the ionization of the gas by cathode rays, 
the study of the processes by which this ionization is accom- 
plished may be expected to throw considerable light on the 
nature of the positive rays. When a gas is ionized by 
cathode rays, secondary cathode rays are generated, and the 
author has recently shown (Proc. Camb. Phil. Soe. xiv. 
p- 540, 1908) that the maximum velocity of the secondary 
rays is independent of the velocity of the primary rays. 
A comparison of the velocity of the secondary rays from 
gases, as determined in my experiments, with those from 
metals, measured by Fiichtbauer (Phys. Zeits. vii. p. 748, 
1908) shows that there is not much difference between the 
two. The velocity of the rays from gases was that due to a 
potential-difference of 40 volts, of those from metals that 
due to a potential-difference of 33 volts; the difference 
between these results is not greater than could be explained 
by errors of experiment. Thus, as far as our present know- 
ledge goes, the velocity of a secondary cathode ray is 
independent both of the velocity of the primary ray and 
varies but little with the nature of the molecule from which 
the secondary ray is projected. The first result shows that 
the energy of the secondary ray is not acquired by a corpuscle 
in the primary rays striking against one in a molecule of a 
gas and imparting to it sufficient energy to force it out of 
the molecule, for if this were the case we should expect the 
energy of the secondary ray to vary quickly witb that of the 
primary. Neither does it seem likely that the energy in 
the secondary ray is due to a general explosion of the 
molecule of the gas produced by a gradual accumulation of 
energy in the molecule from impacts with the primary rays, 
for then we should expect the energy in the secondary 
rays to depend largely on the chemical nature of the 
molecules. 

As a working hypothesis to account for these very striking 
properties of the secondary rays I would suggest that perhaps 
the first stage is ionization by cathode rays, may be the 
separation from the molecule, not of a single corpuscle, but 
of an electrically neutral doublet consisting of a negatively 
electrified corpuscle in rapid rotation round a much more 
massive particle with a positive charge, and that these 
doublets may be the same from whatever molecule they may 
be ejected. The secondary cathode rays are due to the 
subsequent breaking up of this doublet, their energy being 
the kinetic energy possessed by the corpuscle when rotating 
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round the positive charge. This hypothesis would also 
explain the constancy of e/m in the Canalstrahlen produced 
from different gases. 

There are many ways in which the doublet might get 
broken up after it had escaped from the molecule. Thus, 
for example, if another corpuscle, which we shall call for 
brevity a comet, were under the attraction of the positive 
particle to describe an orbit such as that shown in fig. 7, 
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then when the comet was in the immediate neighbourhood 
of the positive particle, it would neutralize the attraction of 
this particle on the corpuscle in the doublet ; thus this will 
move off with undiminished velocity along a straight line, 
and when the comet has left the system, will, if not free, be 
at any rate further from the positive particle than it was 
before, and still possessed of its original kinetic energy ; if it 
did not get free under the influence of the first comet, a 
repetition of the process by other comets might liberate it 
from the doublet. The same effect might be produced if the 
positive part of the doublet came close to a gaseous molecule, 
which behaved like a conductor of electricity ; the negative 
charges induced on the conductor would balance the attraction 
of the positive particle on the corpuscle in the doublet, and 
just as in the previous case, the corpuscle would be able to 
get off with undiminished velocity. 

The questions now arise, can we get any experimental 
evidence of the existence of these doublets, and is it possible 
that such systems, if they existed, could have escaped the 
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careful scrutiny which has been given? ‘The second question 
is more easily answered than the first, for these doublets 
being uncharged would not possess the properties which 
make the positive rays or the cathode rays so noticeable ; 
thus they would not be deflected by uniform magnetic or 
electric fields, and the absence of the charge might involve 
also a loss of the power of producing luminosity when they 
pass through a gas, and thus render them invisible. With 
regard to the first question I have made some preliminary 
experiments, the results of which suggest the existence in 
the neighbourhood of cathode of neutral systems, such as the 
doublets which dissociate into corpuscles and positive ions. 
The arrangement used in these experiments is represented in 
fio. 8. 

Fig. 8. 

The idea of the experiment was as follows:—If the 
secondary cathode rays are produced from the primary 
without the intervention of the neutral doublet stage, then, 
as the secondary ionization is due to the secondary cathode 
rays, a strong electric field, arranged so as to stop the 
negative corpuscles forming the secondary cathode rays, 
ought to act as a complete screen against this ionization. 
If, on the other hand, there is an intermediate stage between 
the primary and secondary rays, and if this stage consists 
of neutral doublets, then some of these ought. to be able to 
get through the strong electric field, if this is quite close 
to the primary rays, because it is only those secondary rays 
which are produced from the doublets whilst the latter are 
passing through the field which would be stopped; the doublets 
themselves will not be stopped, and if they last long enough 
to get through the field they ought to give rise to ionization 
on the other side. To test this view the apparatus repre- 
sented in fig. 7 was used. A copious supply of slowly 
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moving primary cathode rays was produced from the hot 
Wehnelt cathode C, these passed through a hole in the 
anode A, the anode was earthed, the primary rays passed 
over the top of the side tube, T ; across the top of the tube 
were stretched two parallel pieces of wire gauze about a 
millimetre apart: the upper gauze was earthed, the other 
could be charged negatively by connecting it with the 
negative terminal of a battery of small storage-cells, the 
positive terminal of which was earthed. When the lower 
gauze was earthed as well as the upper, the tube was filled 
with the glow due to the secondary rays. When the lower 
gauze was charged to a negative potential of about 40 volts, 
this glow became exceedingly faint ; but that the gas below 
the gauze was ionized was shown by the fact that when the 
negative potential of the lower gauze was increased to about 
200 volts, a potential quite insufiicient to produce luminosity 
in an unionized gas, the tube again became full of luminous 
glow. Thus something capable of ionizing the gas was able 
to traverse the strong electric field. There are two sources 
of ionization which have to be eliminated before we can 
assign this ionization to the existence of neutral systems 
traversing the electric field,—the ultra-violet light coming 
from the luminous discharge in the main tube, and soft 
Rontgen rays produced by the slowly moving primary cathode 
rays. To test whether it was due to ultra-violet, a thin plate 
of quartz was placed over the top of the upper gauze: with 
this arrangement no luminosity could be detected in the side 
tube under the conditions as to potential and so on which 
gave bright luminosity in the tube when the quartz was 
absent. Hence I conclude that the luminosity was not due to 
ultra-violet light. To test whether it was due to soft Réntgen 
rays, taking the quartz away, I got a bright luminosity in 
the side tube with the primary rays passing horizontally 
down the tube, then by means of a magnet I bent the primary 
rays so that they struck the glass of the tube just above the 
side tube, the path of the rays being represented by the dotted 
line of the figure. This made the rays themselves further 
from the side tube, but brought the places where they struck 
the glass, the sources of the Réntgen rays, much nearer to 
that tube ; so that if the ionization in the side tube were due 
to Réntgen rays it should be increased by the introduction 
of the magnet, while if it were due to the neutral doublets it 
would be diminished. As a matter of fact the luminosity in 
the side tube almost disappeared when the rays were deflected 
in this way, showing that it was not due to Rontgen rays, 
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while the effect is what we should expect if the ionization 
were due to uncharged systems. 

In the preceding experiments there is the possibility that 
the ionization might arise in some such way as the following. 
The secondary cathode rays would have to penetrate some 
way between the two pieces of gauze before they were 
stopped, and if they collided against the molecules of the gas 
they might ionize it: the positive ions so produced would, 
under the action of the electric field between the pieces of 
gauze, acquire considerable kinetic energy when they reached 
the lower gauze, they would travel some distance after 
passing through before they were stopped and brought back 
to the gauze, and would thus have an opportunity of ionizing 
the gas below the gauze by collision. The negative cor- 
puscles produced in this way would be repelled from the 
lower gauze and might acquire sufficient energy to produce 
fresh ions by collisions, and thus give rise to the luminosity 
observed below the gauze. To eliminate this source of 
ionization, a strong magnetic field was used to prevent any 
of the secondary cathode rays from straying into a region 
where they could affect the ionization in the region under 
observation. Two arrangements were used for this purpose. 
In the first, the tube with the hot lime cathode (fig. 8) was 
used. The primary cathode rays were coiled up into a small 
bunch by means of a strong electromagnet placed just under 
the tube, from which the cathode rays emerge, the cathode 
rays in the early part of their path were screened from the 
effect of the magnetic force by thick iron plates. The 
magnetic force was strong enough to prevent the primary 
cathode rays, which were produced under a_ potential 
difference of about 250 volts, from travelling more than 
2 or 3 millimetres across the lines of force. The path of 
the rays when not under the influence of magnetic force 
never approached within this distance of the two pieces of 
gauze, and the deflexion of these rays by the magnet was 
away from the gauze. No luminosity could be seen close to 
the gauze next to the discharge-tube. Nevertheless, when 
the lower gauze N was at a potential of about 200 volts, the 
upper gauze being earthed, there was a perceptible luminous 
discharge in the side tube, showing that in spite of the strong 
magnetic field something must have passed across the gauze 
and ionized the gas in the side tube. A modification of this 
experiment was tried, in which the two pieces of gauze were 
connected together and with the earth, and an insulated 
plate connected with a charged electroscope was placed in 
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the side tube at some distance from the gauze; the ionization 
in the side tube produced a leak of the electroscope. It was 
found that even when the primary cathode particles were 
coiled up by the strong magnetic field into a small bundle at 
the mouth of the tube from which they emerge, there was a 
rapid leak of the electroscope showing that the gas in the 
side tube was ionized. The leak was more rapid when the 
electroscope was positively than when it was negatively 
charged. 

A somewhat similar experiment was also tried with the 
apparatus represented in fig. 6. A magnetic field of 1200 
was established between the pole-pieces, and the plates 
L, M, N connected with the earth, so that there was no 
electric field in the ionizing vessel. Under these circum- 
stances neither the cylinder nor the disk received any 
electric charge when the electric discharge passed through 
the upper tube. The Faraday cylinder was then disconnected 
from the electroscope and charged up positively to about 
40 volts ; the disk now acquired a positive charge, when the 
cylinder was charged to —40 volts the disk got a negative 
charge. This shows that the gas between the cylinder and 
disk was ionized, though the magnetic field prevented any 
negative corpuscles from entering this region. 

Though we have given reasons for thinking that the 
Rontgen rays are not the cause of the ionization in the side 
tube when this is exposed to strong magnetic fields, soft 
Rontgen rays are produced by the impact of the primary 
cathode rays against the molecules of the gas in the tube. 
This was proved by covering the end of the side tube (fig. 8) 
with thin aluminium foil and placing in the side tube behind 
the foil an insulated metal plate connected with a charged 
electroscope. The escape of electricity from this plate could 
not be ascribed to ionized gas making its way from the main | 
tube into the side one, for the only channel of communication 
was through a long stretch of glass tubing from the main tube 
to the pump, and then through another long tube from the 
pump to the side tube; since the opening between the main tube 
and the side tube was closed, it was necessary to exhaust 
them separately. When the primary and secondary cathode 
rays were well developed and the main tube filled witha 
bright glow, the charge from the electroscope rapidly leaked 
away whether it were positive or negative. The gas in the 
side tube is thus ionized by rays which have passed through 
the thin aluminium foil. The leak was, however, completely 
stopped when, by means of a strong magnetic. field, the 
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primary and secondary cathode rays were rolled up into a 
smali bundle at the mouth of the tube, from which they 
emerge just above the aluminium foil. In this case the 
length ot the path of the rays after coming through the tube 
was only 2 or 3 mm., and there was hardly any luminosity 
in the tube. The aluminium foil prevents the ionization in 
the side tube in this case, for if the foil is removed the gas, 

as we have already stated, is ionized. 
The preceding experiments are in harmony with the view 

that neutral doublets are one of the stages in the process of 
ionization; they must, however, be regarded as only preli- 
minary. More extended experiments are necessary before 
we can be certain that the effects are not due to some very 
easily absorbed kind of radiation or to the diffusion of very 
slowly moving ions. 
We have hitherto considered the case when the primary 

ionization was due to cathode rays, but there are reasons for 
thinking that similar doublets are produced when the ionization 
is produced by positive rays. Thus Fiichtbauer (Joc. cit.) found 
that the velocity of the secondary cathode rays from metals 
was the same whether they were produced by cathode rays 
or Canalstrahlen. It is sometimes argued that the much 
greater difficulty experienced in saturating a gas ionized by 
@ particles than one ionized in any other way, shows that 
results of ionization are different in the two cases : this result 
is, however, exactly what we should expect if there were no 
such difference. For when a gas is ionized by @ rays, each 
a particle produces an enormous number of ions, but there 
are comparatively few particles, and these are widely separated. 
Thus in a gas ionized by @ rays we have intense ionization in 
some localities and very weak ionization in others, while 
other methods give much more uniform ionization. Now the 
electric force required to saturate a gas depends upon the 
maximum density of ionization as well as upon the average ; 
thus it will require a more intense field to saturate a gas 
ionized by @ particles than a gas where the total ionization 
is the same but the ionization is uniformly distributed 
through the gas. The researches of Moulin (Le Radium, 
‘t. v. March 1908) on the ionization by « rays, show that the 
differences between this kind of ionization and others can 
be explained as arising from the want of uniformity in the 
distribution of the « ionization. 

I have much pleasure in thanking Mr. E. Everett and 
Mr. G. W. C. Kaye for the assistance they have given me in 
‘this investigation. 
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LV. The Quality of the Secondary Ionization due to B Rays. 
By W. H. Braee, WA., F.RS., Elder Professor of 
Mathematics and Physics in the University of Adelaide, 
and J. P. V. Mapsen, B.Sce., B.E., Lecturer on Electrical 
Engineering *. 

HE so-called secondary radiation due to 8 rays has been 
studied by many observers. Quite recently McClelland 

and H. W. Schmidt have contributed important sets of papers 
upon the subject. 

It is usual to estimate the amount or the energy of the 
primary and secondary streams by measuring the ionization 
produced within an ordinary ionization-chamber placed in 
the path of the rays, the principal reason being that such 
measurements can be made with convenience and accuracy. 

But it is only under very special conditions that this 
procedure is legitimate, because the @ particle produces more 
ions in traversing a given space when its velocity is small 
than when it is great ; in other words, the ionization increases 
as the speed diminishes. If two streams of 8 radiation are 
to be compared by this method, it is one of the essential 
conditions of success that the velocities of the two streams 
shall be the same, or similarly distributed. This would not 
be necessary if the ionization-chamber were made so large 
that even the fastest @ particles spent their ionizing powers 
within it, and if the whole ionization produced by a 
B particle might be taken as a measure of its energy. But 
it is usual to employ a small chamber, placed comparatively 
near to the source of the rays; and in this way an unfair 
advantage is given to the particles of smaller velocity. 

The experiments to be described in this paper show that 
the secondary radiations returned by different substances 
struck by the same primary stream are not uniform in quality, 
but vary from substance to substance. When the atomic 
weight of the substance is small, the radiation is relatively 
soft ; it contains a larger proportion of less penetrating rays. 
If, therefore, the constants of secondary ionization are 
measured in the usual way, they are exaggerated in the case 
of substances of low atomic weight, as compared with those 
the atoms of which are heavier. 

For the purpose of observing the secondary ionization due 

* From the Transactions of the Royal Society of South Australia, 
vol, xxxi. 1907. Communicated by the Authors. 
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to B rays we have adopted the form of apparatus shown 
in the figure. The plate 

Fig. 1. at A scatters in all direc- 
tions the radiation which 
it receives from the ra- 
dium at R. Nearly all 
the returned particles 
strike the hemispherical 
wall BB’ of the ioniza- 
tion-chamber, the larger 
hemisphere CC’ being 

Tin | senate connected to the electro- 
meter. The usual shield- 

ing devices are used, but not shown in the figure. This 
arrangement gathers in the effects of all the secondary rays, 
so that a measurable effect is obtained, even when only a 
small quantity of radium is used. 

When the cup or dome BB’ is made of very thin Al foil, 
stretched on a frame of a few fine wires, the effects obtained 
by placing plates of different metals at A approximate to 
those given by McClelland—that is to say, the curve which 
shows the relation between secondary ionization and atomic 
weight is of the same general form as McClelland’s, though 
somewhat flatter. But when the dome is thickened by the 
addition of layers of tinfoil, there is a considerable alteration. 
The addition of tinfoil of a tenth of a millimetre in thick- 
ness is sufficient to make the curve almost linear, and the 
ionization is then nearly proportional to the atomic weight 
of the radiator. 

The figures in the following table show the results of an 
experiment of this kind. They give the ionization currents, 
on an arbitrary scale, for different radiators and different 
thicknesses of the dome. The smaller figures are. only 
approximate :— 

1. Thin- Al leat acca 1300 1010 798 679 484 391 166 

2. Sn foil 0065 mm. ... 1124 829 627 519 352 276 141 

ar “O88. ge wee 272 189 145 85 57 21 

Me, 49 O80 Fe ae 129 87 65 39 21 8 

iar 1G) Ae oe 71 45 32 19..-...12-.- 5 

ee ‘loo Sy) coe 42 29 21 13 a 5 

Assuming that the returned radiation is really due to a 
scattering of the primary beam, there are two ways of 
interpreting these results. The @ radiation of radium is 
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heterogeneous, and consists of rays of various velocities. 
According to H. W. Schmidt there are a certain number of 
groups, each homogeneous in itself (Ann. der Phys. Nov. 
1906). It is conceivable that the effect of varying the 
atomic weight of the radiator might depend on the velocity 
of the @ particle, and that the smaller atomic weights might 
return a relatively small amount of fast primary rays. 
Assuming the velocity of the secondary rays to be of the 
order of that of the primary, it would then follow that the 
constitution of a heterogeneous primary beam would be 
altered by scattering, the alteration depending on the atomic 
weight of the scattering substance or radiator, and being of 
the nature indicated by experiment. Crowther (Phil. Mag. 
Oct. 1906) has described an experiment which appears to 
show a considerable effect of this kind. He found that the 
secondary ionization due to the @ rays of UrX was much 
more nearly proportional to atomic weight than in the case 
of radium, as studied by McClelland, and he has suggested 
that the difference “‘may be due to to the presence in the 
radium radiation of comparatively slowly-moving 8 rays.” 
On the other hand, H. W. Schmidt has recently found (Ann. 
der Phys. Bd. xxiii. 1907) that the behaviour of substances 
under radiation from the 8 rays of UrX is not very different 
to that found by McClelland in the case of radium. As it 
was important to settle this point, if we were to find the true 
interpretation of our own experiments, we put together the 
apparatus of the form used by Crowther, and repeated his 
experiments with UrX, using also radium and actinium. 
The apparatus is not very well suited, as Schmidt points out, 
for obtaining accurately the proportion between secondary 
and primary ; but it gives a ready answer to the question 
as to whether or no the speed of the @ particle has any 
effect. 

Subtracting the effects of the carbon plate from all the 
others, and setting lead equal to 200, we obtained the following 
results :— 

Ph: Sn. Ag. Zn. Cu.s Fe, | AL 

ING | AS ws 8 200 158 147 110 102 ~~ "S4 37 a 
ROTC oo ee 200 160 = 147 110 102 875 3635amm 
is Imeem 200 155 145 1065 99:5 865 Saou 
ea ee case 200 152°5 141 1015 945 79. oie 

Radi leone bce 200 152. 145 28) 82 68 255 0 
0 Se eee 200 13825 128 88 82°55 73 27°5 
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The screens used were as follows :— 

Ac—Thin mica+thin tinfoil ; the two equivalent to about 
10 em. of air, and enough to cut off all « rays. 

UrX—No screen. 
Ra 1—Thin mica+ tinfoil, the latter °00366 cm. thick. 
Ra 2—Thin mica + tinfoil, the latter ‘0293 cm. thick. 
Ra 3—Thin mica -+ tinfoil, the latter ‘0586 cm. thick. 
Ra 4—Thin mica + lead, the latter equivalent to ‘11 cm. of 

tinfoil. 

The figures for Ral, Ra 2, Ra 3, are for 8 rays only, the 
effects of y rays having been eliminated. The figures for 
Ra 4 have not been corrected for y rays, and must, indeed, 
refer almost entirely to rays of the latter class. 

The velocity of the 8 rays of Ac is less than in the case 
of UrX. In the case of radium it varies; some of the rays 
are as little penetrating as those of Ac, others more than the 
rays of UrX. The figures seem to show that there is a 
certain small dependence on the velocity of the @ rays, but 
it is insufficient to account for the variations in quality which 
have been described above. 
We must therefore fall back upon a second explanation, 

viz., that the scattered rays possess velocities which are less, 
on the average, than those of the primary; and that the 
difference is greater in the case of the atoms of small atomic 
weight. This is in general accordance with other experi- 
ments and with expectation. It has been shown by Gehrcke 
(Ann. der Phys. vii. p. 81, 1902) that scattered cathode 
rays possess a variety of velocities, none greater than that 
of the primary, some, however, being equal to it. And it is 
not unreasonable to suppose that 8 rays lose more energy in 
being scattered by atoms of less weight or of looser building 
than by those which are heavier or more rigid. If, there- 
fore, a homogeneous beam of £ rays fell upon an aluminium 
plate, there would be found in the scattered secondary rays 
a larger proportion of particles of much reduced speed than 
if the plate had been lead. 
When we measure the ionization produced in an ionization- 

chamber, and insert successive thicknesses of absorbing 
material between the radiating substance and the chamber, 
placing them in contact with the wall of the latter, the effect 
is the same as if we gradually removed the chamber to greater 
distances; if we may assume that the law of absorption in 
air and in the given absorbing material is not greatly affected 
by the alterations in quality which we are considering. We 

is Bc aa eS eA en a gr a a <= = 

SE 

ae 

= ES RT 

——— 

| 

; 

| 

I 

| 



696 Quality of the Secondary Ionization due to B Rays. 

may, therefore, take the figures in any vertical column of 
the first table given above as showing the effects of the 
secondary radiation at various distances from the radiator. 
If we plot an ionization-distance curve the whole area between 
the curve and the axes is the true measure of the ionization 
due to the returned rays. The usual plan is to accept asa 
measure the one figure at the head of the column. 
We find that in each case the curve may be nearly expressed 

as the sum of two exponentials as Ae~*”+ Be~**.. Whether 
this has a physical meaning or not does not concern our 
immediate argument. Commencing with one thickness of 
tinfoil on the dome, the actual figures are :— 

it “ite rae IV. 

j —60z —13°6x 

fo 564e + 560¢ 200 209 

—57z —l4r 

AOE MS aiSahe. 492e +-337e 125 140 

—57z —l4r 

in ire ee 409e +218¢ 83 98°5 

—d54r —l4zr 

Petey sd: pics. 365e +154¢ 61°5 76d 

—59z = leror 

Si ee . Hales 264e 4+. 78¢ | oD 43 

—73z —l4zr 

Pi barey 2 Piste: 218e + 3d58¢ £9°5 24S 

—78z —l4r 

Me Gap eo cae. TW few we 2Se 0 0 

The area of the curve is given by A/A,+B/d,, and the 
relative values of the areas are placed in the third column, 
that of C being first subtracted and that of Pb being set 
equal to 200. In the last column are the corresponding 
figures when the amount of radiation is measured by A+B, 
2.é., the ionization found when one layer of tinfoil is placed 
over the chamber. It is clear that there is a considerable 
difference. 

When tinfoil is placed over the radium itself so as to 
cut out a large proportion of the slower @ rays, the secondary 
radiation is also hardened correspondingly. 

The figures here given are not sufficiently accurate to be 
taken as absolute. ‘The measurements were made as carefully 

§ 
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as possible, but more numerous and more varied experiments 
are needed before it will be possible to map out the phenomena _ 
with exactness. But the results show clearly that— 

(1) The secondary radiation from different substances, 
due to the @ and y rays of radium, varies in quality, those 
of lower atomic weight returning a greater proportion of less 
penetrating rays. ie wi 

(2) When the less penetrating portion of a primary beam 
of 8 rays from radium is sorted out, the secondary rays also 
become more penetrating. | 

(3) In view of these considerations the ionization current 
due to secondary radiation, measured in a chamber of the 
ordinary form, does not give a simple or accurate determination 
of the nature of that radiation. 

LVI. Positive Rays. By JOHN TROWBRIDGE™. 

M* intention in undertaking this investigation was to 
endeavour to measure the group velocity of the 

positive rays by producing a standing wave ; or a stratum of 
maximuin collisions inan exhausted tube in the space between 
the anode and the cathode. In the case of an oscillating 
circuit, if we call X the wave-length, v the velocity of light, 
t the time of a half oscillation, s the distance between the ~ 
anode and the cathode, v the velocity of the positive rays, 
we have . 

Nb rae inst rcrrsesin ai -ornaern arian Gfe-cl: ) 

St) rie oes et ee Ra a ) 

ze pele =) ee a ae 

If, by tuning a circuit containing a condenser, self-induction, 
and the exhausted tube, the stratum of maximum collisions 
could be formed at the orifice in the cathode, it was thought 
that none of the positive rays would enter the canal region ; 
if, on the other hand, the positive rays swung, so to speak, 
with the oscillations of the circuit, a maximum fluorescence 
could be obtained on a suitably placed willemite screen. 

The circuit was arranged as follows : aleyden-jar L, fig. 1, 
was charged by a storage-battery of ten thousand cells, 

* Communicated by the Author. 
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through a large resistance of running water B. The dis- 
charging circuit included an adjustable self-induction I, a 

Mien. 

tube filled with rarefied hydrogen T, and a spark S. K was 
an iron electrode with an orifice two millimetres in diameter 
at its centre, a glass tube welded to the sides of the tube C 
entered this orifice. The end of the tube C was coated with 
willemite. 

At first I studied the effect of increasing the self-induction 
on the admittance of the mixture of anode and cathode rays 
to the region ©. The phosphorescence on the screen at the 
end of the tube was observed with a spectrophotometer and 
also with a photometer consisting of crossed Nicol prisms. 

Fig. 2. 

380 420 460 500 540 58 620 

In fig. 2 the intensity of light is plotted along the axis 
of Y, and the wave-lengths of the circuit along X. The 
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phosphorescence appeared suddenly at wave-length 380 metres 
and increased to a maximum at wave-length 620, the curve 
then continued parallel to the axis of X. In determining 
the wave-lengths I employed the admirable wave-meter of 
Professor G. W. Pierce *. This instrument enabled me to 
make measurements in a few moments which otherwise would 
have required days of labour. 

On placing the tube C between the poles of an electro- 
magnet, which produced a field just sufficient to divert the 
cathode rays from the screen, I found that the changes in 
the phosphorescence represented in fig. 2 were produced by 
the cathode rays ; for the phosphorescence due to the positive 
rays remained constant through the range measured. The 
positive rays were deflected in the direction opposite to that 
in which the cathode rays were thrown by a field of 530 lines 
to the centimetre, and produced a narrow band on the wil- 
lemite screen which showed a slight discontinuity, fig. 3, 
although the pressure did not exceed} mm. _ I was surprised 
to find that the group of positive rays were so readily de- 
flected by a comparatively weak magnetic field. The length 

Fig. 3. 

of the band of phosphorescence was 1°5 cm. It is to be 
noted that the band occurred only on one side of the middle 
point of the phosphorescent screen. 

On discovering that changes in self-induction had no effect - 
upon the intensity of the phosphorescence produced by this 

* Contributions from the Jefferson Physical Laboratory, vol. iv. 1906. 
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group of positive rays, I resolved to damp all oscillations 
by introducing a large water resistance in the oscillating 
circuit. While the dimensions of the 
discharge-tube between the anode and 
the cathode remained the same as in 
the experiments described above, the 
canal region was changed from a cir- 
eular tube of 3 cm. diameter to the 
form shown in fig. 4 in plan P and 
end section EH. The width of the cross 
section was 3°5 cm. It will be noticed 
that it had a flattened egg-shaped sec- 
tion to enable me to place it between 
the poles of an electromagnet. When 
all oscillations were damped and a 
magnetic field of 500 lines to the centi- 
metre was excited, the positive rays 
produced a narrow sharply defined band 
of fluorescence which is represented 
in the photograph fig. 5. The middle 
of the end of the tube is indicated by 
the sharp pointers on the photograph ; 
and it will be seen that the phosphorescent band extends to 
approximately equal distances on both sides of the middle of 

the screen. At first I thought that I was dealing with a 
mixture of positive and negative rays, and various theories 
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of molecular attraction occurred to me; but experiment 
showed that all negative rays had been driven out of the 
field. Moreover, by producing a difference of electrostatic 
potential the entire phosphorescent band or magnetic spec- 
trum moved in the direction the positive rays should move. 
In fig. 5 it will be noticed that the band moved to the smaller 
pointer; whereas if the portion of the band to the right of 
the pointers was made up of negative rays and that to the 
left of positive rays, the band would not have moved parallel 
to its original position. 

In order to ascertain why the band spread to the right 
and left of the middle of the screen, I introduced a septum 
of glass in the middle of the tube constituting the canal 

region, fig. 6. This septum was 
Fig. 6. welded to the end of the tube and 

was coated on both sides with 
willemite. The band of phos- 
phorescence now appeared mainly 
on one side of the partition. By 
greatly weakening the magnetic 
tield the negative rays were brought 
upon the screen to the left of the 
partition: while the positive rays 
appeared on the right of this parti- 
tion ; thus proving again that the 
unobstructed band was made up 
of positive rays. A large storage- 
battery proved the best means of 

studying the positive band; for the phenomenon was not 
confused by the make and break of mechanical or electrolytic 
interrupters. It was soon discovered that a narrow phos- 
phorescent band was formed on the side of the septum which 
shielded the end of the tube. | 

The explanation of the band in the tube without the 
septum was evidently this: the pilot spark produces a number’ 
of positive rays of different velocities which spread out in 
the form of a cone of which the apex is the narrow orifice 
in the cathode terminal ; under the influence of the magnetic 
field these rays whirl around in the field somewhat in the 
manner indicated by the dotted lines, fig. 6. 

In the expression p = can have many values de- 
E 

mH sin @ 
pending upon the values of v. The narrowness of the band 
results from the electrodynamic attraction of the whirls in 
a manner similar to the attraction of electrical currents 
moving in the same direction. 
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W. Wien * has shown that positive rays emanate from the 
anode and that these rays can be diverted in a direction 
opposite to that in which the' negative are affected by an 
ordinary horseshoe magnet. The rays which form the subject 
of the present paper are undoubtedly of the same nature as 
those studied by Wien. Their connexion, however, with the 
pilot discharge of a condenser is an added point of interest. 

Jefferson Physicai Laboratory, 
Harvard University. 

LVII. Notices respecting New Books. 

Thermodynamics of Technical Gas Reactions. By Dr. F. HaAsBeEr. 
Translated by Dr. Anraur B. Lams. Pp. xix+356; illus- 
trations. Longmans, Green & Co., 1908. Price 10s. 6d. net. 

O one familiar with Dr. Haber’s Thermodynamik Technischer 
Gasreactionen will be surprised that a translation has so speedily 

appeared. Dr. Haber brought to the task a mind adequately 
trained on the mathematical side te deal with thermodynamic 
problems, and was thus able to reduce to order much that is 
customarily left vague and unsatisfactory in treatises on physical 
chemistry. Physicists have been slow to recognize the great 
merits of the advances that have been made; and this tardiness 
is largely due to the mode in which the subject has been presented. 
We feel sure that Dr. Haber’s book, besides its immediate object 
of throwing light on technical processes, will do much to increase 
contact between physicists and chemists. 

Attention should be called to one characteristic. No use is 
made of the atomic hypothesis. As explained in the amuthor’s 
preface, this is not due to any antagonism, but is based on a con- 
viction that the application of the mechanical theory of heat to 
chemistry becomes easier and more comprehensible the closer we 
restrict ourselves to the heat and work effects of masses directly 
perceptible to our senses. Although suckled on the atomic theory, 
we are convinced that Dr. Haber is right in excluding it from the 
present course. It should be understood that this exclusion does 
not involve the exclusion of the chemical molecule or atom as in- 
dicated by the law of combining weights. This is recognized 
throughout. But all attempts that have been made to derive the 
properties of systems by direct applications of mechanics to vast 
congeries of unitary bodies, are studiously put aside in preference 
for the much more powerful and fruitful methods of thermodynamics. 
The whole of the German text has been specially revised by the 
author purposely for this translation. Several new appendices 
have been added, these being necessitated by the great develop- 
ments that have been made in the years 1905 and 1906. One of 

* Wied. Ann. lxv. pp. 449-450 (1898). 

Te 
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them deals with Nernst’s “Third” law of Thermodynamics, and 
another (translated by Mr. Rossignol) on recent work upon the q 

dissociation of CO,, and especially on the use of cells containing | i 
glass or porcelain septa through which decomposition takes place 
electrolytically. These appendices include some of the most 
interesting matter in the whole volume. 
We commend the mode in which the translation has been made i 

throughout ; and we are glad to think that the book in its trans- ie 
lated form will become still more widely known and appreciated | | 
than heretofore. ii 

——— a 
Lon: | 

LVIII. Proceedings of Learned Societies. | 

GEOLOGICAL SOCIETY. ‘il 
[Continued from p. 496. | 

| 
May 6th, 1908.—Prof. W. J. Sollas, Sc.D., LL.D., F.R.S., 

President, in the Chair. 

oS following communications were read :— 

1. ‘Solution-Valleys in the Glyme Area of Oxfordshire.’ By 
the Rey. E. C. Spicer, M.A., F.G.S. 

A triangular area whose sides are defined by the converging 
Evenlode and Cherwell with a strike-valley, containing the upper 
Swere for its base, contains a smaller triangular area defined by the 
confluent Glyme and Dorn. This area is part of the gently-tilted 
Great Oolite limestone-plateau, which is indented by a number of 
sunken valleys running in various directions, principally with a 
strike-and-dip trend, that show no marks of erosion but appear to 
be subsidence-valleys. They begin suddenly at any part of the 
area, and descend with sinuous curves to a main valley into which 
they open quietly without disturbing the main valley’s contour, and 
without bringing any surface-débris. The main valley likewise 
enters a stream-valley in a similar manner, The stream-valley 
quietly develops into a broad sinuous river-valley, with a floor, 
level in transverse section, over which a small river-stream aim- - 
lessly meanders with the Evenlode characteristics. A gradation is 
shown from the plateau dry valleys to the meander-valleys, which 
are sometimes flooded from bank to bank with soakage-water. The 
plateau-area is quite free from drift or gravels, and from any of 
the usual marks of surface-denudation, although the valleys have 
strongly-marked cross-sections. There are no marks of marine 
currents, of fluvio-glacial scour, or of ice. There are no wind-gaps 
suggesting beheaded streams, nor any evidence of vanished heights 
that could produce torrents sufficiently strong to carve out the 
present surface. At the mouths of several of these dry winding 
valleys issue streams strongly impregnated with carbonate of 
lime. It is suggested that percolating water forming an under- 
ground course along joint-lines removes enough material in 
solution to weaken a long, narrow, winding area over which the 

i 
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surface subsides until the underground stream is revealed. Solu- 
tion then constantly widens the stream-banks into bowls of soakage, 
and leaves insoluble material to build up a broad, level valley-floor, 
which rises gradually above and obscures the dry valley outlet- 
streams, these then forming marshes. It does not appear possible 
to reconstruct any local conditions that could have produced these 
valleys by mechanical erosion, and it is suggested that they are 
formed by underground solution, and are therefore called joint- 
valleys or solution-valleys, Prestwich (Quart. Journ. Geol. 
Soc. vol. xxviii, 1872, p. xvii) estimates that 140 tons of carbonate 
of lime are annually removed from every square mile of the 
limestone-area drained by the Thames, This would give an annual 
amount removed by solution from the small Glyme area of over 
10,000 tons. 

2. ‘On the Stratigraphy and Structure of the Tarnthal Mass 
(Tyrol) By Alfred Prentice Young, Ph.D., F.G.S. With a‘ Note 
on two Cephalopods collected on the Tarnthal Kopfe (Tyrol).’ 
By George C. Crick, Assoc.R.S.M., F.G.S, 

The immediate occasion for this paper is the discovery of fossils 
which appear to throw new light on the relations of the rocks of 
this mountain. The rock-series may be divided into three parts :—_ 
(a) The lowest portion consists of dolomite, and the Lias is in 
normal position, the upper beds being the youngest; this portion is 
scarcely disturbed. (b) A middle section, consisting of calcareous 
schists, with a band of massive dolomite and dolomite-breccia, 
shows marks of violent disturbance and crushing. (c) The upper- 
most part, a mass of more or less altered quartzite-schists, calcareous 
schists, and serpentine, retains most of its original character and 
form, having undergone little mechanical distortion since it left its 
‘root.’ The succession is summarized as follows :— 

Serpentine. 
3.4 Ophicalcite. 

| Tarnthal quartzites, etc. 
( Calcareous schists with green bands. 

2.4 Dolomite-breccias. 
Calcareous schists. 
Liassic limestone. 

j een dolomite’ (Rhetic). 

The explanation of the structure now suggested is as follows :— 
The line between 1 and 2 marks approximately the lower loop of 
a big fold, the dolomite-breccia being a repetition in an attenuated 
form of the ‘principal dolomite’ below. ‘The interpretation of the 
relations of 2 and 3 is not soclear. Either the whole series 2 and 3 
is in inverted sequence, or else the dolomite-breccia represents the 
whole of the ‘principal dolomite’ in a flattened fold (nappe of 
Termier), the serpentine and quartzite having been brought into 
their. present position. by a long overthrust, representing the 
traineau, écraseur of the French geologists. The question 
whether the lower dolomite and the Lias are zn situ or not is left 
undecided. _ A petrographical note is furnished on the amphibolite 
of Gufidann. 
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LIX. A Revision of the Fundamental Laws of Matter and 
Energy. By Giusert N. Lewis, Ph.D., Associate Pro- 
fessor of Physical Chemistry, Massachusetts Institute of 
Technology, Boston *. 

i 8 fase T publications of Hinstein f and Comstockt on the 
relation of mass to energy have emboldened me to 

publish certain views which I have entertained on this 
subject and which a few years ago appeared purely specula- 
tive, but which have been so far corroborated by recent 
advances in experimental and theoretical physics that it 
seems desirable to subject these views to a strict logical 
development, although in so doing it will be necessary to 
modify those fundamental principles of the mechanics of 
ponderable matter which have remained unaltered since the 
time of Newton. 

The recent experiments which indicate a change in the mass 
of an electron with the speed, together with the phenomenon 
of radioactivity, have in some minds created a doubt as to the 
exact validity of some of the most general laws of nature. 
In the following pages I shall attempt to show that we may 
construct a simple system of mechanics which is consistent 
with all known experimental facts, and which rests upon the 
assumption of the truth of the three great conservation laws, 

* Communicated by the Author. 
t Ann. Phys. xviii. p. 639 (1905). 
} Phil. Mag xv. p. 1 (1908). 

Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908, 3A 
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namely, the law of conservation of energy, the law of con- 
servation of mass, and the law of conservation of momentum. 
To these we may add, if we will, the law of conservation of 
electricity. 

The Relation of Mass to Energy. 

When a black body * is placed ina beam of light it is subject 
to a pressure or force which tends to move it in the direction 

in which the light is moving. If ee denotes the time-rate 

at which the body receives energy, f the force, and V the 
velocity of light, we have in rational units the formula 

dE ee 

This important equation, which was obtained by Maxwell 
as a consequence of his electromagnetic theory, and by 
Boltzmann through the direct application of the laws of 
thermodynamics, has recently been verified with remarkable 
precision in the beautiful experiments of Nichols and Hull +. 
A body subjected to the pressure of radiation will acquire 

momentum, and if we are to accept the law of conservation 
of momentum, we must conclude that some other system 
is losing in the same direction an equivalent momentum. 
We are thus led inevitably, as Poynting has shown, to the 
idea that the beam of radiation carries not only energy but 
momentum as well. 

The body subject to the constant force of radiation f, will 
obviously acquire momentum at the rate 

dM. Sot a! 

Combining equations (1) and (2) gives 

Saar ce Ne «we sae 

The ratio of the acquired energy to the acquired momentum 
is equal to the velocity of light. The beam of radiation must, 
therefore, possess energy and momentum in the same ratio. 
Hence for the beam itself, or any part of it, 

iD 4 

wo ee 

* In place of a black body we might consider a partially reflecting one. 
The equations thus obtained are more complicated but lead also to the 
simple equation (7). 
+ Phys. Review, xvii. pp. 26 and 91 (1903). 

7 



Fundamental Laws of Matter and Energy. 707 

To anyone unfamiliar with the prevailing theories of light, 
knowing only that light moves with a certain velocity and 
that in a beam of light momentum and energy are being 
earried with this same velocity, the natural assumption would 
be that in such a beam something possessing mass moves with 
the velocity of light and therefore has momentum and energy. 
Notwithstanding its apparent divergence from the commonly 
accepted light theories, I propose to adopt this view and see 
whither it leads. : 

Postulating the validity of the fundamental conservation 
laws mentioned above, we shall need in the following develop- 
ment only this one cardinal assumption, that a beam of 
radiation possesses not only momentum and energy, but also 
mass, travelling with the velocity of light, and that a body 
absorbing radiation is acquiring this mass as it also acquires 
the momentum and the energy of the radiation. Therefore a 
body which absorbs radiant energy increases in mass. | 

The amount of this increase is readily found. If in general 
we write momentum as the product of mass and velocity, then 
the momentum of any part of a beam of radiation having the 
mass m will be given by the equation : 

eran) ch eet be hoes 
The increase dM in the momentum of the body absorbing 
the radiation will therefore equal the increase dm in its mass, 
multiplied by the velocity of light, 

Mit Wek! ng MAIO) HEB) 

Combining this equation with (3) we find 

dE St ee ee ‘dm= 

or if we write V=3 x 10° centimetres per second, 

dal 10-2) di. 

Thus a body receiving or emitting radiant energy gains or 
loses mass in proportion and by the amount 1*111 x 107?! 
grams for every erg. This is a small quantity, indeed, but 
one which is not to be neglected. 

Assuming the fundamental conservation law, we must 
regard mass as a real property of a body which depends 
upon its state, and not upon its history. Hence it is obvious 
that if in any other way than by radiation the body gains or 
loses energy it must still gain or lose mass in just the above 
proportion. In other words, any change in a body’s content 
of energy is accompanied PY < aie change in its mass, 
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regardless of the nature of the process which the energy 
change accompanies*. 

Since therefore when a body loses a given quantity of 
energy it always loses a definite quantity of mass, we might 
assume that if it should lose all its energy it would lose all 
its mass, or, in other words, that the mass of a body is a 
direct measure of its total energy, according to the equation, 

E 
ys: mol ae ° ° ° é 1% (8) 

We should then regard mass and energy as different names 
and different measures of the same quantity, and say that one 
gram equals 9 x 10° ergs in the same sense that we say one 
metre equals 39°37... inches. 

Plausible as this view seems, it rests upon an additional 
hypothesis besides the fundamental postulate which we have 
chosen.. We shall use therefore, not equation (8) but equation 
(7) as the basis of the following work. 

It is to be noted that equation (8) has also been obtained 
by Einstein (loc. cit.), who derived it from the general equa- 
tions of the electromagnetic theory, with the aid of the 
so-called principle of relativity. That a different method of 
investigation thus leads to the same simple equation we have 
here dedy<ed, speaks decidedly for the truth of our funda- 
mental postulate f. 

Comstock (loc. cit.) from electromagnetic theory alone has 
also concluded that mass is proportional to energy, but his 
equation is 

_4E 
n= 5 V2 . 

To investigate for the cases studied by Comstock the cause 
or the justification for this appearance in the equation of 
the factor 4/3 would lead too far into electromagnetic theory, 
from which in the present paper I wish to hold entirely aloof. | 

Before proceeding to develop fully the consequences of 
equation (7) it may be well to point out an apparent 

* I was first led to an investigation of the relation of mass to energy 
by the work of Landolt, on the change of weight in chemical reactions. 
But it is obvious from equation (7) that although there always will be a 
loss of mass in a reaction which is accompanied by the evolution of energy, 
this loss in the case of any ordinary reaction will be far too small to 
measure. In fact Landolt has very recently shown (Ber. Berlin. Akad. 
1908, p. 854) that when all possible precautions are taken there is no 
measurable change of weight in the reactions which he studied. 
+ Einstein, however, obtains (8) as an approximate formula, while we 

obtain both (7) and (8) as perfectly exact equations. 
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inconsistency in the equations for the momentum and the 
energy of a beam of radiation. The momentum of the beam 
of mass m we have given in equation (5) as 

M =mV. 

From our assumption that the energy of the beam is simply 
the kinetic energy of the moving mass m, we might expect 
from our knowledge of elementary mechanics to find for the 
energy the equation 

H=1/2 mV? ; 

whereas in fact we find from equations (4) and (5) that 

Beenie) {3 Yebdaowow 4 (9) 

We shall see, however, in the next section that this comparison 
of equations (5) and (9) instead of demolishing our theory 
actually furnishes a remarkably satisfactory argument in its 
favour. 

Non-Newtonian Mechanics. 

One of the interesting branches of modern mathematics has 
grown out of the study of those geometries which would 
result from the change of one or more of the axioms of Euclid. 
These non-EHuclidian geometries present the properties of 
purely imaginary kinds of space and are therefore so far 
mere exercises in logic, without any physical significance. 
But their investigation was doubtless prompted in some cases 
by the belief that experiment itself may sometime show that 
there are deviations from the ordinary laws of space when 
these laws are subjected to tests of a different order from 
those of common mensuration. Indeed it is not unlikely that 
Euclidian geometry may prove inadequate when we are able 
to subject to an accurate metric investigation the vast stretches 
of interstellar space or the minute regions which we believe to 
be encompassed within an atom or an electron. 

The science of mechanics, like geometry, has been built up 
from a set of simple axioms, which were laid down by Newton. 
But the conclusions of the previous section lead us to modify 
one of these axioms and thus lay the foundation of a system 
of non-Newtonian mechanics. 

The axiom which we must surrender is the one which states 
that the mass of a body is independent of its velocity. We 
have concluded that mass is proportional to content of energy. 
When a body is set in motion it gains kinetic energy and 

‘therefore its mass must change withits velocity. In place of 
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the axiom which we have abandoned we must substitute 
equation (7). 

Before investigating the consequences of this step it is 
necessary to define exactly the principal mechanical quantities 
which we are to use. 

Extension in space (/) and time (t) will be measured in 
the usual way and the centimetre and the second will be 
employed as units. 

Force (f) will be given its usual significance and the unit, 
the dyne, will be that force which, acting upon the Inter- 
national standard kilogram, when the latter is at rest, imparts 

to it an initial acceleration of -001 a 
7 ~ 

The momentum (M) of a moving body will be measured 
by the time in which it is brought to rest under the influence 
of a constant opposing force of one dyne acting in the line 
of its motion. | 

The mass (m) of a moving body will be defined as the 
momentum divided by the velocity (v), that is, ; 

M 
I ig ts od (10) 

The limiting ratio of the momentum of a body to its velocity, 
when it is brought to rest, will be called its mass when at 
rest. The unit of mass is the gram. 

The kinetic energy (E') of a body will be measured by the 
distance through which it will move before being brought to 
rest by a constant opposing force of one dyne, acting in the 
line of the body’s motion. The unit of energy will be the 
ere. 
"These definitions, although somewhat unusual in form, are 

perfectly consistent with the ordinary definitions of Newtonian 
mechanics. But they have been so chosen as to be consistent 
also with equation (7) and the fundamental conservation 
laws. Obviously equation (7) itself is not inconsistent with 
these conservation laws, for although a body increases in 
mass as it gains kinetic energy, some other system is losing 
the same mass as it loses the same energy. 

In accordance with the above definitions we may write 

dM=—fadt, 0) 0) 
dW! = fdle od one ae oD 

Let us consider a body originally moving with a velocity v 
subjected for the time dt to a force f in the line of its motion. 
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Its momentum and kinetic energy will change according to 
(11) and (12) by the amounts 

dM=fdt, 

Uctice dH =fdl=fvdt. | 

Rea ts Peat) ona til Tn GEOR 

So far the equations are those of Newtonian mechanics, but 
now in substituting for M from equation (10) we must regard 
m as a variable and write 

Ey seve DE UPd IMs a.) ..,2),, +» «14 (LE) 

This will be our fundamental equation connecting the kinetic 
energy of a body with its mass and velocity. 

Introducing now the relation of mass to energy given in 
equation (7) we may write, 

dK' = V*dm, 

and combining this equation with (14) gives 

Vdm=mvdv + v"dm. 

This equation, containing only two variables, m and v and 
the constant V, may readily be integrated as follows. By a 
simple transformation 

v medv 
( {— qs )dm= gees * 

Writing B=v/V, and noting that 

vdv 1 a =— 541-6"), 
we see that 

dm __ 1d(1—8?) 
m ~~ 2 (1B) 

Hence ; 
log m=—+4 log (1—f”) + log mo, 

where log m, is the integration constant. Therefore 

m= — ?)-3 log = = log (1— f”) 

or oe Be. Cop 

This is the general expression for the mass of a moving body 
in terms of B, the ratio of its velocity to the velocity of 
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light. When £ is zero, m=m . mp represents therefore the 
mass of the body at rest. 

If we substitute in this equation numerical values of @ we 
find that, while the quotient m/mg becomes infinite when the 
velocity equals the velocity of light, it remains almost equal to 
unity until the velocity of light is closely approached. Thusa 
ton weight given the velocity of the fastest cannon-ball would, 
according to this equation, gain in mass by less than one 
millionth of a gram. It is obvious that, except in those 
unusual cases in which we deal with velocities comparable 
with that of light, our non-Newtonian equations are identical 
with those of ordinary mechanics far within the limits of error 
of the most delicate experiments. . 

Recently, however, it has been possible to study, in the 
negative particles emitted by radioactive substances, bodies 
which sometimes move with a velocity only a little less than 
that of light. In a series of remarkably skilful experi- 
ments Kaufmann* was able to measure the ratio of electric 
charge to mass (e/m) for negative particles moving at 
different speeds. Assuming that the charge is constant, 
the fact that e/m varies with the speed of the particle must be 
attributed to a variation of the mass with the speed. On this 
assumption it is possible to calculate from Kaufmann’s experi- 
ments the values of m/m, at the different velocities. 

The mass of a negative particle is usually spoken of as 
electromagnetic mass, but if we are to hold to our definitions 
we must recognize only one kind of mass. In general we 
have defined the mass of a moving body as the quotient of 
the time during which it will be brought to rest by unit force, 
divided by the initial velocity. It matters not what the 
supposed origin of this mass may be. Equation (15) should 
therefore be directly applicable to the experiments of 
Kaufmann. In the following table are given the values of 

a 6 (observed). 8 (calculated). 
0 

1 0 0 
1°34 73 ‘67 
1:37 7d 69 
1:42 ‘78 api 
147 ‘80 ‘73 
1°54 "83 ‘76 
1:65 "86 ‘80 
1-73 "88 82 
2:05 "93 "88 
rg "95 89 
2°42 ‘96 ‘91 

* Phys. Zeit. iv. p. 54 (1902); Ann Phys. xix. p. 487 (1906). y Pp ‘ Ep 
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m/m) found for the different observed values of @ in the 
second column. The third column shows those values of 8 
which would correspond with the same values of m/m 
according to equation (15). 

It will be seen that the observed values of 6 follow to a 
remarkable degree the same trend as those which are calculated 
by equation (15), but are in every case six to eight per cent. 
higher*. I believe that these differences lie within the limits 
of experimental error of Kaufmann’s measurements. It is 
true that he claims a higher degree of accuracy, but, not- 
withstanding the extreme care and delicacy with which the 
observations were made, it seems almost incredible that 
measurements of this character, which consisted in the 
determination of the minute displacement of a somewhat 
hazy spot on a photographic plate, could have been determined 
with the precision claimed. Moreover, Planck ft and Stark t 
have pointed out certain corrections which probably should 
have been made by Kaufmann and which would produce a 
material change in his results §. 

That a charged particle must possess mass in virtue of its 
charge, and that this mass must vary with the velocity of the 
particle, was shown to be a consequence of the electro- 
magnetic theory by J.J. Thomson and by Heaviside, and 
numerous attempts have been made to find the exact expression 
for the change of mass with the velocity. But before this 
can be done some assumption is necessary as to the shape of 
the particle and the distribution of its charge. The three 
theories of the simple negative particle or electron which are 
now most discussed are due to Abraham, Bucherer, and 
Lorentz ||. The first assumes that the electron is and remains 
a rigid sphere, the second assumes an electron which is 
spherical when at rest but which in motion contracts in the 
direction of its translation and expands laterally so as to keep 
a constant volume. The third assumes an electron similar 
to the second, which contracts in the direction of translation 
but which does not change its other dimensions. On the 
basis of these theories and from known electromagnetic 

_ principles, three equations have been obtained for the value 

* The constancy of the difference between the observed and calculated 
values of 8 is striking, and would alone indicate some constant error in 
Kaufmann’s results. 

Tt Verhandlung Deutsch. Phys. Ges. ix. p. 301 (1907). 
t Ibid. x. p. 14 (1908). 
§ In reply to Planck see Kaufmann, zbid. ix. p. 667 (1907). 
|| For a discussion of these theories see Abraham, Theorie der Evek- 

tricitat, vol. ii. Leipzig, 1905; and Bucherer, Mathematische Einfiihruny 
in die Elektrontheorie, Leipzig, 1904. 
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of m/mp as a function of 8, namely, 

hadillenen 1o 1/1+° 1+ 

ie We BiG eae ae 
vakg PND la df: 

RD) my {lL —f?)'8? 

m i 

(c) mo a (1—?) 1/2" 

The extraordinary significance of the similarity of the first 
two of these equations and the identity of the third with 
equation (15), which we have derived from strikingly different 
principles, needs no emphasis. Kaufmann shows that hig 
results agree better with the first two of these equations than 
with the third, but to regard this as serious evidence as to the 
validity of equation (15) would, as Planck has pointed out, 
be laying too great a stress on the accuracy of the experi- 
mental observations. 

The agreement of Kaufmann’s results with the above 
equations has led him, and all others who have discussed his 
results, to the conclusion that all of the mass of an electron 
is electromagnetic. 

Their argument is based on the assumption that ordinary 
mass, the mass of “ ponderable matter,” is independent of the 
velocity, while “electromagnetic mass” varies with the 
velocity according to one of the above equations. But in 
this paper we have assumed that all mass is one, and that any 
bodies, whether charged or not, moving at the velocities of 
Kaufmann’s electrons would show the same values of m/mp. 

There is some hope that the correctness of this view may 
be decided by an experimental study of the mass of a positive 
or a particle at different speeds. According to the ordinary 
view, the mass of such a positive particle as issues from a 
radioactive source is chiefly that of its “‘ ponderable”’ matter 
and only to a very small extent ‘electromagnetic mass.” 
It would therefore be generally assumed that at the highest 
velocity of the particle, about one-tenth of the velocity of 
light, it would have substantially the same mass as at rest. 
According to our view, on the other hand, the mass of this 
or any other particle would change with the velocity in the 
same way as the mass of an electron. From equation (15) 
we should therefore expect the particle moving with one- 
tenth of the velocity of light to havea mass two per cent. 
greater than when at rest. The experimental difficulties in 
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testing this point would be very great, of course, but perhaps 
not insurmountable. 

The plausibility of our fundamental assumption which led 
directly to equation (15) has been greatly increased by the 
agreement between this equation and Kaufimann’s results, 
and also perhaps by the similarity between this equation and 
those deduced from electromagnetic theory. But the simplest 
as well as the strongest evidence of the correctness of our 
point of view comes from a consideration of the non-New- 
tonian equation for kinetic energy. 

The integration of equation (14) pee does not yield 
the simple Newtonian See 

== 1 2a ae 

This equation must be ae by one that is obtained as 
follows :— 

Let a body, which at rest has the mass m,, be given the 
velocity v. As its internal energy changes, its mass will 
change according to equation (7), and 

m—M,= V7 

where E! is the acquired kinetic energy and m—mp is the 
increase in mass. 

Eliminating m, between this equation and (15) gives 

Wyo 70 — B27] ce eee pe C6) 

This is the general formula for the kinetic energy of a moving 
body. As usual 8 represents v/V, the ratio of this velocity 
to the velocity of light. 

From equations (10), (15), and (16) may be constructed 
the whole science of non-Newtonian dynamics, of which 
Newtonian dynamics furnishes a limiting case, namely, for 
velocities which are negligible in comparison with the velocity 
of light. 

For example, expanding (16) by the binomial theorem giv es 

H'=mV*($0?+46°.... p ERR dh aaa Mak 7) 

For low values of @ the higher terms may be neglected and 

B= 4mv". 

That is, the limit approached by the kinetic energy of a 
body as the velocity approaches zero is, as in ordinary 
mechanics, one half the product of the mass and the square 
of the velocity. At the other limit of velocity when @ = 1, 
it follows from (16) that 

ORE =e Vi wings ti Weis Go. (18) 
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Between these two limits it is obvious that 

dmv? < E! < mv’. 

The momentum and the kinetic energy of any mass moving 
with the velocity of light are, therefore, 

M=mV, 
HK! =mV", 

but these equations are identical with (5) and (9) which we 
obtained for the momentum and the energy of a beam of light. 

Further Consequences of the Theory. 
The view here proposed, which appears at first sight a 

reversion to the old corpuscular theory of light, must seem 
to many incompatible with the electromagnetic theory. If 
it were really so I should not have ventured to advance it, 
for the ideas announced by Maxwell constitute what may no 
longer be regarded as a theory, but rather a body of experi- 
mental fact. The new theory is offered, not in any sense to 
replace, but to supplement the accepted theories of light. I 
hope in another paper to show that it is entirely consistent 
with those theories. Such a proof may constitute a step 
towards one of the obvious goals of present day science, the 
complete mechanical explanation of electromagnetic pheno- 
mena, or, what is very nearly the same thing, an electromag- 
netic explanation of the phenomena of ordinary mechanics. 
In the meantime a few of the more salient conclusions of our 
theory may be cursorily examined. 

In the first place it should be noticed that, while the 
theory is consistent with a modified corpuscular theory of 
light, it does not necessarily imply that light is corpuscular. 
The stream of mass issuing from a radiating body may be 
made up of discrete particles or it may be continuous. 
Whatever it may be that is emitted it is not matter in the 
ordinary sense, as is to be seen from the following con- 
siderations :— 

According to equation (15) any body of finite mass 
increases in mass as it Increases in velocity and would possess 
infinite mass if it could be given the velocity of light. 
Therefore that which in a beam of light has mass, momentum, 
and energy, and is travelling with the velocity of light, would 
have no energy, momentum, or mass if it were at rest, or indeed 
if zt were moving with a velocity even by the smallest fraction less 
than that of light. After this extraordinary conclusion it would 
be at present idle to discuss whether the same substance or 
thing which carries the radiation from the emitting body 
continues to carry it through space, or, indeed, whether there 
is any substance or thing connected with the process. - 

\ | ll 
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If we assume an ether pervading space, and assume that | 
this ether possesses no mass except when it moves with the 
velocity of light, it'is obvious that an ether drift could in no . 
way atfect a beam of radiation nor could it be detected by 
any mechanical means. If we are to assume such an ether 
we may as well assume it to be at rest. 

The question whether a method is conceivable by which 
absolute motion in space may be distinguished from relative 
motion must be answered definitely in the affirmative by one 
who accepts the above equations of non-Newtonian mechanics. 
A body is absolutely at rest when any motion imparted to it 
increases its mass, or when a certain force will give it the 
same acceleration in any direction. It is true that meta- 
physicians hold that in the strictest sense absolute motion is 
not only unknowable but unthinkable, but we may say at 
least that the above method permits theoretically the detection 
of absolute translational motion in the same sense that a 
study of centrifugal forces enables us to detect absolute 
rotational motion. 

Summary. 

It is postulated that the energy and momentum of a beam 
of radiation are due toa mass moving with the velocity of 
light. 
"F rom this postulate alone it is shown that the mass of a 

body depends upon its energy content. It is therefore 
necessary to replace that axiom of Newtonian mechanics 
according to which the mass of a body is independent of its 
velocity, by one which makes the mass increase with the 
kinetic energy. 

Retaining all the other axioms of Newtonian mechanics 
and assuming the conservation laws of mass, energy, and 
momentum, a new system of mechanics is constructed. 

In this system momentum is mv, kinetic energy varies 
between 1/2 mv? at low velocity and mv’ at the velocity of 
light, while the mass of a body is a function of the velocity 
and becomes infinite at the velocity of light. The equation 
obtained agrees with the experiments of Kaufmann on the 
relation between the mass of an electron and its velocity. 
It is, moreover, strikingly similar to the equations that have 
been obtained for electromagnetic mass. 

The new view leads to an unusual conception of the nature 
of light. It offers theoretically a method of distinguishing 
between absolute and relative motion. 

Research Laboratory of Physical Chemistry, 
Massachusetts Institute of Technology, 

May 14, 1908. 



Tee 

LX. A Vacuum- Tube Model for Demonstrating the Propagation 
of Alternate Currents in Cables. By Dr. OC. V. DryspaLe*. 

[Plates XXII. & XXIII. ] 

S is well known, the propagation of electric waves along 
conductors can be conveniently shown on the small 

scale by means of a helix, fed from a suitable source of high 
frequency, high potential oscillations. In this case the helix 
is found to glow with brush discharges at the antinodes of 
potential, remaining dark at the nodes. Experiments of 
this kind have been shown by Prof. J. A. Fleming and by 
G. Seibtt. The glow is, however, very faint, and may be 
rendered much more visible by the use of a vacuum-tube, 
as Prof. Fleming himself suggests. 
When experimenting lately in this direction, the present 

writer noticed that if a long vacuum-tube was laid parallel to 
the helix, light and dark portions were observed, but that 
these did not coincide with the points of maximum and 
minimum potential respectively; and it was of course evident 
that such a tube is influenced not by the actual potential, but 

by its slope or at along the tube. As the intrinsic equation 

of propagation is . 7 =IC, it is clear that the brightness 

of the tube is proportional to the current in the helix, and 
that therefore the whole distribution of current and potential 

~ can be exhibited by vacuum-tubes fixed parallel to and per- 
pendicular to the helix respectively. A few photographs of 
the effects observed were published in a recent paper{, but 
these were obtained by successive exposure of the same tube 
in different positions. . 

In order to show these effects with the greatest convenience 
the model shown in fig. 1 (Pl. XXII.) has been made. The 
helix is 182 ems. long and 2°65 cms. in external diameter. It 
is wound on a glass tube with 25°5 turns per em. of 13 mil. 
D.S.C. wire; and has a resistance of ‘43 @, an inductance of 

wn 
1000 
riments with a metal tube of similar diameter appears to be 
o-2< 10-6 mtd. per em: 

=44 microhenrys per cm. The capacity from expe- 

* Communicated by the Physical Society: read March 27, 1908. 
+ See ‘The Principles of Electric Wave Telegraphy,’ by Dr. J. A, 

Fleming, pp. 251-261. | 
t “The Theory of Alternate Current Transmission in Cables,” Elec- 

trician, vol. lx, No. 10, p. 358. | 
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Fie. 2.—Apparatus and accessories. 

Fic. 3.—Frequency about 600,000. Receiving end open. 

Fie. 4.—-Frequency about 1,140,000. Receiving end open. 

Fre. 5.—Frequency about 1,800,000. Receiving end open. 



Phil. Mag. Ser. 6, Vol. 16, Pl. XXIII. 

—y 

SELLA 
Fie. 6.—Frequency 600,000. Non-inductive receiver. 

Fic. 8.—Frequency 600,000. Capacity increased by internal wire. 
Re eS tecelving end open. 

Fie, 9,—-Frequency 600,000. Receiving end earthed through condenser. 
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This helix is supported in a wooden frame, and has above 
it a carbon-dioxide vacuum-tube 1 inch diameter. Immediately 
below the helix and about 2 mm, from it are the spherical 
bulbs of 18 vertical carbon-dioxide tubes, which are mounted 
in brass sockets on a metal strip fixed to a shelf at the 
bottom. 7 

The helix is excited from a 10 in.-spark induction-coil with 
an oscillation-circuit consisting of six leyden-jars of about 
‘002 microfarad each, which can be connected in series or 
parallel ; and an adjustable helix having a maximum in- 
ductance of ‘000365 henry. 

In order to exhibit the effect of different receivers at the 
end of the line a water resistance, consisting of a tube about 
5 mms. diameter and 30 ems. long, was made up, as well as 
an adjustable parallel-plate condenser about *7 sq. ft. in area, 
and an inductance-coil of 110 yards of No. 16 G.P. covered 
wire in a hank about 10 in. diameter. By means of mercury 
cups and paraffin blocks, various arrangements of leyden-jars 
and loads could be easily made. 

The photographs, figs. 2 to 9 (Pl. XXIIT.), are of the appa- 
ratus, and of the effects observed when currents of different 
frequency were employed, and different terminal conditions. 
The sending end was in each case on the left. In figs. 3, 
4, and 5 the frequencies were about 600,000, 1,140,000, and 
1,800,000~ per sec. respectively, giving one, two, and three 
half-waves. In each case the current and potential waves 
are out of phase; and at the higher frequency, where resist- 
ance is of less effect, they are almost exactly in quadrature, 
as required by theory. 

The remaining figures are all with the low frequency and 
should be compared with fig. 3. Fig. 6 shows the effect of 
earthing the receiving end through the water resistance; and 
that, as theory indicates, the current and P.D. become much 
more uniform in magnitude. In fig. 7 the receiving end is 
earthed, resulting in a shifting of the waves to the right, so 
that a second current-loop appears. 

Fig. 8 illustrates the effect of increasing the capacity of the 
helix by introducing an earthed wire inside it, and shows that 
with the same frequency the wave-length is decreased, so 
that there are two half-waves instead of one. 

Finally, fig. 9 shows the etfect of earthing the receiving end 
through a condenser. The current-leops are shifted forward 
as when the receiving end was earthed, and at the same time 
they are much more definite. With inductance the same 
result is observed, but the shift is backward, as the theory 
indicates. 
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No attempt has as yet been made to check the results b 
theory with great accuracy, nor does it seem probable that 
this will be of much value, as the presence of such a large 
number of vacuum-tubes alters the capacity and introduces 
leakance into the helix. But the general eftects observed are 
of value in illustrating the theory of wave-propagation. 

The author’s thanks are tendered to Mr. C. M. Dowse who 
has taken considerable trouble in arranging the apparatus and 
experiments, and to Mr. A. C. Cossor for the construction of 
the vacuum-tubes, which were only obtained sufficiently 
uniform after a considerable amount of trouble. 

LXI. Results of Tests of Materials subjected to Combined 
Stresses. By EH. L. Hancock, Assistant Professor of 
Applied Mechanics, Purdue University *. 

URING the past four years the writer has conducted 
tests of steel under combined stresses. These have 

been carried out in such a way as to combine torsion with 
tension, tlexure, and compression. It is the writer’s purpose 
in this brief report to make a summary of these tests, as well 
as other tests that have been made along the same lines, and 
to present these results in such form that they may be readily 
available for the purposes of the engineer. 
Among designers of structures subjected to combined 

stresses three theories have found favour, namely :— 

(1) The Maximum Stress Theory.—This theory assumes 
that the material yields when the tensile (or com- 
pressive) stress on any element reaches a certain 
maximum. It leads to the following relation: 

g=1/2( p+ Vv p+ 4p), Oo) aa 
where g is the greatest unit-tension (or compression) 
on any element and p and p, are the unit-tension (or 
compression) and unit-shear, found by testing the 
material in simple tension or compression and simple 
shear. This theory has been used almost exclusively 
by American and English engineers. 

(2) The Maximum Strain Theory.—This theory holds that 
the material yields when the deformation in tension 
or compression of any element reaches a certain 

* Communicated by the Author. Read before the American Society 
for Testing Materials, June 1908. 
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amount. It holds that Poisson’s ratio (the ratio of 
lateral contraction to longitudinal deformation) is 0°25. 
Using this ratio the following formula results: 

g=3/8p+5/8 Vp? +4p2, . . . «- (2) 

where the symbols have the same meaning as before. 

The values of Poisson’s ratio for various materials as 

determined from tests are: 

eee MARGE 5 6..... 0.04600 295 
ROUGE MO ES 05.69 u 0°299 
reste Lk O277 
Lee Le O304 
bes 0 he a Og 

It will be seen that these values differ considerably 
from the value 0°25, so that the formula can hardly 
be expected to furnish correct results. This formula 
is in use to a considerable extent in continental 
Kurope. 

(3) Mazimum Shear Theory.—The third theory, and one 
but little used, is that the material yields when the 
shear on any element reaches a maximum. This leads 
to the relation : 

q,= 1/2 Vp? +4p?, Sioa Seema ne es 

where g, is the greatest shear on any element. It 
will be seen from fig. 1 and fig. 2 that this formula 
fits the results of all the tests much more exactly than 
either of the others. 

Tests made by the writer, by Mr. J. J. Guest, and by 
Mr. W. A. Scoble (see note *) have been used in making 
fig. 1. The tests made by Mr. Guest and Mr. Scoble were 
made by taking the yield-point as a basis, while those made 
by the writer were made by taking the elastic limit as a 
basis. Hxamination of fig. 1 shows very little difference as 
to which is taken as a basis. The convenience of locating 
the yield-point suggests an advantage in its favour. © 

* “ Effect of Combined Stresses on the Elastic Properties of Steel,” 
E. L. Hancock, Am. Soc. Test. Mat. vol. v. 1905; vol. vi. 1906; vol. vii. 
1907. Also Phil. Mage. Feb. & Oct. 1906 and Feb. 1908. J. J. Guest, 
Phil. Mag. July 1900, Proc. Physical Soc. of London, Sept. 1900. W. A. 
Scoble, Phil. Mag. Dec. 1907. 

Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908. 3B 
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It is seen that the curve is an ellipse with the unit tensile 
(or compressive) stress as one semi-axis and the unit shear 
as the other semi-axis. If the shearing strength equals the 

Fig. 1.—Results of Tests of Materials subjected to Combined Stresses. 
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tensile strength, the curve becomes a circle ; this, however, 
is not generally the case. The equation of the ellipse may 
be derived as follows :— 

Let p be the fibre stress in tension or compression. 
» Ps ” oy) 99 shear. 

af, B > % ,, at the elastic limit in tension. 

a? 2 )) 99 99 29 shear. 

» M, be the bending-moment i in flexure. 
» M, ,,  twisting-moment. 
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Then from the curve 
2 9 
s oF 
a + a =|, ° J . e . . (4) 

Knowing a and 6 from the results of tests of the material in 
simple tension and torsion and either p or p,, the other may 
be determined. 

_ The equivalent twisting-moment for a shaft subjected to 
combined bending and twisting, derived from (4), is given 
by the relation 

2 

Me = Mi +(—) Mi, . smiebosings0s(G) 

where M, is the equivalent twisting-moment. 
If the elastic limit in shear be taken as one-half of the 

elastic limit in tension, (5) becomes 

Re le en ne 8h 6S 

which, lacking a constant factor, is the formula derived 
by considering the maximum shear theory to hold. This 
assumption that a equals one-half of 6 is hardly borne out by 
the results of tests that have been made, as is shown by the 
following table :— 3 

| 

| ‘Value of 
Material. jn’ Bs a. a oe 

| = Oe) UF, 
| 

Steel Tubing .........:.0000+. | 21000 | 10500 | 10500 ” 1:00 | 

| Nickel ‘Steel ay ete nig 76500 | 38000 | 38200 | < 98 | 

Mild Carbon Steel .......-. | 47000 | 30400 | 23300 | => 166 | 
| / 

Steel (Scoble) .......-...-.-/ 64600 | 29170 | 32800, < | ‘81 | 

Carbon Steel .........cccsecee- | 35500 | 24400 | 17700 > | 184 

Bivet Skeslgs Ri 38900 | 23400 | 19400 | > 1-44 

Dickel Steck... eee | 56000 | 36000 | 28000 | => 1°66 

Stoel Tubinige cls-.sesesttee: 17000 | 11500 | 8500 | > 1:82 
| 

Be sake nen gee ~ 28000 | 16000 | 14000 > | 1:30 

20000 | 12000 | 16000 | > 1-44 

3 B2 
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An attempt has been made in fig. 2 to show the difference 
in the shearing strength given by the formule representing 
theories (1), (2), and (8), and expressed in equations (1), 
(2), and (5). The material under consideration had an 
elastic limit in tension of 76500 Ibs, per sq. inch and an 
elastic limit in torsion of 38000 Ibs. per sq. inch. Equa- 
tion (5), the equation of the curve in fig. 1, gives the proper 
elastic limit in shear (the elastic limit in tension was assigned 
in all cases), while (1) and (2) give an elastic limit much too 
large. Nearly all values in shear given by (1) and (2) are 
larger than those obtained from tests. This means that the 
corresponding bending- or twisting-moment will be too small 
and if used in design may lead to disaster. 

Fig. 2.—Curves showing Shear as given by the Formule. 

0 2 3 Ape 6 7 B 
BIN TEN-THOUSAND LBS. PER $Q.1N- 

(1) Maximum Stress Theory :—g=1/2( p+ V p?+47?). 

(2) Maximum Strain Theory :—qg=3/8p+5/8 / p +42. 

(3) Maximum Shear Theory :—qg= WA peta oh 

The last agrees with the results of tests. 

In conclusion, it may be said that both the maximum 
stress theory and the maximum strain theory give an equi- 
valent moment that is too small. They should not, therefore, 
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be used without a large factor of safety. The maximum 
shear theory agrees very nearly with the results of tests 
and the resulting formula, or some slight modification of 
it should be used in practice. The following formulz are 
recommended :— 

| ee 
i On i gee 

\ M? = Mz a (=) Mi. 

= ae . eee: See ee 

LXII. Some Properties of Artists’? Colours. 
By HeErpert Epmeston Watson, B.Sc., AL.C* 

Part I.—The Stability of Paints. 

HIS subject is by no means a new one, having pro- 
bably occupied the attention of colour manufacturers 

from the earliest times, while in 1888 a report on “The Action 
of Light on Water Colours” was made to the Gevernment. 
Up till now, however, not much work seems to have been 
done in investigating the precise change which paints undergo ~ 
when they fade. | 

The chemical reaction which takes place is probably of 
quite a simple nature, and if it is the same for the majority: 
of paints, it should not be hard to discover. Bearing this 
fact in mind, the action of hydrogen peroxide on paints was 
tried, for this substance is known to be formed by the action 
of air on water in presence of organic matter and light, and. 
moreover it is a very active reagent. The experimental 
part was carried out as follows:— ~ te: 

A small portion of the pure finely-ground paint to be 
investigated was well stirred up with water, and a few drops 
of the suspension poured into each of two small test-tubes. 
In this way, very minute, but approximately equal quantities 
were obtained. ‘To one test-tube was added about 1 ¢,c: of | | 
the purest hydrogen peroxide solution (10 vols.), and to the — 
other an equal quantity of water. Both tubes were. drawn 
off in fine capillaries, to avoid loss by evaporation, and kept 
side by side for a fortnight in the cold; they were then 
placed in a steam oven, the usual temperature of which was 
about 40°, for a year. Observations were made at frequent __ 
intervals, and by comparing the two tubes, any change could 

* Communicated by Sir William Ramsay, F.R.S. 
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Below is a table giving the results for a 
number of paints. In addition, under the heading “ Sun- 
light ”’ is given the effect of light on the same paints. By 
the cour tesy of a well-known firm of colour manufacturers, 
I was enabled to have access to a number of specimens 
of water-colours which had been as far as possible exposed 
to sunlight for 30 years, and also to corresponding specimens 
which had been kept in the dark. Itis from these that the 
results are taken. 

Since writing the above, a paper on “The Action of 
Ozone on Water-colour Pigments,” by Sir William Abney, 
has appeared *. As ozone and hydrogen peroxide are both 
powerful oxidizing agents, a comparison of the effects pro- 
duced by them should prove interesting, and consequently 
the results in the above-mentioned paper are included in the 
following tables under the heading “ Ozone.” The figures 
show the time taken by moist ozonized air to bleach the 
paint. 

726 

be at once seen. 

Name of Paint. Sunlight. HO; Zone, 

h m 
Naples Yellow ...... No change. | Deepened, 1 day. O 45 
Lemon Yellow ...... No change. White, 2 weeks. 
King’s Yellow ...... Quite faded, Colourless on warming. 
Strontium Yellow..) No change, Brown in 10 minutes, 
Gamboge ............ Browned. | Slight change. 0 50 
Indian Yellow ...... Browned. | Colourless in 1 day, 4 0 
Yellow Lake ......... | Quite faded. Colourless in 3 days. 
Cadmium Yellow ...| Browned. Dissolved at once. 4 0 
Chrome Yellow...... Slightly green. Paled slightly. Unchanged. 
Vermillion............| Dark brown. Stable. Unchanged. 
Scarlet Lake ........ Brown. Paler. 
Crimson Lake ...... White. | Colourless in 2 weeks. 0 30 
Purple Lake ......... White. _Colourless on heating 1 day. 
CAarMUNe sess ste: White. | Colourless in 1 day. 10 
Madder Carmine ...| Much faded. 'Colourless in 1 week. 
Rose Madder ...... Darkened. Paler. ag 
Purple Madder...... Greyish. | Colourless in 1 day. 0 20 
Madder Brown...... | White. —Colourless in 1 day. 2 10 
Vandyke Brown ...; White. Colourless on heating 4 days, 1 15 
Si Eee ee Be White. _Colourless in 1 week. 0 50 
Emerald Green...... Darkened. Brown at once. O 45 
Nap GECEN. ..c.s0c-2562 Blue-grey. Colourless in 1 day. 
Blue Verditer ...... Greenish, | Brown at once. 
Indigo’ fii W..342 White. | Stable. 0 40 

* Proc. Roy. Soc., A. vol. xxx. p. 146 (1908). 
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The following paints were not treated with hydrogen 
peroxide, but the effect of sunlight alone is given. 

Name of Paint, Effect of Sunlight. 
Tabane rte Mee ess. See de Quite faded. 
Gralla Walla Wares eee ices poare ns Quite faded. 
Demon Ohronidh 20.0...) 26.0 6e0 Greenish. 
Orange Orpiment............... Light red. 
Bustie Yellowniivst sr... .2...... Quite faded. 
SETOW OI iilersee pets ..->..-... Quite faded. 
Dragon's, Blogads oi3028.)..-...... Colourless. | 
Permanent Scarlet ............... Green brown. 
Orange Vermillion .. ............ Slightly darkened. 
TMGISMRDAICO eMac seme «3 White. 
Deer Ose ass eee ened. White 
Permanent Crimson ......... .. White 
Burnt OarmMines isincckscesvowe os White 
Dahlia Carmime: 4, ..2:5>.s..000.-. White 

TVinlet Carmines sci ua. 2. White 
indian, Parples ) ..'s.-4.-c34 5.0. Grey. 
Pike Madden 4.3525) 3. 62a gee. se - Darkened. 
Ciglgume Barge (OLIN... sr leas See Pale. 
Ohalons(Brown® 4.221:2.55/50)..8 Slightly pale. 

NHEPOMMA BL SEM), 2: eben, Lbes - dae Reddish white, 
MRIS CIES Wee e ose den anes cat White 
Hxtract of Madder ......:....... Pale. 
Hooker’s Green 1 ................ Dark. 
Hooker's: Green? \ Yii.tae-s Bluish green. 
LO (Pen Ss 27) 1 ee eA Brown. 
Prussian) Green, vshsor6s. seek. Bluish. 

* Bleached by ozone in 30 mins, 
; Bleached by ozone in 4 hrs. 

Zine Yellow, Malachite Green, and Verditer were decolorized 
at once by hydrogen peroxide, Madder Orange after heating 
for three days. 

The following were found to be stable to hydrogen per- 
oxide :— 

Alizarin Scarlet. Ivory Black. 
Alizarin Crimson. Bitumen. 

The following to-sunlight :— 

Permanent Yellow. Veridian. 
Mars Yellow. Ultramarine. 
Chinese Orange. 
Burnt Yellow Ochre. 
Burnt Gold Ochre. 
Mars Orange. 
Turner’s Brown. 
Leitch’s Brown. 
Veronese Green. 

* Ultramarine Ash, 1, 2; & 3. 
Mineral Grey. 

*French Blue. 
Cyanine Blue. 
Intense Blue. 
Chinese Blue. 
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And the following to both hydrogen peroxide and 
sunlight :— 3 

* Yellow Ochre. Bistre ?P 
Other Ochres. Burnt Umber. 
*Raw Sienna. *Terra Verte. 
Orange Chrome. Cobalt Green. 
Red Lead. *Chromium Oxide. 
Light Red. Transparent Chromium Oxide. 

*Venetian Red. Smalt. 
*Burnt Sienna. *Cobalt Blue. 
*Indian Red. Ceruleum. 
Madder Red. *Prussian Blue. 
Raw Umber ? *Antwerp Blue. 

* Paints marked with a star were treated with ozone, and remained 
unaffected. ‘ 

The most striking fact in connexion with the above tables 
is the practically identical action of hydrogen peroxide and 
ozone. Indigo appears to be the only exception, being quite 
stable towards the former reagent, but easily bleached by 
the latter. This similarity of action, however, ‘is precisely 
what would be expected from the chemical nature of the 
reagents, and, indeed, it seems rather strange that the relative 
times taken to complete the reaction are not more comparable. 
The explanation of this is probably to be found in the fact 
that in neither case were the experiments carried out quan- 
titatively, the weights of paint and bleaching agent being 
only of the same order of magnitude in each set of experi- 
ments. ‘oo much attention must not therefore be paid to 
the actual times taken. | 

Bearing this fact in mind, it will be seen that in the 
majority of cases the action of these oxidizing agents and of 
light is the same, and this appears to be fairly strong, though 
of course not conclusive evidence, that in general, the fading 
of paints is due to oxidation. With regard to the actual 
active agent, it may be again mentioned that hydrogen 
peroxide is known to form from moist air in presence of 
organic matter and light, while the production of ozone 
under these circumstances is not certain. Moreover, it was 
found that dry ozone was without bleaching action, and con- 
sequently the action may be due to the intermediate formation 
of hydrogen peroxide in presence of water. . 
There is one more point of interest. The report of 1888 

mentions Antwerp Blue and Prussian. Blue as being two of 
the most fugitive colours, a fact well known to artists. 
However, it will be seen that neither is attacked by hydrogen 
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peroxide or ozone, and that the pure samples exposed to 
sunlight were also unaffected. 

In conclusion, it may be pointed out that if the fading of 
paints is due to hydrogen peroxide, much may be done 
towards their preservation by the employment of a suitable 
medium. Water-colours are known to be much less stable 
than oils, and by finding a medium very impermeable to air 
and moisture, it should be possible to prolong almost indefi- 
nitely the life even of a fugitive colour. 

Part Il.—The Transparency of Paints. 

The transparency of a paint, or its inverse the opacity, is 
of more importance to the technical painter than to the artist, 
for the greater the opacity of a paint, the greater is its 
efficiency as a covering agent, or in other words, the greater 
the opacity, the less paint will be required to produce a given 
effect. 

The following experiments were performed with a view of 
comparing the opacity of various paints. The method 
employed was to cover a bright metal surface crossed by 
black lines with a suspension of the colouring material in 
water. After drying in a level position the effect was 
observed. If the black lines were visible, more paint was 
put on, but if not, a little was washed off. The whole 
was weighed after each operation, and in this way two 
weights were obtained fairly close together; in one case, 
however, the black lines were just visible, and in the other 
they were not. By taking the mean of these, the weight of 
paint which would just cover the metal was approximately 
obtained. : 

These experiments cannot claim any great degree of 
accuracy, but they afford at least some idea of the relative 
transparency. The results below (p. 730) show the number 
of milligrams of paint required to just cover one square 
centimetre. 

In a few cases the paints were so transparent that the-thick 
coating necessary to hide the black lines could not be applied 
evenly, and in such cases it usually cracked and peeled off. 
Beyond this, the only point of interest is that gamboge when 
painted on metal dries as a perfectly transparent yellow 
varnish, and in this appears to differ from all other. paints, 
the nearest approach to it being sap green. 
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DPV ee ee Ot ret yu nce 15°05 ,| Indian/Yellow........: 504s ae 2°07 
Bilaleg WIG in, accom eenee eb2 | Gamboge .........5..:4..c — 
Pitas WRABE, Oe cies cccdanueibides os 532 Yellow ‘Ochre >). eee 3°62 
Hilne Werdier is. ..22 tks. 3: 232°) Raw Sienna 'i..0. uae very great 
CPE OIIUR Oe vic sho earns ss ify 3°44 | Madder Orange ............ very great 
NESE UESIMID oo Cerone Sel cw oaks 2-68, | Bed Tead .44...0020) ae 6°41 
vei IU Oe SAA ee ems aN 242° | Deep’ Chrome v.12... 0... cee 3°91 
Abwerp Bile ici, iiwen Geos. chs. 1°32:\| Vermillion | i:cc26t. he eee 8°42 
RE 8 cca heactt nent swt Be oeniege 2:29: | Scarlet Tidke '\......4 .4:25¢,.q0e 2°63 
Peissiatt SslGG es kee aisecatt wks 0°68, .) Carmine. .ooos.uscstin sasaaceeeeeeee nee 
Emerald Chromium Oxide ... 7°00 | Rose Madder ..................... 6:27 
Emerald Green. .............0000: 4-171) Grimson Lake .i5.d4i0 Se 312 
RIG AREOEE | Scene. wey vegies shnene 4°14. | Alizarin Searlet. 5 .5..04.0cnee 2°49 
Malachite Green .................. 288 | Alizarin Crimson... -.:.....ceeeeee 2°15 
Verdiber eet ee aa 3°57 | Madder Carmine ......... 5°6 at least 
Sap roe 6 pAboe nsishs ean ae9)| Venetian Red '../005.0. cto 4°42 
Artificial Sap Green ............ 4:38. | Light Red. ....csi..) nce 229 
Oran) VRE 5 thee «ck Gaacckipnys ce 9:14 | Indian. Red vec .vcscdeccureeene 1:16 
Chromium Green Oxide ...... 220 | Purple Dake ©............-..aee 1:68 
Yellow Lake ........ AE Bog hs fico 536 | Madder Red J).0.....¢8- oe 1:98 
Cadmium Yellow ............... 2:82 | Purple Madder .......: 7 theta 2°22 
PMNS esck deicis bxvasiiaueinte coun 448. | Burnt Sienha.,:>,...-.+: 00 eee 6°08 
Onrome Yellaw ..<.....::2.4-4. 383 | Brown Madder ;.........,qe0e 1°49 
Mire Yellow 255.5. aggre 6°35 | Kaw Umber:....... eee 1:64 
Fie BLUGW eee a cudete? cosh ans 4°75 |, Bornt Umber ....::..5eee 1:08 
Strontium Yellow ............... 600,, Vandyke Brown «....)....-beeepee 1:86 
Hyer Os, oo like naa eke baacce 530°) Bitumen ......-..c.c ssa 176 
Wares Wollow 6.06220 ase. . es 725°) Bistro (i... 0.204... 1:67 
Pale Naples Yellow ............ 4873) Sepia vici..5.,50. 00k eee — 
Bright Naples Yellow............ 4-23 \ Ivory Black ....«:34+.s0-seeeaweeee 161 

Part IL.—The Absorption Spectra of Paints. 

The absorption spectra of about fifty of the most important 
paints have been measured. The instrument used was the 
spectrophotometer designed by Dr. Mees, and kindly lent to 
me by him. It is fully described in the Revue des Sciences 
Photographiques, Feb. 1905, but the principle of it is that 
two spectra are brought into juxtaposition by means of an 
Albrecht’s prism. The light forming one of them comes 
from a standard source, and can be cut down by means of 
two Nicol prisms until the intensity of the light in any given 
portion of the two spectra (cut cut by means of a slit) is the 
same. When this is so, the percentage of light coming from 
the unknown source is proportional to the square of the 
cosine of the angle through which the nicol is turned. The 
prism was of the constant deviation type, and the wave- 
length of the light seen through the slit could be read off on 
a scale. 

For purposes of observation the paints were painted on 
strips of dull white paper, in size about 3x2 ins. Half the 
paper was left bare, and the whole illuminated with an Auer 
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burner. The light reflected from the white paper formed 
the standard spectrum. 

It is difficult to determine the accnracy of the ovser- 
vations, but the errors are practically entirely due to the 
observer, as the instrument was of exceptionally good 
quality, and most carefully adjusted. Readings were most 
difficult when the light was of high intensity, and in 
such cases their number was increased so as to give a 
fairly reliable mean. It was also difficult to match the 
intensities in the red, probably because in this region the 
dispersion is less, and the colour seen not so pure as in 
other parts. 

Some diagrams (pp. 732-33) are given showing the nature 
of the absorption. In them the fraction of the total light re- 
flected by the paint is plotted against the wave-length. They 
show at a glance the true nature of the reflected light, and 
also the percentage of white light, this being given by the 
ordinate of the lowest point of the curve. It is also worthy 
of note that in all cases the region of maximum intensity 
extends over a considerable range of wave-length, that is to 
say, the apparent colour of a paint is never even approxi- 
mately monochromatic, although to the eye it may appear 
to be so. 

In addition to this, the effect of mixing one or more paints 
may be approximately obtained from the curves. Thus in 
the simplest case of a mixture of equal quantities of two 
paints, the absorption-curve of the resultant colour will be 
obtained by multiplying together the ordinates of the two 
curves for each wave-length, and joining the resultant points. 
An example of this is given for a mixture of emerald 
green and madder orange; these, although both very 
bright colours, will only combine to give a_brownish- 
yellow of low intensity. This is of course only an ap- 
proximation, but it helps to illustrate the fact that in 
order to obtain a bright colour from a mixture of others, 
it is necessary that these should have some part of the 
brightest portion of their spectra in common, and conse- 
quently the most efficient paints for producing bright colours, 
when mixed with others, are those possessing broad maxima 
of intensity. 

In conclusion, I should like to express my best thanks to 
Sir William Ramsay for suggesting this work to me, and 
for his frequent help in it; and also to Dr. Mees for the loan 
of his spectrophotometer. 

University College, London, January 1908. 
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Wave-length. 

Cobalt blue. 

Malachite green. 

Chromium. 
green oxide. 

Ceruleum. 

Cadmium yellow. 

Strontium. 
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Naples yellow. 

Raw umber. 



Fraction of light reflected. 

reflected. 

of light 

Fraction 

Properties of Artists’ Colours. 733 

Wave-length, 

4500 5000 5500 6000 6500 7000 

04 

Venetian red. 

03 

Purple lake. 

O01 
2 ae eo ee 

ee o— 

0-9 

0:8 

7 
07 

0°6 

05 

Emerald green, 

Mixture of the 
above two. 

ee ea ie 00 th 
4500 5000 5500 : 6000 6500 7000 



LXIIL. Onthe Resistance of a Conductor of Uniform Thickness 
whose Breadth suddenly changes, and on the Shapes of the 
Stream-Lines inthe immediate neighbourhood. By CHARLES 
H. Less, D.Sce., F.R.S., Professor of Physics in the East 
London College, University of London *. 

KNOWLEDGE of the resistance of a conductor whose 
section suddenly changes is of considerable practical 

importance, but mathematical difficulties have prevented an 
exact solution of the problem. Lord Rayleigh t has given 
an approximate solution of the case in which a cylinder of 
circular section is joined at one end to the plane surface of a 
large conducting solid, and Professor Hicks { has solved the 
case of a wire of small diameter ending in the surface of a 
conducting sphere §. 

The mathematical difficulties of the problem disappear if 
the conductors are of rectangular section and one dimension, 
e.g. the thickness, remains constant, while the other, the 
breadth, suddenly changes, and the two are joined together 
either with their axes or with two sides colinear. For a 
longitudinal flow through the conductors the former case 
becomes the latter by section through the common axis, 
which by symmetry is a line of flow. 

Let the thickness of the conductor be ¢t, the breadth of the 
wider part c, that of the narrower 6, and let & be the con- 
ductivity of the material. Take the plane of the conductor 
as the < plane, fig. 1, and convert the outline of the conductor 

Fig. 1.—z plane. 

Ets So “P 
“1 0 

Se ee ea ae TE 
by means of the Schwarzian transformation 

dz 4 : 
dea AG-1(€4 1L)a(C4-a)4, . . | eee 

* Communicated by the Physical Society: read June 12, 1908. 
+ Lord Rayleigh, Trans. Roy. Soc. London, lxi. p. 77, Nov. 1870; 

and ‘ Scientific Papers,’ vol. i. p. 56. See also Phil. Mag. viii. p. 481 
(1904). 
: { Professor Hicks, Messenger of Mathematics, xii. p. 183 (1883). 

§ A list of cases which have been worked out will be found in Professor 
Auerbach’s articles “ Flachenstréme” and “Kéorperliche Strome” in 
Winkelmann’s Handbuch der Physik, 2nd edit. iv.pp. 238, 246. 



Resistance of a Conductor of Uniform Thickness. 735 

into the axis of & in the & plane fig. 2, the corresponding 

Fig. 2.—¢ plane. 

Pp Q 

=e =} Oo 

points being indicated by the lettering in the figures. 

n =a : ONE 
F Gtyhiia b 

write tha 6” 

and the integral becomes 

fetch (a—1) dé 

G—®)(1—®) 
2 (cai ae a on Mime" a2) 

tanh Jia / ite == a re( cn) + 4) eee C+a 
=2A4 arg on) aa ae hee aFS\ coth alg+ 1) 

where the origin in the z plane is taken at the point corre- 
sponding to = —a,7=0 in the € plane, and tanh or coth is 
taken according to whether the quantity under the root sign 
is less than or greater than unity. 

In order to show the connexion between the < and ¢ planes 
graphically, we write 

10 10. 
C+a — Vae 4 C+ i SS KZ " 

where 7a, 9, 71, 9, are the coordinates of the point &n, with 
respect to the points —a and —1 (fig. 2), and 

a 
cos 6 + = 

Tq =? + 2ar cos 0+ a?, cot 0.=—.-> > 
sin @ 

cos@+ 

r=7°+2r cos 0+1, cot 6,= oaks 
sin @ 

Resolving each term of the above equation into its norm and 

* The form argtanh has been retained throughout because of the 
symmetry of the norm and amplitude when this is s done. 
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amplitude, we obtain 

0,—6; . O,—8, 
CO oe sin 5) 

a a ae (4 = — zarctan (+ —c + ine 

cosh logy / = sinh logy / us 
Lo vy 

0, rae: 0; : 6. a 6, ‘ 

| COs ee as sin 5) y | 

4 argtanh (+ ee —zarctan ( + ) ae in | | 
L eke r 

cosh log / ae sinh log / aa 
ary ar; 

where m and n are integers. The alternatives tanh and coth 
of equation (2) both lead to the same result. 

On determining the values of the constants A and a so as 

to make y=0 from §=—a to &=—a, y=c—b from €=—1 
to £=0, y=c from £=0 to &=0, we find that the negative 
sign must be assigned to the term in the small brackets, that 
A=e/qr, / a=c/b, and the equations become 

Oe ee era tanh \¢ “C41 | 26 _(tanh cag 
ss ahiy= arg (coh DV b+0/P ar 8 (coth )\/ eam 

0 — Oa —| 
cos gioar sin a a 

= —) argtanh soy PTs he 4 arctan ————_—_— 
cosh logty / sinh log-~ / 2 

é Ya | V4 

| ieee 6,—6 Jee eye. - Ui Coe 4 COS "5 sin—> 
——<argtanh— a. ete * ay 

4 [ cosh log + sinh logy / a 
Ye V7 

where the arctan terms are to be taken within the limits 
0 and wm. 

The curves in the z plane into which this equation con- 
verts the orthogonal system of circles 6,—@.=constant, and 
7 /?a= constant, of the ¢ plane, are shown in fig. 3 for the 
case c/b=2. They may be considered either as the potential 

and stream curves for a source at 1 and an equal sink at A, 

cos 
*« The term argtanh cence may be more familiar in the form 

4 cosh log p+cos@ _ i p’+2p cos 6+1 

2 log 3 log p?—2p cos 6+1° cosh log p—cos @ ~ ? 
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or for the edge 1A kept at one potential and the whole of 
the remainder of the edges at another. 

hr sae A. 

Full lines are equipotential lines, dotted lines are stream lines, when 
the end 1A is kept at potential 9, and the rest of the contour at 0. 
Ratio of breadths 1:2. — 

The curves in the z plane corresponding to log €=constant 
in the € plane are shown in fig. 4 lower part, and represent 
the equipotential and stream lines for a current flowing 
along the two strips in series. The upper part shows the 
observed equipotential lines *. 

Lower part equipotential and stream lines calculated ; upper part 
equipotential lines observed. Ratio of oreadths 1: 2. 

To determine the resistance of the compound conductor 
to the flow of current along its length, we find the distri- 
bution of the potential in the corresponding problem in the 
¢ plane. This is the case of a source at the point E=n=0, 
sending a current C into the upper half of the plane. 

* T have to thank my colleague Mr. W. H. White for making the 
observations on a thin strip of german silver transmitting an electric 
current, from which these curves have been drawn. 

Phil. Mag. S. 6. Vol. 16. No. 95. Nov. 1908. 30€ 
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The vector function w=u-+ziv for this case is given by the 
equation 

C 
w = —7, log &, - 

where ¢ is the thickness of the conductors and k£ is the con- 
ductivity of the material of which they are composed. 

If &,O, are the coordinates of a point P near O in the 
¢ plane, and 2, is its X coordinate in the ¢ plane (figs. 1 
and 2), then by equation (3) 

L,= a = ar geoth 5 ee I ~* arg gtangy / fetl f+ 
E,+07/0 E+07/b? 

which since &, is small reduces to 

ay ©) 9 b C b ZC 
— —arotanhiee - es ae s : 

okt b 
=! Sg rp oe tty flog =e, 

in virtue of equation (4). | 
Hence 

okt eu Be 2]? Gale e+b 

Cy eae hen 
Similarly if &, O, are the coordinates of a point Q near 

+ in the ¢ plane, and wg is its X coordinate in the < plane, 
then by equation (3) 

NS G +1 +1 Tories argcoth ZA / oe ZIP — — ° argtanh / ere 54 oP 

which, since &, is large, reduces to 

Vp S= 

aia beet ae e—b2 OC 

in virtue of equation (4). 
Hence 

okt 1 Ah? Byvcce+) 
TG Meo=— 7 4a— log spt ot ’ 5° 

Thus 

kt 

Hence the resistance between two transverse sections 

Bp Ee +7 (210 een OTe ae 

ef 
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of the conductors through the points P and Q ‘situated at 
considerable distances from the change of section and on 
opposite sides of it, is equal to the sum of the resistances of 
the lengths of conductor on the two sides of the change of 
section, each considered as part of an infinite length, plus the 
resistance of a length of either conductor equal to 

ib Oly i. 46 24 [7 e+b 

ae loge cb eae c—b 

times the breadth of ae eS 
When the ratio of the breadths c/b=n becomes large, the 

correction approximates to 

2 
7 Loken — ‘386), 

and when very large to 

— logen. 

When, on the other hand, the ratio n of the breadths becomes 
nearly unity the correction ex; ee to 

eats ee loge 2 — 

and when it is very nearly ae to 

(7 
nee ing — log. (n—1)}. 

In order to exhibit the character of this Pareeenan the 
following table has been calculated. 

Correction to be added to the length of one conductor in terms of 
the breadth of that conductor, in order to make the total 
resistance equal to the sum of the resistances of the two 
conductors, each considered as part of a conductor of infinite 
length. 

| Ratio of No. of breadths to Ratio of No. of breadths to 
| breadths. | be added to length. || breadths. | be added to length. 

Etter 0 3-0 48 
1:2 032 4:0 65 

14 ‘080 6:0 90 

17 aes i 10:0 1:24 

2:0 25 15:0 146 

2°5 ec’ 20°0 | 1:65 

3C2 
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LXIV. The Specific Charge of the Ions ematted by Hot Bodies. 
By O. W. Ricwarpson, Professor of Physics, Princeton 
University *. 

HE value of e/m, the specific charge or charge per unit 
, mass of the negative ions from an incandescent carbon 
filament, was first measured by J. J. Thomson t in 1899. 
Since then the value of the same quantity for the negative 
ions emitted by other hot bodies:has been determined by 
a number of different investigators, all of whom have 
found values approximating to 10’ electromagnetic units, 
indicating that the ions in question are electrons and 
identical for all substances. The corresponding quantity for 
the positive ions from hot bodies has received comparatively 
little attention. The only experiments appear to be some by 
J.J. Thomson {, on an iron wire in an atmosphere of oxygen 
at a low pressure, which led to the value 400 for e/m. This 
is about what would be required if the ions were atoms of 
iron carrying a charge equal to that of the hydrogen ion in 
electrolysis. 

The positive ionization produced by hot metals comprises 
a number of separate phenomena whose mutual relationships 
cannot be said, as yet, to be properly understood. A hot 
wire may give rise to positive ions under a variety of different 
circumstances. The most important of these conditions 
which have been investigated are (1) newness, (2) previous 
exposure to a luminous discharge, and (3) the presence of 
surrounding gas. A fresh wire, however carefully cleaned 
and handled, is found to give rise to a very large emission 
of positive ions when heated for the first time in a good 
vacuum. ‘This property gradually disappears with continued 
heating, but may be restored to a certain extent, either by 
placing the wire near the cathode when a lurninous discharge 
is made to pass in the tube or by heating the wire in an 
atmosphere of any of the commoner gases. The effect of 
the luminous discharge is of a temporary character like the 
property of freshness, whereas the admission of gas produces 
an effect which is permanent, the ionization at any given 
temperature being a definite function of the pressure of the 
gas. The connexion between these different manifestations 
is not at all well understood, so that it is difficult to discuss 
positive ionization as a general conception, In a recent 

* Communicated by the Author. 
t Phil. Mag. [5] vol. xlviii. p. 547. 
} Conduction of Electricity through Gases, 2nd ed. p. 148. + 
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paper * the author has considered in detail the evidence 
bearing on the origin of the ionization caused by different 
gases, and has arrived at the conclusion that the ions arise 
from the gas absorbed by the metal and are not positive 
electrons. The argument is discussed particularly on p. 61 
of the paper referred to. According to this view we should 
expect the mass of the positive ions to be comparable with 
that of the atoms or molecules of the gas surrounding the 
hot substance. It was felt at the time that most of the 
evidence adduced was rather indirect and that the case 
might be greatly strengthened by a direct investigation of 
the specific charge of the ions. The present investigation 
was commenced with that object in view, but the interest of 
the subject has been increased by the announcement by 
J. J. Thomson f of experiments in which he believes to have 
isolated positive corpuscles in the canal rays. Incidentally 
the specific charge of the negative ions for the substances 
experimented upon has also been measured. 

$2. The Method Employed. 

The method used by Thomson in measuring e/m for the 
positive ions emitted by an incandescent iron wire was to 
place the wire parallel to and 4 mms. distant. from an 
insulated metal plate. The wire was positively charged and 
a magnetic field applied so that the lines of magnetic force 
were parallel to the plate. Under these circumstances the 
paths of the moving ions tend to curve round the lines of 
magnetic force, and if the magnetic field is strong enough 
the curvature will be such that none of them will ever reach 
the plate. If the plate were infinite in extent, if the electric 
aad magnetic fields were uniform, and if all the ions were shot 
off from the hot body with zero velocity, this hmiting value 
of the magnetic force would be the same for all of them. 
Under these conditions the current to the plate would be 
independent of the magnetic field until a certain value of 
this was reached, at which it would fall to zero and remain 
zero for all higher values of the field. From this limiting 
value of the magnetic field the value of e/m can be calculated. 

The chief objections to this method, which has the merit 
of simplicity and quickness in practice, arise from the 
difficulty of satisfying the theoretical conditions with the 
large magnetic fields which it is necessary to employ. It is 
found that the current to the plate does not suddenly 

* Phil. Trans. A. vol, cevii, p. 1. 
+ Phil. Mag. May & Sept. 1907. 
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disappear, but falls away gradually as the magnetic field is 
increased, and it is difficult, if not impossible, to tell how 
much of this effect arises from an actual variation in the 
specific charge of the ions and how much is to be attributed 
to the initial velocity of the ions, to the lack of uniformity 
of the two fields, and to causes of a like nature. For these 
reasons the author desired to adopt a method in which the 
theoretical conditions were more exactly fulfilled and where 
it would be possible also to directly test the uniformity of 
the character of the ions. The method finally selected, 
though much more laborious than that used by Thomson, 
appears to possess advantages in the directions indicated. 

Stated briefly, the process used is a direct measurement of 
the deflexion of the path of the ions, moving in a uniform 
electric field, arising from the application of a transverse 
magnetic field. Imagine two infinite parallel conducting 
planes a few millimetres apart, each of which is divided by a 
narrow straight slit, the slits being parallel to each other. 
A narrow rectangular strip of hot metal theoretically infinite 
in length lies in the slit dividing the upper plane. The lower 
surface of the strip lies in the upper plane, and this part of 
the system is fixed. The lower planes and slit are rigidly 
connected and are movable in a direction lying in the plane 
and at right angles to the length of the slit. The upper 
plane and metal strip are charged positively, whilst each half 
of the lower plane is connected to one of the pairs of quadrants 
of anelectrometer. Its potential is thus always approximately 
zero and there is a uniform electric field perpendicular to the 
two planes. The positive ions from the strip will be carried to 
the lower plane and will distribute themselves in a manner 
depending on the dimensions of the apparatus, the potential 
difference between the planes, and the distribution of velocity 
with which they are emitted from the strip. Hach half of the 
lower plane will receive a positive charge, but in general one 
half will receive more than the other. Thusa deflexion of the 
electrometer will be observed, although both quadrants are 
receiving positive charges. There will be one position of the 
lower plane for which each half receives the same charge, 
and then no deflexion will be observed on separating the 
quadrants of the electrometer. In the absence of a magnetic 
field this will occur when the lower slit is symmetrically 
placed with respect to the strip. If we now apply a magnetic 
field in a direction parallel to the edges of the strip and the 
slits, the effect of this will be to superpose on the previous 
motions of the ions a displacement perpendicular to the slit. 
The lower plane will therefore have to be moved a certain 
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distance in this direction before it will occupy a position such 
that no deflexion is observed on separating the quadrants of 
the electrometer. From the amount of this displacement, 
together with the strengths of the two fields and the distance 
between the planes, the value of e/m for the ions may be 
calculated. 

The foregoing is an outline of the method which was used 
at the outset. It was found, however, with the apparatus 
used that the observed displacements were not strictly pro- 
portional to the applied magnetic force, as they should be 
according to the theory of the method. This discrepancy 
might arise in a variety of ways, but one of the possible 
explanations seemed so vital to the subject under investi- 
gation that it was essential to settle it definitely before 
proceeding further. It was evident that the observed absence 
of proportionality would occur if the ions, instead of being 
homogeneous, consisted of two or possibly more kinds. In 
order to settle this question and at the same time to measure 
the value of e/m the procedure was slightly modified. The 
two halves of the lower plane were metallically connected 
together, and an electrode was placed behind the lower slit 
so as to catch all the ions which passed through it. The 
quantity of electricity passing through the lower slit and the 
amount received by the planes were now measured simul- 
taneously for different positions of the lower plane. Thus 
the fraction of the total quantity of electricity received by 
the lower plane which passed through the slit could be 
expressed as a function of the position of the latter. In this 
way the actual mode of distribution of the ions about the 
lower plane was obtained. By observing the way in which 
this is changed by applying a magnetic field in a direction 
parallel to the sides of the slit it is possible to find out 
whether the ions are homogeneous or not. 

§ 3. Description of Apparatus. 

The apparatus used in the second of these methods will 
now be described in detail. Any modifications necessary in 
changing to the first method are not sufficiently extensive to 
warrant separate description. 
A number of different sections through the essential part 

of the apparatus are shown in fig. 1. The central figure 
represents a vertical section by the plane of symmetry of the 
apparatus. The same parts are denoted by the same letters 
in the different sections. The two conducting planes already 
alluded to were supported by an ebonite frame, 00’ b' b. 



re cme 

sae 

rea eee 

744 - Prof. O. W. Richardson on the Specijic 

The “upper” plane consisted of two brass plates ff, shown 
in plan in the top right-hand figure. The ends of these 
were slotted into ebonite pieces tt, which were screwed on to 
the main 'ebonite frame at bb. The line bad in the central 

Fig. a. 

Natural size. 

figure thus represents the section of the “ upper” plane by 
the plane of the paper. The two plates /f were separated by 
a longitudinal slit somewhat exaggerated in the figure, and 
in addition were cut away at the centre so as to leave a 
narrow rectangular aperture. The platinum strip a, which 

—— 
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was cut from foil :0024 em. thick, and was usually about 
“03 em. wide, was soldered to the inner side of the plates so 
as to stretch along this rectangular aperture. In order to 
eliminate as far as possible any lack of uniformity in the 
electric field caused by the rectangular aperture, an additional 
plate h was placed behind it and soldered to one of the 
plates 7. A transverse section through the centre of the 
strip is shown below on the right. This shows the plates 
jf and h and the ebonite support 6. In both this and the 
next figure ebonite parts are indicated throughout by cross 
hatching. It will be observed that the only metallic connexion 
between the plates ff is by means of the metal strip. The 
terminals gg led to mercury cups, by means of which a 
current could be supplied which served to heat the metal 
strip. 

The ‘lower ” plane is represented by the plates cc, shown 
in plan on the left above. These were insulated from and 
supported by a brass carriage e, which slid on ways d, cut 
out of a brass plate nn. The edges of the topmost of the 
two plates c, which was fixed relatively to the carriage, were 
bent round and soldered to two stiff straight brass wires. 
The edges of the other plate ¢ were similarly bent round but 
not soldered to the wires, so that this plate could be slid 
along the wires and the width of the slit thus adjusted. The 
top plate, c, had a brass wire, /, soldered to it, on which a 
thread was cut. This passed through to an ebonite button, 
which fitted into a hole in the carriage e, then through an 
ebonite washer, and was finally screwed tight by means of a 
brass nut. A wire soldered to this nut made connexion with 
the electrometer. It will be observed that in this way the 
plates ce were thoroughly insulated. The catching electrode 
behind the slit is shown at 7. This consisted of an outer box 
in metallic connexion with the carriage, enclosing a [_] shaped 
electrode insulated from it. The method of fixing and 
insulating the inner electrode was identical with that for 
the plate c, with the addition that strips of ebonite were 
placed between its ends and the sides of the outer box, to 
prevent it from coming into contact with the latter. A 
metal bracket soldered to the outside of the box enabled it to 
be rigidly screwed into metallic connexion with the carriage 
at m, the sequence of nuts &c. being similar to k and 1. 
The connexion of / to the electrometer was made by means 
of a wire soldered to its nut. A section near the slit showing 
the manner in which the carriage slid on the ways d is 
shown below on the left. The openings into the box and the 
electrode inside it were made considerably wider than the 
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slit between cc, so as to allow for the curvature of the paths 
of the ions. The whole of the part of the apparatus com- 
prised by b'¢¢b' was surrounded by an _ earth-connected 
jacket of copper foil, not shown, so as to avoid creeping and 
induction eftects as far as possible. This jacket was of course 
provided with suitable openings for the electrometer con- 
nexions /& and J. The carriage was moved by a rod 0, 
provided with a screw-thread which worked in a fixed nut g, 
held by a screw in the outer fixed tube p. It was kept 
pressed against the end of the rod by means of a rubber band 
passing over the upper end of the carriage c, and the lower 
end 6} of the ebonite frame. The rod was also guided by 
fixed rings at 7 and below g. ‘The lower end of the ebonite 
frame screwed on to the outer tube p, so as always to be in a 
fixed position when mounted. The rest of the arrangements 
will be best understood by referring to fig. 2. 

It is essential that the foregoing part of the apparatus 
should be in a very good vacuum. This was secured by 
placing it in the tube Q, which fitted on the ground-glass 
stopper s. The stopper was cemented on to the outside of 
the brass tube p. ‘The rod o could be turned by means of the 
divided head T from outside the apparatus. In the first 
form of the apparatus the tube Q, was inverted and an air- 
tight joint was secured by simply slipping a thick-walled 
rubber tube over the tube p and the rod 0, and drowning it 
with mercury. But this was found to be unsatisfactory 
owing to the mercury gradually forcing itself into the 
apparatus and settling in places where it was not wanted. 
The arrangement shown was therefore adopted in which the 
tube (; and adjacent parts rest on the top of a barometer 
column. This was contained in the tube Q3, which was 
cemented with sealing-wax to the brass tube p, just below 
the stopper s. <A side tube near the top led to the pump, 
McLeod gauge, and pentoxide bulbs. The lower end of the 
glass tube was drawn down so that the rod could just com- 
fortably turn in it, and the thick rubber tube R was slipped 
over the joint. The mercury entered from the vessel Q. by 
means of the side tube. The level of the mercury at Q. was 
always kept above R, so that there was no tendency for air 
to enter at the joint. An earth-connected wire, not shown, 
dipped permanently into Q,. Another wire dipping into a 
small quantity of mercury placed in the stopper s ensured 
that the copper shield, the brass plate nn, and the carriage e 
(fig. 1) were kept at zero potential. To ensure satisfactory 
communication between Q, and the pump, the holes u wu’ were 
bored in the brass tube p. The micrometer head T was 
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divided into twenty parts, so that fractions of a turn could 
be read by means of the stationary vertical index T’, sup- 
ported on a fixed block. The whole turns were registered 

pd 
Ht f l | 

by an index U’, carried by a cotton thread s, wound round o, 
and made to pass round pulleys VV by the weight W. The 
index U’ travelled over a scale U graduated in complete 
turns of the rod. One complete turn of the screw-head 



748 Prof. O. W. Richardson on the Specific 

4 corresponded to a forward displacement of the rod_ of 
i "0635 cm. It is to be understood that fig. 2 is purely 

diagrammatic and does not represent the proportionate size 
of the different pieces of apparatus indicated. 

The current used to heat the strip was admitted by the 
stout platinum wires PP’ fused into the tube Q,. These 
dipped into mercury cups connected to the leads gg previously 
described. The current was supplied by the storage-battery 
L, regulated by the sliding rheostat M, and measured by the 
ammeter N. The whole circuit was insulated and could be 
maintained at any desired static potential by connecting the 
circuit to a battery not shown, the other terminal of which was 
connected with Q,. The potential of the strip and plates was 
measured by a voltmeter, also not shown. One terminal of 
this was connected to Q,, and the other could be switched 
either on to P or P’. The mean of the two readings was 
taken as the average potential of the strip and plates. 

The nuts /: and / connected respectively with the plates cc, 
and the electrode z (fig. 1) were each soldered to a narrow 
spiral of thin copper wire, which in turn was soldered to 
thin straight platinum wires. These were fused into the 
drawn-out glass tubes AB, and thence led to the mercury 
cups C and D. This arrangement was sufficiently flexible 
to admit of the upward and downward motion of the carriage 
to which & and / were rigidly attached. Wires passed from 
the mercury cups E and F to the condenser G and one pair 
of quadrants of the electrometer respectively. The other 
pair were connected to earth and the shielding arrangement 
indicated. The three mercury cups J were connected to the 
earth, the electrometer, and the condenser respectively. All 
the connexions and keys between / and / and the electrometer 
and coudenser were surrounded by earthed metal shields, 
not all of which are shown. Before taking a reading the 
mercury cups J were connected together by the plug Ks, 
and the plug K, was placed in the key CDEF. Thus 
k 1G and H were all connected to earth. At the beginning 
of an observation K; was taken out, leaving & connected 
with G and / connected with H. Thus the current to the 
plates all flowed into the condenser, whilst that passing 
through the slit flowed into the electrometer. After a 
certain interval of time, depending on the temperature of the 
strip, the plug K, was removed, both currents being thus 
interrupted simultaneously. The steady deflexion of the 
electrometer was then read ; this measures the number of ions 
which pass through the slit. HE and F were then connected 
together by inserting the plug K, and the charge in the 
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condenser allowed to flow into the electrometer. The steady 
deflexion was again taken. This measures the total number 
of ions received by the slit and the plates together. This is 
only true of course if the capacity to the left of C is negligible 
compared with that to the right of H, and if that to the left 
of D is negligible compared with that to the right of F. 
This condition was always fulfilled. To compare the number 
of ions it is necessary to multiply the electrometer defiexions 
in the one case by the capacity of the electrometer and in 
the other by the combined capacity of the electrometer and the 
condenser. For most of the purposes of the present investi- 
gation, however, the ratio of the two deflexions for different 
positions of the slit was all that was required. 

In an investigation of this kind it is important that the 
essential parts of the apparatus should be easily accessible, 
so that any desired changes may be readily effected. This 
condition was satisfied in the present instance. In order to 
get at the plates and strip air was first admitted into the 
apparatus by means of a glass tap connected with the pump. 
The glass tubes were cut at A and B as well as the wires. 
This could easily be done time after time, as these tubes 
were drawn out to a considerable length, much greater than 
that indicated in the diagram, at the ends. The tube Q 
could then be lifted off from the stopper, and the ebonite 
frame and parts that it supported unscrewed and taken 
away for alteration. The apparatus could be replaced with 
equal facility ; in doing so it was necessary to pull the 
wires connected to & and / through the tubes A and B 
by means of thin wires previously threaded through these 
tubes. 

It will be noticed that, with the device which has been 
described, the leaks to the plate and through the slit were 
always measured simultaneously. In this way errors arising 
from changes in the magnitude of the ionization were 
entirely avoided. ‘This is a matter of great importance in 
dealing with an effect so sensitive to small changes as the 
ionization from hot bodies. Although it was not perhaps 
necessary, the temperature was kept as constant as possible 
by regulating the heating current to a constant value. This 
is a satisfactory method when the pressure of the gas is very 
low. Experiments were made at different times over most 
of the range from 750° C. to 1200° C. 

The magnetic fields were furnished by a large electro- 
magnet which was capable, with a gap of about 2 cms., of 
giving a very uniform field of up to 5000 lines, over an area 
of about 4 sq. ems. The field probably did not vary 5 per 
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cent. from the mean value anywhere in the region where 
motion of the ions was investigated. 

Care was taken that no iron was used in the construction 
of the apparatus. The strength of the magnetic field was 
determined by means of a bismuth spiral supplied and 
calibrated by Hartmann and Braun. 
A Dolezalek electrometer was used. Its sensitiveness was 

made to vary from 80 to 900 divisions per volt, according to 
the magnitude of the currents to be measured. The capacity 
taken out of the condenser was always ‘001 microfarad and 
the width of the slit between cc was usually about ‘03 cm. 

$4. Theory of the Method. 

Let the two connecting planes be perpendicular to the 
axis of z, the plane which contains the strip being determined 
by <=0, and that containing the slit being determined by 
z=2,. The electric force Z is everywhere constant and 
perpendicular to the two planes. Let the axis of y be taken 
parallel to the edges of the strip and slit. This is also the 
direction of the uniform magnetic foree H. The equations 
of motion of an ion where mass is m and charge e, under the 
influence of the electric and magnetic fields, are 

dx dz Ty a aa dx 
ms =He- » May exh), map =“Ze—He-. 

The solution of these equations is fully discussed in J. J. 
Thomson’s ‘ Conduction of Electricity through Gases,’ 
chapter iv. If the ion starts at the instant t=0 from the 
point 2 % 9, with velocity components wp vp wo, the dis- 
placement wy z at time ¢ is given by 

ihe 8 Ook (ee \ in Hes aoe | ae “1) 
Ware He ins le aie Be ( Yee 

Y—-YoXU= to. 

ZL m He wom . He 
L= a5) e(1—e08 =) + He SU eee 

The « and z displacements are independent of y. Since the 
object of the experiment is to determine the value of c—ay 
forjgiven values of Z, H, and 2, the y displacement is not 

required. As a was always less than unity, we may 
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expand the sines and cosines in powers of ¢, obtaining 

1 He 4 Z Eee? Fe 
L—&= eT ie Sy \ Sie 2 Vo Uot + 2 ie 0 H 0 6m? 

Z \ Fie Ee? 
2=wl — —y, )— t?— > woe. 

¢ +(F 0} 2m 6m? ° 

It is easy to show that with the values of the variables 
which occurred in the experiments the terms involving 
powers of ¢ higher than the third introduced changes which 
were small compared witlrthe errors of observation. 

The problem now is to’ eliminate ¢ between these two 
equations so as to obtain 2—.xy as a function of z &c. It is 
advisable at this stage to consider what further approxi- 
mations are permissible. To do this we shall evaluate each 
of the terms in the above series, using the actual values of 
the quantities which occurred ina typical experiment. These 
were Z=146 x 10° E.M. units, H=4670 EH.M. units, 

2,='534 em., e/m=330 H.M. units, and w= w)=6 x 10* cms. 
per sec. approximately. The above mean value for wv» and wy 
follows, assuming that the charge on a positive ion is equal 
to that carried by the hydrogen ion in electrolysis, from 
researches not yet published by Mr. F. C. Brown and by 
the author on the kinetic energy of the positive ions emitted 
by hot metals. We may write the expression for 2, 

4 = wt +s? —uy—#? ——, @. 
2m 2m 6m 

2°76x10—? 531x10-2 = 98x 10-2 231072 

The number underneath each term is the value of that term 
obtained by puttingt=4°6 x 10-7. This is the value which ¢, 
the time required by the ion to reach the lower plate, would 
have if there were no magnetic field. It will be observed 
that the term $Ze/m#? is by far the most important, and that 
both the terms involving H are comparatively small. 
We shall see below that the measurements were made for 

those ions for which wj=0, so that the third term vanishes in 
any case from the equation which represents the experimental 
conditions. The only term involving H which remains is 
the last and the omission of this term will only change the 
value of ¢ by about ‘2 per cent, a quantity small compared 
with the probable error of observation. Within this order 
of accuracy ¢ will be given by solving the quadratic equation 
Le 4» gf? ge +wot=, and with practically the same degree of 
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accuracy we may use 

( 2m ) , MW, fies (pl es 
Le Le 

471 KAOr eS e107 

The values of the two terms, to the same degree of approxi- 
mation, are written below them. ‘The ratio is about 40 to 1. 

Neglecting terms involving squares of this ratio we get 

Qme 2m\3 ‘ ‘a ee woe? 
get sae Le Sal 

and ee Q2mz,\2 6m?woey 
at. ar 726 

On substituting these values the equation for x—a, 
becomes 

. re F i 0 iL 

. ¥ Le i ” Le ie 3m Le Z Le 

bs ball 72" ce 2 
Ure Woe1—Uy a | a |) - 
OTP ee” ibm \. ae 

The values of these terms taken in order from the left are 

28°26 x 10-°, *72 x 10-%, 129% 10-°, -29 x 1079) 1a 

and 2°48 x 10-3. 

It will be noticed that four of these terms contain uw as a 
factor. The method adopted in carrying out the experiments 
was to measure the ratio of the current through the slit to 
that received by the plates for different values of w, the 
position of the slit. This was first done in the absence of a 
magnetic field (H=0), and the fraction of the total number 
of ions traversing the slit was plotted as ‘a function of its 
displacement 2;=e—a. This curve had a sharp maximum 
opposite the centre of the strip. The maximum in this case 
was just opposite the centre of the strip, the shape of the 
curve being approximately that which would result if the 
distribution of velocity among the particles emitted by the 
strip was that given by Maxwell’s law for a gas at the temper- 
ature of the metal. The position of this maximum therefore 
gave the position of those ions for which w, the original 
sideways velocity, was equal to zero. The experiment was 
then repeated with a magnetic field great enough to displace 
the particles, which reached the plates, a measurable distance. 
The effect of this was simply to displace the curve previously 
obtained a little to the right or left of its former position, 
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the direction of the displacement depending on the direction 
of the magnetic field. This result might of course have been 
anticipated from the relative magnitude of the different 
terms in the last equation. It is clear, therefore, that the 
new position of the maximum will again represent the 
position of the particles for which uwj=0; so that by 
measuring the displacement of the maximum we obtain the 
value of « for the particles whose sideways component of 
initial velocity is equal to zero. The displacement wx of this 
maximum will therefore be obtained if we put wp equal to 
zero in the last equation. | 
We thus get 

es Shag, 5) _ He,22; (2m =) 

“A= "3m \ Ze 7, Tei 

The values of these two terms in the experiment cited are 
129 x10-* and :29x10-* respectively ; so that within an 
accuracy of about *2 per cent. it will be sufficient to take 

ee” uy 

aS mV? 
where « is the displacement of the maximum and V is the 
potential-difference between the upper and lower plates. 

The legitimacy of the approximations has been illustrated 
by means only of a single instance, but with all the values 
of the magnetic and electric fields which were used the 
quantities neglected were always of the order indicated and 
small compared with the experimental error. From the last 
equation the formula for e/m will be seen to be 

é LA 9 Vi? 

(aay a0 3 Cr 

The value of e/m is thus inversely proportional to the 
fourth power of z;. In the experiments 2, was always about 
6 mm., and could, on paper, easily be measured to an 
accuracy of one per cent. But there was always a chance 
of something having gone wrong with this distance due to 
mechanical imperfections, a fact which probably gave rise 
to more trouble than anything else, particularly in the 
initial stages of the investigation. . For this reason it is 
ae necessary to use apparatus as elaborate as that shown 
in fig. 1. 

§5. Results of the Experiments. 

In discussing the theory of these experiments we have 
assumed that the motion of the ions after leaving the metal 

Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908. aD 
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is determined solely by the magnetic and electric fields. It 
is essential, therefore, that very few of them should collide 
with the atoms of the gas present in the apparatus during 
their passage from the strip to the plates. This condition 
will be satisfied if the mean free path of the ions is con- 
siderably greater than the distance between the two sets of 
plates. In nearly all the experiments the pressure was not 
allowed to rise above ‘0005 mm. At this pressure the mean 
free path of a positive ion is approximately 20 ems., that of 
a negative electron being four times as great. The distance 
between the plates was always about *5 cm., so that the 
required condition was evidently fulfilled. 

It has been pointed out on pp. 742, 743 that the first ex- 
periments were made by a method different from that just 
described. The electrode behind the slit was not used, but 
the position of the slit was determined for which each of the 
plates cc (fig. 1) received equal charges. This was done for 
different values, both positive and negative, of the magnetic 
field. The apparatus used for this purpose was somewhat 
different from that figured. Hach of the plates cc was 
separately mounted on the carriage and insulated, the lower 
of the two instead of 1 being connected to the mercury 
cup D (fig. 2). The cups E and F were connected by wires 
passing down a shielding tube to adjoining quadrants of the 
electrometer H which was insulated. The condenser G and 
plug K, were not used. Cand D were connected respectively 
to EH and F by means of the plug Ky, and the head T was 
turned until a position was found, such that the electrometer 
needle did not deflect on disconnecting the quadrants by 
taking out the plug K;. It was very easy to find two points 
at a very short distance apart, such that the needle deflected 
strongly to the right for one and equally strongly to the left 
for the other. The means of two such points were taken. 
It was found that accurate and consistent results could be 
obtained in this way owing to the method being very sensitive 
to small displacements in the neighbourhood of the equilibrium 
position. The position was found first with the magnetic 
field equal to zero, then when it had a given value in 
one direction, then with zero again, and finally with the 
field reversed. The mean of the two deflexions was 
taken. 
A series of measurements made in this way gave the 

following values :— 

Magnetic Field H... 0 1930 3440 4400 4900 

Displacement. cms. 0 ‘105 °216 :292 -347 
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The distance z between the plates in these experiments 
was °688 cm. and the potential-difference 55 volts. 

If the deflexions produced by the magnetic field were 
sufficiently small and the geometrical conditions sufficiently 
near to those which obtain with infinite planes, the theory of 
this method would be the same as that already discussed. 
For the pattern formed by the ions on the slit plates, in the 
absence of a magnetic field, is symmetrical about the plane 
of symmetry of the strip, so that when the plates receive 
equal charges the centre of the slit will coincide with the 
position of the maximum in the other method. The same 
will be true after the magnetic field has been applied if the 
magnetic field simply shifts the pattern without altering its 
form. If these conditions are satisfied the displacement « 
will be given by the formula 

rie ‘ah Ber. 

prs mV ~ us 

For V and z constant 2 should therefore be proportional 
to H. The numbers in the preceding table do not satisfy 
this relation. If the values of x are plotted against H the 
points lie very nearly on a smooth curve which curves away 
from the axis of H. On taking logarithms it is found that 
these points and the puint «=-0254, H=500, obtained by 
extrapolation, lie very nearly on the line corresponding to 
#=kH!, where k is a constant. The deviation from a 
straight line is therefore not very great but is nevertheless 
definite. This deviation might arise either from the positive 
ions not being homogeneous or from the theoretical conditions 
not being satisfied. It was felt that it was very important 
to settle the question as to whether there were more kinds 
than one of positive ions, and furthermore to be able to do 
this during any experiment at any time. For these reasons 
this zero defiexion method was discarded in favour of the ‘ 
method of exploring the actual distribution of the ions on 
the plates which has already been described. 

If we assume that for small values of H the formula 

RN aay 

may be applied to the results given by the zero method, we 
find e/m=310 EM. units. If each ion carries the same 
charge as an atom of hydrogen during electrolysis, the value 
of e/m for which is 9°66 x 10° E.M. units, the average mass 
of the ions is 31°2 times that of an atom of hydrogen. 

3 D2 
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Homogeneity of the Ions. 

The type of curve obtained by the second method, showing 
the distribution of the ions on the plates when H=0Q, is 
shown by the central curve in fig. 4. If the ions were not 
homogeneous, if, for instance, they consisted of two groups 
having different values of e/m, then this figure would be 
made up of the superposition of those due to the two groups 
separately. Since the two groups have supposedly different 
values of e/m they would be differently deflected in a 
magnetic field, so that on this hypothesis the effect of the 
magnetic field would be to broaden out the pattern. If 
the magnetic field were great enough the separation should 
be sufficient to give rise to two groups, each similar to the 
first. In the intermediate stages the pattern would develop 
two humps separated by a hollow. 
Humps of this character were looked for, and in the 

earlier stages of the investigation readily found. On further 
examination, however, these projections were found to be 
capable of division into two groups: (a) those which were 
permanent, and (b) those which only lasted through two or 
three sets of observations. The first group were not dependent 
on the magnetic field and so obviously arose from lack of 
symmetry in the mechanical arrangements, such as a slight 
bending or twisting of the strip, a point on the metal in its 
neighbourhood, &c. It is probable that the second class 
were of the same character, their temporary nature being 
determined by the heating of the strip. It is of course 
difficult to prove that they were not due to a short-lived 
emission of ions of another sort, due to impurities or what 
not, but it is a significant fact that the number of effects of 
this kind which were discovered diminished very rapidly 
when great care was taken in setting up the strip and the 
parts adjacent to it. 

However this may be it is certain that in the majority of 
eases dealt with the positive ionization from platinum was 
homogeneous to a very high degree. This is well shown 
by the curves in figs. 3 & 4 which have been selected as 
typical of the experiments. In fig. 4, for which z=*534 em. 
and V=78 volts, the left-hand curve represents the distri- 
bution of the ions when H= +4670, the central curve when 
H=0, and the right-hand curve when H=—4670 lines per 
square centimetre. It will be seen that on the average the 
curves with a magnetic field have the same width as that with 
H=0, and there is no distinct evidence of separation by the 
magnetic field. The central curve shows on the left a small 
hump of the kind previously alluded to ; these would often 
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Fig. 3. 

PATIO OF OEFLECTIONS. 

PATIO OF DEFLECTIONS. PARVALYANG 

4=78VOLTS Pe 800C APPROX. 
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exist through a number of experiments and then suddenly 
disappear. In fig. 3 2 was also ‘534 cm., whilst V was 
increased to 324 volts. The two curves correspond to 
H= +4670 lines per square cm. respectively. Here again 
the curves give no indication of absence of homogeneity. The 
temperature during the experiment which fig. 3 represents 
was about 900°, and during fig. 4 about 800°. In the case 
of carbon inhomogeneity was not so definitely excluded. 
The patterns were so broad under all circumstances that a 
considerable broadening might have occurred in the magnetic 
field without being detected. 

Kinetic Energy of the Ions. 

The form of curves such as those in figs. 3 & 4 is deter- 
mined by the kinetic energy of the emitted ions and the 
value of the electric field between the plates. From these 
curves important conclusions can be drawn as to the magni- 
tude of this energy. This subject will be treated in a 
separate paper. 

Positive lonization from Platinum. 

We have seen that the displacement « of the maximum 
point in the curves is given by the formula 

nae 2e 

igiig mV 

so that for a constant value of z the quantity a VV should 

Fags le 

remain constant. A series of determinations of « with 
different values of H and V, with z equal to °534 cm., were 
made to test this question. The results are given in the 
subjoined table :— 

v; ss ise ei, es 
(volts. ) VV. (lines per em.”) | (1=-0635 cm.) H VV. 

78 8°84 4670 1°85 33'°0 

781 8°85 4670 171 32°4 

324 18°01 4670 0:97 ata 

78°5 8°87 3000 1:04 30°8 

The constancy of the numbers in the last column is not 
all that might be desired, but the experimental error is 

- 
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considerable. The general character of the discrepancies 
was such as might arise if the orientation of the platinum 
strip was subject to slight changes produced by alternate 
heating and cooling. It seems probable that some such 
effect as this was the worst source of error to which the 
measurements were subject. 

All the measurements of e/m for the positive ions from 
het platinum which arrived at a satisfactory termination are 
represented in the following table. The first was that 
already described -as obtained by the zero deflexion method ; 
the others were all obtained by the maximum method. The 
values of the ratio m/H of the mass of the ions to that of an 
atom of hydrogen, on the assumption that both carry identical 
charges, is also given. 

| 

= (em.) oaks V (volts). a 0895 ems) | os. “ m/H. 

688 1200 ir i te cls 0 31-2 
ear (ANA 1G Bledel: dav. | 276 35-2 

| 40 | 4630 | 341 | ie | 887 27-2 
| 53 | 48670 | 78 185 | 275 35-2 

534 | 4670 | 781 | a Mateha = 41-2 
534 4670 | 324 ‘97 berreny 30°6 
584 8000 | 785 2) ohmpd aieds 45°8 
334 | 3000 783 Wp Mec: 52-6 

Mean values ¢/m=271, m/H=37-4 

The shape of the distribution curves obtained in the last 
experiment, and to a smaller extent in the one which preceded 
it, indicated that for some reason or another the mean kinetic 
energy of the ions had diminished very considerably (by a 
factor of about four in fact). This diminution may have 
been accompanied by a real change in the nature of the ions, 
so that the last two comparatively high values of m/H may 
be real and not due to experimental error. Leaving them 
out of account, the means of the first six determinations are 
e/m=295 and m/H=33°4. The greatest disagreement of 
any observation from this value is a little over 20 per cent., 
if we regard the last two measurements as exceptional]. 
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Positive Ionization from Carbon. 

Experiments similar to the above were carried out with 
carbon, except that the strip had to be replaced by a filament 
of circular section, ‘0143 cm. in diameter. Owing doubtless 
to the strong radial electric field near the cylinder, the 
distribution curve was much broader than with the platinum 
strip, so that the position of the maximum was more difficult 
to determine. The results of the measurements are given in 
the following table :— 

Z. | iH: | Y; i. e/m. m/ HH. 

| +644 | azoo | 330 1-275 257 37-6 

568 | 4800 | 364 1-05 | ae 32-0 

Mean: e/m=280, m/H=84'8. 

The units are the same as in the previous table. It will 
be observed that the value of e/m is the same within the 
limits of experimental error for carbon as for platinum. 

Classification of the Ionization dealt with. 

The experiments in the positive ionization from hot 
platinum were all made with specimens which had only been 
heated for comparatively short periods. The temperatures 
used were also rather low, the highest being estimated as 
about 950°-1000°. When the low pressure (5 x 10-4 mm. 
at most) which prevailed is taken into account it is clear that 
the ionization under investigation is that which has been 
referred to as the initial ionization. Under the conditions of 
the experiments the ionization caused by the gas itself would 
form only a negligible proportion of the whole. 

Similar conditions held in the first of the two measure- 
ments with carbon. In the second, however, the temperature 
was considerably higher, and frequent pumping did not 
prevent the pressure from rising to about ‘01 mm. In this 
case a considerable proportion of. the ionization may have 
been due to the action of the gas. The agreement between 
the two experiments with carbon would seem to show that 
with the kind of vacua used the positive ions due to the gas 
have about the same value of e/m as those due to the initial 
leak. Both carbon filaments were taken from old lamps 
which had been lying about the laboratory for some time. 
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Both had therefore been strongly heated at some time during 
their history. 

It will be difficult to make experiments on the value of 
e/m for ions produced by different geses, since the low 
pressures which are rendered necessary to eliminate the 
effects of collisions make the proportion of the ionization 
due to the effect of the gas very small. 

Method of Checking the Measurements. 

It was felt that with previously untried methods like those 
which have been employed it would be a great advantage if 
they could be tested by using ions for which the value of 
e/mis known. This is the case with the negative ions from 
hot substances. These are known to be negative electrons, 
and the value of e/m for them at low speeds has been 
estimated by Kaufmann* to be very near 1°88 x10’ 1.M. 
units. The value of e/m for the negative ions from both plati- 
num and carbon was therefore determined with this apparatus, 
by the method of finding the deflexion of the maximum 
point. In order to do this of course much smaller magnetic 
fields had to be employed. This was furnished by a pair of 
coils whose outer diameter was 17 cms. These were bolted 
together at the distance apart required to give the most 
uniform field and were supported so that this field was 
parallel to the edge of thestrip. It was found by calculation 
that 1 amp. through the coil gave 13°5 lines per cm.?, and 
this result was confirmed by experiments with the fluxmeter. 

The first experiments on the negative ionization were 
made with the carbon filament to test whether the product 

Vi = was constant. The apparatus broke down after two 

sets of observations had been made, but these were considered 
satisfactory. The numbers are given in the next table. 

| | 
¥. ) = | | a Th x, / x a 

(volts.) | VV. (lines per cc (1=:0635 cm.)| vv. 

129 11:36 ere ee Te 1-346 

366 | 19°13 24°3 ) 1°54 ats 

It was found to be very difficult to make measurements on 
the negative ionization when potentials greater than about 

* Ann. der Phys. (4) vol. xix. p. 551 (1906). 
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i 40 volts were used. This was apparently due to secondary 
1 rays or scattered primary rays being emitted by the electrode 

behind the slit, so that this did not appear to absorb its full 
proportion of the negative electrons which reached it. 

The temperature during the experiments on the negative 
ions was higher than in the case of the positive ions, most of 
the observations being made between 1100° and 1200° C. 

e/m for the Negative Tons. 
The results of all the complete experiments which led to 

vaiues of e/m for the negative ions from carbon are given in 
the next table. 

¥ | H Z. a, | e/m. 
(volts.) | (lines per cm.?) (ems.) | (1="0635 em.) E.M. units. 

129 | 13°5 ‘677 160 | 157x107 

aoe; ee 24:3 ‘677 1:54 127x107 

345 9°45 568 1:56 164x107 

Mean e/m= 1°49 x 107. 

BAFI0 OF DEFLECTIONS. 

V=4/votTs: @=AB0ur/100 C. 

The curves obtained in one of the experiments which 
determined the value of e/m for the negative ions from hot 
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platinum are shown in fig. 5. The central curve is for a 
potential-difference of 10°6 volts. For the curves with the 
magnetic field on the potential-difference was 41 volts. The 
ions are, of course, more spread out the lower the potential- 
difference. 

The numbers which were obtained in the two determinations 
of e/m for the negative ions from hot platinum are given in 
the next table. 

V H. | 2 x | e/M. 
| 

40°8 iso, | BBA 17 | 146x107 

41 135 | “34 169 = 1448x107 

Mean e/m=1°48 x 10", 

The mean value of e/m for the negative ions is thus almost 
the same for both carbon and platinum. It is significant 
that not only the mean but each individual value of e/m is 
distinctly smaller than the best value, which is 1°88 x 10’, 
with some uncertainty as to the last figure. 

A Possible Correction. 

It seems likely that some of this difference is due to the 
electric field, in the immediate neighbourhood of the strip of 
filament, not being the same as if the hot body were a portion 
of an infinite plane. Both strip and filament are narrow 
conductors stretched across a much wider gap. It is difficult 
to know exactly what difference this will make in the electric 
field. In the case of the filament it would seem reasonable 
to suppose that the deviation of the field from uniformity 
would .be smaller than, but comparable with, what would 
occur if the filament were a cylinder of equal radius a, and 
the slit plates formed part of a concentric cylinder of radius 0, 
where the shortest distance between the filament and slit 
plates is equal to b—a. 

To illustrate the question consider the motion of an ion 
projected perpendicularly from the surface of the inner 
cylinder whose radius is a. Let the direction of projection 
be the axis of z, and let a difference of potential V be 
maintained between the two cylinders. Since the electric 
force is radial the ion will always remain on the axis of z. 
Now suppose there is a uniform magnetic force H parallel 

> aah, Wane, a ae 
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to the axis of the cylinder; let us calculate the sideways 
displacement x of the moving ion due to the action of the 
magnetic force, whose direction is taken to be that of the 
y axis. 

The radial electric force at a distance v from the axis is 

L= V/z log b/a. 

The equations of motion of the ions are 

ae he dx 
ne =Le—He-., 

and ax dz 9, 5 ad 
me dt 

‘ ee 
Integrating the last subject to the condition = =0, when 

z=a we have 
ag 

dt ™m “<(¢ —a), 

so that de We He 
Ms = wy (2-8). 

dt? Llog b/a m 

Integrating this subject to the condition that when Z=a, 
dz . 
— =w, we obtain 
dt 

dz\? 2Velogz/a He? ‘ 

(a Se eg ae 
Since 

da da dz 
He(e—a)=m—, 5 alae 

we have finally, the sideways displacement 

naa, (c—a)dz 

2Velogz/a He ae é 
{ w+ m ~miog bla b/a a (2 —4) 

The corresponding expression for ales distance b—a 
apart, is 

= zdz 

‘ pe Nee aa -=sa) 

To compare with the ni results these integrals 
have been determined graphically and their values compared 
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for the following series of values of the constants :— 

a='006 cm., b='606 cm. V=3°65x10 E.M. units, 

H=4800, w2=8 x 108 cm.?/sec.?, e/m=250 E.M. units. The 

ratio of the two values of # is found to be 1°25, that for the 
plates being the greater. 

In working out our results we have assumed that the 
conditions for parallel plates held; whereas the actual 
conditions are probably somewhere between the two cases. 
The actual displacements are smaller than they should be 
according to the simple theory of parallel planes, so that the 
values of e/m calculated from the measurements will be too 
small. Since e/m varies very nearly as x,’ it follows from 
the calculations first given that the values which have been 
obtained will have to be increased by a factor lying between 
1 and 1:°625. We may use the experiments on the negative 
ions, for which e/m is known, to determine this factor, 
approximately at any rate. Using 1°88 x 10’ as the correct 
value of e/m for the electrons we get for the correction factor 
a: for platinum «=1°30, and for carbon «=1°26, both of 
which lie between the assigned limits. Using these values 
to correct the numbers previously given for e/m and m/H for 
the positive ions we find the mean values 

For Platinum... e/m=384, m/H=25°7. 
yo Carbom) 2)) e/m=353; | m/H=27°6. 

This method of applying the correction is somewhat 
unsatisfactory on account of the great disparity between the 
values of e/m for the positive and negative ions. It is clear, 
however, from the nature of the two integrals, that with the 
values of the constants which were used the corrections will 
be about the same for both kinds of ions. 

§ 6. Conclusion. 

The constitution or material structure of the positive ions 
given out by hot bodies is a matter of great interest. It is a 
significant fact that the mean corrected ratio of the mass to 
that of the hydrogen atom is so nearly the same for the ions 
from both carbon and platinum, and so nearly equal to 
the corresponding quantity found by J. J. Thomson for 
iron. The values under consideration are: for platinum 
m/H=25°7, for carbon m/H=27-6, and for iron m/H=about 
24. Itis difficult to say what the ions are, but it is evident 
that the values which have been found enable certain definite 
assertions to be made as to what they are not. They are 
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not, for instance: (1) Atoms of the metal. This would 
have involved a great variation in the value of m for the 
above elements whose atomic weights are: carbon 12, 
platinum 195, and iron 56. (2) Atoms or molecules of 
absorbed hydrogen. The value of m/H is far too high for 
this. (8) The positive electrons which Thomson has found 
in the canal rays and which other physicists have suggested 
the a rays might be. These have to be eliminated for the 
same reason as hydrogen. 

It has been pointed out that the ions appeared to be quite 
homogeneous, and that the patterns did not show any definite 
broadening out in a magnetic field. These experiments show 
quite definitely, not only that the majority of the ions were 
comparatively heavy, but also that there were no ions (no 
measurable number, that is) which were light enough to fall 
under headings (2) and (38). : 

The experiments do not seem to indicate that the value of 
e/m depends on the temperature of the hot body in any 
definite way. There was some slight evidence that m tended 
to increase with continued heating of the substance, but this 
point cannot be regarded as definitely established. It is to 
be observed that the stated values of m would be doubled, if 
we were to assume that the positive ions carried twice the 
charge of an electrolytic hydrogen ion, as Townsend * has 
recently found to be the case for the. positive ions produced 
by Rontgen rays in air. 

The values of m/H are near to the molecular weights of 
N,, CO, and O,, but there appears to be no very convincing 
reason why all the substances investigated should evolve one 
or more of these gases when heated. The current evidence 
indicates that the bulk of the gas given off by metals when 
heated is hydrogen. It is possible that the ions arise from 
some impurity which is common to all the materials which 
have been examined. The most likely one to occur would 
appear to be sodium or its salts, and if positively charged 
sodium atoms were emitted they would furnish a value of 
e/m sufficiently near to that which has been observed. 

There does not appear to be any evidence of the occurrence 
of light positive ions, even after the metal has been heated 
for a long time, so that the greater part of the initial positive 
ionization has been got rid of. The absence of ions of this 
kind is consistent with the view which the author } has pre- 
viously expressed that the positive ions produced by hot 

* Roy. Soc. Proc. A, vol. lxxx. p. 207 (1908). 
t+ Phil. Trans. A. vol. cevii. p. 1 (1906). 

ae: 
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platinum in different gases are atoms or molecules of the gas 
and not positive electrons out of the metal. 

It is possible that the positive ionization in a vacuum is 
due to areal constituent which is common to the different 
elements examined, as opposed to some foreign substance 
whose presence is accidental. In this case it would be 
necessary to assume that the ions carry a charge which is 
smaller than the (at present) fundamental electronic charge e. 
This would follow from the fact that the value of m/H for 
these ions is greater than the atomic weight of carbon, one of 
the substances from which they are produced. There is no 
other evidence, as yet, of the existence of fractions of this 
natural unit of electric charge. 

It is proposed to extend the list of elements included in the 
investigation, and to institute other experiments which will 
decide between the preceding alternatives. 

In conclusion the author wishes to thank Mr. P. Thomas, 
Instructor in the Laboratory, for his assistance during part 
of the investigation, and also Mr. F. Fisher, University 
Mechanician, for the care which he bestowed on the 
construction of the apparatus shown in fig. 1. 

Princeton, N.J. 
22nd June, 1908. 

LXV. Onthe Corpuscular Theory of the Thermoelectric Forces. 
By Jakosw Kunz, Vr. phil., Privatdozent fiir Physik am 
erdg. Polytechnikum in Ziirich *. 
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Thomson effect. 
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f hee theoretical laws of the thermoelectric phenomena 
have been derived from two different theories. The 

electromotive force, the Peltier effect, and the Thomson 
effect are related to one another by thermodynamic formulas, 
which were given first by Clausiust and Lord Kelvin¢. 

* Communicated by the Author. 
+ Clausius, Pogg. Ann. xc. p. 513 (1858). 
} W. Thomson, Edinburgh Roy. Soc. ‘Transactions,’ xxi. (1854). 
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Lord Kelvin even predicted the last of the three phe- 
nomena, showing that in some metals an electric current 
carries heat from the hot to the cold parts of the metal, 
while in other metals the transference of the heat is in the 
opposite direction. ‘The experiments proved in a very satis- 
factory way the existence of this effect first derived from 
theoretical considerations. 

After an interval of about half a century, the corpuscular 
theory of metallic conduction has been applied to the ther- 
moelectric phenomena by Riecke*, Drude+, H. A. Lorentz tf, 
and J. J. Thomson§. ‘The results of the kinetic theory, 
developed by Lorentz and J.J. Thomson, agree completely 
with those of the thermodynamic theory, while there is a 
disagreement between the results of Drude and Lorentz, 
which is not to be ascribed only to the different suppositions 
of the calculations, Drude assuming two or more different 
kinds of free corpuscles, while Lorentz and J. J. Thomson 
admit only one kind of free corpuscles, in agreement with 
the fact, that we know only one kind of these minute 
particles. The agreement of the results derived from two 
quite different theories is the more remarkable as it is not 
what we should expect. Indeed, according to the corpus- 
cular theory, the thermoelectric phenomena are very closely 
connected with the conduction of heat, taking place in the 
circuit, while in the thermodynamic theory, we are obliged 
to leave aside this conduction, as an irreversible process. 
Therefore the question arises, how the above-stated agree- 
ment between the results of the two theories is possible. 
An attempt will be made to answer this question in the 
following paper. 

According to the corpuscular theory of electric conduction, 
developed by Riecke, Drude, and Lorentz, the currents of 
electricity and heat are carried by negatively charged cor- 
puscles, diffused as a very light gas throughout the metal, 
having a mean free path and a mean velocity, and exerting 
a definite pressure. J.J. Thomson has lately shown that 
the theory in its usual form requires the presence of so many 
corpuscles that the specific heat would exceed by far the 
actual specific heat of the metal. J. J. Thomson has in 
addition proposed a modification of the theory which is not 

* Riecke, Annalen der Physth, \xvi. pp. 353, 545, 1199 (1898). 
+ Drude, Annalen der Physik, i. p. 566 (1900) ; iii- p. 369 (1900). 
t Lorentz, ‘Proceedings’ Acad. of Amsterdam, pp. 488, 585, 684 

(1904-05). 
§ J. J. Thomson, ‘The Corpuscular Theory of Matter,’ pp. 73, 97 

(1907). 
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open to this objection, which makes the ratio of the con- 
ductivities for heat and electricity of the right magnitude, 
and gives an account of the radiation of heat and of the 
different effects called after Hall, Peltier, and Thomson. 
I shall, however, begin with the first method, supposing the 
corpuscles to be free and in temperature equilibrium with 
their surroundings like a very rarefied gas in a porous body. 
The following considerations apply to the first as well as to 
the second theory. 

§ 1. Potential-Differences between Metals in Contact. 

When two metals A and B at the same temperature are 
placed in perfect contact, if the number N, of corpuscles in 
unit volume in the metal A is greater than that in B, then 
corpuscles will flow from A to B. There is evaporation of 
negative electricity in the first metal and condensation m 
the second. After a very short time, however, this distil- 
lation will be stopped, the metal A getting charged positively 
and the metal B negatively. These charges produce an 
electric force X directed from A to B. The attraction of the 
positive electricity in A will tend to prevent the corpuscles 
escaping from it, and the flow will cease, when the attraction 
of the positive electricity in A and the repulsion of the 
negative in B just balances the effect of the difference in 
pressure. The positive electrification in A and the negative 
in B will be close to the surface of separation, and these two 
electrifications will produce a difference in electric potential 
between A and B, which we can calculate in the following way. 

Let N be the number of corpuscles per unit volume in A 
ata point distant « from the boundary between the two metals. 
Then the number of corpuscles crossing unit surface at x in 
unit time according to the law of diffusion is equal to 4 
vl. ON/Ox, where v denotes the mean velocity and | the 
mean free path of the corpuscles at the temperature T. Let 
e be the negative charge of a corpuscle and X the electric 
force at the point z, then the number of corpuscles acted on 
by the force X, passing through unit surface in unit time, is 
equal to NelvX/4eT, « being the universal constant of the 
kinetic theory of gases. The number of corpuscles, flowing 
in unit time through unit surface from A to B, is equal to 

1 j ON _ NelvX 

aN Ou 7s 

in the case of equilibrium this flux must vanish. Therefore 
_ 4a ON 1 

a4 caaN 
Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908. ai 
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Let us suppose that there is a thin layer between the 
substances A, B in which the transition from A to B takes 
place gradually, and let us reckon the abscissa x from one of 
the boundaries of this layer. 

4a 0 log N 
Xdz Tie Ox d 

B 
beri __4@ ‘ag 

ss Kdo= Ve Vi= 5, | ee 

V, and V, denote the potentials in the metals A and B, 
N, the number of free corpuscles in the metal A, N, that in 
metal B. 

The potential-differences which arise in this way are not 
comparable with the Volta differences of potential between 
metals in contact. The experimental results, however, cannot 
be in accord with this theoretical calculation for well known 
reasons. Let us remark, in addition, that we have assumed 
a perfect metallic contact ; if this condition is not satisfied 
quite different phenomena take place, when an electric force 
is acting between two metals or even between two pieces of 
the same metal. 

These new phenomena occur in the coherer, which we 
shall consider later on in the light of the second theory of 
metallic conduction due to J. J. Thomson. 

§ 2. Thermoelectric Force in an unequally heated Metallic Bar. 

Let AB be a bar of metal, and let the temperature increase 
from A to B. If we assume the number of corpuscles to be 
independent of the temperature, there is a diffusion of cor- 
puscles with a large amount of kinetic energy from the 
hotter parts of the metal to the colder ones. In consequence 
of the collisions which the corpuscles make with the atoms 
of the metal, resulting in alterations in the energy, the cor- 
puscles will carry heat from the hot to the cold parts of the 
metal. This transference of heat takes place without a 
change in the number of corpuscles in unit volume, without 
a transference of the electric charges, and therefore without 
the production of an electromotive force. This process is a 
completely irreversible one, like the diffusion of two volumes 
of a gas of different temperatures but of the same number 
of molecules per unit volume. No mechanical work can be 
produced by such a process. If the number of corpuscles 
per unit volume in a metal does not depend on the tempera- 
ture, there can be no electromotive force along the bar to 
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keep the corpuscles from drifting under the pressure dif- 
ferences. Let us now suppose that the number of corpuscles 
per unit volume depends on the temperature, so that at 
100° C. one c.cm. contains a larger number of these particles 
than one c.cm. at 0° C. 

Let the temperature increase from A to B. If we consider 
in a distance a from A a cross-section of unit surface, a 
larger number of corpuscles will drift in unit time from 

Bie. 1. 

o* A 139° 
} 

tts <—| apt | 

A | 6 
> X 

T, N,N, T> No Vo 

right to left than in the opposite direction. An accumu- 
lation of negative charges will take place in A at the colder 
end of the bar and of positive charges at the hotter end B. 
These charges produce a certain electromotive force X ata 
point distant « from A, tending to move the corpuscles from 
Ato B. The attraction of the positive electricity in B will 
tend to prevent the corpuscles escaping from it, and the flow 
will cease when the attraction of the positive electricity in B 
and the repulsion of the negative in A just balance the effect 
of the difference in the number of corpuscles per unit volume 
due to the difference of the temperature. The same con- 
siderations as in the first paragraph, applied to this case, 
lead to the expression of the electric force X 

N is the number of corpuscles in unit volume at 2, and T 
the corresponding temperature, thus 

A potential-difference of this amount will be found between 
the two ends of the metallic bar. The electric force X will 
account for the Thomson effect and for one part of the 
electric forces of thermoelectric couples. These forces X 
may be used for the performance of mechanical work, which 
again could be transformed into heat, so that the process 
under consideration is a reversible one. 

2 2 
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§ 3. The Electromotive Force of Thermo-elements. 

Let us combine two metals a and } in a way indicated by 
fig. 2. By this arrangement four different differences of 
omc potential will occur, according to the two contacts 

Fig. 2. 

it I I 

J. and ITI. at the temperatures T and T’, and anddudine to 
the differences of temperature in the two metals a and b. 

Tiss Vem Vis 5 Vlog, 
v a 

4a", dlog Nz iv W-Ww=32{ 2 opal, 

UI a 
b/ 
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Suppose N,/N>z to be independent of the temperature, then 

ea 4 a Na ! 

4 Ny 
Ke= slog xe | at'—et, 

the thermoelectromotive force would be proportional to the 
difference of temperature, and would only depend on the 
potential-differences of contact at the temperatures T’ and T. 
If one single corpuscle passes round about the thermoelectric 
circuit, the force E will perform an amount of electric work 
equal to H.e. Neglecting a certain factor this work is equal 
to the difference of the values which the quantity «T 
possesses at the temperatures T and T’. The difference 
aT’—«zT is the increase in the mean kinetic energy of a 
molecule of gas, which is heated from the temperature T to 
the temperature T’. 

If we study the electromotive force produced by a standard 
metal, for instance lead combined with any other metal a, 
we may represent the electromotive force as a function of 
the temperature difference in the following way: 

a, and 8, are the temperature coefficients of the metal a; 
combining the standard metal with any other metal b we 
find : 

Bs 
2 

a, and f; are the first and second coefficients of temperature 
of the metal 6. If two metals a and } form a thermo- 
element, one junction of which is at the temperature ¢, the 
other at 0° C., the thermoelectric force will be found to be: 

H= (a%q—ay)t +("**) ‘30. OF 

ap H=a,t+ 

KH= (@a— ap) (T — 273) +(2 5") (T—273)?, 

T being the absolute temperature. 

dn Las eee AN 
oo 7 Oe. =a,—a + (Ba— By) (T — 273) 

No fq laa—a0-+(a—Bo'T—278)] 
N, 

4a 
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This formula is symmetrical with regard to the coefficients 
of the metals a and b. The two metals playing the same 
part, we may conclude from this symmetry that the numbers 
of free corpuscles in the two metals are the following 
functions of the temperature : 

3€ es 
N, = Ced a tet Ba(T—273)] 

N= OnE = [ay-+2(T—273)], 

The last step is of course not conclusive. For suppose 

3 e ° ¢ [aa+Ba(T—273)+yT2 
es rela ’ i 

3e =e __97 2 Lee N= Geta [ab+6o(T—-2738)+yT if 

we should find again 

N : : [aa—ab+(Ba— Bo)(T—278)]. 
2 

Ny 
Na=C ated @, Be oot. aa ean 
oF ie 1A a ; 

The number of free corpuscles will vary approximately as 
the absolute temperature. a for some metals and for certain 
intervals of temperature of other metals being negative, we 
see that in these cases the number N, will decrease with 
increasing temperature. The electric conductivity is pro- 3 

portional to gus and by experiment it has been shown to 

be proportional to T~'; thus, N being approximately pro- 
portional to T, and v proportional to IT’, / the mean free 
path of the corpuscles must vary approximately as T~??, The 
variation of the number of free corpuscles with the tempe- 
rature involves a still more rapid variation of the mean free 
path. Thus the effects which depend on the free path, such 
as the effect of magnetic force on electrical resistance or the 
absorption of light by the metal, would be greatly influenced 
by the lowering of the temperature. 

§ 4. The Peltier Effect. 

Returning to the suppositions of § 1, we find an electric 
force acting at the junction of two metals, produced by the 
different number of corpuscles per unit volume in the two 
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substances. The potential-difference arising in this way is 
equal to 

Aa N 8 alana ae V_—Vo 3, logy 

If a current 7 is flowing through the metals in a direction 
opposite to the electric force 

es 4ae.3 

er 
a corpuscle in travelling from B to A, and acted on by the 
force Xe, will increase its kinetic energy, and therefore 
abstract from the metal an amount of heat whose mechanical . 
equivalent is Xedx. If the current 2 is flowing in the direc- 
tion opposite to X, the number of corpuscles which cross 

. . . . . 2 e e 

unit area in unit time is —, and the mechanical equivalent of 
e 

the heat they abstract from the metals passing through the 
junction is 

. A : 

(oe & eros ae 4 Ni f= : . Xe dx=i(Vi— Vi) =2 at log Ne 

The heat absorbed in unit time and per unit current, 7. e. 
the Peltier effect, will be: 

4a N 
— rin ili go = Ve ie Q aa log N, Vi—V 

If the current were to flow in the opposite direction the 
same amount of heat would be communicated to the metal. 
The Peltier effect isa real measure of the potential-differences 
between metals in contact. From the Peltier effect we may 
derive the ratio of the number of corpuscles in two metals. 
Thus to take the case of antimony and bismuth, whose 
Peltier effect is exceptionally large, 

logy! =133 or —=3'8. 

Thus, if the number of corpuscles in the unit volume of 
antimony were about four times that in bismuth we should, 
on this theory, get Peltier effects of about the right amount. 
The Peltier effect for antimony and bismuth being very much 
larger than that for most pairs of metals, we see that the 
theory indicates that the number of free corpuscles per unit 
volume does not vary much from one metal to another. 
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Now Professor J. J. Thomson*, by a comparison of the 
numbers of free corpuscles and the mean free path in dif- 
ferent metals, came to the conclusion that the mechanism by 
which, according to this first-corpuscular theory, the electric 
current is supposed to be conveyed, is at most only a part 
and not the whole of the process of metallic conduction. 

§ 5. The Thomson Ejfect. 

If the number of corpuscles in unit volume of a metal 
increases with increasing temperature, there must be electric 

Fig. 3. 

o° x ae 

—> X ax 

forces X along the bar, which, following the notation of § 2, 
are found to be equal to 

4a,,0 log N 

x 
and tend to move the corpuscles from left to right. Hence 
a corpuscle in travelling from #+dz to 2, will abstract from 
the metal an amount of heat whose mechanical equivalent is 
Xe dx, or 

The corpuscle when at «+dw has an amount of kinetic energy 
s 

equal to a( T+ eae), while at w its kinetic energy is 

equal to #T; hence between x+dx and w the corpuscle will 

lose a part of its kinetic energy equal to 2 dx, which is 

communicated to the metal in the form of heat. The trans- 

ference of this amount of heat is an irreversible process. 

Thus the total amount of heat communicated by the corpuscle 

to the metal is: 
or 4 ,dlogN 

2 ye dx _— 3 aT oT 

4,0 log N 
at 2 aie (1 ToS ) 

* J, J. Thomson, ‘ Corpuscular Theory of Matter,’ p. 75 (1907). 
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If the current 2 is flowing in the direction from A to B, i. e. 
in the direction of increasing temperature, the number of 
corpuscles which cross unit area in unit time in the direction 
from B to A is i/e, and the mechanical equivalent of the 
heat they communicate to the metal between the places 
where the temperatures are respectively T and T+dT is 
equal to 

a 4,,0 log N 

But if o is the specific heat of electricity in the metal, this 
amount of heat is by definition equal to 

—io dl, 

the sign minus being applied because the electric current is 
flowing from the cold to the hot part of the metal ; hence 

_ af, 4mdlogN g=—2(1-,T °F \ 

As lead has no Thomson effect, its o is zero. If the current 
is flowing in the direction of decreasing temperature, and if 
in this case heat is developed, we consider o as positive ; 
thus « would be positive in the metals Cu commercial, Sb 
commercial, Cd, Zn, Ag. On the other hand, o is negative 
in the metals: Fe, Hg, Sn, Al, Pt, Sb pure, Bi pure. 

In these metals heat will be absorbed when an electric 
current flows from hot to cold parts. When the specific 
heat o in the lead disappears we see that the corpuscle 
passing from T+dT to T loses the same amount of kinetic 
energy in consequence of the decreasing temperature as it 
gains in consequence of the acceleration produced by the 
pressure difference due to the increasing number of cor- 
puscles with increasing temperature. Consider two metals 
a and b, containing at the same temperature T the numbers 
N, and N; of free corpuscles, the corresponding specific heat 
of electricity will be 

bed Olog NZ hc 

ee) catia ia 
_ 42,,0 log N; a 
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§ 6. Connewion between the different Effects. 

The results hitherto arrived at are as follows :— 
If the number of free corpuscles increases with increasing 

temperature there is an electric force along an unequally 
heated metallic bar, given by the expression 

_4a,,0 log N oT 
=5;5 ST ae eee (1) 

The electromotive force of a thermoelement is equal to 

4a (" Na 
== 5- ra GT.) C00 1S EK ae Ar logy al (2) 

The Peltier effect between two metals at the temperature T 
is equal to 

xX fi 

4a NL : 
Q= go lloey- e F e e e . (3) 

The Thomson effect of a metal is equal to: 

_ +40 log N, Pais: ; : L ‘ (4) 

“uber fap e° 

dE 4a Na ! 
cs; nn a ee . e ° . 2 men ay 

Ni 
@n 42° °8N, (2"” as ee 

Comparing the equations 3 and 2' we get 

Q — fy rah e . . . e ° ° e ° (5) 

ne 
Pie Oooo, ep ya 28 / 

C4,—- p= 3 R il oT . =, ue | | Cmmas (4’) 

Comparing the equations 4' and 2” we get 

pea 7 
Ga—oy=T ae =t z(t) «| ae neamane (6) 

Lord Kelvin has from thermodynamic principles derived 
the equations 5 and 6. The results of the thermodynamic 
theory agree with those of the corpuscular theory of metals. 
We see immediately why we are allowed in the thermo- 
dynamic theory to neglect the irreversible process of thermal 
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conduction. In the corpuscular theory of the laws of 
thermoelectricity too we do not consider the predominant 
part of the heat conduction, but take into account only the 
small reversible part of the conduction, which depends on 
the variation in the number of free corpuscles in unit volume. 
This variation gives rise to an electric force along an un- 
equally heated bar of metal. All the phenomena connected 
with this force are reversible. According to this theory, a 
current of heat is to a small extent connected witha reversible 
process, able to perform mechanical work. This is, I think, 
the reason for the agreement of the two theories, whose 
assumptions are quite different. The corpuscular theory, 
however, affords a deeper insight into the nature of the 
physical processes, and gives expressions for the electric force 
X and for the electromotive force HE, depending on the 
number of free corpuscles. According to the experimental 
law: 

te =4,—a,+ (Bu— Bo) (T—273), : 

gat = (4.x) T+ (B.—Ai)(T—273)T. 

If we keep the temperature of a junction between two 
different metals a and 6 constant at U° C. the Peltier effect 
will be 

Q, = (4a — 4, )273. 

If a current of 1 ampere is flowing from copper to the 
other metal in the following table, the heat developed or 
absorbed in an hour, measured in calories, will have the 
values indicated as follows :— 

| Calculated Calculated Obeorica 
from numbers from numbers VES pak 

of Riecke. of Clemencic. y f 

Cu—Pt...... +0°292 +0°327 +0°320 

Cu—Ag...... —0°183 —0°495 —0°413 

Cu—Fe...... —3°762 — 2°64 —3'163 

Cu—Zn...... —0°207 —0°3538 —0°585 

Cu—Cd...... —-0°306 —0°617 —0°616 

Cu—Ni ...... 4-437 +468 +4362 

* Jahn, Wiedemann’s Annalen, Bd. xxxiv. p. 763 (1888). 
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a) 
aT? ? 

O,—0,=T 

but aK 
dT? Tie Bu Bo; 

hence, Fa—O,=T(Ba — 3) 3 

therefore a a 
oa=T. Bu -, op=T.Py— -. 

Admitting the number of free corpuscles to be the simple 
function of the temperature as indicated by the formula 

3 ° 
-- [aa+Ba(T— a2) 

Na=Ue 

we cet wae 8 log Na=C+ © = (a+ B,T) 
Ae 

OlogNa_ 3 eg 
ef nema Se 

but wie 4a,dlogNa a 
3 e or Og 

hence a 
o,=T8,— @ ° 

This second deduction of the value of o, is only possible 
if Na is of the form indicated above, and not of the form 

3 ¢ 3 
N,=Ceta [aa+fa(T—273)+yT?] 

If a current of 10 amperes is flowing through bismuth in 
the direction of decreasing temperature, the heat developed 
between two cross-sections, whose temperature differences 
are 1° C., in unit time will be o= 24°5. 10-® or. cal. 

For Hg the Thomson effect would be — 6-9 . 10-® gr. cal.* 
Combining these results of absolute measurements with a 
series of relative observations, we shall find the observed 
values of the Thomson effect united in the following table, 
which contains moreover the values of the quantity T@, and 
TBa—afe. T=273, A=4:2.10’ mechanical equivalent of 

eli. 
i calory, 2— 12-074) a—f Bik ==: 4 hme 

_ * Hagen, Wied. Ann. Bd. xxviii. p. 199 (1886). 
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| | 
wes LOE TBa . 10°. an a 6 | 

observed. (1180— =) - 10°. / 

Bi Ord sac +245 
Sib ord: ese +21°6 
Cd ord. ascot +10°2 +28'1 —272 
5 apes + 36 +15°68 — 284 
Ys Seem A +18 + 9S — 290 
Guise. eek + 06 + 621 — 294 

Fe eds eee: Ss 0 0 
SMR, Sock cnenonas — 0-04 + 3°59 — 296 
ASS eRe — 004 + 2°55 — 297 
Ph eee — 60 — 60 — 306 
Ue ee — 69 
Sb pure...... — 78 | 

0-2 BE pure... —10° | | 

Only the values of commercial bismuth and of mercury 
correspond to absolute measurements, and for these two 
metals the second coefficient Ba of the thermoelectric force 
is unknown. A larger number of absolute determinations 
of the Thomson effect in the same time as the exact measure- 
ments of 8. are very necessary. The value TG, is not much 
greater than the specific heat of electricity, being at any 
rate of the same order of magnitude as az. The theoretical 

a ~ 

value T8,— aa however, is not even of the same order of 

magnitude as the observed value of the specific heat of 
electricity. There is a serious disagreement between the 

theory and the experimental result. 
We assumed in paragraph 5 that a corpuscle, moving from 

«+dz to x or from T +dT to T, will lose a part of its kinetic 
energy equal to adT which is communicated to the metal in 
the form of heat. This transference of heat would take place 
if the corpuscles were drifting, but under the action of the 
difference of temperature. The heat motion of the corpuscles 
not being much affected by electric forces which we are able 
to apply on conductors, the heat communicated by the cor- 
puscles to the metal in the interval of temperature dT as 
consequence of the electric force, is not adT, but adT.C, 
where C denotes a certain constant, smaller than unity. 
Thus we find ¢ to be equal to 

4,0 log N 
5 aaa o=—=(C— 

From the numbers of the last table we derived the following 
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values of C, which, however, are not to be considered as 
definite figures. 

C. 

CTE MMe y eee A 0:0604 
St Ghee 0:04.04 
ate GE Cea ey. 0:0207 
JUL Bak Rk ce 0:0186 

Dn") 2 eet eee 0°0119 

If C had really different values for various metals 
oa—o, would be equal to 

4 ( 0 log ) o a b 
3 ° ae a) — 2 (Ca— C.), 

and there would be no more agreement between the thermo- 
dynamical and corpuscular theory of the Thomson effect. 

§ 7. On the Electric Force X and Pyroelectricity. 

We found a a nO lor Ne 

Or ae or Te” 

masa? ls No. 
3 e x 

hence Je Of, 2 
er Ti = 

Xde=(o+ “Var 
B a iT, 

it Xdz=V,—V.= cq 1)+ | odT. 

A é T, 

But o=T8.—*, 

pe Na Shee 

From this corpuscular theory of thermoelectricity we 
should expect a potential-difference between the ends of a 
metallic bar whose temperature varies from T, to T,. This 
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potential-difference has never been measured, but it ought 
to be measurable by means of an electrometric method. For 
iron £, is equal to —4°87; if we put T,=373°, T=273 we 
find V,—V.=4'87 .6°46.10*.10-§=0:0031 volt. Since 
the actual value of the specific heat of electricity does not 
agree with the theoretical value, we cannot predict exactly 
the value of the electric force. If we suppose o. to be 
independent of the temperature, and if, in order to get a 
better agreement between the actual and the theoretical 
value of o,, we neglect the term «/e, we find for a bar of 
bismuth whose difference of temperature is 100° C., a 
potential-difference of 0:00102 volt, in the case of iron 
0:00030 volt. 

Though the forces X have not yet been detected we might 
suspect them to exist not only in metals of different tempe- 
ratures, but even in other bodies, whose temperature varies 
from point to point. Thus the phenomena known under the 
name of pyroelectricity may to a certain extent be ascribed 
to forces of the same origin as the forces X, a difference of 
temperature being connected with a difference of electric 
potential. The phenomena of pyroelectricity, occurring in 
erystals of every crystallographic system, depend, however, in 
a very complicated way on the structure of the crystal. It is 
interesting to remark, that even crystals of bismuth exhibit 
these phenomena. If electric poles in the crystals are to be 
found not only by differences of temperature, but also under 
the influence of pressure and of rays of light, these latter 
effects may be reduced to the former ones. 

§ 8. Conservation of Energy. 

Let us consider a thermoelectric circuit made up of two 
metals a and 6, whose junctions are at the constant tempera- 

Fig. 4. 

Z 

a 

tures T and T’. Then the thermoelectromotive force E will 
give rise to an electric current 7; and the amount of heat 
absorbed in unit time by the Peltier and Thomson effects 
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will be : 

W=i(Q'—Q)+i (, (ooo 

tefom( Smal =i5 2 {Tlog( x" |» Tog ( x"), 

N 
i 0 log 

ae hy 1 = NE rsh dT pears ST 

but dow tu N, 
K= 3 =f log N, dT, 

hence W=:F. 

The work done by the current 2 under the influence of the 
electromotive force E in unit time is equal to the heat 
absorbed in the circuit in the same time. 

§ 9. Resistance of Alloys. 

Lord Rayleigh* has pointed out that in the case of a 
mixture of metals there is, owing to their thermoelectric 
properties, something which cannot be distinguished by 
experiments from resistance, and which is absent when the 
metals are pure. Let us suppose that the mixed metals are 
arranged in thin layers, the adjacent layers being of different 
metals, and that the current passes through the body at right 
angles to the faces of the layer. When a current passes 

Fig. 5. 

! C 

across the junction of two metals there is absorption or pro- ' 
duction of heat, proportional to the current passing across 

* Lord Rayleigh, Collected Works, vol. iv. p. 232. 
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the junction. Thus, when the current passes through the 
system of alternate layers of the two metals, one face of each 
layer will be cooled and the other heated, ‘and thus in the 
pile of layers differences of temperature proportional to the 
current will be established. This will give rise to a thermo- 
electric force tending to oppose the current. Such a force 
would produce exactly the same effect as a resistance. 

If At is the difference of temperature between two 
junctions, the electromotive force of an elementary couple 
will be equal to of 

4a, N 
ee By Oe 

The amount of heat developed in unit time and per unit 
area of the cross-section in each couple is equal to 

2); +10, At. 

This amount is to be equated to the heat conducted per 
second towards the cold junctions on the two sides. Let 
ky, ky be the conductivities for heat of the two metals, J, and 
1, the corresponding lengths; the heat conducted per second 
towards the cold junctions i is 

At At) ky ks k =A 7 + thre Waele a Wa Ie Li a3 oe Pi eau 

+l, 

if there are n similar couples per unit of length, 

n(l,+l5)=1, 

and if we put 

ae and es = h+h- * A+ +” 
‘when a stationary state is reached, 

(Q, + a, At) => nai + =) 

‘The whole electromotive force per unit of length is equal to 

o’ denoting the false resistance due to thermoelectric causes, 

_ Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908. = 3 F 
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8 e(Q\-+a,At) 

k k 
Ai( sai! =) 

P1 T De 

se “log xan 5 “log Ne “T-0,A¢) 
Er aN 3 TN 

Aai( 4 ~) 
mie 2 

: eo ‘ee elo gx Tod) 

= Fw “he 
Pr Pe 

In the stationary state At=0 and we get 

4a Nis 

ow! at T1(5 2 po ext) 

| Ba gambia 
Pi, 1Pe 

This false resistance superposed on the other resistance 
makes the electrical resistance of alloys greater than the 
value expected from the simple view of mixture. If we 
suppose the molecules of an alloy to be distributed in every 
direction in the same way, then only the third part of the 
doublets will oppose the current flowing in a certain direction. 
Therefore 

fa) # =) 
ee qT, 3e °8 N, 

cer 
p2 

Let p,; be so small in comparison with p, that we may 

neglect he beside wae 
P1 

We get 

in 3st) B 
The false additional resistance is a reversible proportional 

to the thermal conductivity of the impurity. Since 
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we get pre ar (Quy es 

in the general case: 

a mA, G 
1” PP 

Let us take the metals copper and zinc. The thermal 
conductivity of copper k,=0°94 cm. er. sec. cal.; the thermal 
conductivity of zinc k,=0°26. Let us consider an alloy of 
these two metals containing 40 ger. zinc and 60 gr. copper. 
The density of copper being 8°8, that of zinc 7:1, we shall 
have 45 cm.? zinc and 55 em.’ copper, therefore 

A= 0°45, p2= 05 Sy 

peta eS 094 

ky ke 
= = 2°29 
Pit Pe 

The Peltier effect between copper and zinc is 

5°85 : 4 
36.102 1°62.10-?=Q,; Q’=2°62 .10-°, 

the false resistance at 0° C. would be 

Zona © Peg eed 7,, Ani gan) 7 o'= 3-973 9-99 ea WA alee, 4c ALO)? 

o’ = 59 .10-? absolute unit. 

a ad 10-* ohm. 

The electric conductivity of copper is 60.10%, its specific 
1 

resistance 60° 10~*=1'6.10-§ ; the electric conductivity of 

zinc is 16. 10* per cm.®, its specific resistance 

1 —4_f. —6é 16°21 =6'2.10~*. 

If the resistance of the alloy copper and zinc were to 
be found as the property of a simple mixture, we should 
get: 

(1°6.55+45.6°2). 10°=3°67. 10-8. 
100 

3 EF 2 
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The actual electric conductivity of the alloy considered is 
equal to 13°58 . 104, its specific resistance therefore 7'4.10~§; 
thus, the actual resistance is very nearly twice as large as 
that calculated from the mixture formula. The false re- 
sistance o'=5'5.10—" is exceedingly small in comparison 
with the difference between the actual and the calculated 
resistance. 
We shall now consider an alloy made up of 99°3 gr. copper 

and 0°7 gr.zinc. Using the same notation as before we get 

pi=0°01, ky he Qh p= 0°99, si Bah Pa assy 95, 

. —6 
wo! = L 2°62. 107 = 1:19. 10-1, 

8.278: 26°95 

wo = Tey >A 2 10", 
w’ = 5.107% absolute unit, 

oP ko 105 . 105 phim, 

The mean resistance would be: 

10-* (1°6 .0°99 +6°2. 0°01) =1°64. 10a 

But the actual conductivity is equal to 54°56. 10‘; therefore 
the actual specific resistance is equal to 1°84.10-°. Here 
again the actual resistance is found to be larger than the 
caleulated one, by an amount of quite a different order of 
magnitude from the false resistance. 

The last example may be an alloy composed of equal 
volumes of copper and platinum. ‘The thermal conductivity 
of platinum f, is equal to 0°17, the electric conductivity 
9°2.10*, the specific resistance 10°8.10-*. The Peltier 
effect between the two metals is equal to Q,=8'9 .10™4. 

Od io yea OO 

fy ke Ho (herd =4— =017.240°94.2=2°22, 
Pr “Pe 

The false resistance would be equal to 

;, Peers 
p) Dania se a2 

o = 4°35 ..1077° 42, 10’ = 1-82 aia 

@ = 1°82-.10°™ olwm. 

In this case we shall calculate this false resistance from 
the first formula given by Lord Rayleigh: 

=I 
w' = 273 e (= + 2) 

4 

Pi pe 

@ =4°35. AN Gla: 



Recalculation of the Vapour Pressure of Mercury. 789 

e is the thermoelectric force of the element copper-platinum 
for a difference of temperature of 1 degree. 

e = 0°72.10-5. 108 absolute units. 

eae 
9 7 

o' = SS -2.10—! absolute unit, 

52. 10-9 ohm. a= 

The mean electric conductivity of the alloy is found to be* 
3°09 . 10+ ; the specific electric resistance would be 

| ga ao 10—*, 

Considering the alloy as a single mixture we should find 

4(10°8 + 1°6) .10-°=0-062 . 10-4 

The false resistance is in these cases far too small to 
explain the difference between the observed and the calculated 
value of the resistance of the alloys.. This result may partly 
explain why Dr. R.8. Willows f could detect no difference 
between the apparent resistances of alloys with direct current 
and with alternating current. 

An alloy of equal volumes of copper and iron has a false 
resistance amounting to 1°5 per cent. of that of copper. 

Cambridge, April 6th, 1908. 

LXVI. A Recalculation of the Vapour Pressure of Mercury. 
By T. H. Lasy, B.A., Exhibition of 1851 Research Scholar, 
Joule Student of the Royal Society, Emmanuel College, 
Cambridget. 

HE vapour-pressure of mercury is incisal important: 
it has been determined for a wider range of temperatures 

than that of any other substance ; and Professor Nernst hopes 
to be able to find the integration constant of the equation of the 
reaction isochore “ by continuing the vapour-pressure curves 
as far as possible in the direction of very small pressures, for 
example to 001mm.” § Yet the greatest—and it should be 
added, unnecessary—disagreement is to be found in the 
current values of this vapour-pressure, nor is there any table 

* are Bornstein Physikalish-chemische Tabellen, 3 Auflage, p. 721a. 
+ R.S. Willows, ‘Proceedings of the Physical Society of London,’ 

vol. xx. p. 497 (1907). 
t{ Communicated by the Author. 
§ Nernst, ‘Thermodynamics and Chemistry,’ New York, 1907, p. 60. 

a ————— ——<— 
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combining all the existing observations. It appeared, then, 
that a reduction of these numerous observations would be of 

value, 

The existing Data. 

The results of the following observers, which are quoted 
in Table II. after their initial letters, have been obtained by 
varied methods as indicated below :— 

H.—Hertz (Wied. Ann. 1882, xvii. p. 193): Statical method and 
mercury in glass thermometer corrected by a Joly air- 
thermometer. 

RY.—Ramsay & Young (Trans. 1886, xlix. p.37); Young (Trans. 
1891, lix. p. 629): Dynamical method, temperatures ob- 
tained by vapour-jackets of aniline, quinoline, &c. boiling 
at known pressures. 

CG,.—Callendar & Griffiths (Phil. Trans. 1891, clxxxii. p. 151): 
Boiling-point of mercury by platinum thermometers in 
terms of constant-pressure air-thermometer. 

P.—Pfaundler (Wied. Ann. 1897, Ixiii. p. 86): Absorption (by 
silver) of mercury from a stream of air saturated with it. 

M.—E. W. Morley (Phil. Mag. [6] vii. p. 662, June 1904): Loss 
of weight of mercury saturator on passing carbon dioxide 
through it. 

G.—A. Gebhardt (Verhand. Deut. Phys. Ges. 1905, viii. pp. 184— 
188, and Diss. Univ. Erlanger, 1904): Dynamical method, 
lower pressures measured with a McLeod gauge. 

C.—Cailletet, Colardeau, & Rivicre (Compt.-rend. 1900, cxxx. 
p- 1585): Static method, thermojunction, and metallic 
manometer calibrated by open-air manometer, 

Few of the observers are explicit as to their unit of pressure, 
and no mention of the value of g for the place of observation 
has been found. The latter omission is unimportant as few 
of the observations are correct to 1 in 1000; but it is more 
important to know that mm. of mercury means mercury at 
Ugh, 8 

Regnault’s observations have not been used, as he distinctly 
_ states they are only approximate, and Ramsay & Young (loc. 

cit.) have given reasons for doubting their accuracy. Nor 
have I used the results of the elaborate experiments of 
Van der Plaats *, who was the first to absorb mercury from 
a stream of gas saturated with mercury vapour, nor those 
of Hagen + and of McLeod {, which ditfer widely from the 
values deduced from the concordant observations of Hertz, 
Pfaundler, and Morley. This want of agreement is shown 
in Table I. : 

* Rec. Trav. Chim. 1886, v. pp. 149-182. 
+ Wied. Ann. 1882, xvi. p. 610. t Brit. Assoc. Rep. 1883, p. 443. 
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TABLE I. 

Pressure of Mercury Vapour in mms. according to 

Temp. 

Van der Plaats.| Hagen. McLeod. Walaa 

HO el: | 008 eh 4 00042 

ZO) crsnatecs 013 = ‘00574 00109 

BO sascaneee _— 042 — 0122 

In order that the experiments of each observer should 
contribute about equally to the final result of my reduction, 
some of the numerically fewer observations of Ramsay & 
Young, and Young alone have have been given 2+, 3, or 
4 times the weight of the other observations, according to 
the accuracy the writer attached to the measurement of the 
temperature concerned. 

TaBueE IT. 

Observed Vapour-Pressures of Mercury. 

Temp. | Pressure, Temp. | Pressure, Temp. | Pressure, 
OG: in mm, OF in mm. eo? in mm, 

15 00081 RY, | 183°4* 9°87 G. 268 122°9 
16 "0010 . 184°7 11°04 RY. | 270°3 124-35 
30 0027 Gi: 188 12°51 G. 271°5 12611 
40 0052 H, 190-4 12°89 G: 277°5 150°8 
50 0113 EG 203 20°35 G. 278°5 147°5 
563 01801 Hi. 206'9 22°58 RY. | 280:2 157°15 
60 0214 G. 20h ah 2L07 G. 286°5 185°0 
70 0404 RY. | 222°15' 344 G; 295°5 224°9 
89°4 16 G; 224°5 38°82 G. 302'5 263°9 
98°8 26305 G. 230°5 4649 || G. 309°5 3081 
aus “7 G. 236 51°58 G: 315°0 360'2 
129 1:0 RY. | 23695] 51°85 CG. | 356°7 760 
1542 | 3°49 G. 245 68°42 C. 400 1596 
157°5 | 3°93 G. 248 71°39 Noa 403:15| 2896-9 
165°8 | 5°52 G, 255 87°87 Ve 4039 | 2904°5 
176°5 | 8:22 G. 256 94:4 C, 450 3230 
W774 | 82 G, 264 10569 

* Taking the boiling-point of aniline as 18471. 

t See Table III., under A; this weight is indicated by x2, &c. 
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Reduction of Observations. 

The logarithms of the observed pressures of the last table 
were plotted against the temperatures on squared paper 
600 by 300 mm., and a (log p,t) curve was drawn through 
the points. The final curve, or rather formule, were then 
obtained by the following successive approximations. 

The most probable values for p at 50° and 250° were: 
found from the above diagram, and a Kirchhoff-Rankine- 
Dupré formula (B) of the form 

logp =A+B/0+Clog@ (@= rE 

was deduced from these values, and the boiling- nein 35607 
The observed values of t and log p were replotted (diagram B) 
on a larger scale, giving a curve about 1100 mm. long when 
the graph of formula B was drawn in. This fi oure enabled 
(as is described below) six points to be found from which a 
three-constants Kirchhoff formula was calculated by the 
method of least squares. 

The 46 observations from 15° to the boiling-point, at the 
following temperatures, were arranged thus :— 

15°, 16°, 30°) | 40° . |(reduced to 16°)% 

50°, 6%S,. 60°; 70? . (reduced to G0 te 

89° 4, 98°S8, 117°, 129°. (reduced to 1207 

154°°2, .... to 224%5.... (reduced, to 190") 4 

2305, 236°,... to 315° (reduced to 2707s 

BP. Bae i, 

One value of » was deduced for each group (namely, the 
values of p at 16°, 60°, 120°, 190°, 270°) by the Bide 

“indicated in fig. 1, in which so much of the curve B (one- 
eighteenth) is drawn as the second group covers. Lines 
parallel to B were drawn through the observed points 50°, 
563, 60°, 70° to cut the isotherm 60° in a, b,c, d. The 
mean position of these four points gave the value of p 
at 60°. The other groups were similarly treated, and it was 
found that log p for the different groups is :— 

6°. 4994 BOs t 9-333 1909 ey 1875 
100 fs AOI 240 aan ie 2°0965 3D6°7 ... 2°8808: 

But the logp=A+B/0+C log @ formula, calculated by 
the method of least squares from these observations, gave too. 
much weight to the fewer and less accurate low-temperature 

—_— SO ee ee oe _ 

ee ee 
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observations; and it was clear that one three-constants 
formula would not fit all the observations as closely as was 
desirable. The graph of the last formula, however, showed 

2-60 ot 
‘ 
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that two Kirchhoff formule could be found, which would fit 
the observations as closely as was required by the con- 
cordance and accuracy of the experiments concerned. These 
formule are :— 

log p = 15°24431—3623-932/6 —2-367233 log 6, . (M) 

derived from | 

AiG, log pend Sidi: 190°, 11072 3..:270°,.2-0965:; 

and log p = 10°04087 —3271°245/@ — 7020537 log @, = (Li) 

derived from 

16, 4°994 ; 270°, 270965; 356°:7, 2°8808. 

The following Table shows how closely these formule fit 
the observations. M is used from 15° to 270°, and L 
from 270° to 450°, to calculate logp. Under A is given 
(log p observed) — (log p calculated), and under ¥A is given 
the sum of the A’s for each group. 

ee es oe ee 
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TABLE ITT. 

Closeness of fit of formule (L and M) to observations. 

2°, | J ANB SA, Go. AG DSA. 

| 

P, 15 0687 |  & | 2805 0169 
aM, 16 1213 G. | 236 —-0046 

Pal ae 0214 LG a BAB 0124 
M. 40 —-0427 | RY. | 23695! —-0137x4 
M. 50 — ‘0318 : | @ 248 — ‘0035 
P. 563 | —-0237 — 0247 G. | 255 ‘0081 
M. | 60 | —-0604 Boe G, abe 0284 

| M. 70 — 0713 See | aed —-0092 
i. 89:4 0180 | q, | 268 0140 — +0042 
P, | 988 ‘0075 | RY. | 2703 | —-0050x2| SA/n 
H, “117 0328 | @& | a71s | Leone — — 0002 
G. | 199 —-0645 G. | W775 0040 

H, | 154-2 0092 RY. | 2802 | —-0056x2 
G. | 157-5 0032 | -G. | 2865 0023 
H. | 1658 0114 G. | 2955 | —-0008 
G. 1765 0127 G. | 3025 0026 

. | 177-4 | —-0093 | @. | 3096 0051 
RY.| 1834 | —-0142x4 eis G. | 3150 0232 
H. | 184-7 0147 ee 
G. | 1880 0198 Ne | 

= peilieouds 0G. 3567 0000 
H. | 206-9 0079 o. | 400 0083 oanek 
G.- | 907 — -0236 Y. | 443:9*| —-0084 = 
RY. | 22915} —-0096x3 O-.|-480 0001 
G. | 294-5 0130 | 

| 
If, the formule Land M fitted the observations perfectly, 

A would be zero, while actually SA/n (where x is the 
number of observations in each group) has the values —*0021, 
—°0004, —-0002, and 0. Are these sufficiently small ? 
When it is noticed that the average value of A is ‘0215, it 
will be seen that no real gain is made by decreasing 2A/n: 
the accuracy of the observations does not warrant any efforts 
to obtain more closely-fitting formule. 

Itis worthy of remark that the formula L, whose constants 
were determined from p at 16°, 270°, and 356°°7, was after- 
wards found to fit the existing observations to 450°; and it 
does not differ from them as much as they differ from one 
another between 16° and 700°, which shows how well a 

* Young’s two observations, 443°'15 2896'9 mm. and 4438°9 2904'5mm., 
give 443°9 2916:2mm. on combining them; this mean is used here. 



the Vapour-Pressure of Mercury. 795 

Kirchhoff ;formula will express vapour-pressures. Thus, for 
temperatures above 450° we have :— 

Temp, Formula L. oe 

450 3,229 mm. 3,230 mm, 

500 6,107 ,, 6,080 _,, 
550 10,456 ,, 10,488 _,, | 
600 16,943. ,, 16,948 ,, i 

700 38,109 ,, 38,000 ,, 

TABLE LY. 

Vapour-Pressure of Mercury (in mm. of mercury at 0°). 

| ares Pressure. ee ‘| Pressure. roe * Pressure. | ae Pressure. 

15 ‘000691 135 1:52 255 86°24 | 370 959°2 
20 "00109 140 1°89 260 97°82 380 1135 
25 ‘00168 145 2°34 || 265 1107 ~=—|}_:~390 1337 

| 30 | -00257 || 150 288 | 270 | 1248 | 400| 1566 
35 ‘00387 155 3°53 275 | 1408 || 450) 38229 
40 00574 160 4°30 | 280 1584 | 
45 "00840 165 5218 285 WEES | 
50 0122 170 6:298 290 199°3) <” | 

60 | -0246 180 | 9054 |300 | 2486 || Qoinrdean & 
65 | 0344 tee We) 205) | 2769" | Riviere 

| 70} 0476 TOO 12780) BIO | B07 Uk. Operations 
7d 0652 Leda) lost? | 315 3414 i 
80 | ‘0885 200 | 17°81 320 3781 | Atmospheres. 
85 hoe 205 | 20-89 325 4180 = |——_—______ 
90 "1589 210 | 24:42 330 461:°3 500 8 
35) "210 | 215 28°46 Waaor 0 5063. 550 13°8 

100 ‘210 | 220 33°03 | 840 | 559-1 600 22'3 
105 360 | 225 | 38:28 | 845 | 6141 650 34 
110 465 230 44:10 | 350 673°3 700 50 
AS, Ook 235 | 50°73 WSO Th) Joie 750 72 
129 ‘761 240 | 5816 || 806°7| 760* 800 102 
125 "965 245 66°50 | 860 805:9 850 137°5 
1380 | 1:215 250 | 75°83 || 865 879°8 880 162 

* dp/ot at the boiling-point=13°6 mm. per degree, 

Extrapolated by formula M: 

10° -00043, 5° 00026, 0° “00016. 

Interpolation. 

The vapour-pressure may be found for temperatures be- 
tween those given in the Table by the linear interpolation of 
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log p against ¢; this is accurate for 5° intervals. Between 
365° and 450°, formula L will give p for temperatures not 
given. 

Density and Pressure. 

It should be remembered that the vapour-pressure of 
mercury has not been observed below 89°:4. Pfaundler and 
Morley observed the density (for they measured the mass 
per unit volume) of mercury-vapour in gases saturated with 
it at different temperatures, and calculated the pressure 
assuming that the vapour obeys the gas laws and has a 
density of 100 (H.,=1). This is justified at higher tempe- 
ratures ; for Gebhardt, using these assumptions, has calculated 
the vapour-pressure from the densities of mercury-vapour as 
observed by Jewett *. The agreement of his results with the 
actual pressures (see Table V.) is interesting, for it shows 
that the saturated vapour of mercury is wholly monatomic at 
nearly half-an-atmosphere pressure. 

TABLE V. 

Temperature... 140°. 160°. 180°, 200°. 220°. 240°. 260°, 280°. 300°. 310°. 
Pressure cale. ’ ; a 
rena ee 1:84 423 91 242 322 623 1006 155 250 311 mm. 

Pressure from 
Table IV. ™ } 189 4:30 9:05 178 83:0 582 97°38 158 249 308 mm. 

It does not appear that the critical point of mercury has 
been reached: it must be at an exceptionally high tempe- 
rature, apparently above 850°. 

' By G. Jounstoxe Stovey, M.A., Sc.D., F.R.S.F 

Part I].—DETERMINATION OF THE KIND OF IMAGE WHICH 
CAN BE OBTAINED. 

[Plate XII.] 

CHAPTER 3. 

The elementary parts of which an image consists. 

ooh 1 ioe the First Part of this Memoir, in the August 
number of the Phil. Mag., we have described an 

apparatus (represented in Plate XII., which is reproduced 
in the present number) with which the astronomer can make 
experiments that will disclose to him the imperfections. 

* Phil. Mag. [6] vol. iv. 1902, p. 546. 
+ Communicated by the Author. 

yf LXVIT. We lesooke Vision. 
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which of necessity * exist in the images which his astro- 
nomical telescopes are competent to furnish ; which will tell 
him how to mitigate, these imperfections and how to guard 
against being misled by them; and, above all, which will 
reveal to him the causes of all these imperfections. 

In this second part of the Memoir, we propose to investi- 
gate by its aid, of what kind the images will be ; reserving 
for the third part which is to follow the most important part 
of our inquiry by which the causes of the observed defects 
will be made fully known to us. 

33. An image, whether formed by an optical instrument 
or upon the retina, is found to consist of parts distinguishable 
from one another, which are of such a kind that within each 
of these units there is either no detail to be seen or at least 
none that can be made out satisfactorily. Hach such 
elementary part of an image may be called a spile or blur 
(o7thos, a blot or blur), since it is the outcome of light 
emitted from an immense amount of molecular and other 
events going on upon the object, all parts of which with 
all the activities in or between minutiz being in the image 
blurred into a single spile, with, in some cases, an admixture 
of light that has strayed on to this spile from other parts of 
the object. 

Of spiles there are varieties, and a somewhat full study 
of them is required in order to understand the images 
seen in microscopes; but only two or three kinds present 
themselves in the telescopic images of celestial objects, and 
among these the plateo-spile or surface-blur is that with 
which we have most todo. The images formed on the retina 
by a grape, a cherry, a sheet of white paper, or a white- 
washed ceiling are examples of plateo-spiles. In the astro- 
nomical telescope this description of spile may be the full 
size of the image of the planet, or it may be of any smaller 
size down to the smallest speck which in any degree exhibits 
the shape of the detail upon the planet which has occasioned 
it. Specks smaller than this or more shapeless are spiles of 
another kind. Most, however, of the features visible in the 

~ image of a planet are plateo-spiles. 
34, Plateo-spiles in many cases have a well defined out- 

line, and then become perigrapho-spiles or silhouette blurs. 
The leaves of a tree viewed from a suitable distance are good 
examples of objects of which the images formed on the retina 
are silhouette-blurs. A leaf may retain a markedly distinct 

* By the expression “imperfections which of necessity exist” is 
meant, which would continue to exist if his telescope could be made 
perfect as an optical instrument, and if “seeing” through our atmosphere 
were also perfect. 
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outline even when the spectator has retreated to such a 
distance that all appearance of detail upon the surface of the 
leaf ceases to be seen. It indeed seems marvellous, when 
we come to think of it, that the boundary of each leaf can 
continue to be so distinctly seen, when perhaps detail upon 
the leaf has become unseen or so contusedly seen as to 
indicate that light from one part of the leaf is able to stray 
to other parts on the image, while, at the same time, no 
light from any part of the leaf is allowed outside the 
boundary of the image of the whole leaf, nor is any of the 
light from the background against which the leaf is seen 
allowed to trespass within that barrier. The green of the 
leaf seems to stop abruptly at the boundary of the image ; 
and the light from the background stops there as abruptly. 
We shall be able to discover by our experimental apparatus, 
the conditions which have to be fuljilled in the process by which 
the image is formed in order to secure these results. 

30. An object may of course furnish very different images 
when viewed under different conditions. Thus a ruling upon 
a sheet of paper of equidistant parallel lines at intervals of a 
millimetre, when well illuminated, and when looked at by a 
spectator whose eyesight is good from a distance exceeding 
12 feet, will present a mere uniform appearance, 2. e. the 
image upon the retina will be a simple plateo-spile ; while 
from distances less than 11 feet the image will be quite 
different, since the ruling itself will then come into view. 
The limit between the two appearances will usually be found 
when the eye is somewhere between 11 and 12 feet from the 
ruling (see Phil. Mag. for March 1894, p. 317). 

36. Two quite similar objects upon a planet, but of different 
sizes, may be such that the larger of them will furnish an 
image which is a silhouette-blur, retaining the shape of the 
object with its outline well defined ; while the image of the 
smaller one may be hazy in outline and distorted in shape, 
representing the object as too large in some places and too 
small in others, and sometimes introducing features that do 
not exist upon the object. 

So, again, things that appear to be streaks in the image 
may in some cases be the kind of spile which may be 
called rhabdo-spiles, 7. e. rod-like blurs occasioned by features 
upon the planet which are not streaks. 

The causes of all these and of many other effects will be 
satisfactorily exposed to our view by the experiments of 
which we shall be able to give examples. 

37. The part of the planet or other object which corresponds 
in position, shape and size to a spile in the images, may be 
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called its anti-spile, Under some conditions the light seen 
in the spile is the same as the light received by the telescope 
from its anti-spile; but this is by no means always the 
case. 

CHAPTER 4. 

The kind of image that will be formed. 

38. When some feature, 2’, upon a planet is to be made 
visible by looking at it through a telescope, then, if what we 
see in the telescope corresponding to that part of the planet, 
is the kind of image which we have called a spile, 2. e. if it 
is some one of the elementary parts of which the image of 
the whole planet is seen to consist ;—if, for example, it is one 
of the white polar caps seen upon the image of Mars, or 
one of those extensive regions which are bounded by what- 
ever on the planet corresponds to the faint streaks in its 
image which have been called Ganals “ upon Mars ”—in such 
cases the outline of this spile is often tolerably well seen in 
the image, although the immense amount of detail which 
really exists upon its anti-spile (an extensive region upon 
the planet) is so blurred together that it is unseen or but 
imperfectly seen. Hven the image of an entire planet may 
present this appearance. This happens with our best tele- 
scopes when the planet is Uranus or Neptune; and with 
telescopes of insufficient aperture, however good in other 
respects, all the planets will present this appearance. Under 
such circumstances no detail except the mere outline of the 
planet is well seen. 

39. Let us take the case of Neptune, which when in 
opposition subtends at the earth an angle of about 1} e¢, 
where e¢ is the angle 2062648 which in circular measure 
is 0°00001 ; or of Uranus which subtends nearly 2e. These 
are objects which appear simply as round disks of nearly 
uniform light in the telescope ; that is to say, the image of 
the planet is the kind of plateo-spile or surtace-blur which 
we have distinguished by the name of silhouette-blur. Its 
outline only is seen ; and we represent it in our experimental 
apparatus by light coming through a round hole in copper- 
foil at <’. To do this satisfactorily we must adjust the size 
of the round hole at 2’, which is our pro-planet, and the 
aperture A! of the iris-diaphragm at C, so as correctly to repre- 
sent the size of the planet and the aperture of the astronomical 
telescope whose performance upon it we want to investigate. 
This may be done in any one of the ways described in 
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the footnote *; and having got his adjustments made the 
observer should note the position at C (see Plate XII.) of 
the handle of the iris-diaphragm, and the direction in which 
he moved it into position, in order that he may be able to 
restore it to that position, if he should have occasion to 
increase or diminish the opening. He may then freely vary 
that opening, and thus see how the image of the planet will 
be affected by differences in the aperture of his astronomical 

* When making experiments the observer often finds it convenient to 
have more than one way of bringing his apparatus into accordance with 
the conditions that have to be complied with. And in the present 
instance, where we want to reproduce in our pro-telescope the appear- 
ance which Neptune will have in the astronomicai telescope, we have 
the choice of several ways of doing so, ‘he simplest in principle is to 
give to the hole at 2’, which is to represent the planet, a diameter of 
1i mm., and to contract the aperture of the pro-telescope by the iris- 
diaphragm at C until it becomes one-hundredth part of the aperture of 
the astronomical telescope. But we may proceed otherwise : we may 
assign any other size, if more convenient, to the opening of z', provided 
that we increase or diminish the aperture of the pro-telescope inversely 
as we have altered the size of the opening at 2’. 

A third, and often the most convenient method of making the adjust- 
ment, depends upon the mode of observing which we shall have to adopt 
in Part II. of this Memoir. We shall there find that if we make a 
round opening at z’, and illuminate it by light from the pro-star s’, it 
will furnish a very remarkable concentration image upon plane Y’; 
“which the observer will see by removing the pro-telescope and looking 
through the Steinheil lens when placed at B.. This concentration image 
-will consist of a central boss of light surrounded by coloured rings, 
which the observer can make to present itself centrally in the field of 
view, by adjusting the B end of the board BE, which he has the means 
of doing. Now, it can be proved that the condition to be fulfilled in 
order that the aperture of the pro-telescope shall correspond to that of 
the astronomical telescope is that the iris-diaphragm at C shall be closed 
until a definite amount of this concentration image shall remain visible, 
which amount can be calculated by a known formula. Thus, if we 
want to investigate the performance of a 12-inch telescope used in 
examining a planet subtending the angle 11 e, it is found that the iris- 
diaphragm has to be closed until only the central boss of the concen- 
tration image, the whole of the first appendage ring, and nearly but not 
-quite the whole of the second appendage ring, remain visible. Accor- 
-dingly, as it is the visibility of this amount of the concentration image 
which is the condition to be secured, the observer is at liberty to make 
the round hole at z’ of any size that he finds convenient, provided that 
he then adjusts the iris-diaphragm at C to allow him to see this portion 
of the concentrationimage. He has then only to illuminate z’ by diffused 
light, instead of by light from the pro-star, in order to see it through his 
-pro-telescope under the same optical conditions as those under which a 
12-inch astronomical telescope would show the disk of the planet 
Neptune when in opposition. 

This last method of adjusting has the practical advantage that it 
dispenses with the necessity of accurately making the round hole at 2’ of 
a prescribed size, and that what the observer has to do in making the 
-adjustment is easily performed. 

| P — a ioe ee eee eee 
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telescope. Let us suppose that he begins by making the adjustments which correspond to a 12-inch telescope em- ployed upon Neptune ; and that he illuminates the pro-planet < with diffused light. To provide diffused light with a sufficient maximum intensity, and with this intensity easily regulated, the author reflected a sunbeam horizontally towards z’ by the heliostat H, having removed out of jés path all obstructions—viz., lens G and the apparatus at F, He then introduced into its path a plano-convex lens of tolerably long focus (about 70 cm.) which happened to be at hand, and by it formed an image of the sun at a distance of some five or six centimetres to the right of z!. This image of the sun was the source of the diffused light which is to illuminate object 2’. For some observations this light is too bright, and to moderate it, pieces of the kind of neutral dark glass which is made in large panes for export to India, were introduced—one, two, or three of them as required—at KE, between screen Z/ and lens L/. These provided four degrees of intensity, which were found sufficient for the experiments. 
40. Using two of these dark shades, the observer sees satisfactorily * the image of the pro-planet 2’ in the pro- telescope, and can measure the apparent diameter of the pro-planet by employing on the pro-telescope the eyepiece pro- vided with an eyepiece micrometer scale—see § 28, p. 335 of the August number of this magazine. If now he opens the iris diaphragm at ©, he will see how the planet would appear in a telescope of larger aperture, and to make the comparison satisfactory it is well to reduce the intensity of the incident light by interposing all three of the pieces of dark glass in the path’ of the light. With these precautions the observer will see that the outline of the planet will be perceptibly smaller with the larger aperture, and at the same time markedly more sharply defined, and that this improve- ment goes on increasing until the aperture has been increased beyond that which corresponds to the aperture of the largest existing telescope, 

41. He has next to learn what the effect of using smaller apertures will be. This is done by gradually closing the iris-diaphragm at C, whereupon the image of the pro-planet dilates and ceases to be uniformly bright, becoming less bright towards its edge: it now shades off gradually all 
* If too much light is admitted the eye is dazzled by false light, and the image is spoiled. Perhaps this false light is occasioned by reflexions and refractions within the eye, due to the fibrous texture of the cornea and crystalline lens, 

i, Phil. Mag. S. 6. Vol. 16. No. 95, Nov. 1908. 3G 
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round, If this process is carried far enough the planet will 
be seen to behave more and more like a star, until it at 
length furnishes in great perfection the kind of image pro- 
duced by a star and which we have called a star-burst, 
consisting of a central boss of light (which by that time will 
have become much larger than the geometrical image of the 
planet) surrounded by coloured appendage rings. These 
rings, as seen in the pro-telescope, are apt to be irregularly 
broken up if we have limited the aperture of the pro- 
telescope by an iris-diaphragm, owing to the circumstance 
that the opening in an iris-diaphragm is not bounded by a 
circle but by a polygon. This, however, is a defect which 
can be satisfactorily gotten rid of by dispensing with the 
iris-diaphragm and limiting the aperture of the pro-telescope 
by a clean round hole in copper-foil. With a hole of half a 
millimetre in diameter, which corresponded to using a 13- 
inch telescope upon Neptune, the phenomenon was found to 
be splendidly seen with its central boss of light much larger 
than the geometrical image of the planet, and with five of 
the appendage-rings visible ; but then, all the dark glasses 
at E had been removed and the brightness of the pro-planet 
was much greater than that of the real planet. However, it 
is only increased brightness which the planet Neptune would 
need, to enable it to exhibit the same appearance ; it would, 
however, be seen in the astronomical telescope on a smaller 
scale, since we can with advantage use upon the pro-telescope 
the power 12, which corresponds to a power of 1200 upon 
the astronomical telescope, and this it would be impracticable 
to use on a 14-inch telescope. 

It is noteworthy that the star-burst which the image of a 
small bright object can be made to present, may be obtained 
either by contracting A’ (the aperture of the pro-telescope) 
or by diminishing the size of z’ (which represents either a 
planet or some spot upon a planet). It is also noteworthy 
that in whichever of these ways the appearance is produced, 
it comes on gradually when we diminish the aperture of the 
pro-telescope. In its earlier stages it manifests itself first 
by a very slight enlargement of the disk in the image 
accompanied by an appearance of clumsiness in its outline, 
and at a somewhat later stage by some luminosity at a little 
distance from the principal light, where at a subsequent 
stage appendage-rings will be formed. This intermediate 
stage is interesting, because of its presenting an appearance 
noticed by some exceptionally skilful observers of the images 
made by the polar caps of Mars. Between the principal 
light and the faint luminosity, there appears at this stage a 

re Sas ey ee ee ee a ee ee 
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conspicuously dark streak, like a dark border to the principal 
light. 
"The round form of the object </ is not necessary for this 

phenomenon. It presents itself when that object has any 
other shape, provided that it is sufficiently narrow and 
sufficiently bright. It is beautifully seen by using as object 
a slit at <', or a row of holes (which in the image will be seen 
as a rhabdo-spile, 2. ¢., run together into the appearance of a 
rod); and it may be exhibited conveniently by placing at 2’ 
the adjustable slit of a spectroscope, which can be gradually 
narrowed, whereupon all the phases of the phenomenon will 
‘successively present themselves. And, of course, the ob- 
‘server can induce the same succession of appearances without 
changing the slit, by altering the aperture of his pro- 
telescope. The astronomer would do well to familiarize 
himself with several other details of this phenomenon, which 
cannot be included in so brief an account of it as that to 
which we must confine ourselves here. Our aim in the 
present Memoir is to go far enough into detail to indicate 
the value of the work which can be done with an Observatory- 
experiments apparatus, rather than to attempt to describe 
what has been accomplished by it—an adequate account of 
which would be too voluminous. 

42. What has been already described has an obvious 
bearing upon the interpretation to be put on some of 
the appearances detected at Flagstaff, when we bear in 
mind that the 12- and the 24-inch telescopes employed in 
Professor Lowell’s observatory (and we might indeed add, 
all existing astronomical telescopes) belong essentially to the 
class of instruments whose apertures are vastly too small for 
dealing adequately with the details upon Mars. The ex- 
periments made with the OH apparatus suggest that the 
dusky band filled with blue light, which has sometimes been 
seen to border the image of a polar cap upon Mars, may 
prove to be produced in the way described in the last two 
paragraphs. Any object of the kind seen with a telescope 
-of insufficient aperture will if bright enough exhibit an image 
consisting of a principal patch of light near to which, 
though separated from it by a conspicuous dark band, will 
be a detached field of milder luminosity. If, therefore, the 
polar cap upon Mars is bright enough and if the albedo 
of the neighbouring regions is sufficiently low, this dark 
interval will appear very dark, and may sometimes be so 
dark that its faint luminosity (which will be whatever is the 
intrinsic luminosity of that part of Mars) shall not suffice to 
prevent colour being there gee due to the blue and violet 

2 
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colour which surrounds the image of every bright object 
in an achromatic telescope. J ought here to mention that 
this explanation of the blue colour by the familiar seinblance 
of a blue atmosphere which surrounds every bright image in 
an achromatic telescope, was suggested to me in conversation 
by Professor Simon Newcomb. Presumably, the blue color- 
ation would disappear if the object were examined with a 
reflecting telescope, and if the observer takes care not to 
employ an eyepiece which can produce it. 

43. A bright object seen in a telescope projected upon a 
darker background will present the succession of appearances. 
described above in $§ 40 and 41, if we progressively make 
the object smaller without changing its shape. We shall 
here give a synopsis of this succession of appearances. While 
the object is large enough, its shape and size will be 
correctly seen and its outline will be sharply defined ; when 
somewhat smaller, its image becomes slightly too large for 
the size of the object, and its outline gets a kind of rounded 
appearance, as if the boundary were the kind of spile called 
a rhabdo-spile (2. e. a rod-like marking in the image). At 
the next stage the central boss of light will have become a 
little larger compared with the size of the object, and will be 
surrounded at a little distance by a field of vague luminosity, 
which is separated from the brighter light by a narrow and 
conspicuous dark interval. At the more advanced stages, if 
the bright object is made progressively smaller, the vague- 
luminosity will gradually develop into the coloured spectra 
of an image of the same kind as that which a star produces 
in a telescope. Such is an account of the successive ap- 
pearances which a sufficiently bright object would have if its. 
size could be made to dwindle, or if viewed from different 
distances. 

44. A dark object seen upon a bright background will, if 
made progressively smaller, present a series of stages which 
can be shown to be closely related to the above, but which 
would appear to our eyes materially different. This is because. 
faint additions or subtractions of light at situations upon the 
surrounding brighter background may exist unseen by us, 
under conditions such that similar additions of light upon a 
surrounding dusky background would be conspicuous. A 
familiar and in some degree analogous phenomenon, is the less. 
visibility of the Newton’s rings seen by refracted light, than 
of those seen by reflected light; where a part of the faintness 
of their appearance is due to their being superposed upon a 
bright field. When the image of a dark object in a telescope 
is surrounded by a bright background, we have usually 
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to make special arrangements to enable appendage spectra 
(corresponding to the coloured rings round the image of a 
star) to be at all visible. Moreover as the object becomes 
small the phenomenon which corresponds to the dilatation of 
the central boss of light in the image of a bright object will 
be an enlargement of the size and lessening of the darkness 
of the image of the dark object. This lessening of its dark- 
ness will prevail all over the enlarged image, but will tell 
with most effect on its marginal portions, so that what is 
usually perceived is that the surrounding brightness en- 
croaches upon the image and causes the central portions of 
the dark image to be alone visible, and that these central 
portions, especially in the later stages, become fainter and 
ultimately cease to be seen. The dark spot upon the planet 
has now become so dim that its image is no longer visible 
to us, being, as it were, swallowed up in the surrounding 
brightness. 

45. It need hardly be pointed out that while this necessary 
succession of events is in accordance with the recorded 
appearance of most of the dusky patches entered upon maps 
of Mars, it is inconsistent with the appearance recorded of 
those smallest and darkest specks upon the image which have 
been supposed to represent oases upon the planet. This 
raises the presumption that these nearly black specks are 
almost certainly not alétho-spiles, that is are not markings 
on the image which have been caused by anything like what 
they suggest to the beholder as existing upon the planet, but 
on the contrary are probably phenako-spiles *—muisleading 

* It may make this clearer to give a possible instance. In June 1903 
(see Annals of the Lowell Observatory, vol. iii. p. 156) Mars was 
receding from the earth. On the 28th of that month the double streaks 
in the image called Euphrates and Phison (longitude 333° on maps “ of 
Mars’’) were seen with dark appendages, called carets by Professor 
Lowell, at their southern ends. ‘These had not been seen when Mars 
was less remote; which Professor Lowell attributes to a seasonal change 
having taken place. But may not the intrusion of these triangular 
specks into the image have been simply because the planet had by that 
time got to be sufficiently far from the telescope? Experiment shows 
that the appearance is one which will necessarily present itself so soon 

_ as the inefficiency of the telescope reaches a certain point, and the inefficiency 
of the telescope went on gradually increasing according as the planet 
receded, How considerable it had become at the time of the observation 
will appear from the following considerations. 

On that night the distance of Mars from the observer was 437 times 
the average distance of the Moon when full, from which we learn that 
Professor Lowell’s 24-inch objective was—even if objective and atmo- 
‘sphere were optically perfect—only as efficient as an aperture of 1:4 mm. 
employed upon the full Moon; and that the 12-inch objective was no 
more efficient than 0°7 mm. employed upon the Moon. ‘These apertures 
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details such as under some circumstances intrude into the 
image and seem to the observer to betoken, although not 
really indicating, that there is something more or less like 
themselves upon the object. We shall have occasion to 
return to this subject farther on. 

46. The ordinary experience of every man all through his 
life is almost exclusively taken up in dealing with objects of 
such a kind and at such distances, that he can see their size 
and their outline; which means that they are such that an 
optical apparatus with an aperture so moderate as the pupil 
of the eye* can form an adequate image of them. It is by 
this abundant and unfortunately one-sided experience that 
our judgments as to how we are to interpret visual objects 
has been trained. We must therefore be prepared to find 
ourselves filled by it with prepossessions, which become 
embarrassing whenever we have occasion, like the astro- 
nomer, to deal with an entirely new field of exploration 
which lies outside that ordinary experience. The astronomer 
will therefore do well to lose no opportunity of acquiring 
effectual experience within this new field, so as thus to do 
what he can to counteract the misapprehensions in the inter- 
pretation of astronomical images into which his (common 
sense), which here means the misapplication of ordinary ex- 
perience, tends to lead him with an insistance that is too 
often successful. 

47. A valuable opportunity of acquiring experience which 
will help to correct these errors is open to the student of 

may be taken to be about half and a quarter of what we employ when 
we look at the Moon with the naked eye, so that the vision of Mars 
which Professor Lowell had at his disposal was immensely inferior to. 
that which we obtain when we look at the full Moon with one eye. 

Any trained astronomer can easily take steps which will enable him 
to appreciate with some exactness what Professor Lowell’s telescope 
could succeed in substituting for Mars on that night, if the state of the 
atmosphere was at its best. He has only to make holes 0°7 mm. and 
1-4 mm. in diameter with sufficiently fine needles, in a piece of card, and 
then to see for himself the deterioration which the image of the full 
Moon undergoes when examined with the naked eye restricted to looking 
through one or other of these holes. 

It seems wonderful that Professor Lowell could succeed in securing 
the remarkable observations he made under such difficult circumstances ; 
and the question arises, What can these “carets” mean? It is to this 
inquiry that experiments give an answer. The control observations. 
only go so far as to show that their presence in the image does not 
betoken that anything like them exists upon the planet. 

* The reader will find an inquiry as to the ways in which vision with 
the naked eye is limited in Section 1 of a paper on Insect Vision in the. 
Phil. Mag. for March 1894, p. 317. 
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Mars, if he will with sufficient diligence make, in connexion 
with his observations upon the planet, control observations 
upon the Moon when nearly full, by examining it as often as 
weather permits on the day it is full and the day before and 
the day after: and under optical conditions the same as those 
to which he is obliged to confine himself in his observations 
upon Mars while at the distance from the Earth at which it 
happens to be at that time. To facilitate his own observa- 
tions of this kind, the author found a table such as the 
following useful, in which D is the distance of Mars from 
the Earth, Lis the estimated mean distance of Full-Moon 
from the observer, and e is our standard angle which is 
2’-062648, or in circular measure 0:00001. The table 
furnishes the values of «, the aperture of the telescope to be 
used upon the Moon, and of w the maximum magnifying 
power to be applied to it—this latter being the power which 
produces the same effect upon the Moon as 400 does when 
employed upon Mars. 

bee 
: Semi- D. a. Maximum 
meee Diameter | Distance | Aperture | magnifying 

TS. | of Mars. | of Mars. | to be used power to 
on Moon. | be used 

| on Moon, 

Ee ee tale Ce ane a en 
103 « 10”'82 vaued, 13 mm. 2°34 

Oe 9''-28 200 L 14 mm. D 

ide | lin Ge 240 L 13 mm. 1:40 

CLawiwag to 300 L 1 mm, 1:23 

42 ¢ 4''-64 400L | mm. 1 

3 ¢ 3'-09 600L | 34mm. 0°67 

/ 2 € 2'"-06 900 L 4mm. 0°44 

| 

This table is somewhat more convenient when thrown into 
the form of a diagram, to be hung up in the Observatory. 
If we use the numbers of the first column as abscissas and 
the distances of Mars as ordinates, the latter will terminate 
in a hyperbola. Again keeping the same abscissas, and 
using the values of « as ordinates, they will terminate in a 
straight line. And, finally, with the same abscissas and the 
values of w as ordinates, they also terminate in a straight line. 
Of course the two straight lines and the hyperbola can be 

q 
i 
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plotted down upon one diagram, and then we can read off on 
it any required intermediate values of D, a, or w*. 

48. Quite a small telescope is sufficient for use in the 
control experiments. The author’s was a small pocket tele- 
scope with an objective of 2 cm. aperture and ten-inch focal 
length. The erecting apparatus and eyepiece were removed, 
and simple plano-convex ilenses took their place as eyepieces. 
These, when the convex side is turned towards the eye, are 
sufficiently good eyepieces of the low powers indicated in 
column 5 of the table. Hach of these lenses should be 
mounted in a tube with an eyestop, to keep the eye in the 
right position, that is, where the plano-convex lens can form 
its image of the objective. To limit the aperture of the 
telescope, a hole a few mm.’s in diameter may be made in 
the cover which is usually sold with such telescopes for 
keeping dust off the objective, and thin disks of brass may 
be provided like those used for microscope stops, with central 
holes of the sizes entered in column 4 of the table. Any one 
of these when fitted inside the dust-cover will, when the 
cover is slipped on to the objective, limit its aperture in one 
of the required degrees. This formed the entire outfit: and 
it may for convenience be strapped on to an equatoreal stand. 
The whole was adapted for comparisons with the performance 
of an astronomical telescope of 12-inch aperture. To fit it 
for the minority of occasions when the state of our atmo- 
sphere allows an 18-inch or a 24-inch aperture to be used 
with more advantage upon Mars, the numbers in columns 4 
and 5 will need to be increased in the same ratio as the 
astronomical aperture is increased. This will necessitate a 
small addition to the stock of eyepieces and of disks of brass 
with holes in them, which will have to be provided ; and it 
will be convenient. to add to the diagram described in § 47 
the straight lines which will indicate which of these is to be 
used on each occasion. It will of course be understood that 
the observer will when observing carefully make allowance 

* D, the distance of Mars, has been computed from the assumption 
that when its distance from the earth is 7 metro-tens (10’° metres) its 
apparent semi-diameter is 10”, which is a sufficiently close approxi- 
mation. L was deduced from the assumption that the mean distance of 
the Moon is $84,000 kilometres, by applying two corrections to this 
value—1°, by subtracting from it 1/180 part to allow for the effect of the 
perturbation known as Variation upon the Moon when in syzygy; and 
2°, by further subtracting 3/4 of the length of the earth’s radius to allow 
roughly for the observations being made from the surface of the earth 
and not from its centre. Of course, if these approximations are not 
thought sufficient, the observer can make a separate calculation for each 
day of observation, using the exact values for that day: but the author 
did not think it necessary to take this trouble. 
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for the circumstance that his control apparatus shows the 
Moon better than his astronomical telescope can show Mars, 
and better in a greater degree the larger the objective of the 
astronomical telescope, the control apparatus being very much 
less affected by the state of the atmosphere. 

49. The author intended to have given here an account 
of observations made with this simple apparatus and of the 
lessons they teach the astronomer, but finds that to do so 
would occupy too much space. If, however, any reader of 
this paper is willing to make the observations for himself, 
being careful to make them only when the Moon is nearly 
full, he will receive in this way far more instruction than 
could reach him by merely reading about them. No one 
who sees and appreciates the significance of these observa- 
tions can again fall into the error of supposing that the 
astronomers of our day have even so much knowledge of 
what exists upon Mars, as the astronomers of old before the 
telescope was invented could have of what exists upon the 
Moon. In fact they have not nearly so much. It is easy 
for us now when we look at the Moon with the naked eye 
to read into what we then see, some of the details with which 
the telescope has made us familiar; but those old astronomers _ 
had no such help, nor has any man that kind of help now in 
reference to Mars. 

50. A distinct advance would be made if scientific men 
would desist from talking about what can be seen “ upon 
Mars.”’ Nobody has as yet seen what is on Mars nor any- 
thing like what is upon Mars. What the astronomer has 
had presented to him has really been an eidolon, that is a 
model such as a sculptor could make and which would 
present to the sculptor’s eye precisely the same appearance as 
the telescope presents to the astronomer. It is not upon. what 
is on Mars that the astronomer is enabled by his telescope 
to look. He sees whatever finds a legitimate place upon 
this model and nothing more; and our control experiments 
show that what he sees would amount to being an effective 
disguise thrown over what is really upon the planet. How 
utterly unlike it must be to what is really upon the planet 
is forced upon his attention when making the control ex- 
periments, if he is acquainted with the details which an 
adequate telescope reveals upon the Moon, and compares these 
with what is substituted for them when a full moon is viewed 
through telescopes as inefficient upon the Moon as our best 
astronomical telescopes are upon Mars. 

51. Nor, unfortunately, do we seem entitled to expect 
much better results from employing very much larger tele- 
scopes than those hitherto broughtto bear. Will the optical 
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state of our atmosphere permit? In early life the author 
had the privilege of spending some years as Astronomical 
Assistant to the then Earl of Rosse, and in the experience 
he had while in charge of his Observatory, he did not come 
across even one night in which the seeing seemed to him 
sufficiently good to enable a planet to be better or even as 
well seen in the Great Telescope (except perhaps for some 
small portion of a second ata time), as it would on that same 
night be seen, and much more continuously, in smaller’ in- 
struments if optically as perfect. He had opportunities of 
making comparisons between apertures of 6 feet, 3 feet, and 
20 inches. And on almost every trial the state of the air 
was such that the best vision upon a planet was with the 
instrument of smaller aperture. 

52. The cause of this was made impressively evident by 
an observation he had occasion to make in 1849 or 1850. 
Lord Rosse had two specula for the Great Telescope, with 
one of which he continued his experiments on figuring 
immense mirrors, while the other was in use in the telescope. 
At the time referred to the mirrors had been exchanged, 
and the new one had to be tested. A most suitable object 
was available at the time—the companion of y Andromede, 
itself a very close double star (0'"5 separation) of two 
nearly equal constituents and not too bright; and it was. 
besides singularly well situated as it crossed the meridian 
not far from the zenith. An exceptionally good night was 
selected, and special arrangements were made by which the 
mirrors of the telescope came almost accurately into adjust- 
ment when the telescope was pointed towards the star. The 
constituents of this excessively close double were then (but 
never for more than a small fraction of a second) exquisitely 
seen like the light of a flame seen through two minute holes 
made with a fine needle ina piece of card, and with a lane 
of sky between them wider I think, than each of the star 
images. This appearance every now and again presented 
itself like a flash, but was almost immediately swallowed up. 
by the two images boiling together into a single larger mass. 
of light which seemed in a state of intense commotion. This 
was the usual appearauce, even on so good a night ; and the 
moments of real definition were only occasional. The dis- 
tance between the two stars was at that time only half a 
second of angle according to Professor See who has studied 
this binary system. The two stars are sensibly equal and 
were of a remarkably intense blue as seen in the Great 
Telescope. The powers employed upon the telescope were 
750 and 1300, and the object was exquisitely seen with them 
both, perhaps most pleasingly with the higher power, as it. 
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was in that year so very close a double star. The lower of 
these powers was the usual working power used upon the 
Great Telescope, as it is not far from the lowest power 
which enables the whole pencil of light to enter the pupil of 
the observer’s eye. 

53. Such being the state of things, I have little doubt 
that on that night, although it was an exceptionally good 
night, the small telescopes used by Professor Lowell, if 
equally good as optical instruments, would have shown Mars 
better than Lord Rosse’s enormous telescope with its ex- 
quisite defining power. So that I have not much hope of 
good results from the use upon Mars of any such immense 
aperture. No doubt the instantaneous vision obtained now 
and then would do something, but I fear not much. We 
are therefore confronted by two limitations in examining an 
object such as Mars. We cannot use really large apertures * 
on account of the imperfections of our atmosphere, and with 
such apertures as we can avail ourselves of, the image of 
the planet is remote from representing what is really upon 
the planet. It behoves us then to avoid confident assertions 
as to what exists or does not exist upon Mars, and to refrain 
from guesses as to what is going on there. The necessity 
for this caution in the interests of correct thinking, in no 
degree detracts from the merit of the great achievements 
of those astronomers who have secured tor science a know- 
ledge of important details, before unknown, but which they 
have shown the insufficient telescopes that man can employ 
to be competent to reach, and which they have ascertained 
did truly exist upon the eidolons or substitutes for Mars 
which those telescopes exhibited, when Mars was at the 
various distances from us at which it was on the nights upon 
which the observations were made. 

In the present chapter we have aimed only at ascertaining 
facts. We have sought to discover what that appearance is 
into which an insufficient telescope will seem to transform 
an object containing certain definite details. But this is not 
enough. We have still to learn the precise process by which 
nature produces this imperfect image, which will lead to our 
discovering its true nature and the cause of its imperfections. 
This, the most important branch of our inquiry, will occupy 
our attention in the next and final part of this memoir. 

* Lord Rosse’s marvellous instrument if used upon Mars when nearest 
to us would, even if the imperfections of our atmosphere could be 
removed, only have shown Mars as well as a half-inch objective will 
show the Moon when full. 

[To be continued. | 
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LXVIIL. The Action of the Radium Emanation upon Water. 
By Prof. HE. Rurwerrorp, /.R.S., and T. Royps, M.Se., 
1851 Hehibition Science Scholar*. 

S* CE the initial experiments of Ramsay and Soddy in 
1903, the production of helium from radium and its 

emanation have been completely substantiated by a number 
of independent observers. On the view that the « particle is 
a helium atom, the appearance of helium from radioactive 
matter in general receives a simple and _ satisfactory 
explanation. 

Recently Mr. Cameron and Sir William Ramsay have 
attacked the important question as to whether the radiations 
from a large quantity of radium emanation are effective in 
transforming the atoms of ordinary matter. They have 
published results to prove that under the influence of the 
radium emanation, copper is transformed into lithium and 
possibly into sodium and potassium. In addition they have 
given evidence that in the presence of copper solutions the 
emanation disintegrates into argon, and in the presence of 
water into neon. <A complete and satisfactory proof of these 
transformations is attended by great experimental difficulty. 
In a recent paper t, Cameron and Ramsay sum up the results 
of their experiments as follows:—‘‘In carrying out such 
work it is extremely difficult to prevent traces of air leaking 
into the apparatus during the considerable length of time 
which must elapse before an experiment is completed. Since 
0°1 c.c. of atmospheric nitrogen contains sufficient argon to 
be detected spectroscopically atter the nitrogen has been 
removed by sparking, the proof that the presence of argon 
is due to some other cause is rendered extremely difficult. 
Similarly, it is far from easy to free copper solutions com- 
pletely trom traces of lithium, and to prove convincingly 
that lithium did not pre-exist in such solution treated with 
emanation. The detection of neon is open to no such ob- 
jection. The only possible source, other than transmutation, 
is the aluminium of the electrodes. The vacuum-tube had 
been previously run a great number of times at different 
pressures, washed out with air, and finally showed traces of 
hydrogen, and hydrogen alone. It is inconceivable that 
neon can have resulted thus by chance from two experiments 
with water, where in each case the residues were tested 
between those from numerous similar experiments with other 
solutions in which no neon was detected. We must regard 

* Communicated by the Authors. 
y+ Journ. Chem. Soc. June 1908, p. 992. 
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the transformation of emanation into neon, in presence of 
water, as indisputably proved, and, if a transformation be 
defined as a transformation brought about at will, by change 
of conditions, then this is the first case of transmutation of 
which conclusive evidence is put forward.” 

Mme. Curie and Mlle. Gleditsch* have recently repeated 
the experiments of Cameron and Ramsay with reference to 
the transformation of copper into lithium, and have obtained 
no certain evidence of the production of lithium. 

With the aid of the radium loaned by the Vienna Academy 
of Sciences, we have made experiments to see whether neon 
is produced when the radium emanation disintegrates in the 
presence of water. Thanks to the use of the absorbing pro- 
perties of charcoal, the detection of a minute quantity of 
neon is now a comparatively simple matter. Coconut char- 
coal at the temperature of liquid air absorbs all gases except 
neon and helium. ‘The spectroscopic test of the presence of 
neon is unmistakable on account of its very characteristic 
spectrum of a bright line in the yellow and a group of bright 
lines in the red. Since there could be no possible doubt 
that neon was present in the experiments of Cameron and 
Ramsay, the question arose whether the neon observed could 
have been derived from the air; for Strutt has recently 
shown that the presence of neon can be spectroscopically 
detected in 5), c.c. of atmospheric air. Cameron and Ramsay 
state that in their experiments it was impossible to avoid a 
small leakage of air into their apparatus during the week or 
more that an experiment was in progress. 

Before beginning the main investigation, a number of 
experiments were made to determine the amount of neon 
that could be detected spectroscopically. The apparatus, 
already described for the purification of the emanation {, was 
used for this purpose. The arrangement will be clearly seen 
from fig. 1. 

The whole apparatus was first completely exhausted by 
means of a mercury-pump. A known volume of air contained 
in a small burette over mercury was introduced into the 
reservoir R by means of the mercury trough. The stopcocks 
A and B were closed and C opened, and the mercury raised 
to the level D by raising the reservoir 8. The stopcock A 
was opened to allow the gas to expand into the reservoir E 
of capacity about 30 c.c. and then closed. To the top of E 
was attached a small spectrum-tube F, of length about 7 cms., 

* Acad. Sciences, Aug. 10, 1908. 
+ Proc. Roy. Soc. A. Ixxx. p. 572 (1908). 
t Rutherford, Phil. Mag. Aug. 1908. 
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and of diameter 1 mm., provided with thin platinum electrodes. 

A tube H containing a small quantity of coconut charcoal 

was attached to the side tube through a stopcock L. Before 

the experiment the charcoal tube was thoroughly heated and 

Fig. 1. 
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‘exhausted. On surrounding the tube H by liquid air, all the 

gases present in the air except neon and helium were absorbed. 

The stopcock L was then closed, and by raising the mercury 

reservoir the gases remaining in E were compressed into the 

yacuum-tube. On passing a discharge, the hydrogen and 

mercury lines were usually prominent, the former probably 

due to a trace of water vapour present. A pad of cotton- 

wool was then wrapped round the spectrum-tube just above 

‘the level of the mercury and was soaked with liquid air. 
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The spectrum of hydrogen and mercury disappeared, and 
the tube became very hard and showed only the neon 
spectrum. 

Proceeding in this way, we were able to detect easily the 
neon yellow line when +}, c.c. was introduced into the reservoir 
Hi. The conditions to bring out. the spectrum most clearly 
could readily be tested by passing a discharge at short 
intervals through the tube as it slowly warmed up from 
evaporation of the liquid air. At a certain stage, the neon 
yellow line and the stronger reds flashed out clearly. With 
75 ¢.c. of air the red lines of neon were.clearly visible, and 
with 1 ¢.c. a brilliant spectrum of neon was obtained, showing 
most of the lines. These experiments were repeated on 
several occasions, the vacuum-tube being changed between 
each experiment, and in every case the same results were 
obtained. 

According to the measurements of Ramsay neon is present 
in air in about one part in 100,000 by volume. The experi- 
ments thus show that one can readily detect the presence of 
neon in amount less than one millionth of a cubic centimetre. 
It is quite probable that with a still better choice of con- 
ditions, a still smaller quantity could be spectroscopically 
detected. ) 

A Watts binocular grating spectroscope was found very | 
convenient for a rapid examination of the spectra; measure- 
ments of wave-lengths were carried out by means of a Hilger 
direct-reading spectroscope. 

Heaperiments with the Emanation. 

In order to collect the gases formed by the action of 
radium emanation on water, we employed a method very 
similar to that used by Cameron and Ramsay. For clearness, 
we shall describe with some detail the progress of a complete 
experiment. A glass bulb of about 4 c.c. capacity, provided 
with a stopcock, was half filled with distilled water and then 
placed in an evaporation-bath to expel the air from the bulb 
and the water. The stopcock was then closed, and the bulb 
sealed on to a side-tube connected with the mercury-pump, 
as shown at M. The water in the bulb was frozen by 
surrounding it with liquid air and the last trace of air then 
pumped out. In the meantime the emanation, corresponding 
to the equilibrium amount from 150 mg. of radium, was 
carefully purified after the manner described in a previous 
paper and stored in the U-tube. By opening the stopcock B 
the emanation was then all condensed in the frozen bulb. 
The stopcock was thereupon closed and surrounded by a 
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mercury seal, to prevent any possible leakage of air into the 
bulb, At the end of three days, when it was judged that 
the pressure of hydrogen and oxygen formed by the emana- 
tion from the water was about an atmosphere, the bulb was 
again frozen in liquid air and the non-condensable gases 
pumped out and collected. About 4 c.c. of mixed gases * 
were obtained, consisting mainly of hydrogen and oxygen. 
The gases were then introduced into a separate burette and 
exploded. A small quantity of pure electrolytic oxygen was 
then added, and the gases again exploded to remove any 
excess of hydrogen, ‘The residual gases (about 0-2 c.c.) were 
not further treated, but passed directly into the receiver EH 
in the manner already described, and the gases not absorbed 
by the charcoal were compressed into the vacuum-tube 
and spectroscopically examined. A complete and brilliant 
spectrum of helium was observed, but not a trace of the 
neon spectrum. 

The greater part of the emanation had remained condensed 
in the bulb when the mixed gases were pumped out. The 
stopcock was closed and the seal again placed in position and 
the liquid air removed. The bulb was allowed to stand for 
six days, when about 4 c.c. of the mixed gases were again 
pumped out. As it might be possible that any neon formed 
would be dissolved in the water, the bulb was allowed to 
warm up to atmospheric temperature and then connected 
with the pump. The rapid evaporation of the water then 
gave a chance for removal of any absorbed gases into the 
pump. The small quantity of gas thus obtained was pumped 
out and added to the first quantity. The mixed gases were 
treated as before. A complete spectrum of helium was obtained 
but again no sign of the neon lines. 

It might be thought that the presence of the helium in the 
discharge-tube would interfere with the detection of a small 
quantity of neon. A special experiment was made to test 
this point. At the end of the last experiment, the mercury 
was lowered below the level of the carbon tube and +), c.c. 
of air passed into the reservoir. After absorption by the 
charcoal, the residual gases were tested spectroscopically as 
before. The neon spectrum was now clearly seen in addition 
to that of helium. When the lower part of the vacvum-tube 
was cooled to the temperature of liquid air by the pad of 

* This amount of mixed gases is one third of that experimented with 
by Cameron and Ramsay, but the amount of neon to be expected from 
their results could have easily been detected with the smaller quantity. 
In experiments recorded later in the paper 30 ¢.c. of mixed gases were 
used, 
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cotton-wool, the yellow line of helium was distinctly brighter 
than the yellow line of neon, but at acertain stage cf the 
warming up, the neon and helium spectra were about equal 
in brilliancy. 

Tn all five experiments were made by this method, but in 
only one case was the presence of neon observed. This was 
in the first experiment of the series. In order to see whether 
the presence of neon in this experiment could be ascribed to 
a leak of air into the apparatus, the charcoal was warmed up 
and the gases again pumped out and collected in a burette. 
The oxygen present was removed by melted phosphorus. 
About 5 ¢.c. of gas remained, consisting mainly of nitrogen. 
Now |, c.c. of nitrogen corresponds to a leakage of about 
jo ¢-c. of air. The brightness of the neon yellow line com- 
pared with that of helium in the experiment was about that 
to be expected if this quantity of air had been added. This 
was confirmed by the observation that when an additional 
zlo cc. of air was added, the neon spectrum was increased 
notably in brightness. 

Eaperiments with the Gases produced from the 
Radium Solution. 

Cameron and Ramsay point out that if the emanation 
produces neon in the presence of water, neon should be found 
in the water solution of the radium salt from which the 
emanation is pumped off, and they state that they have 
observed the spectrum of neon from the gases thus obtained 
from the radium solution. We have made experiments to 
test this point. The radium salt containing over 200 mgrs. 
of radium was dissolved in water to which a small quantity 
of hydrochloric acid had been added. The emanation was 
allowed to collect for about five days, and was then pumped 
off with about 30 c.cs. of hydrogen and oxygen. These gases 
were treated as before, and the emanation removed by con- 
densation. The residual gas, mostly oxygen, was tested, by 
the method described, for neon. We have made four expe- 
riments in all, but in no case have we found a trace of neon, 
although a brilliant spectrum of helium was always observed. 

Conclusions. 

From the rate of production of helium by radium recently 
measured by Sir James Dewar*, the quantity of helium 
produced by a known quantity of emanation can be readily 
estimated. In most of the experiments with water a quantity 
of emanation corresponding to the equilibrium amount from 

* Proc. Roy. Soc. A. Ixxxi. p. 280 (1908). 

Phil. Mag. 8. 6. Vol. 16. No. 95. Nov. 1908. 3H 
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about 150 mgr. of radium was introduced and left for three 
days. This should lead to the production of about 345 c-mm. 
of helium. We have seen that in these experiments we could 
detect with certainty a quantity of neon less than yo/59 c.mm. 
Consequently, even supposing that the emanation does change 
into neon, the amount so produced cannot be more than one 
per cent. of the helium which is also formed. Cameron and 
Ramsay were apparently not aware of the delicacy of the 
spectroscopic detection of neon in small quantities of air. 
In the experiment described in their last paper, they state 
that they were unable to avoid a leakage of air into their 
apparatus, and working with 12°6 c.c. of mixed gases, they 
found after the removal of hydrogen and oxygen that the 
residue consisted of *292 ¢.c. of nitrogen and carbon dioxide. 
Assuming that this residue consisted mainly of nitrogen, it 
would show that there was a leakage of air of about °36 ¢.c. 
In our experience, the admission of such a quantity of air 
into the apparatus gives a brilliant spectrum of neon com- 
parable in brightness with the companion helium spectrum. 
Consequently, the experiment described by Cameron and 
Ramsay is quite inadequate as a proof of the production of 
neon from the emanation. 

University of Manchester, 
Oct. 6, 1908. 

LXVIII. On the Equilibrium of Heterogeneous Substances 
(1876). By the late Prof. J. CLerk Maxwett, /.2.S. 

{Tue paper here reprinted is the report of an Address 
delivered by Prof. Clerk Maxwell on May 24, 1876, at the 
South Kensington Conferences in connexion with the Special 
Loan Collection of Scientific Apparatus. It is contained 
(pp. 144-150) in the official volume of reports of the Con- 
ferences, which has long ago dropped out of notice. An 
earlier and less complete version of this summary of Prof. 
Willard Gibbs’s developments of the doctrine of available 
energy, on the basis of his new concept of the chemical 
potentials of the constituent substances, was communicated 
to the Cambridge Philosophical Society on March 8, 1876, 
and appeared in abstract in vol. ii. of their Proceedings, 
pp. 427-430; it was reprinted in Maxwell’s ‘ Collected 
Papers,’ vol. i. pp. 498-500. The fact that the energy 
associated with any constituent substance is proportional 
jointly to the mass of that constituent and to another factor 
representing energy per unit mass, is of course involved in 
the very notion of conservation of energy; but the general 
factorization into magnitudes (or quantities) and intensities 
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(such as the potentials of Gibbs) is, it would seem, here set 
forth formally and explicitly for the first time, though it is 
thoroughly implied throughout Gibbs’s work. This paper 
reviews only the first portion of that work, Proc. Con- 
necticut Academy, Oct. 1875-May 1876 ; the second part of 
it, mainly special applications, did not appear in the same 
Proceedings until May 1877-July 1878. The principle, 
as restated in less guarded terms by G. Helm (1887), that 
each type of (available) energy strives to pass from positions 
of higher to positions of lower intensity, has been supposed 
sometimes to mark a new departure in physical ideas : 
ef. Prof. W. Ostwald, Die Energie (1908) p. 103, whose 
regret, expressed in this connexion, that he has not had 
access to Maxwell’s paper, has revived the project of re- 
printing it. Some years before this time, in a paper ‘ On 
the Mathematical Classification of Physical Quantities,” Proc. 
Lond. Math. Soc. vol. iii., Maxwell had pointed out, in 
connexion with Rankine’s idea of factors of energy, that 
this conception loses most of its definiteness and efficacy 
when applied to kinetic phenomena. It is only for static or 
steady material transformations that it is effective; and it 
became so, in development of the general Kelvin doctrine 
of available energy, only by virtue of the fundamental step 
involved in Gibbs’s recognition of the existence of quanti- 
tative chemical potentials for the independent constituent 
substances of a mixture or solution,—involving the formu- 
lation of the general criterion of chemical coexistence of 
complex substances in contact, that the potential of each 
constituent should be the same in both of them, and of the 
trend of chemical change, towards positions of lower aggregate 
potential. 

Most interesting also as regards this evolution of ideas is 
the postscript of a letter from Maxwell to Stokes of an 
earlier date, August 3, 1875, in which, in connexion with 
Andrews’s experiments on the condensation of mixed gases, 
Maxwell sends a tentative sketch of the whole theory, 
using a provisional term reaction, printed between inverted 
commas, for the quantity which his friend Gibbs soon after- — 
wards named chemical potential: see ‘Memoir and Scientific 
Correspondence of Sir G. G. Stokes,’ vol. ii. pp. 33-35 
(Cambridge, 1907).—J. Larmor. | 

ee warning which Comte addressed to his disciples, 
not to apply dynamical or physical ideas to chemical 

phenomena, may be taken, like several other warnings of 
his, as an indication of the direction in which science was 
threatening to advance. 
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We can already distinguish two lines along which dyna- 
mical science is working its way to undermine at least the 
outworks of Chemistry, and the chemists of the present day, 
instead of upholding the mystery of their craft, are doing all 
they can to open their gates to the enemy. 

Of these two lines of advance one is conducted by the help 
of the hypothesis that bodies consist of molecules in motion, 
and it seeks to determine the structure of the molecules and 
the nature of their motion from the phenomena of portions 
of matter of sensible size. 

The other line of advance, that of Thermodynamics, makes. 
no hypothesis about the ultimate structure of bodies, but 
deduces relations among observed phenomena by means of 
two general principles—the conservation of energy and its. 
tendency towards diffusion. The thermodynamical problem 
of the equilibrium of heterogeneous substances was attacked 
by Kirchhoff in 1855, when the science was yet in its 
infancy, and his method has been lately followed by C. Neu- 
mann. But the methods introduced by Professor J. Willard 
Gibbs, of Yale College, Connecticut *, seem to me to be more 
likely than any others to enable us, without any lengthy 
calculations, to comprehend the relations between the different 
physical and chemical states of bodies, and it is to these that 
I now wish to direct your attention. 

In studying the properties of a homogeneous mass of fluid, 
consisting of m component substances, Professor Gibbs takes 
as his principal function the energy of the fluid, as depending 
on its volume and entropy together with the masses, m,, 
Mg, ..++ mM, Of its n components, these n+2 variables being 
regarded as independent. Hach of these variables is such 
that its value for any material system is the sum of its values. 
for the different parts of the system. 
By differentiating the energy with respect to each of these 

variables we obtain n+2 other quantities, each of which has. 
a physical significance which is related to that of the variable 
to which it corresponds. | 

Thus, by differentiating with respect to the volume, we: 
obtain the pressure of the fluid with its sign reversed ; by 
differentiating with respect to the entropy, we obtain the 
temperature on the thermodynamic scale; and by differ- 
entiating with respect to the mass of any one of the com- 
ponent substances, we obtain what Professor Gibbs calls the. 
potential of that substance in the mass considered. 

As this conception of the potential of a substance in a 

* Transactions of the Academy of Sciences of Connecticut, vol. iii. 

to ee ee 
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given homogeneous mass is a new one, and likely to become 
very important in the theory of chemistry, I shall give 
Professor Gibbs’s definition of it. 

“Tf to any homogeneous mass we suppose an infinitesimal 
quantity of any substance added, the mass remaining homo- 
geneous and its entropy and Lee remaining unchanged, 
the increase of the energy of the mass, divided by the mass 
of the substance added, is the potential ‘of that substance in 
the mass considered.” 

These n+2 new quantities, the pressure, the temperature, 
and the n potentials of the component substances, form a 
class differing in kind from the first set of variables. They 
are not quantities capable of combination by addition, but 
denote the intensity of certain physical properties of the 
substance. Thus the pressure is the intensity of the ten- 
dency of the body to expand, the temperature is the intensity 
of its tendency to part with heat; and the potential of any 
component substance is the intensity with which it tends to 
expel that substance from its mass. 
We may therefore distinguish between these two classes 

of variables by calling the volume, the entropy, and the 
component masses the magnitudes, and the pressure, the 
temperature, and the potentials the intensities of the system. 

The problem before us may be stated thus :—Given a 
homogeneous mass in a certain phase, will it remain in that 
phase, or will the whole or part of it pass into some other 
phase ? 

The criterion of stability may be expressed thus in Pro- 
fessor Gibbs’s words :—“ For the equilibrium of any isolated 
system it is necessary and sufficient that in all possible 
variations of the state of the system which do not alter its 
energy, the variation of its entropy shall either vanish or 
be negative. 

‘“‘The condition may also be expressed by saying that for 
all possible variations of the state of the system which do not 
alter its entropy, the variation of its energy shall either 
vanish or be negative.” 

Professor Gibbs has made a most important contribution 
to science by giving us a mathematical expression for the 
stability of any given phase (A) of matter with respect to 
any other phase (B). 

If this expression for the stability (which we may denote 
by the letter K) is positive, the phase A will not of itself 
pass into the phase B, but if it is negative the phase A will 
of itself pass into the phase B, unless prevented by passive 
resistances. 

—— - 
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The stability (K) of any given phase (A) with respect to 
any other phase (B), is expressed in the following form :— 

K>=e—vp + nt— mp, — &e. — mapry, 

where ¢ is the energy, v the volume, 7 the entropy, and 
mM, M2, &e. the components corresponding to the second 
phase (B), while p is the pressure, ¢ the temperature, and 
}41, #2, &c. the potentials corresponding to the given phase 
(A). The intensities therefore are those belonging to the 
given phase (A), while the magnitudes are those corresponding 
to the other phase (B). 
We may interpret this expression for the stability by 

saying that it is measured by the excess of the energy in the 
phase (B), above what it would have been if the magnitudes 
had increased from zero to the values corresponding to the 
phase B, while the values of the intensities were those 
belonging to the phase (A). 

If the phase (B) is in all respects except that of absolute 
quantity of matter the same as the phase (A), K is zero ; 
but when the phase (B) differs from the phase (A), a portion 
of the matter in the phase (Aj will tend to pass into the 
phase (B) if K is negative, but not if it is zero or positive. 

If the given phase (A) of the mass is such that the value 
of K is positive or zero with respect to every other phase 
(B), then the phase (A) is absolutely stable, and will not of 
itself pass into any other phase. 

If, however, K is positive with respect to all phases which 
differ from the phase (A) only by infinitesimal variations of 
the magnitudes, while for a certain other phase, B, in which 
the magnitudes differ by finite quantities from those of the 
phase (A), K is negative, then the question whether the mass 
will pass from the phase (A) to the phase (B) will depend on 
whether it can do so without any transportation of matter 
through a finite distance, or, in other words, on whether 
matter in the phase B is or is not in contact with the 
mass. : 

In this case the phase (A) is stable in itself, but is lable 
to have its stability destroyed by contact with the smallest 
portion of matter in certain other phases. 

Finally, if K can be made negative by any infinitesimal 
variations of the magnitudes of the system (A), the mass 
will be in unstable equilibrium, and will of itself pass into 
some other phase. 

As no such unstable phase can continue in any finite mass 
for any finite time, it can never become the subject of expe- 
riment; but it is of great importance in the theory of 
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chemistry to know how these unstable phases are related to 
those which are relatively or absolutely stable. 

The absolutely stable phases are divided from the relatively 
stable phases by a series of pairs of coexistent phases, for 
which the intensities p,t, w, &c. are equal and K is zero. 
Thus water and steam at the same temperature and pressure 
are coexistent phases. 

As one of the two coexistent phases is made to vary in a 
continuous manner, the other may approach it and ultimately 
coincide with it. The phase in which this coincidence takes 
place is called the Critical Phase. 

The region of absolutely unstable phases is in contact 
with that of absolutely stable phases at the critical point. 
Hence, though it may be possible by preventing the body 
from coming in contact with certain substances to bring it 
into a phase far beyond the limits of absolute stability, this 
process cannot be indefinitely continued, for before the 
substance can enter a new region of stability it must pass 
out of the region of relative stability into one of absolute 
instability, when it will at once break up into a system of 
stable phases. 

Thus in water for any given pressure there is a corre- 
sponding temperature at which it is in equilibrium with its 
vapour, and beyond which it cannot be raised when in 
contact with any gas. But if, as in the experiment of 
Dufour, a drop of water is carefully freed from air and 
entirely surrounded by liquid which has a high boiling-point, 
it may remain in the liquid state at a temperature far above 
the boiling-point corresponding to the pressure, though if it 
comes in contact with the smallest portion of any gas it 
instantly explodes. 

But it is certain that if the temperature were raised high 
enough the water would enter a phase of absolutely unstable 
equilibrium, and that it would then explode without requiring 
the contact of any other substance. | 

Water may also be cooled below the temperature at which 
it generally freezes, and if the water is surrounded by another 
liquid of the same density the pressure may also. be reduced 
below that of the vapour of water at that temperature. If 
the water when in this phase is brought in contact with 
ice it will freeze, but if brought in contact with a gas it will 
evaporate. 

Professor Guthrie has recently discovered a very remark- 
able case of equilibrium of a liquid which may be solidified 
in three different ways by contact with three different sub- 
stances. This is a solution of chloride of calcium in water | 

a 
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containing 37 per cent. of the salt. This solution is capable 
of solidification at —37° C., when it forms the solid eryo- 
hydrate having the same composition as itself. But it may 
be cooled somewhat below this temperature, and then if it is 
touched with a bit of ice it throws up ice, if it is touched 
with the anhydrous salt it throws down anhydrous salt, 
and if it is touched with the cryohydrate it solidifies into 
cryohydrate. 

LXX. On the Atomic Weight of Radium and other 
Elementary Substances. 

To the Editors of the Philosophical Magazine. 
GENTLEMEN, 

: the paper which you were good enough to reprint from 
the Memoirs and Proceedings of the Manchester 

Literary and Philosophical Society in the Magazine of 
February last, it was shown from the definite multiple 
relations of the first and second series of elements, Hn and 
H2n, that radium was the next higher member to barium of 
the alkaline earth metals, with an atomic weight of 184 and 
a proximate specific gravity of 5. 

The numerical relations of these series are of so much 
interest and importance to chemical science, especially in 
regard to the evolution of elementary substances, that I 
should like to place on record in the Philosophical Magazine 
the method by which the atomic weights of the first three 
series have been determined. Also my complete Table of the 
elements with their atomic weights, in order to elucidate 
the subject of this communication and for future reference. 

Hn. H2n. 

n= ea iy 

02 Shr = 7 0-70 7s—6l = 45 
1x23 .0=Na= 23 1x24.0=Mg= 24 
2x23-7 =Ka= 39 2x24—8=Ca= 40 
3X23—7 =Cu= 62 
4X23-—7 =Rb= 85 
9X23—7 =Ag=108 
6x%23—7-—Cs— fal 
1 X2o—i =r =154 
8x 23—7 =a =177 
9x 23—7 =Hg=200 

38xX24—8=Zn = 64 
4x24—8=Sr = 78 

5x 24-8 =Cd =112 

6x 24—8 =Ba =136 
7X24—8=r =160 

8x 24—8=Ra =184 

Hn (Na23) be multiplied by an arithmetical series, then will 
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the products, minus the atomic weight of the first member 
(Li7), be the atomic weights of the elements of this series. 
It will also be obvious that had these relations been known 
before the discoveries of rubidium and cesium by Bunsen 
and Kirchhoff, the numbers in my table would have expressed 
the atomic weights and other properties of these elements. 
The like remark also applies to the atomic weight of lithium, 
which before Bunsen’s accurate determination was accepted 
as 6°5. Again, by multiplying in like manner the atomic 
weight of the second member of the alkaline earth and zine 
series of metals (Mg24) the products, minus the atomic 
weight of the first member (G18), are the atomic weights of 
all the elements of this series. 

In anote presented to the French Académie des Sciences* 
I have shown that helium is the typical element of the series 
H2n with an atomic weight of 2(He=2) ; a value now 
adopted by French chemists in the table of atomic weights 
published in the Annuaire du Bureau des Longitudes. This 
value is in accordance with the law that the atomic weights 
of the other elementary gases (H, O, N, Cl) at ordinary 
temperatures are expressed by the same numbers as their 
specific gravities. | 

I would also direct attention (1) to the common numerical 
difference of 4 between the halogens and the alkaline metals 
in homologous positions, and (2) the common difference of 
5 between the oxygen series and the alkaline earth metals in 
similar positions, (3) the natural arrangement and extension 
of Dumas’ triads, in which the sum of the atomic weights of 
the extremes is equal to double the atomic weights of the 
means. 

The absolute parallelism of the positive and negative series 
of elements Hn and H2n in their numerical, chemical, and 
physical relations, together with their close resemblance to 
homologous series, will be at once apparent to philosophical 
chemists. The cause of the alternation of light and heavy 
elements in each of these series, while preserving the 
ieee multiple relations, is a problem for future science to 
solve. | 

The small differences observable between the experimental 
and a few of the theoretic atomic weights, when distributed 
among the twenty-four members of the four positive and 
negative series, are less than half of one per cent. of the 
actual determinations. 

* Comptes Rendus, tome cxxv. p. 651 (1897). 
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Tase I. | 

Elementary Substances, with their Atomic Weights in Multiple 

. 
+Hn—- | +H2n— H3n 

I | ; 
H= 1 | He= 2 : 

* Accepted Atomic Weights. t Specific Gravities. 

*,* The accepted atomic weights are taken from the standard works and 
Watts’ ‘Dict. Chem.,” Suppl. p. 247— 
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TABLE [. 

Proportions, 1878-1894—1902-1903-1906. 

H 4n H 5n Hé6n H7n 

Ne = 77 

a eG By, = 20 — = 18 N= 1 
a 

Ar = 2l 

a Kr = 42 
| Xe => 63 | 

at Nee Piui= 30 — = 36 Si = 35 
ol 2S a0 

1°82 2°49 

7 24g )) We t6o0" | Gr = 54 Fe = 56 56—8'14|| 
48 Hae eeodee Sarerh te a Mn = 56 55—8'00 

4-1t 5:5 73 Ni |= 56 58--8-66 
Co = 56 58—896 

Ge = 72 As = 75 
St b= af 75 

5'47 3°63 

Zr = 92 Nb = 95 Mo = 96 

er Re ee ee ea et Obs 
415? B4t 6°67 86 

Sn =116 Sb =120 Pd =105 105'6—12:0 
a kG heh ee) Rh =105 104°4—11°2 

7°29 G72 Ru =105 104:-4—11°4, 
Da =105 wae ane 

La =140 x =140 x =144 

67 8-154 10-0t 

an =164 D =165 

9-llt 8:304 

D368 Ba se | Ar, 186 
aie 5 tga ee Kes anaes [| 
8-0t 10°78? 9:8} 18-26 

U. =240 | Bi =210 | Au =196 196—19°34 
age 2a Se eke | Pt =196 197—21°:50 

18:4 9°83 Ir =196 198— 22°42 

Os =196 198—22°48 

¢ Estimated. § Anthracite. || Electro-deposited. 

tables of Wurtz, Roscoe and Schorlemmer, J. P. Cooke, F. W. Clarke, 
Atomicity, and more recent determinations. 
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I take this opportunity of remarking, as a principle of 
scientific reasoning, that when the number of recurring facts 
are sufficient to establish the relation of cause and effect, or, 
in other words, the general accuracy of a law, the road to 
further discovery lies rather in the direction of explaining 
the anomalous departures from it than in challenging the 
truth of the law itself. I would also emphasize the fact, the 
importance of which is hardly yet realized by chemists, that 
as the received atomic weights are all expressed in units of 
hydrogen, and are equivalents of this element, the multiple 
relations subsisting among the higher atomic weights, as 
shown in my tables, have an immensely greater validity in 
determining the question of their being whole numbers of 
hydrogen, than when the atomic weights were compared 
directly with the hydrogen unit alone by Stas and the older 
chemists. 7 

It will be observed that there are gaps in the positive series 
Hn, to be occupied by two elements with atomic weights 154 
and 177, and also one in the series H 2n, with an atomic weight 
160, which remain to be discovered or identified with known 
radioactive or other elements. 

The multiple relations subsisting among the series H3n 
are highly interesting on account of the additions that have 
been made to them by the aid of spectral analysis, and the 
questions raised respecting the classification and valency of 
some of its members, which, from their rarity, have not been 
sufficiently investigated. The atomic weights of this series 
are calculated on the same principle as those shown in the 
series Hn and H2n, and are multiples of H3. It will be 
seen that where the numbers in the table differ from the 
experimental determinations, the differences are either mul- 
tiples or submultiples of the received atomic weights. More- 
over, as the theoretic atomic weights of thorium, thallium, 
aluminium, as carbon are identical with the actual deter- 
minations, and as triads are formed by TI, In, Ga, Se, and 
Th, Er, Y, Ce, as in the series Hn, H2n, there is a high 
degree of probability that all the theoretical atomic weights 
in this series are also correct. 

While the atomic weights of the remaining series H4n- 
H‘7n are multiples of their typical molecules at the head of 
each series, their other numerical relations differ from those 
in the preceding series. The possible causes of the departure 
from the simple law observable in these series have been 
briefly stated in my paper “On the Origin of Elementary 
Substances,” published in the Memoirs of the Manchester 
Literary and Philosophical Society in 1887. 
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From the definite multiple relations which the atomic 
weights of mercury, lead, and thorium have to those of the 
lower members of their respective series, for the same number 
of elementary condensations, there is abundant reason for 
concluding that no elements exist of higher atomic weights 
than those shown in each series of my tables. 

The general principles herein set forth enable me now to. 
deal with the anomalously high value assigned to the atomic 
weight of radium in the most recent experimental determi- 
nations, as compared with the theoretical value 184 shown 
in my tables. 

In the determination made by Mme. Curie with the chloride 
the atomic weight of radium was calculated to be 226%. 
More recently, Dr. Thorpe, F.R.S., has repeated Mme. Curie’s 
experiments with radium chloride and obtained nearly the 
same result f. 

In both these determinations it will be observed that 
beyond the statement that radium is a bivalent element, no. 
mention is made of the constitution of the chloride from 
which the results were obtained, i. e. whether a protochloride 
according to Dumas, Marignac, and Berthelot, or a dichloride 
in agreement with Cannizzaro. This omission has, however, 
been supplied in Mme. Curie’s ‘Thesis on Radioactive. 
Substances,’ in which the formula of radium chloride is. 
written RaCl,, and, consequently, a dichloride. 

A glance at my complete table of atomic weights will 
show that the several series of elements, Hn—H7n, are in 
the order of their quantivalence. It will also be seen that 
the valencies of the series Hn and H2n are determined solely 
by the multiple relations herein set forth, as distinguished 
from the estimated quantities shown in periodic systems of 
the elements. 

That the univalent halogens are negative analogues of the 
univalent alkaline metals in homologous positions in my 
table, is evident from their numerical, physical, and chemical 
relations, just as the bivalent oxygen series have the like 
relations to the bivalent alkaline-earth metals. The formula 
for radium dioxide, like that of barium, will therefore be 
RaQ,. Now it is well known that chlorine combines with 
the alkaline and alkaline earth metals in one proportion only; 
and according to Dalton’s first canon of chemical synthesis 
“such combination must be presumed to be a binary one” ft. 
Consequently, until radium can be shown to have two. 

* Comptes Rendus, tome cxly. p. 422 (1907). 
+ Proc. Roy. Soc. vol. lxxx. p. 807 (1908). 
t Dalton’s ‘ New System of Chemical Philosophy,’ p. 214 (1842). 
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chlorides, its combination with chlorine is a protochloride 
and its formula RaCl. 

The atomic weight 226 shown for radium will, therefore, 
require to be reduced by 35 (the equivalent of chlorine), or 
226-35=:191. Although this value is still 7 units higher | 
than the value shown in my table, yet, considering the dif- 
ficulties attending the experiments on account of the minute 
quantities of the chloride operated upon, the result is as near 
the theoretical value as might reasonably be expected. 

While extreme care has been taken in both these deter- 
minations to eliminate barium from the mineral experimented 
with, which element would reduce the value shown for radium 
on account of its lower atomic weight (137), no mention is 
made or indication given by Dr. Thorpe of any residual 
quantity of uranium that might have remained in the radium 
chloride from which the atomic weight was determined. 
His investigation commenced on about half a ton of piteh- 
blende (uranium oxide) residues. It would have been in- 
teresting to know the steps by which this large amount of 
uranium oxide residues was reduced to a single grain of 
radium chloride. 

As the atomic weight of uranium ‘is 240, the elimination 
of two and a half per cent. of uranium chloride from the 
grain of radium chloride ultimately obtained would reduce 
the atomic value 191 to 184, the atomic weight of radium as 
shown in mny tables. 

Yours faithfully, 
H. WILpe. 

Alderley Edge, Sept. 29th, 1908. 

LXXI. Notices respecting New Books. 

The Mathematical Theory of Electricity and Magnetism. By J. H. 
JEANS, M.A., F.R.S. Pp. viii+536. Cambridge University 
Press, 1908. 

fee treatise is intended to give the mathematical theory of the 
* fairly well-defined range in Electromagnetic Theory which every 
student of physics may be expected to have covered, with more or 
less thoroughness, before proceeding to the study of special branches 
or developments cf the subject. The treatment is considerably 
more elementary than that in Maxwell’s Treatise upon which it is 
based. It also includes much detail which is not in Maxwell. 
Although the author makes no claim for much newness or 
-originality of treatment, and even expressly disclaims having 
taken much interest in the writing of it(!), yet we think that the 
result is to be highly commended. Undoubtedly it appears to us 
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to be a book which is destined to take a leading piace amongst 
expositions of electromagnetic theory. Mr. Jeans isso thoroughly 
alive to the logical principles at the foundation of his subject that 
he is able to lucidly expound them. Take, for example, the 
question of action at a distance discussed on p. 138. Then again 
the numerical illustrations are very striking. By no means the 
slightest feature of the book is the large number of examples at 
the ends of the chapters. These, as he says, ‘‘ may provide problems 
for the mathematical student, but it is hoped that they may also 
form a sort of compendium of results for the physicist, showing 
what types of problem admit of exact mathematical solution.” 

LXXII. Proceedings of Learned Societies. 

GEOLOGICAL SOCIETY. 

[Continued from p. 704. | 

May 20th, 1908.—Prof. W. J. Sollas, Se.D., LL.D., F.R.S., 
President, in the Chair. 

f I ‘HE following communications were read :— 

1. ‘On some Fossil Fishes discovered by Prof. Ennes de Souza 
in the Cretaceous Formation at Ilheos, State of Bahia (Brazil).’ 
By Arthur Smith Woodward, LL.D., F.R.S., F.L.S., V.P.G.S. 

2. ‘The Bala and Llandovery Rocks of Glyn Ceiriog (North 
Wales). By Dr. Theodore Groom, M.A., F.G.S., and Philip Lake, 
M.A., F.G.S. 

In the district around Glyn Ceiriog, which the authors have 
mapped on the 6-inch scale, the following succession is given :— 
Denbighshire Slates. 
Ty-Draw Slates, with Monograptus Marri...........1.ccseeseecseees TarANNON 
Fron-Frys Slates, with Pentamerus undatus, Meristina cf. crassa, and 

DUTT POE CHEN ea foo soa wok o8ve Sate bene dean cbeke | LLANDOVERY. 
. (6) Glyn Grit and Limestone .. ............ 

Gia eeley Bere { deailitilidis | Bode; with papstaas 
Hisingert, Ramipora AHochstetteri,  Trinucleus 
seticornis, species of Cybele, Cheirurus, Remo- 
pleurides, and numerous cystids, corals, | 
brachtoporl ag cnet: ond. 2! Pee tetas avn dalh Se 

Graptolite-Slates, with Dicellograptus elegans .........eseseceeeeee 

— | BALA. 
(ey, Fiat eae a ons. aveatecees sbanvse vane Jose | 
(Z) Bryn Beds, with Tetradella complicata, Phacops | 

apiculatus, Trinucleus concentricus, Triplesia | 
Pandy 4 spirtferoides, Rafinesquina ungula, ete. ...... | 
Serkes. } (c}) Oraig-yoPundiy Asi 2252225. -caemc np amaded <opinp smencie 

(6) Teirw Beds, with Lingula tenuigranulata, 
Bellerophon nodosus, Asaphus Powisi, ete. ... 

\ (a) Owna-Olorpeiotsht . oop nccaes hac esh coset) eeeaads ) 

In the Pandy Series the beds a, ¢, and ¢ consist essentially or 
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wholly of ashes and tuffs (no lava-flows having been detected). 
Movements have often taken place along the two surfaces of the 
Craig-y-Pandy Ash, and the rock is commonly foliated, and locally 
converted into a white or blue china-stone, in which good columnar 
jointing is sometimes shown. The authors have failed to detect 
any traces of thermometamorphic action of these bands on the 
adjoining slates, such as has been recently asserted. It is other- 
wise with an intrusive sill, which has been commonly mistaken 
for the uppermost ash. 

The Teirw Beds are compared with the Roman Fell Group of the 
Lake District. The Bryn Beds agree most nearly with the Sleddale 
Beds of the same district. 

The Graptolite-Slates are separated from the underlying Pandy 
Series by the Ddolhir Fault, which has cut out a considerable part 
of the succession. 

The Ddolhir Beds are extremely rich in fossils, which’ prove 
their equivalence with the Ashgillian formation of other districts. 
They appear to pass up into the Glyn Grit and Limestone, which 
is essentially a sandy and calcareous facies of the series. The 
Glyn Grit corresponds in position with the Corwen Grit; but, 
recognizing that it belongs to the Bala Series, the authors are 
no longer prepared, without further evidence, to assume the 
equivalence of the two grits. 

The Fron-Frys Slates show the lithological characters of the 
Grey Slates of Corwen, but belong rather to the shelly than to the 
graptolitic facies of the Llandovery Series. 

The Ty-Draw Slates resemble the pale Tarannon Slates of other 
districts. They appear to pass up into the Denbighshire Slates. 

The authors find no indication of the overlap or overstep of the 
Wenlock, Tarannon, and Llandovery Beds mapped by the officers 
of the Geological Survey, or described by previous observers, 
although there is probably an unconformity at the base of the 
Fron-Frys Slates. 

The beds of the district dip northwards at an almost uniformly 
low angle, but the structure is considerably complicated by a series 
of faults, most of which have hitherto escaped notice, some being 
very elusive. They include :—(1) east-and-west faults, (2) north- 
north-west and south-south-east, or north-and-south faults, and 
(3) north-north-west and east-south-east faults. 

Of the first series the most important is the Ddolhir Fault, which 
dips at an angle of 20°, nearly, with the bedding, and may be 
either a thrust-plane or a lag-fault. Of the second series, the most 
remarkable is the Caemor Fault, on the east side of which the rocks 
have been raised nearly a mile, and shifted horizontally to the 
south for nearly 3 miles. Most of the remaining faults have a 
simple downthrow on the east. 
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(Plate XXIV.] 

HE object of this investigation was to study the magnetic 
rotation and ellipticity produced in plane-polarized light 

by films of magnetic metals, along with other properties 
intimately associated in theory with these—namely, the 
refractive indices and extinction coefficients. 

That a thorough investigation of this kind would prove 
fruitful seemed evident from the results obtained in this 
laboratory by W. D. Harris ft, who found that iron films, 
obtained by cathode deposit in a glow current, exhibited 
magnetic effects differing with the gas in which they were 
produced. His results also show that the variation in the 
magnetic rotation of these films with the wave-length of light 
is strikingly different from that obtained by Lobach{ for 
electrolytic iron. 

After improving the optical system used by Harris, we 
have been able to extend observations on these films into the 
region of relatively greater absorption, which this type is 
found to possess. We find there that both magnetic rotation 

* Read at the meeting of the American Physical Society, Chicago, 
January 1908. Communicated by the Authors. 

+ W. D. Harris, Phys. Rey. xxiv. p. 337 (1907). 
t W. Lobach, Wied. Ann. xxxix. p. 347. 

Phil. Mag. 8. 6. Vol. 16. No. 96. Dec. 1908. 31 
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and ellipticity reverse their direction with respect to the 
magnetizing current. 

By varying the method of producing the films of iron we 
have obtained three distinct types, one of which, as stated, 
exhibits a marked absorption region in the visible spectrum, 
while the other two seem to have the centre of such a region 
shifted well out in the ultra-violet. Similar characteristic 
differences are found in films of cobalt. Cathodic films of 
nickel were found to be almost imperceptibly active, though 
electrolytic nickel gives measurable values. 
We have also found that a measurable ellipticity is 

imparted to the originally plane-polarized light by all films 
producing a measurable magnetic rotation. 

EXPERIMENTAL METHops. 

1. Production of Films. 

As stated above, three distinct types of both iron and 
cobalt were obtained—two by the glow current in gases, 
the other by electrolytic deposition. 

Iron.—Using a glow current, the films were deposited 
from a circular disk cathode of Swedish iron (diam. 10 mm.). 
The form of discharge chamber is repre- Fie. 1 
sented in fig. 1. To confine the current i 
to the face of the cathode K, this was 
backed by a porcelain disk and its stem 
sheathed in porcelain tubing, the tempe- 
rature In some cases running too high for 
glass. The films were deposited on very 
thin (0°1 to 0°2 mm.) microscope cover- 
glasses, selected plane, free from double 
refraction, and of measured magnetic 
rotation—the latter being generally a 
small fraction of that imparted by the 
metal film. To make a film, one of these 
glasses was mounted parallel to the face 
of the cathode-at an adjustable distance 
below it. . The discharge chamber was 
then evacuated and usually dried by 
leaving it in connexion with a chamber 
containing phosphorus pentoxide. Dry 
gas (hydrogen, unless otherwise stated) 
was finally admitted to a pressure of one 
to three millimetres of mercury. The 3 
electric current—furnished by a 1000-volt storage-battery— 
was then passed from the iron disk as cathode. 
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In those cases where the current was adjusted to a 
magnitude such that a film of the desired opacity was 
produced in two to four hours, the appearance of the film, 
as also its optical characteristics, was very different from 
those produced in a few seconds on raising the cathode to a 
white heat by cutting resistance out of the circuit. These 
latter films appear by reflected light as perfect metallic 
mirrors, while the former are much like polished dark glass. 
The latter are very hard, and seem to be fused on to the 
glass ; while the former are soft and brittle, lacking the 
coherence of fused iron. Tor the same opacity the metallic 
films are strikingly thinner than the dark ones, being too 
thin to show the least trace of interference-fringes, while 
with the dark these may be very distinct. The metallic 
films impart no tint to transmitted light ; the dark appear a 
yellow-brown arising from a marked relative absorption of 
the shorter waves. When deposited in hydrogen the metallic 
type absorb the gas at a remarkable rate even for some time 
after the current is broken *; but the dark, which exhibit like 
properties whether deposited in hydrogen or helium, take up 
no observable quantity of the gas either during or after the 
process of deposition. For this reason the exceptional 
properties of the dark films must be ascribed to the form 
in which the metal is deposited, and not to a chemical 
combination of the metal with the gas. 

In a few cases films were obtained which exhibited optical 
properties intermediate between those of the two types 
described ; but since these appeared to be made up of layers 
of different hardness, and the conditions: of deposit were 
such as made it likely, we conclude that they were simply a 
mixture of the two already described f. 

Films were also deposited electrolytically from a solution of 
ferrous ammonium sulphate on glass platinized according to 
the method of Kundt. The appearance of these is like that 
of the metallic type of cathode film. 

Cobalt.—Three types of cobalt films were readily produced 
in the same way as the corresponding ones of iron. They are 
similar inappearance tothe iron. They differ greatly in their 

* See W. Heald, Phys. Rev. xxiv. p. 269. 
+ To this mixed type belong, to all appearances, those obtained by 

Harris (J. c.) in hydrogen: while those he deposited in nitrogen belong 
to that designated here as dark (arising probably from less heating of the 
cathode in nitrogen). Hence the variation which Harris ascribes to a 
change in the kind of gas was caused in fact by the consequent change 
in the temperature of the cathode. This, however, does not explain the 
characteristics exhibited by the films which he deposited in oxygen, 
These were probably largely oxidized in the process of deposition, — 

I Sa 7 
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magnetic effects and also in their extinction. Compared with 
the “corresponding ones of iron, cathodic films of cobalt are 
considerably more transparent ; though such is not the case 
with electroly tic films. 

Nickel —With the olow current, only films giving metallic 
reflexion could be produced with nickel, though these varied 
considerably in nardness. The densest rev ealed only a very 
faint activity in the magnetic field. As stated above, films 
of nickel of relativ ely ‘pronounced activity were, however, 
obtained by electrolytic deposition, the same as with iron and 
cobalt. 

2. Thickness of Films. 

This was measured by a slight but very convenient modifi- 
eation of the customary interference method. The film was 
cleared from the glass to an abrupt edge at the point to be 
measured, Over this was laid a cover- -olass, which produced 
under perpendicular reflexion of monochromatic light two 
adjacent sets of interference-bands—one arising from the 
interference of light reflected from the upper and lower 
boundaries of the air-space between the two plates of glass; 
the other from that contained between the upper plate and 
the film. Obviously the thickness of the film is one-half the 
relative retardation of the two sets of bands, provided no 
phase difference arises at the surfaces. That no measurable 
surface effect of this kind was present was shown by the fact 
that films known from their magnetic rotation to be too 
thin to produce, by their thickness alone, a measurable dis- 
placement of the bands, gave coincidence of the two sets. 

A micrometer microscope was used for measuring the 
fractional part of a band displacement. 

The modification referred to consisted in the use of sunlight 
passed through a Fuess spectral instrument as a source of 
monochromatic light, variable in colour and intensity. By 
varying the width of the collimator-slit of the instrument, 
that intensity producing the clearest bands—a very important 
factor—was easily obtained. By changing the colour, the 
direction of motion of the bands revealed immediately the 
direction of the relative shift ; and by noting the successive 
wave-lengths that gave coincidence, the whole number of 
wave-lengths of each colour was obtained readily by 
inspection, each setting at the same time contributing a 
measured value to the desired retardation. Finally, in those 
cases where the film was too thin to give a coincidence of the 
bands with any colour, the greatest accuracy was attained by 
using the shortest waves consistent with clear vision. It 
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was found that a wave-length of about 430 wy fulfilled this 
condition very satisfactorily, inasmuch as this colour gave 
generally the most distinct bands of all. 

3. Optical Thickness of Films. 

The refractive index of the films was obtained as the ratio 
between the optical thickness and the air thickness—that is, the 
ratio of the number of wave-lengths in the film to that in the 
same thickness of air. The optical thickness was measured by 
means of an interferometer of the Zehnder type, following 
the method used at different times in this laboratory*. Fig. 2 

Fig. 2. 

presents a diagram of the system. Light from a Nernst 
glower 8 (or slit illuminated with sunlight) passes through 
a lens Lj, a polarizing nicol N, and is divided into two com- 
ponents at the half-silvered surface of the interferometer- 
plate A. These rays pass respectively over the two paths 
ABC and AB'C, and recombine beyond the interferometer- 
plate C under conditions producing interference. The object 
of the nicol is to eliminate reflexion from the glass-air surface 
of the interferometer-plates, and the consequent blurring of 
the bands arising from the superposition of the two sets thus 
produced. ‘This is possible because the angle of incidence 
on the plates is very nearly the polarizing angle. The film F 
whose retardation is to be measured is placed to intercept the 
lower half of one of the component rays. Just beyond this 
is placed a compensator K, consisting of two thin mica strips 
of equal thickness, one placed parallel to the film with its 
upper edge in line with the upper edge of the film, the other 
placed to intercept the part of the ray which passes above the 
film and the companion strip of mica. Both have their optic 

* Cartmel, Phil. Mag. [6] vi. p. 214; Clark, Phys. Rev. xxiii. p. 422. 
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axis in the plane of polarization. This upper strip of mica is 
so mounted that its inclination to the ray can be varied by 
rotating about a vertical axis, and thus a retardation produced. 
in the upper half of the ray equal to that which the film intro- 
duces in the lower half. P is a compensating plate used to 
right the irregularity of form in the bands arising from the 
pla ite on which the film is deposited. Beyond C is placed a 
lens L., which focusses (through a plane mirror M) the 
film F on the collimator-slit of a spectroscope. Viewed 
through the spectroscope, the field exhibits two parallel 
channeled spectra with the interference-bands in the one 
displaced relative to those in the other. If the movable 
compensator strip be parallel to its companion strip, the 
observed displacement arises from the optical path in the 
film being greater than that in the same thickness of air. 
The angular displacement of the collimator, which gives 
coincidence of bands in any part of the spectrum, is used 
for determining this difference. As a convenient formula 
for calculating the relative retardation we have used the 
following, for which we are indebted to Professor Tuckerman 
of this laboratory :— 

6 = ke’ 7(14+5°3 pan a”), 

where 6 is the retardation in wave-lengths, « the displacement 
of the compensator in degrees, and k a “constant depending on 
the thickness of the mica and its refractive index. The value 
of k is experimentally determined for the various colours by 
observing the value of « required to produce one or more 
wave-lengths’ retardation with the film removed. The ae- 
curacy (one-half per cent.) of this formula is well within the 
experimental errors. 

The optical thickness of the film is obtained for each colour 
by adding the corresponding 6 to the air thickness given in 
terms of the wave- length considered. 

4. Transmission and Reflexion. 

For measuring the ratio of the intensity of the transmitted 
to the incident light, a Brace spectrophotometer was used in 
the customary way: a rotating sector and an adjustable slit 
serving to reduce the intensity of the unabsorbed component 
to match it with that which has passed through (or been 
reflected from) the film. To eliminate the effect of reflexion 
in the transmission measurements, the usual method of 
measuring the transmission of two different thicknesses 
was followed. For reflexion measurements, an attachment 
described by Clark (J. c.) was used. 
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5. Magnetic Rotation and Ellipticity. 

The rotation of plane-polarized light by the films, when 
subjected to a magnetizing force in the direction of the ray, 
was measured for both transmission and reflexion. The 
corresponding ellipticity produced in the originally plane 
vibration was also measured. Finally, plane-polarized light 
sent through the films in a direction normal to the field, and 
with its azimuth of vibration at 45° to it, was tested in the 
most promising films for ellipticity, but none detected. 

Rotation.—F igure 3 presents a diagram of the system used 
for measuring rotation. A very clear sun as source was 
necessary for all observations where transmitted light was 
studied. This was concentrated by a long-focus lens L, on 

Fig. 3. 

the collimator slit 8, of a Fuess Tyas instrument so 
adjusted as to furnish at the emergent slit 8, a practically 
monochromatic bundle of rays of any desired colour. The 
extremes of the bundle differed in wave-length usually by 
about 10 pu. These rays passed successively through an 
achromatic lens L,, a polarizing prism P, the film F (p placed 
between the magnet-poles), and the Lippich Halen 
analysing pair A; and A, which were mounted in the axis of 
a graduated circle. A viewing telescope focussed on the 
edge of the half nicol A, completed the optical system. 
Settings were made by rotating the analysing pair (fixed 
relative to each other) until the customary match was 
obtained. 
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For investigating the reflected light the rays from the 
spectral system were brought in from the side and turned by 
means of a total-reflecting prism througha polarizer of much 
smaller aperture than that used in testing the transmitted 
light. The rays were reflected from I" back over the 
polarizer, entering the analysing system so placed as to 
receive them. The angle of incidence on the film with this 
arrangement was not greater than two degrees. 

Ellipticity—For measuring this a Brace half-shade elliptic 
polarizer and compensator was used. To convert the above 
rotation system into one for measuring ellipticity, the half 
nicol A, was removed and A fixed at extinction. The mica 
half-shade elliptic polarizer was placed in the position 
originally oceupied by Ay, covering half the field and fixed 
at maximum illumination. The compensator, a thicker sheet 
of mica, was then mounted (covering the whole field) in the 
graduated circle. Settings were made by rotating this com- 
pensator until a match was established. To eliminate the 
effect arising from mere rotation of the plane by the film, 
the polarizer P was arranged to be conveniently rotated 
a suticient amount to compensate for this. This was deter- 
mined with suitable accuracy by rotating to minimum 
intensity of field. The half-shade was of the order 
‘009 Ap = 3:2 degrees, The compensator, carefully measured 
according to Stokes’ method *, was found io be of the order 
6°°5 for a wave-length of 560 wy. The order of a similar 
piece of mica, a quarter-wave plate for the same colour, was 
carefully measured for the various spectral colours, and these 
values used in determining the order of the compensator for 
the various wave-lengths studied. The ellipticity of the 
light was calculated from the formula 

E=tan pr, [sin 2(6—¢,) +sin 2d |, 

in which E = ratio of minor to major axis of the elliptic 
vibration ; 2v,;= order of the compensator; go = angle 
through which the compensator is rotated to change from a 
match on plane-polarized light to the nearest position of no 
effect on this hight; and ¢ =the angular displacement of 
the compensator from its position of match on plane-polarized 
light to a match on the light having an ellipticity E. If the 
compensator and half-shade are of the same material, dy does 
not change with the colour. This formula is accurate for 
thin compensators. All measurements of both rotation and 

* Phil. Mag. [4] ii. p. 420. 
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ellipticity were obtained by reversing the magnetizing 
current in the electromagnet, which doubled the magnitude 
of the quantity sought. 

The direction of vibration in the ellipse was determined by 
comparing the compensator with a quarter-wave plate, the 
slow and fast azimuths. of which had been determined by 
means of the interferometer. 

EXPERIMENTAL RESULTS. 

6. Dark Iron. 

In Table I. (p. 842) are incorporated the values of the mag- 
netic rotation and ellipticity imparted by three different films 
of dark iron to light transmitted through them along the lines 
of force, and with field-strengths giving maximum effects. 
Two of these films (Nos. 3 and 4) were deposited in an 
atmosphere of hydrogen, the third (No. 2) in helium. The 
rotation and compensator values are half the observed, which 
were, as already stated, obtained by reversing the magnetizing 
current. The ellipticity (ratio of minor to major axis) was 
obtained from the compensator values by use of the formula 
given on page 840. Positive values represent rotation (or 
vibration) in the direction of the magnetizing current ; 
negative, the opposite direction. By all three films the 
rotation is reversed in direction at a wave-length of about; 
540 pp, and the ellipticity at about 460 wy. This similarity 
in the results from films deposited in hydrogen and in helium 
indicates that their peculiar properties are to be ascribed to 
the form in which the iron is deposited rather than to the 
existence of any chemical combination with the gas. This 
conclusion is strengthened by the fact that iron deposited by 
Harris in nitrogen (J. ¢.) gives also zero rotation and ellip- 
ticity at the same positions in the spectrum. 

Fig. 4 (Pl. XXIV.) represents graphically the results from 
film 3. The abscissas represent wave-lengths ; the ordinates 
in the rotation curve give the rotation in degrees multiplied by 
ten, and in the ellipticity curve the ratio of minor to major axis 
multiplied by one thousand. In the same figure is plotted 
the transmission curve of the film, the ordinates representing 
the per cent. transmission divided by five. The values for 
this latter curve are taken from Table II. The relatively 
large transmission of the longer waves causes the film to 
impart a rich golden tint to white light. 

In Table II. (p. 843) are given for the same films the values 
of rotation and ellipticity divided by the thickness of the 
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corresponding film. These show that both rotation and 
ellipticity are approximately proportional to the thickness of 
the film, the approximation being on the whole as near as one 
could expect from the conditions of the experiment. These 
values for films 3 and 4 are plotted in fig. 5, the results from 
3 being indicated by the black dots, at 4 by the circles. 
The transmission values for the same films , given also in 
Table II., serve for calculating the extinction coefficients by 
using the formula 

4 

in which I;, I, refer to the ratio in percent. of transmitted 
to the incident light of the two films respectively ; ds; and d, 
the thickness of the films in centimetres ; and K the ex- 
tinction coefficient sought. These extinction coefficients are 
also given in Table IJ. Finally, in the last column of this 
table are given the refractive indices of film 3 as obtained 
according to the method described in § 3. They are repre- 
sented in the upper plot of fig. 5, and the extinction coefficients 
in the lower. 

The rotation, ellipticity, and extinction curves are con- 
sistent with each other ; but it appears strange that the 
refractive-index curve shows no corresponding ‘anomaly i in 
form in this region. Its slope is, however, opposite in 
direction to that given by other investigators for normal 
iron. The magnitude (2°2 to 2-4) is about the same here as 
in normal iron. 

In Table IIT. are recorded the observations of rotation and 
ellipticity of film 2 with various field-strengths, the magnitude 
of the latter being determined by the rotation produced i in a 
given length of carbon bisulphide. The bottom line of this 
table gives the ratio of the mean of the magnitudes contained 
in each two vertical columns (obtained by ignoring algebraic 
signs). This shows that, within experimental errors, the 
ellipticity bears the same ratio to the rotation for all field- 
strengths. Assuming, as has been shown in some cases by 
Du Bois *, that the rotation is proportional to the mag- 
netization of the film, we may conclude that the ellipticity 
produced by the film is also proportional to its magnetization. 

Observations on light reflected from these films in a 
magnetic field gave no conclusive results, arising partly 
from the fact that so much light is returned from the back 
surface of the film, especially in the red end of the spectrum. 

* Du Bois, Wied. Ann. xxxi. p. 941. 
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This fact was made evident by the coefficient of reflexion 
being of a wave form in the red end of the spectrum (arising 
from interference between front and back reflexions) and 
a flat curve in the blue (where the absorption is large). 

About 11 per cent. of the light is reflected at normal 
incidence from the front surface of these films, this value 
being practically the same for all colours. 

7. Llectrolytic Iron. 

As already stated, the electrolytic films were deposited on 
microscope cover-glasses which had been platinized after the 
method of Kundt. As nearly as could be measured, these 
piatinum films were about 6. 10—7 em. thick in all cases. Asa 
convenient method for measuring the thickness of the various 
iron films with the greatest accuracy, a comparatively thick 
film was deposited, its magnetic rotation observed for the 
more sensitive region of the spectrum (520 pp), and its 
thickness obtained by subtracting the thickness of the 
platinum from the combined thickness as measured according 
to § 2. The following table gives the values obtained, the 
thinner film merely serving to furnish check-values. 

TaBLeE LV. 

| Fil Thickness /9¢ 2" {om.). | Rotation | Rotation 

8 ga 9 orem cerry | (degrees). | Thickness” 
Pt+Fe. Pt (appros.). Fe. ; 

Wan be! tee 41 6 35 | ‘92 | 268000 
} : 

' 29 67 6 61 | 1:57 257000 

The field-strength used for these measurements was 
13,700 (c.G.s.). 

From the above value of the rotation divided by the 
thickness, the thickness of the other films was calculated 
alter measuring their rotation under the same conditions. 
This assumes that the various films are identical in structure, 
which assumption later results show to be not rigidly correct. 
However, the accuracy obtained by this procedure is probably 
much greater than if the thickness of the thinner films used 
had been measured directly. | 2 aa 

Values of the rotation and ellipticity produced by two 
different electrolytic films are found in Table V. and the 
corresponding curves in fig.6 (Pl. XXIV.). The form of the 
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TaBLE V.—Llectrolytic Iron. 

Thickness: No. 24, 35x 10-7; No. 26, 41°5 x 10-7 cm. 

Wave- 
length. 

rotation curve is practically the same in both, but there is an 
evident difference in the ellipticity, which indicates that the 

No, 24—Field, 14,700. 

1} 

| 

| No. 26— Field, 14,600. 

847 

Rotat. | Compens.| Ellipt. | Rotat. 
(deg.). | (dez.). “| X10. °|| (deg.): 

ee SS a S| (cae eee os ET 

ere h IS: ly °66 
6I | bs eae | eee 
reo eu ll G2 1 6 all | ahaa os 
‘70 ae oe] | ee 
‘78 rok 14:4. |). 91 
‘81 « fed | Nate 
89 78 15:0 || .1-04 
‘98 8:3 151 || 1-20 

1:05 85 147 || 1:29 
1:07 8-6 143) 127 

Compens. | Ellipt. 
(deg.) 

6-4 

metal giving the upper curve has the centre of its resonance 
region slightly nearer the visible spectrum than the other. 
Both indicate the resonance region of electrolytic iron as 
being much further out in the violet than that of dark iron. 

The values of rotation and ellipticity divided by the thick- 
ness of the corresponding films are given in Table VI., and 

Wave- 
length. 

440. 
460... 
480... 

one 
t . aoe 
bdr 

560... 
580... 
600 ... 
ire 
630. ... 
640. ... 
660 - .+.| 

Taste VI.—Electrolytic Iron. 

Field, 14, 

Rotation l = | | 

600 c.G.s. 

Ellipticity 

Thickness erty) ‘Thickness’ 

No. 24. | No. 26. No. 24. No. 26. 

163 159 3820 3740 
174 Ni a i 
189 187 3880 3920 
199 oe be ae 
221 219 4140 4080 
230 es By | ae 
254 . 249 A500" | | "4220 
PATA has a a ite hme pet 
280 | 288 || 4330 .| 4100 

sisi / “en | aie eiats 

299 310 |. 4230 3920 

306. |) 305 4070 3660 

| 

|| 

Extinction, 
—3d 

x 10 

DP, DARRAGH, , 
Cw: CHK wwooorr: : DO, 
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their curves in fig. 7. The rotation is proportional to the 
thickness throughout, but with the ellipticity this is true 
only in the blue end of the spectrum, a considerable diver- 
gence being evident in the red. A more remarkable variation 
in these electroly tic films is found on comparing the rotation 
curve in this figure with that plotted from Lobach’s results 
(/. ec.) which is also given. The magnitudes are not only 
adbatly different, but the rotation in our films increases more 
rapidly toward the red than in his, thus showing that the 
difference in values cannot be gxeonnted for by assuming an 
error in thickness measurements. 

The extinction coefficients of this type of iron were obtained 
by measuring the transmission of a very thin film of definite 
thickness, then repeating the measurements after depositing 
over this. Two films were thus tested, giving as mean results 
the values found in Table VI. The corresponding curve is 
plotted in fig. 7. Compared with dark iron it is noticed that 
this extinction-curve is much flatter than that of fig. 5, 
a fact we should expect from the great difference in form of 
the curves of rotation and ellipticity. Another remarkable 
difference between these films and those of the dark iron is 
the relative magnitudes of rotation, ellipticity, and extinction, 
With the same thickne ‘ss the mag noite effects of electrolytic 
iron are about forty times that of the dark, while the 
extinction ranges from ten to thirty times. 

The effect on rotation and ellipticity of varying the strength 
of the magnetic field is shown in the following table, obtained 
from film 24 with a w ave-length of 520 wp. 

TABLE VII. 

Field-strength Retation Ellipticity | illipticity 103 | 
(C.G.8.). (deg.). ) x 10%, Ls ‘Rotation ; | 

9,500 60 | 127 | 212 | 
10,800 G5 13'8 | 212 | 

| 12,800 69 | 148 O13 | 
15,000 77 | 16-2 | 18 

As with dark iron, the ellipticity changes with the mag- 
netizing force at the same rate as the rotation, as shown by 
the last column of this table. 

Light reflected from an electrolytic film (No. 22) was 

mS 
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tested for both rotation and ellipticity in a field of about 
13,000 lines. The results are given in the following table:— 

TABLE VIII. 

Wave-length ......... 440 480 520° 560 600 630 660 

Rotation (deg.) ...... Say f= pike 19) ged | eT Ohs asi id eel 

Ellipticity x10®".... —06 -—-23 —42 +45 -—50 =-90 —-70 

These results show that the rotation of reflected light is 
about the same for all colours, but the ellipticity—on the 
whole small—increases slightly with the wave-length. We 
find here that the negative rotation is also accompanied by a 
negative ellipticity, both being positive in the case of trans- 
mitted light. 

8. Metallic Iron. 

The type of films designated as metallic, to distinguish 
them from the other type obtained from cathode deposit 
in vacuo, seem to be produced by sublimation of the cathode. 
They are probably nearer normal iron in their structure than 
either of the other types. This is indicated by their 
appearance, and also suggested by their magnetic charac- 
teristics. | 

The reflexion coefficients as measured are practically con- 
stant throughout the spectrum, an average of 37 per cent. 
of the light being reflected. Their absorption is so great 
that only very thin specimens could be investigated, the 
thickest being 1910-7 em., from which the thickness 
of the others was obtained by measuring their magnetic 
rotation. This film (No. 15) was very carefully measured, 
following the method described in § 2, by two observers 
independently, whose mean results differed by only three 
per cent. 

In Table [X. are found the magnetic rotation and ellip- 
ticity produced by two different films of this type in a field 
of 13,200 units. The results from film 15 are plotted in fig. 8 
(Pl. XXIV.). The form of the rotation curve is very similar 
to that from electrolytic iron, but the ellipticity curve is 
distinctly different, the ellipticity, decreasing instead of in- 
creasing, with the wave-length. The form of the latter indi- 
cates the resonance region as being farther out in the ultra- 
violet than that of the electrolyticiron type. A more marked 
difference in the two types becomes evident when the ratio of 

Phil. Mag. 8. 6. Vol. 16. No. 96. Dec. 1908. 3K 
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TABLE IX.— Metallic Iron. 

Thickness: No. 11, 15°4 10-7; No. 15, 19x 10-7 cm. 
Field : 13,200 c.a.s. 

| No. 11. | No. 15. 
Wave- | | i 

length. | Rotat.-| Compens. | Ellipt. | Rotat. | Compens. | Ellipt. 
(deg.). (deg.). 108. || (deg.). (deg.). x 108, 

406...| 7 ash 
417... °83 72 17-7 98 
431...; ‘85 ay om uh oud se 
440...| °87 72 17:0 1:07 8:8 20°8 
460...| ‘92 73 167 is on va 
480...) °95 73 16:0 1:22 8:7 19°0 
500...| 1:06 7-2 15-2 ff aa a 
§20...; 1:08 72 146 1:30 8'8 17'9 
540...| 1:06 73 146 a is i 
560...| 1°15 TA 13°7 1:43 8:8 16°9 

| BBQs) LET 71 13:2 ie Mae 
600...| 1°20 7 Az 1:50 8:8 15°9 
630...) 1:20 70 8 8:6 148 
660...) 1:17 70 115 || 1:59 he kite 
680...; 1°20 73 11°8 | ~ 

rotation and ellipticity to the thickness is considered. Table X. 
gives these for the two films represented in Table IX. Both 
possess about the same rotatory power which is three times 
that of the electrolytic films. The ratio of ellipticity to the 
thickness is also two to three times as large in the metallic 
type as in the electrolytic. 

The results in Table X. and corresponding curves in fig. 9 | 
show that the ellipticity is not proportional to the thickness, 
if the two films are of exactly the same type. This incon- 
sistency becomes more marked with thinner films, and leads 
to the suggestion (discussed below) that an observable part 
of the ellipticity of the transmitted light arises from reflexion 
effects, an explanation put forward by Righi* for the existence 
of ellipticity in the transmitted light. 

Table X. also gives the transmission measurements on two 
films (Nos. 11 and 16) from which the extinction coefficients 
in the adjacent column are calculated. The transmission 
curve of film 11 is plotted in fig. 8. It reveals only a 
slightly greater transparency in the red over that in the blue. 
The extinction curve, plotted in fig. 9, is practically straight 
and nearly horizontal. Compared with electrolytic films the 
extinction here is about five times the magnitude obtained 
from them. 

* Righi, Mem, R. Accad. Sc. d. Bologna, 1886, p. 443. 
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TABLE X.—WMetallic Iron. 

thiekness> No; 11,.15°4.x 10-1: No. 15, 19'*,105;1; 
No. 16, 7x 10-7 em. Field: 13,200 o.a.s. 

Rotation Ellipticity Transmission 

Thickness * Na ‘Thickness * (per cent.). 4 
Wave- Extinct. | 
length. x 10—6, | 

No. 11. | No. 15. | No. 11. | No. 15. || Nor Lf. | No. 16. 

406) 23.) 520. | 
ALT. oS | 20 12000 
431 “2s} 550 tie fabs 
440 ...| 570 560 11500 10700 | 
460 ...| 600 Aes 11200 aed 
480 ...| 610 640 10700 9800 || ‘88 85 oe 
500 ...| 690 ne 10300 dhe Ph OZ, 9:0 a3 
BAO 61 700 680 10000 9200 || ‘97 8:7 32 
540 ...| 690 Ee 9800 re tS FOL 86 31 
Boyes) 740.1 F750 9300 8700 | 1:03 89 3°1 
580 ...| 760 pcre 9000 ae | 1:04 9°3 32 
600 ...| 780 790° 8700 8300 || 1:06 9-2 ol 
G20 o.. ae es en i | FOG 9-2 31 
630) <..)\ 780 8500 8000 a ey! an 
640 ... ye, mn aN nae fy oe 9-0 o'l 
660 ...| 760 830 7800 ee | 1:06 9-1 31 
680 ...| ° 780 a ' 8000 ae 1:01 85 ou 

The variation of both magnetic rotation and ellipticity 
with field-strength is given, for film 15, in Table XI. The 
ratio of the mean ellipticity to the mean rotation for those 

TABLE X1.—WMetallic Iron. 

Film No. 15. 

Field: | 2860| 2700 5800 | 5700 | 7500} 7600 |13200 13200 

Wave- Ellipt. 
Rot. x 103. 

length. 

440...) °29 | 5:05 

480...| 383 | 4:7 

520...| 34 | 45 

560...| 40 | 41 

600...| °35 | 3°9 

630:.: | ashen 

15500 15500 | 

pt Ellipt. 
Hot.) Rot. 

68 | 10-2 | -74| 145 | 1-06] 20-4 SF 
66 | 96 ) 86 | 134 | 121) 187 | 122, 
72 | 91 | 91 | 125 | 1:30] 176 | 1:34) 182 
79 | 84/100} 118 | 143! 166 | 1-47 171 
79 | 84 |1-08 | 11-2 | 1:50) 15°6 | 1:52) 16-4 
Dine tee sett aval ae wa | 
82 ee A E58] ke CGD | 

| 
ee ee 
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wave-lengths for which values were obtained for all fields, 

is given at the bottom of the table (corrections having first 

been made for difference in field-strength). As with both the 

dark and the electrolytic types, this shows also the ellipticity 

proportional to the rotation, hence we assume it to be 

proportional to the magnetization_of the iron. 

Fig. 10-shows the variation in magnetic rotation of the 

three types of films with the strength of field. The curves 

for electrolytic and metallic films (plotted from Tables VII. 

and XI.) are quite parallel; that for the dark (Table ILI.) 

reaches practically a maximum magnitude at an intensity as 

low as 5000 lines, though the others still show an observable 

increase at 15,000. 

The effect of reflexion in a magnetic field is given for 

film 15 in the following table :— 

TABLE XII. 

Field: 13,200 C.a.s. 

Wave-length ......... 440 480 520 560.. 600 660 680 

Rotation (deg.) ...... | 49 41g) —1g8 —12. —11 =46 ee 

Ellipticityx10? ...) ... —284 —220 —212 —2:16 —192 —201 

The rotation and ellipticity are both negative, as found in 

the case of electrolytic films, the rotation in both being of 

about the same magnitude. 
The ellipticity of the metallic type (which was found to be 

the same on both air and glass faces of the film) decreases 

slightly with increasing wave-length, and averages about 

four times that obtained from the electrolytic type. The 

results in Table XII. are plotted in fig. 8. 

9. Elliptic Polarization produced by T ransmission 

should be Proportional to the Thickness. 

It may be easily proved that any ellipticity arising from 

differential absorption, of the two circular components into 

which the light is assumed to be resolved, should, for the 

magnitudes observed here, be simply proportional to the 

thickness of the film. ne 
Let A, and A; be the amplitudes of the “right” and 

“left” vibrations respectively. These superposed produce 

an elliptic vibration whose major axis is twice their sum, 
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and minor axis twice their difference. The ratio of minor 

to major axis is then 

This we designate the eilipticity of the vibration. If 
A, and A; be equal we have zero ellipticity, a plane vibration. 
After passing a distance 2 through a medium possessing the 
extinction coefficients k, and k; (defined in terms of the 
amplitude) the two vibrations will have the amplitudes 
respectively 

Ag and Ay", 

and will combine to form an elliptic vibration possessing as 
ratio between the axes the value 

AoW Fre — Aye * 

A,e—*r® 4. Ae it 

For A,and A; equal, which is the case at the incident 
face of. the film, when there is no ellipticity of the reflected 
light, this equation readily takes the form 

ki — ke ky — ky 4: oe To cm = ee 

é _ —eé = 

k= ase ki— kr 
| a Ta 3 eae 

é =“ +e 2 

ki—k 
= tanh—5—"e. 

al 

For values of E 2:15 we may write this (within an error 

of less than one per cent.) 

7 kim kp 
z. ee 

Within the accuracy of our measurements (which do not 
exceed an ellipticity of °02) the ellipticity arising from dif- 
ferential absorption in the jilms should therefore be propor- 
tional to their thickness. For those films in which the 
ellipticity is proportional to the thickness, the tabulated values 
of the ellipticity divided by the thickness represent therefore 

-ki—k, aS 
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10. Effect of Elliptic Polarization by Refleaion on 
that of the Transmitted Component. 

Let R,2 and R? be the ratio of the intensity of the reflected 
light to the incident for the “ right” and ‘left’ components 
respectively. The corresponding ratio of amplitudes will 
then be Rr and R;. The ellipticity of the reflected light 
when the incident is plane polarized is therefore 

R,— R; 

Pe Re+ ky b 

In the measurements given this ellipticity is a very small 
quantity, that is R-—Ry,is small. Since the reflexion in a 
magnetic field is not appreciably different from that without 
it, we may also consider R-+ R,=2R, in which R? is the 
reflexion coefticient of the metal as commonly determined. 
The above ellipticity then becomes 

1 R,—R, 
E2= i ae 

The ellipticity of the penetrating component is given by 

(—R,?)t— (1—R?)* 
(1—R,?)?+(1—R?)?’ 

which becomes, by substituting R as above, 

1—R? for (1—R,”)} (1—R/*)*, and 2R? for R2+R?: 
_RI—R? 

4(1—R?*) 
hk? 

rae ne 
For the magnitudes dealt with in this investigation the 

ellipticity of the transmitted light is obtained by simply 
adding to the ellipticity produced by differential absorption 
that produced by differential reflexion. Assuming that the 
effect of reflexion at both air and glass surfaces of the film 
is the same, as indicated by the results obtained from film 15 
(p. 852), we have for the ellipticity of the transmitted light 

Er=E+2Ep 

2 

Z 

ul R 
— 9 (hi— ky) @— 2 7: Er. 

By measuring Ey, Ez, R?, and « the difference of the 
absorption coefticients (k;—k,) may be calculated from this 

E 

E,= 

Ep= 
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equation. By measuring E, and « for two films of different 
thickness the term containing R? and Hz may be eliminated. 

To test this formula a series of very careful observations 
were made on three different films, of which the mean results 
are given in the following table, the “right” vibration being 
given the positive value :— 

Taste XIII. 

Wave-length, 500 wp. Field-strength, 13,600. 

: Double Thickness : 5 ki—kr, 

ie Rotation. (cale.). Ellipt. x 10°. > 

| 16 99 75x 10-7 9°41 970 <0? 

it 2:21 16°6 5 16:1 SOr os 

15 261 Tena 18-8 g-ie ine 

ky— 
Ir are calculated by using The above values of 5 

n= —2°07x10-° and R?=°37, as found in the case of 
film 15. By eliminating these last two quantities, however, 
films 16 and 11 give 7:3 x 10°; films 16 and 15, 7-8 x 10°; 
and films 11 and 15, 9°1 x 10? as values for the same expres- 
sion. The two methods give results which agree as well as 
the experimental conditions warrant, 

11. Light transmitted at Right Angles to the 
Magnetic Field. 

To test the possibility of the optical effects in the magnetic 
field being produced by the presence of free ions (as in the 
Hall effect), hght plane-polarized at an azimuth of forty-five 
degrees to the field was sent at right angles to the field 
through the film, and tested for the presence of elliptic 
polarization... Film 15 was used for this test as it gave the 
largest effects in the foregoing experiments. No ellipticity 
could be detected, although about one per cent. of that pro- 
duced on the light transmitted along the lines of force could 
have been seen. 

12. Dark Cobalt. 

Cobalt films, designated from their appearance by reflected 
light as dark, were obtained in the same manner as the 
corresponding of iron, that is, deposited from the cathode 
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in hydrogen under a comparatively low current-density. 
Compared with iron, they are remarkedly transparent but 
correspondingly less active in the magnetic field. Fig. 11 
(Pl. XXIV.) gives curves for the magnetic rotation and ellip- 
ticity of two different films, 1870 x 10-7 and 3470 x 10-7 cm, 
thick respectively. They are strikingly different from all 
“aah types of films investigated. The rotation is positive 
but decreases with increasing wave-length ; the ellipticity 
is negative throughout and “increases in magnitude with 
increasing wave- -length. On comparing these curves with 
those of dark iron (fig. 4) we are inclined to think that the 
latter would take this form in the region of the spectrum 
below about 350 pu. 

Table XIV. contains the values of magnetic rotation 

TaBLE XI V.—Dark Cobalt. 

Thickness: No. 2, 1870 x 10-7; No. 3, 3470 x 107-7 em. 
Field: 14,009 c.a.s. 

Rotation 10-3 | Ellipticity | Transmission 

Wave-| Thickness “a Thickness" (per cent.). | Rxtinct.! Refrac. 
Jamefet ok: ls eee eS et eee re 

No, 2. | No.3. |No. 2.| No. 3.| No. 2.| No. 3. 

440 fa 1:37 a ie Bbeds 2 eee ie 1:98 
460 site 128 |— 76)- 02; 7 “2 ee 1/99 
480 | 1°01 117 |— 64\|— 97); 1:0 "2 10:2 1°98 
500 =-110 107 |— 76/—102] 15 3 96 1:96 
520 1:07 105 |— 70)—117; 2:1 D 9°0 1:96 
540 ‘96 97 |— 80/—-122| 3:1 70) * oO 1:96 
560 | “88 ‘97 |— 88/—-11-8| 40] 1:1 8-1 1:96 
580 91 ‘91 if 92\/-128) 50 | 13 76 1:94 
600 | “94 89 «=|-100'-132) 65 | 2:0 69 1°98 
620 heb aa ea he 87 | 29 6°7 ae 
630 , 70 80 |— 96-135) ... bee bh 194 
17 ae ele 106 | 37 6°3 he 
660 | “61 76 |—-100|-142) 115 | 40 6-1 1°94 
og! AN Me CE ee Beart ; 107 | 54 56 ee 
690 | 60 .| 61 i eM” i yes 1-94 

and ellipticity divided pe the thicknepe (plotted in 
figure 12), and of the transmission of the two films. The - 
rotation is proportional to the thickness, but the ellipticity 
increases more rapidly than the thickness. Were this caused 
by elliptic polarization of the reflected light, this latter 
should be over 4.10-°, but a test revealed that one-fortieth 
of that magnitude was not present. This indicates that the 
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differential absorption coefficient (k,—;) was not the same 
in the two films. 

The coefficients of extinction and the refractive indices of 
these films are also given in Table XIV. and plotted in fig. 12. 
The extinction is much less than that of dark iron, and also 
increases much less rapidly with decreasing wave-lengths. 
The refractive index rises very slightly in passing from red 
to blue. 

13. Electrolytic Cobalt. 

Films of electrolytic cobalt were deposited on platinized 
glass from a solution of cobalt-ammonium-sulphate. They 
roved remarkably more active in a magnetic field than those 

of Lobach (/.c.). Our experience showed that the concen- 
tration of the solution and the rate of deposit affects the 
hardness of the electrolytic films of both iron and cobalt, and 
we are inclined to believe that it also affects their magnetic 
activity as well, though this was not tested. These films 
hold less closely to a definite type than either the dark or 
the metallic films. | : 

Two thick films were produced for the purpose of obtaining 
their rotatory power for the brightest region of the spectrum. 
The measurements are given in the following table. 

Tas XV. 

Wave-length, 520 wy. Field, 13,600 o.a.s. 

Thickness x 107 (em.). be 
Film. Rotation. ce ovaon. 

‘Thickness’ 
Pt+Co. | Pt. (approx.). Co. 

30 76 6 70 231 330,000 

32 66 6 60 1:80 300,000 

The mean of these values of the rotation divided by the 
thickness was used for determining the thickness of the other 
films studied. 

Table XVI. contains results from film 31 possessing a 
thickness of 31*10-' cm. ‘The quantitative results from 
different films did not agree well enough to warrant a more. 
extended study, especially in reference to their elliptic 
polarization. Two films as measured gave the same value 
for ellipticity while their rotation differed by more than. 
thirty per cent. The results from film 31 are, however, 
typical as regards the variation with wave-length. The curves 
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are given in fig. 13 (Pl. XAITV.). The rotatory power as shown 
in the table is more than double that obtained by Lobach. 

TaBLE A VI.—Electrolytic Cobalt. 

Thickness, 31x 10-7 cm. Field, 13,500 c.a.s. 

| Wave- Rotation | Ellipticity | Rotat. ,.~5 | Extinction 
length. | (deg.). | x 13°. Thick. . «1075, 

| 

/ 440 ...... 94 9°6 3°03 
BOND ‘sayin ‘99 95 319 9°0 
DOD ase Ts Zoe A! BRR eee hate Pee 9:0 
B20 sainc 1:00 89 3:23 91 
Pe eel) eetias by Th beeen Pall sg when 9°0 
DOU seers, 1:10 S4 3°55 89 
gg Ae ee ee. ao, Mee re 90 
GOO ivi. sais 1:19 74 3°84 89 
RU dabigh )  feeessu dl Age lumnieen oll) chy) pooteee 87 
Re? acest 1:22 66 394 wah 

| CMD sic Be Pe A) aR, Bin ees 88 
| G60 ssicesl 1:25 57 4:03 8'9 

The extinction (also more than twice that given by Lobach) 
was obtained in the same manner as that of electrolytic iron, 
by measuring the transmission of a film of definite thickness, 
then depositing over this and repeating the measurements. 
The results as given are the mean of two sets obtained from 
different films. The extinction curve (fig. 13) is flatter than 
that of electrolytic iron. The form of the ellipticity curve 
appears to indicate also that the absorption region is effec- 
tively farther out in the ultra-violet than that of the iron. 
The difference in the results from this form of cobalt and 
the dark is nearly as striking as that between the corre- 
sponding types of iron. 

14. Metallic Cobalt. 

Films of cobalt designated as metallic were readily obtained 
by deposit from a very hot cathode with a glow current 
through hydrogen. Like iron they are brilliant mirrors, 
though for the same thickness much more transparent. Also 
like the iron they impart no tint to transmitted light. 

In figure 14 are plotted the curves of rotation, ellipticity, 
transmission, and rotation by reflexion of a representative 
film. Only a slight trace of ellipticity by reflexion was 
observed. The forms of the curves are very similar to those 
of the corresponding type of iron (fig. 8). 

“<i ee 
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Table XVII. and figure 15 embody the results from two 
films, one of measured thickness (48x 10-7 cm.), the other 
calculated from its magnetic rotation (2410-7 cm.). The 
results show that the ellipticity is proportional to the thickness, 
as should be expected since there is no appreciable ellipticity 
in the reflected light. The extinction values are found to be 
only about one-third those of the corresponding type of iron. 
The refractive indices as given were obtained from one series 
of observations. They could be only approximately determined 
owing to the small magnitudes involved. They are about 
fifty per cent. higher than those of dark cobalt, and like 
them remain about the same value throughout the spectrum. 

TaBLeE X VII.—Wetallic Cobalt. 

Thickness: No. 7, 481077; No. 8, 24x 10-7 cm. 
Field : 14,000 c.a.s. 

Rotation ;  Ellipticity | Transmission. | | =F 
Wave- | Thickness ry | Thickness’ | (per cent.). | Extinct. | Refrac. 
length. Rage S52 | x107-6.| Index. 

Wo. 7. | No. 8. | No-/ No. s.| No. 7.| No 8. | 

en Mt Aare BGs | eiaees BODO) ase. 19 
460 56 58 4800 | 4800 | ...... 2:0 
OW |) ates. eee Na, 210.0 an Gas 271 
500 57 58 4400 4450 | -17 Pipe aes RE 2°8 
alee ce HED) Soe see | 4300 | -19 231 08 2°8 

540 6:0 6:0 3960 ; 4100 | -20 Poe lo 1-06 3:2 
211 Gig ieee ce Aaa see 3850 | °22 27)| 105 3°3 
580 6:3 6:3 3740 | 3780 | °23 ef a 3) 3°6 
ee G4. Wamies: | 8430 | 25 26 | 102 31 
ST NON RS Wm PDE ated aes echt Ses 27 2%. ta AGO 32 
630 68 GO ere 300,05) aaa ieee fish eos lmrenmase 
ee seek ! gecko eee. 29 28 | 0°98 2:7 
OC Loo mile (heise: 2880 | -30 29 | 0°98 3'1 

15. Nickel. 

As already stated only electrolytic nickel showed more 
than a mere trace of optical activity in the magnetic field. 
This is rather remarkable, for brilliant nickel mirrors are 
produced by the glow current, and by varying the tempera- 
ture, films of any hardness, all of which show metallic 
reflexion, may be obtained. 

Table XVIII. (p. 860) contains the results obtained from 
two different films of electrolytic nickel, one (No.40) possessing 
a measured thickness of 71x 10—7 cm., the other (No. 41) a 
calculated thickness of 37°-4x10-7. The thickness of the 
second film, as calculated from its rotation, is considered 

Ts a 

ee tenes i nO es 
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Taste XVITI.—Electrolytic Nickel. 

Thickness : No. 40, 71 x 1077 cm. (meas.) ; 
No. 41, 37°4 x 10 cm. (cals.). 

Field : 13,800 c.a.s. 

No. 4v. | No. 41. 

Wave-| —_—_——|_________——| tins? 
length. | Rotat. —5 | Ellipt.. Rotat. —5 Ellipt.| X10~. 

| Rot. | thick, *10 +) 193, || Bo | hick. ‘mahi x 10°, ; 

440 | “74 108d, hace ret et gas (Vopr 
480 | 85 ola. ie ha ceae 42 112 | 97 | 182. 
520 | :90 1:27 197 || “47 | 127 9-2 1:82 

560 99 SO) of Waves “50 1:34 9°0 1:83 

600 1:07 Tee) FR hk bo | 1:48 89 1°84 

i ee ee ee |) Be: 61 || 1:65 Oa ee 

(eC ieee Panataenet9 5 bv hoe iN Cee Wah Ween oe 1:87 

reliable because this ratio is practically the same for all 
colours. The ellipticity is evidently not proportional to the 
thickness, shown by comparing the values obtained from the 
two films at a wave-length of 520 wu. <A third film (No, 42) 
was deposited somewhat differently from the others and tested 
for magnetic rotation and ellipticity. The results are fonnd 
in Table XIX. The thickness measured was 35 x 10-7 em. 
It may be noted by comparison with film No. 41 of the 
preceding table that while the rotation of 42 is greater than 
that of 41, its ellipticity is somewhat smaller. -A more 
striking difference is observed on comparing the rotatory 
power of the two films. No. 42 exhibits on the average fifty 

TasLtE XIX.—Electrolytic Nickel. 

Thickness, 35 x 10—7 cm. (meas.). Field, 13,800 c.a.s. 

Wave- | Rotation —_—_— Rotation = Ellipticity 
length. (deg.). | Thickness *2° x 10%, 

i tl 52 | 1:50 9:1 
ae ‘57 | 1-64 86 
520 ......| ‘35 | LBEipips: 8-9 
560 ....0. | ‘63 | 1-80 8-8 
600 ...... 72 ) 2:06 9°2 

geo wiaill): ey. hed 2-23 
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per cent, greater values for the rotation divided by the thick- 
ness than No. 41. The magnitudes of both are again, as in 
iron and cobalt, greatly in excess of those obtained by Lobach 
for the corresponding type of films. 

The extinction coefficients recorded in Table XVIII. were 
obtained by measuring the transmission and magnetic rotation 
of a thin deposit, then depositing over this and repeating the 
measurements. The thickness was calculated from the mean 
rotatory power of films 41 and 42, hence the values obtained 
for the extinction are consequently of questionable accuracy. 

16. Summary and Conclusions. 

(a) Three types of both iron and cobalt have been investi- 
gated with respect to their magneto-optical activity, their 
optical extinction, and also in part their refractive indices and 
reflexion. These types are found to differ essentially in the 
period of their optical resonance; and further also in the 
magnitude of their optical extinction, which appears to be 
largely a friction phenomenon. In the dark type the 
resonance region is in or very near the visible spectrum, so 
that dark iron gives a marked anomaly in both magnetic 
rotation and ellipticity ; and dark cobalt gives curves for the 
same of such a form as to suggest, when combined with those 
of the dark iron, the typical form of the rotation and ellipticity 
on both sides of the resonance region. These hypothetical 
curves possess positive values for the magnetic rotation out- 
side the resonance region changing through zero to negative 
within it; and negative ellipticity in the region of periods 
shorter than that of resonance, changing to positive in the 
region of longer periods. The rotation increases toward a 
maximum value on leaving the resonance region in both 
directions ; the ellipticity increases to a maximum magnitude, 
then appears to decrease asymptotically toward zero on both 
sides. ‘The hypothetical rotation curve appears to have the 
general form of that given by Elias* for erbium chloride, 
but with values opposite in sign. 

(6) Nocorresponding anomaly exists in the refractive index 
curves, leading to the conclusion that the ions producing 
magnetic anomaly do not appreciably contribute to the 
refractive index. 

(c) In the electrolytic films the magneto-optical effects 
indicate that the resonance region lies in the ultra-violet. 
The magnetic rotatory power, the differential optical 

* Physik. Zeitschr. ix. p. 931 (1906). 
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extinction in the magnetic field, and the optical extinction of 
these films are all many times larger than those of the dark 
type. These properties also vary considerably in magnitude 
with different samples. 

(d) In the metallic films the shift of the resonance region 
into the ultra-violet, the magnitudes of the magneto-optical 
properties, and the optical extinction are again all greater 
than in the electrolytic. 

(e) There appears to bea relation between the granular 
structare of these films and their period of resonance. 
Electrolytically deposited metals are known to be granular, 
The dark films are far softer and less tenacious than these. 
It is therefore natural to suppose them to be made up of 
larger structural units. The metallic films, on the other hand, 
produced by cathode sublimation, appear more like the 
fused metal. Their structure should be of smaller units than 
either of the other types; they should therefore possess 
the shortest period of resonance, as the results seem to 
indicate. 

(7) All films giving magnetic rotation impart also, under 
the same conditions, ellipticity to the transmitted light. In 
some cases an ellipticity was observed in the reflected light. 
Like the magnetic rotation, the ellipticity produced is pro- 
portional to the magnetization of the medium. 

Eliminating the ellipticity arising from reflexion, that of 
the transmitted light was found in several cases to be pro- 
portional to the thickness of the film. The exceptions to 
this rule are considered to arise from a difference in structure 
of the films. 

No ellipticity was observed in cases of light transmitted at 
right angles to the magnetic field. 

(g) Films of electrolytic nickel showed marked magneto- 
optical properties, those obtained from the cathode in vacuo 
scarcely a trace. 

(hk) The extinction coefficients of both electrolytic and 
metallic films are greatly in excess of those obtained by other 
observers. 

(i) Existing theories do not appear to lend themselves to 
explain the results obtained. 

The Brace Laboratory of Physics, 
University of Nebraska, Lincoln, 
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5 LXXIV. Onthe Coefficient of Diffusion. By Basin W.CuLack, 
: B.Sc., Lecturer in Physics at Birkbeck College*. 

[Plate XXV.] 

1. Introduction. 
2. Theory. f 
3. Apparatus. 
4, Method of Experiment. 
5. Determination of Concentration. 
6. Determination of 6. 
7. Results for KCl and KNO,. 
8. Earlier Method of Experiment [Method A]. 
9. Length of the Tube. 

§ 10. Conclusion. 
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1. Introduction. 

4 ee following paper contains an account of a series of 
experiments on the diffusion of various salts through 

water. The objects with which they were undertaken were:— 

1st. To test the practicability of a new method for the 
determination of the coefficient of diffusion; 

2nd. To find how the value of the coefficient varies with 
the concentration of the solution. 

Various methods have been employed from time to time 
to determine the value of the coefficient of diffusion. In 
some cases careful chemical analvses are necessary to obtain 
the amount of the substance diffused; in others it is the 
density of the solution which must be accurately determined 
at different points. Graham’s, and kindred methods, involve 
serious disturbance of the solution in commencing an ex- 
periment, and also in withdrawing the various specimen 
layers for analysis. 

The present investigation may be called a gravitational 
method, since the amount of the substance diffused is deter- 
mined by means of the balance; but the method employed 
involves little disturbance at the commencement of an ex- 
periment, and during its progress the disturbance is quite 
negligible. Moreover, neither a series of density determi- 
nations nor of chemical analyses is required to obtain the 
amount of diffusion which has taken place. 

The method may be looked upon as an extension of that 
employed by Fick (Pogg. Ann. xciv. p. 59, 1855) and by 
Graham, but the method of obtaining the quantity of salt 
diffused is essentially different, as they determined this amount 
by chemical analysis. 

Again, it does not appear that Fick took any account of 
* Communicated by the Physical Society: read May 22, 1908. 
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the effect of the movement of the liquid along the tube, 
mentioned in the next section, on the quantity diffused. 
Although this omission would produce less effect in his 
method than in that about to be described, it would never- 

theless cause a measurable difference in the calculated value 

of the coefficient of diffusion. 

2. Theory. 

In the diagram (fig. 1) let A represent a spherical vessel, 
to the upper side of ‘which is fitted a vertical tube D of unit 
cross-section. 

Suppose the bulb A and the tube 
D to be initially filled with a salt 
solution of uniform density, and to 
be suspended ina vessel containing 
pure water. Further, let it be 
assumed that the upper end of D is 
maintained in contact with pure 
water, and that the concentration 
of the salt solution at the lower 
end is also kept constant. 

Under these conditions the salt 
will commence to diffuse up the 
tube D,and ultimately the diffusion current thus commenced 
will be found to become uniform. 

Now when the steady state has been attained the quantities 
of water and of salt in tube D remain constant, and in dealing 
with variations in volume and weight we may confine our 
attention to the bulb A. When salt leaves A the volume of 
the liquid originally in it will decrease, since in general the 
addition of salt to water increases the resultant volume. 
Hence some of the water outside A will enter the apparatus 
on account of this decrease in volume, with the result that 
as the salt diffuses up the tube D it meets a current of liquid 
which continually passes downwards, and which is due to the 
decrease in volume mentioned. 

The weight of the suspended bulb A wili decrease on 
account of the salt which leaves it, and will increase owing 
to the water which enters, and the resultant loss in weight is 
equal to the difference between the two. 

Let d=density of solution at a point / cms. from top of 
tube D. 

v=velocity downwards at the same point. 
n=concentration in gms. per c.c. at the same point. 
vy=velocity downwards at top of tube where /=0. 
N=concentration in gms. per ¢.c. at the end of tube 

where /=L. 
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With the degree of accuracy obtained in the present work, 
it is found sufficiently correct to assume d=1-+an where a 
is some constant. 

Since the same mass of water crosses each section of the 
tube 

| v(d—n) =v, 

i, @. v(1—bn)=%, where b=1—a.. . . G) 

Now when the steady state is reached, the weight of salt 
which flows through each cross-section of the tube per second 
is constant=c, say 

le. —eunt+ ae =c, a constant, where k=coeff. of diffusion; 

OF neni nlt dn ah 
Lb eedl) : 

The solution of this equation is 

bN He Vo 

tbe (vo—be)? 

which, as (v)»~dc)N is small compared with c, reduces to 

A (1-4 ee: ag ON 2e 3C7 C 

As already stated, there will be a contraction in volume 
produced in the vessel A when salt leaves it, and a corre- 
sponding movement downwards will take place in the liquid 
in the tube D. The amount of water which enters the bulb 
owing to this movement may be calculated as follows :— 

Mass of water in 1 c.c. of solution at bottom of tube D 
= density of solution at bottom minus concentration 

of solution at bottom. 

w—be)N+e¢ L Ee 
(Yo a Shs (ii.) log. 

=l+aN—N, 

=1—(1—a)N, 
=1—)N. 

Let 6= the ratio of the increment in volume produced tc 
the increment in the mass of salt dissolved, for a solution of 
the strength employed in the bulb A; i.e. the increase in 
volume produced when 1 gram of salt is dissolved in a 
solution of the given concentration, the amount of the solution 
being so great that the addition of the salt makes no appre- 
ciable change in the concentration. The mass of water which 

Pil. Mag. ws or V ol. 16. No. 96, Dee. 1908: 3 L 
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enters the bulb due to a small diminution (dm) in the mas 
(m) of salt in the bulb 

=6x(1—dN)dm. 

On integrating, the mass of water which enters the bulb 
due to a given diminution 

= | oa (1L—0N)dm. 
eo my 

Strictly both 6 and N are functions of m, but the change 
in m is so small that they may both be taken as constants ; 
thus the integral is equal to 

6 x (1L—bN)(m,—m,). 

Now in one second (my— m,) =e. 

Hence the mass of water entering the bulb per second 

=6x(1—ON)e. 

Now the decrease, 7, in weight per second of the bulb 
= the weight of salt leaving per second minus the weight 
of water,entering per second ; or in symbols 

i=c—cd(1—OdN), 

1.e c= :; 
te ~ 1—6(1—bN)’ 

Again, the volume of water entering per second, ¢8, is equal 
to the velocity of the liquid at the bottom of the tube 

Pea aN: ite (from i.) 

Again, the third term in the bracket in equation iii. is 
found to be negligibly small; hence this equation is written 
for practical use 

li 

“Nfi- aaa} {1-8(——2N) | a 
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3. Apparatus. 

A and B are two hollow spherical glass bulbs respectively 
5 cms. and 9 ems. in diameter, connected together as shown 
by two parallel glass quill-tubes ¢, ¢ (fig. 2). 

Bie On the upper side of A the bulb 
- is pierced by an aperture into which 
Sa the diffusion-tube D is hermetically 

sealed. 
The ends of this tube were ground 

= lS off perfectly plane and perpendicular 
Bae to its axis, and its dimensions were, 
S in most of the experiments, 4 cms. 
aie) A long, and 1°694 sq. cms. in cross- 

section. 
The complete apparatus AB was 

filled with the solution under inves- 
tigation, and suspended in a cylin- 
drical copper vessel C of about 7 litres 
capacity, containing distilled water, 
the temperature of which may be 
kept constant by means of a sur- 
rounding ice-jacket I, protected by 
a layer of cork-dust EH, several inches 
thick. The mercury thermometer T 
had a small range on each side of 
0° C. and was divided into ;},° C. 

The Sartorius balance used was 
mounted upon a slate shelf firmly 
cemented into the stone wall of the 
laboratory. 

Two holes were sand-blasted through the base of the 
balance-case, and a light frame, 77, passed through them as 
shown, and to this was attached a fine wire w which, passing 
through a third hole, in the slate shelf, sustained the appa- 
ratus already described. The movement of the balance beam 
was limited by means of stops shown at s,so that the pointer 
could only move over 1 scale-division, and the vertical 
movement which this permitted to the suspended system 
was only ‘12 mm., so that any disturbance which might 
arise from this small and very slow movement will be quite 
negligible. 

4, Method of Experiment. 

~ As the salt diffuses up the tube, the stronger solution in 
the upper larger bulb, B, sinks by gravity, by means of the 
side tubes ¢¢, and maintains the initial concentration of the 

aL 2 

ee ee ee ee 

ed 
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solution at the lower end of the tube D; while the upper 
end is in contact with such a large volume of water that it 
may be considered to remain practically pure. The con- 
ditions studied in § 2 thus apply, and as diffusion proceeds 
the weight of the suspended system will decrease. If, then, 
a slightly deficient weight be placed in the opposite scale- 
pan, the beam will turn until it reaches the supports. As 
time proceeds, however, the weight of the apparatus will 
ultimately become equal to that on the balance-pan, and the 
pointer will move to the zero of its scale. An automatic 
device was designed which would register the exact time at 
which this occurred. <A very fine platinum wire P (fig. 3) 

was soldered on to the lower end of the balance-pointer, and 
when the beam is in equilibrium, P makes contact with a 
fine strip of platinum-foil I, suitably mounted opposite the 
zero of the balance-scale. A delicate phosphor-bronze strip 
Q, such as is employed for galvanometer suspensions, served 
to connect the upper end of the pointer to a battery E, which 
was connected in series with a mercury lever-switch K, and 
an electromagnetic trigger M. 

On contact being made between P and I’ the armature of 
the trigger is attracted, thus allowing a light wooden lath L, 
which is resting upon the trigger, to fall. This lath is 
pivoted at G, and is provided at this end with a flexible 
copper strip a, which, as the lath falls, is brought into con- 
tact with the balance-wheel of a common alarm-clock, from 
which the back has been removed, and which is suitably 
placed on the table. 

The clock is thus stopped at the exact time at which the 
pointer reached the zero of the balance-scale. 

In its fall another copper strip 0, attached to the lath, 
knocks over the mercury switch K, and thus breaks the 
electric circuit. 
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The time recorded by the clock and the corresponding 
mass on the pan of the balance are recorded in tables, and 
from these the graphs following have been drawn. 
A slightly smaller mass is then placed on the pan. The 

lath is replaced on the trigger, the clock reset and restarted, 
and the key K switched on, and the whole process repeated. 
This method, involving the determination of the time required 
for a given decrease in weight to take place, has an advantage 
over the converse process, in that it causes far less disturbance 
in the solution, and hence it has been adopted in the present 
investigation. 

Another precaution which should be mentioned is that, the 
arrangement employed being extremely sensitive to changes 
in density, great care must be taken to prevent any but 
minute changes in temperature occurring in the solution. 

The large amount of damping introduced, and the effect of 
the surface-tension of the liquid, prevented any accurate work 
being done until the effect of a film of oil on the surface of 
the solution was tested. This greatly reduces the surface- 
tension, and increases the accuracy of weighing to a re- 
markable extent. Of a large number of oils tested, Fleuss 
pump-oil was found to be superior to any of the others, in 
that it always remained quite fluid. 

As showing the effect of this oil-film a few figures might 
be quoted. 

The apparatus was filled with water and suspended in water 
at a constant temperature. If set in oscillation, in no case 
would the balance-beam make more than two swings, and 
the resting place varied in different attempts between 10 
and 15 on the scale for the same mass in the pan. Two 
drops of Fleuss pump-oil allowed to fall on the liquid near 
the suspending wire made a remarkable difference. Five 
turning-points could now be easily obtained, and assuming 
the ratio between any two consecutive deflexions to be con- 
stant, great consistency was found between the calculated 
positions of the resting place of the balance. For example, 

Turning Points. Resting Points. 

208 S5 10-0 
14-4 7S 10:2 
EP) 10'1 
Pl Sc Me ees 10:2 
Eee 10°3 
Ee 10-0 
11:0 

Now in the diffusion experiments the beam does not oscil- 
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late, but slowly takes up its new position. The consistency 
obtained under these static conditions was tested, and the 
following is a sample of the figures obtained :— 

Mass on pan in gms.......... 37°105 37°104 37°103 37°105 

Resting Point observed .... 10°2 11:9 13°5 100 

/ 
/ Repeated. 

| Resting Point observed .... 100 120 | 139 10-2 

temperature being meanwhile kept at 0° C. by the surrounding 
ice-jacket. 

The sensitiveness of the balance under the actual conditions 
holding in a diffusion experiment was found from a large 
number of readings to be ‘00052 gm. per scale-division, 2. e. 
a movement of 1 scale-division in the resting point was pro- 
duced by ‘00052 gm. 

5. Determination of the Concentration. 

Sodium chloride and potassium chloride prepared by 
Kahlbaum, of Berlin, were the first salts experimented upon. 
Solutions were prepared of approximately 0°2 gm., 0:1 gm., 
and 0:05 gm. of salt per e.c. of the solution, and in each case. 
a check experiment was carried out to ensure experimental 
consistency. The concentration of these solutions was deter- 
mined in most cases by three different methods: (1) From 
the density, making use of the results given in the Phystkalisch- 
Chemische Tabellen, published by Landolt and Bornstein ; 
(2) Precipitation by AgNO;; (3) Evaporation to dryness 
in a platinum crucible. 

The results obtained by all three methods usually agreed 
to within less than 1 per cent., as the following figures will 
show :— 

Values of N in gms. of KCl per c.c. of Solution at 0° C. 
/ 

—_ —_ |—_ —_— 

| | 
| Solution ...... re en a: 5. 6. te 

hee ary Gs 1990-1009 | -1004 | -05122 | -05147 | -05106 
| By Precipitation ...| 1989 4. | 1004 | 05128 | -05106 | -05092 

| By Evaporation .../°1988 1008 |*1004 | 05100 | ‘05097 | -05113 

BGA cocci e's "1989 Fees 1004 ‘05117 | ‘05117 | -05104 
| 
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The densities were obtained in the first place at the tem- 
perature of the laboratory; but the concentrations have been 
calculated at 0° C., the temperature of the experiments, by 
means of a determination of the absolute coefficient of expan- 
sion of the several solutions over this range of temperature, 
using for this purpose apparatus identical in principle with 
that employed by Dulong and Petit for a similar purpose. 

6. Determination of 6. 

It has been long known that when salts enter into solution, 
a change usually takes place in the volume occupied by the 
solvent. 

F. Kohlrausch and Hallwachs (Wied. Ann. liii. 1894, p. 1) 
and Thomsen have studied these phenomena and have estimated 
the change in volume produced in several cases by the deter- 
mination of the density of the solution formed, when a known 
mass of salt is dissolved in a known mass of water. W.F. 
Magie (Phys. Rev. xviii. 1904, pp. 449-452) and Macgregor 
have endeavoured to express in a formula the results obtained 
by previous experimenters. 
We have seen that in the present investigation the phe- 

nomena referred to play an important part, and have deduced 
an expression for & involving the knowledge of the change 
in volume which accompanies a slight change in concentration. 
Now 6 is not a constant, but varies with the strength of 

the solution, and according to Magie depends on the relation- 
- ship existing between the volumes occupied by the dissociated 
and the non-dissociated molecules of salt. 

Its value can be easily deduced from the published tabies 
giving the density of salt solutions of known concentration. 

7. Results for KCl and KNO3. 

The accompanying graphs (Pl. XXV.), which are numbered 
in accordance with the order of the experiments, show some of 
the curves obtained by plotting the weight of the suspended — 
apparatus against the time as abscisse. 

The curves suggest that the method is at any rate capable 
of giving fairly consistent results, and they indicate a dimi- 
nution in the coefficient of diffusion with a decrease in the 
concentration in the cases of both NaCl and KCl, a result 
which has been found by several other observers. 

The actual figures obtained in this work are omitted for 
the reason mentioned below. 

Before proceeding further, it was decided to test whether 
the outer vessel containing the salt solution was large enough. 
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As the salt diffuses up the tube D the water outside becomes 
slightly denser, but the change in concentration is so small 
that it does not appreciably affect the quantity of salt diffused 
up the tube; but the suspended apparatus has such a large 
volume, that a very slight variation in the density of the 
water outside has ‘a considerable effect on the hydrostatic 
force upwards. When the earlier experiments were per- 
formed, the importance of this action was not fully 
appreciated. 

It is impossible to calculate the change in the buoy ancy 
of the water, but there is no doubt that the heavier liquid 
will tend to sink to the bottom, and that then diffusion will 
tend to make the density uniform. Any variation in the 
density of the liquid below the suspended apparatus will 
produce no effect on its weight, and so it is an advantage to 
have as deep a vessel as possible ; to have the suspended 
apparatus as high as possible in the water; and to have the 
volume of the water as great as possible. 

Experiments similar to the preceding were carried out 
witha deeper vessel, C C, shown in fig. 2, having also a volume 
about twice that of the original one, and they proved that 
the first vessel was undoubtedly too small. For this reason 
a number of results obtained with the earlier vessel must be 
discarded. The results given below have all been obtained 
with the larger vessel. 

In the theory it has been assumed that the density of the 
solution at the bottom of the tube is constant over a hori-. 
zontal plane, and that this density is the same as that of the 
mass of the solution in the neighbourhood. It has likewise 
been assumed that the density ‘at the top of the tube ina 
horizontal plane is constant, and practically the same as that 
of pure water. These assumptions would only be strictly 
true if gravity were infinitely powerful, and in practice one 
would expect the density at the bottom of the tube to be 
rather less than that assumed, and at the top rather greater. 
These deviations from the assumptions will give a calculated 
value of & smaller than the true one, but even in the worse 
possible case studied, it can be shown by an approximate 
calculation that the error introduced is certainly much less 
than 1 per cent. 

The narrower the tube the nearer will the assumptions be 
to the truth, but a narrow tube permits only a small amount 
of diffusion to take place. 

In order to test whether it was necessary to have a tube 
of extremely narrow bore three diffusion-tubes were prepared, 
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each 4 cms. long, but of different cross-section, as shown in 
the table below. 

Using 10 per cent. KNOs solution, the following results 
were obtained using these tubes :— 

‘sh 2A xX 10° £: ; | Mean value | | | 
| Experiment.) yy cay) Slope. kX 10’. Bscl0s te da ONS. | 

EhSean ica 2154 | -843 i ye aaa ty 3 } B44 400 | 1-694 | 
Nyaa ‘2159 845 | 

oe eae 1294 936 | > 
| | [k +848 3-990 | 1-024 | 
aks ete aU 1316 ‘350 | J 

eRe, Beer 0956 "852 | 4 
: DW eal S38 3993 | 0-743 | 

Ps een ee 0959 "855 | J | 

The results obtained, using different tubes, do not vary 
more than the individual experiments on the same tube, so 
that for the present at any rate we may neglect any end 
correction to our tubes of 4 cms. length. The results also 
suggest that the vessel containing the water is large enough: 
for, although the quantity of salt diffused into the water 
varies considerably, the quantity in the last case being less 
than half that in the first, yet we get approximately the same 
calculated value for the coefficient of diffusion. 

The next table gives the results for 5 per cent. solution 
of KNOs. 

L=4:00 cms.; A=1'694 sq. cms. N=gms. KNO, per c.c. solntion at 0° 

| Experiment. IN. EEG O28 Neck SAN): Mean Xx 10°. 

Dy pigenavetacnsese "0521 "1174 ‘870 aad 
| one 

Dai se deans wares 0521 “LGW 872 j 

Comparing this result with the value obtained in Experi- 
ments 16 and 17 shown in the previous table, we see that 
the coefficient of diffusion of KNQO,; increases as the concen- 
tration decreases, as was noticed by Scheffer in 1888, a 
phenomenon contrary to that which holds for KCl and NaCl. 

The results obtained with solutions of KCl are tabulated 
below. 
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L=400 cms. A=1'694sq.cms. N=gms. KCl per c.c. solution at 0° O. 

a ph eae edi 5¢103, | Approx. Experiment. N. iA X10°. | &X 10°. | Mean 4X 10°. concentration, 

2 eee "1975 "4748 ‘966 | 
| ‘O72 | 20 p. cent. 

Pa pica cSotis egies ‘1975 ‘4810 ‘978 | 
| 

ie cc hb eager "1034 ‘2518 | 953 | 
954 10 p. cent. 

2 fal SE ‘1021 ‘2491 ‘956 

8. Karlier Method of Haperiment. 

It might be mentioned that a number of experiments were 
carried out by a somewhat different method, denoted in the 
following section as Method A. 

The diffusion apparatus, filled with distilled water, was 
inverted, so that the smaller bulb A (fig. 2) was uppermost, 
in a solution of the salt under investigation, thus allowing 
the salt to diffuse into instead of out of the apparatus, and 
the resultant rate of increase in weight was determined. 

Some of the results obtained with solutions of KCl by 
this method are given in the next table in order to indicate 
the agreement. 

L=400 cms. A=1'694sq.cms. N=gnis. KCl per c.c. solution at 0° C, 

: | 
| ) | | | 

Experiment.) N. | ¢AX10°, | x10. Mean 2x10" cinta 

By eee | +1997 5729 | 1-011 | 
/ | 1-009 20 p. cent. 
PED nc dahes 1997 | -5703 | 1-007 

Ll ss aca 1014 | +2786 952 
953 10 p. cent. 

A csubsaw 1016 | -2799 | 955 
i 

If the results of Experiments 26 and 27 be compared with 
those of 10 and 11, it will be seen that the agreement in the 
case of the 10 per cent. solution is almost perfect, but it is 
not quite so satisfactory in the case of the 20 per cent. 
solution, for there is a difference of 3 per cent. The actual 
measurements are believed to be more accurate than this. 

Some of the difference may be due to uncertainty in the 
value of 6, but this would not produce so great an error as 
3 per cent. It may be that part of the difference is due to 
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condensation of water from the air on the salt solution in 
Method A, so that part of the increase in weight of the 
suspended apparatus may be due to the diminution of 
buoyaney of the solution, on account of its dilution with 
this condensed water. 

The error produced by this cause would probably not be 
great, but no quantitative experiments were actually carried 
out on the subject, as the experience gained in the research 
convinces us that the first method described in this paper is 
distinctly superior to Metbod A. 

For this reason no further experiments are being carried 
out by the earlier Method A. 

Some of the points in which the method mentioned in § 4 
shows superiority over Method A may be summarized. First, 
in this better method, the condensation of water mentioned 
above, instead of being harmful, is even somewhat of an 
advantage. 

Again, this method necessitates the preparation of much 
smaller amounts of solution ; then it requires much less 
manipulation in commencing an experiment, as the apparatus, 
filled with the solution and having the open tube temporarily 
closed by a thin glass plate, may be simply lowered into the 
cooled distilled water. 

Instead of this simple process, in the Method A in com- 
mencing an experiment, the solution under investigation was 
slowly run in through a glass tube passing to the bottom of 
the vessel C (fig. 2), while the distilled water, which is thus 
dispiaced, was removed from the top by means of a syphon. 
Great care was taken to ensure the complete removal of the 
water, so that the vessel C was filled with a solution of uniform 
density. 

Thus the whole of the suspended system remains filled 
with distilled water, but is immersed in a salt solution of 
uniform density, so that the diffusion-tube, initially filled 
with pure water, is brought into contact at its lower end 
with a salt solution whose concentration, on account of 
the large volume present, may be considered to remain 
constant. 

Again, the better method enables an experiment to be 
repeated with precisely the same solution, so that the working 
details are much more under control. Moreover, it has 
another advantage in that greater accuracy is introduced in 
the determination of the quantity 6. 

It is only in very dilute solutions that the value of 6 is 
doubtful, and as only a very slight decrease occurs in the 
concentration of the solution inside the diffusion apparatus 
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as the salt diffuses out, these very dilute solutions are not 
produced in this method. 

Since no experiments were made by Kohlrausch with 
solutions as dilute as those produced by the diffusion of the 
salt into the suspended apparatus in Method A, it was necessary 
to make a special series of experiments to determine the value 
of 6. Moreover, as the solutions were so dilute, it was thought 
advisable to use a larger flask than than that employed by 
Kohlrausch. In place. then of his flask of about 130 c.e. 
capacity, one was taken having a volume of about 300 c.c. 
and it was loaded with shot, so as to weigh about 4 gms. when 
immersed in water. The neck was drawn off and sealed up 
in the blowpipe, and the flask was then suspended by means 
of a pair of fibres of unspun silk attached to the pan of the 
balance, in distilled water cooled to 0° C., 

It is very necessary that the fibres should be thoroughly 
wetted before use. They must also be smooth, and dust 
should be removed as far as possible from the water, other- 
wise the balanece-beam refuses to swing, or only swings in a 
very erratic manner. 

When the flask has been weighed in distilled water at 0° OC. 
it is clamped by means of a suitable device, and a standardized 
solution of the salt is added to the distilled water (over 
6 litres) 10 e.c. at a time. A series of very dilute solutions 
of known strength are thus obtained, and the corresponding 
density may be found, from which the value of 6 easily 
follows. 

| NaCl. KCl. | KNO,. 
) | 

| Concentration. | é. - Concent. | é. 4 Concent. é. 

0008453 2152 | 0004153 | +3054 ot | 0004146 | +3097 
| -001265 2208 | -0008290 | -3072 |) 0006211 | 3072 

1684 9952 | -001241 | -3079 | -o008267 | 3061 
| 2102 2281 || 1652 | -3074 | 001082 | -3042 
| 2516 2308 2061 | -3089 1440 | -3038 
| 2931 2399 | 2469 | -3091 2047 | -3037 
| 3343 2354 2875 | -3094 2449 | +3052 
| 3754 2363 | 3280 | -3095 || 3046 | “3061 

It might be mentioned that a comparison of the weighings 
from which the above figures were obtained with the earlier 
ones mentioned in $4, using a wire suspension, show that 
they are apparently equally consistent and trustworthy. It 
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seems probable that the disadvantage of using such a delicate 
suspension as a fibre of unspun silk may be overcome by 
using a fine wire in its place, provided that the surface of 
the liquid be covered with a film of oil. When it is re- 
membered that the fibre supports the flask inside a metal 
vessel surrounded by ice, and that clamping and stirring 
must be carried on without the experimenter being able to 
see what is happening inside the vessel, the advantaye of using 
a somewhat stronger suspension will be apparent. 

In the present experiments, however, the cocoon suspen- 
sion was adhered to, and with this no oil-film should be used. 

In order to find what value must be taken for 6 in the 
various diffusion experiments, the method of successive ap- 
proximativuns was used. The final rate of increase in weight 
is first assumed to be due entirely to the salt which enters 
the apparatus. In this way a rough value of the concen- 
tration inside the apparatus at the end of, say, a fortnight, is 
deduced. This gives us a rough value for 6, by means of 
which our first assumption may be corrected, and so yield a 
more exact value of 6. 

9. The Length of the Tube. 

Some experiments were also carried out with tubes of 
various lengths. It has already been shown that it is likely 
that to our present degree of accuracy no end correction is 
requisite to the tube of 4 cms. length. It may be pointed 
out that the end correction must depend on both the length 
and the diameter of the tube. The longer the tube the less 
is the rate of diffusion through it, and therefore the more 
perfectly can gravity regulate uniformity of density in a 
given horizontal plane. 

Three tubes were employed, the lengths being 4 cms., 
2 cms., and 1 em.; the areas of cross-section being respec- 
tively 1°697, 1°025, and 1:059 sq. cms., and the diameters 
being 1°465, 1:14, and 1:16 cms. respectively ; and the solution 
employed was a 5 per cent. solution of KCl. The results 
are plotted on the accompanying graph (Pl. XXV. fig. 6). 

Assuming no appreciable end correction to. the tube of | 
4 cms. length, it is found that to give the same value for the 
Coefficient of Diffusion in each case, 0°036 em. should be added 
to each end of the 2 cm. tube (2. e. °032 of the diameter), and 
0:045 em. to each end of the 1 cm. tube (2. e. 039 of the 
diameter). The results prove conclusively that it will not 
be possible to accelerate the work by using tubes much 
shorter than 4 cms., unless perhaps a battery of short and 
narrow tubes can be employed. 
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10. Conclusion. 

My chief object in bringing this paper before the Physical 
Society of London in its present state has been the hope of 
obtaining from the Fellows some useful suggestions for future 
work, or improvements in the method. 

In all 43 experiments have been performed; many of 
them, described in this paper, have had the sole object of 
endeavouring to obtain information of the best experimental 
conditions. 

The numerical results of some of the others have not 
been stated, as improvements in the method, which the 
have suggested, have rendered the numerical result un- 
satisfactory. 

The values of the coefficient of diffusion at 0° C., which 
the investigation indicates to be most trustworthy, are those 
obtained with the suspended apparatus filled with the salt 
solution, in the larger copper vessel containing distilled 
water. These results are 

Salt KNO,. | | Salt KCl. 

Experiment, : ne Experiment. | 
Conecen. | KX 10°. | Concen. | Kx 10°, 

kkk us 10 p. cent, | 843 | 24 ona 20 p. cent. ) 966 

[alee io) ee, | 2... sas [20 ,, | 976 

Dal. ipasecnonens 5 p. cent.| *870 | BO Sentetiaray 10 p. cent. | 953 

+) a ee By Ay Be 8 OF + ulec res | hae 956 

The results show that the method is capable of yielding 
consistent values, and if compared with those obtained by 
other observers in the same subject, although the concentra- 
tion of the solutions and the temperatures at which they were 
employed vary considerably, thus making comparison difficult, 
yet the agreement, as far as can be judged, appears to be 
satisfactory. 

For instance, results expressed in C.G.s. units, obtained b 
Schuhmeister and by Scheffer for KCl and for KNO; 
respectively are shown below 
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| Salt. Temp. | N. | kx10’. | Observer. 

PACONS cs 5 AO Sy SOI has 147 
| Schuhmeister. 

SCO) ted boron ea mu | 
a Se SS Se ee 

TRO; k04. a 031 G8 aii 
| t Scheffer 

preere) ete e083 06° 4 

10° =| -015 92. | Schuhmeister. 
| 

The absence of any trustworthy values for the temperature 
coefficients, and more especially the fact that the concentra- 
tions shown above are so much lower than those employed in 
the present paper, render further comparison difficult. 

( 

In conclusion, I should like to offer my thanks to the 
Principal and Council of Birkbeck College for assistance in 
carrying the experiments into effect, and especially to Dr. A. 
Griffiths, who not only suggested the research, but has been 
always ready to assist me when in trouble or ditficulty. 

LXXV. Gaseous Ionization and Pressure. By T. H. Lay, 
B.A., Emmanuel College, Exhibition of 1851 Scholar, Joule 
Student of the Royal Society, and G. W. C. Kays, B.A. 
(Cantab.), B.Sc. (Lond.), AR.CSec., Trinity College, 
Cambridge *. 

[Approved as an additional Thesis, in the case of the latter 
author for the Degree of Doctor of Science in the University of 
London. | 

[Plate XX.VIL.] 
\\ J. HEN y rays act on a constant volume of a gas, it is to 

be expected that they will produce an amount of 
secondary radiation proportional to the pressure of the gas ; 
further, the ionization arising from this secondary radiation 
is also proportional to the gas pressure: thus the ionization 
would be proportional to the square of the pressure. This 
view of the dependence of gaseous ionization on pressure is 
given in more detail later. , 

Though several experiments have been recorded of the 
variation of gaseous ionization with pressure, they do not 
support the above relation ; none of them, however, was for 

* Communicated by Professor J. J. Thomson, 
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pressures over one atmosphere. Perrin ™ found for Réntgen- 
ray ionization that ‘‘the quantity of electricity dissociated by 
unit mass (of gas) is independent of the pressure and pro- 
portional to the absolute temperature ” f; or, in other words, 
the ionization in a constant volume of gas is proportional to 
the pressure. 

Experimental. 

Some preliminary experiments on the effect of pressure on 
the ionization in air were made using an aluminium ionization 
chamber of cylindrical form with a central wire electrode. 
The results were sufficient to show that the field necessary to 
produce a saturation current was a strong one—over 1000 
volts per cm. for the higher pressures and the intensity of 
ionization of the experiment. The cylindrical form of 
apparatus was abandoned, for the lack of uniformity in the 
field made it impossible with the voltage available to ensure 
a saturation field over the whole volume of the gas. For two 
concentric cylinders, with a potential-difference of V_ volts 

between them, the electric field falls from i at the 

meee 
inner cylinder to 7p at the outer cylinder, where 

(Rog ~) 

y is the radius of the inner cylinder, R that of the 
outer. Thus for complete saturation of all the gas V 

r R p 
must not be less than XR. log, 2, where X is the least 

saturation field for the conditions of the experiment. Thus, 
for example, if R=107, the field will fall from V/2:3r at 
the inner cylinder to V/23r at the outer cylinder. If the 
saturation field be equal to the mean field = V/(R—1r)=V/9 7, 
then 86 per cent. of the gas is subjected to a field less than 
this, and is therefore unsaturated. A uniform ionization is 
of course assumed. We mention this as showing that this 
form of vessel is unsuitable for experiments in which one of 
the difticulties is to saturate a dense gas at high pressures. 

Apparatus. 

The apparatus, which was made by the writers, is shown 
in plan in fig. 1 (Pl. XXVI.). It consisted of an ionization 
vessel connected by thick-walled capillary tubing of glass 
to a drying-tube, and to an air-pressure manometer placed 
horizontally. A scale of centimetres was etched on the 

* C. R. exxiii. p. 878 (1896). 
+ This temperature effect has not been confirmed by later observers, 
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manometer-tube, and its bore (1'°8 mms.) was carefully 
calibrated by the mercury-thread method. The thoroughly 
cleaned tube was filled with air which had been dried 
over P,O;; it was then sealed at one end. A thread of 
mercury several centimetres long enclosed a 75 cm. length 
of this air at atmospheric pressure. There was very little 
sticktion, and the mercury thread was found always to return 
to its zero, showing that there was no leakage past the 
mercury. A short length of mercury also occupied the closed 
end of the manometer; by this means the determination of 
the volume end correction was avoided. ‘The readings of the 
manometer were made to 0'l mm. by means of a travelling 
microscope. 

Assuming a spherical bounding surface for the mercury 
and an angle of contact with glass of 53°, the height of the 
meniscus works out to be almost exactly 1/37, where r is the 
radius of the tube. A reading taken at the tip of the meniscus 
should be corrected by an amount 1/67 to give the length of 
the air-thread. 

In calculating the pressure (up to 17 atmospheres) from 
the manometer readings, it was assumed that Boyle’s law 
held exactly, for Amagat has shown that for pressures up 
to 20 atmospheres the above law is true to half a per cent. 
for dry air. The reagents in the drying-tube, through which 
the whole of the gas entering the apparatus had to pass, were 
CaCl, and P,O; separated by glass-wool. As a safeguard 
against explosion the glass drying-tube was provided with 
a brass sheath. A metal T-piece was joined by sealing-wax 
to the remote end of the drying-tube. One limb of the T 
was soldered to a length of flexible metal tubing connected 
to a cylinder of compressed gas; the other limb was joined. 
to a motor-tyre valve, which could be used to release the 
pressure in the apparatus. Hydrogen and carbon dioxide 
were used direct from the gas cylinder, which gave of course 
the desired pressure without difficulty. The carbon dioxide 
obtained in this way from the liquid is known to be very 
pure ; the hydrogen contained from 2 to 3 per cent. of light 
gaseous impurity. With air the pressure was obtzined by a 
motor-tyre pump joined to the valve for the time being. 
When a new gas was being admitted into the apparatus, 

the pressure was several times slowly raised to about 
15 atmospheres, and then lowered to atmospheric pressure by 
opening the valve. 

The final form of ionization-chamber adopted is shown in 
section in figure 2, which is drawn to scale. It allowed a 
uniform field and a pressure of 20 atmospheres to be obtained. 

Phil. May. S. 6. Vol. 16. No. 96. Dec. 1908. 3M 
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Two stout cirenlar aluminium plates 1:1 em. apart, separated 
by a ring of brass, were fastened together by six bolts. The 
brass ring was let into a circular groove cut in each of the 
plates. A central disk of aluminium 1 mm. thick was mounted 

To 

ELECTROMETER 

midway between the plates and surrounded by an earthed 
aluminium guard-ring held in place by three small ebonite 
blocks (B). Three small dumb-bell shaped pieces of ebonite 
(A) insulated the central disk from the guard-ring: these 
pieces could be slipped into place when the disk was eccentric 
and afterwards moved around in the slot into position. The 
central disk was joined to the electrometer quadrants by 
a wire and an insulated rod which passed through the 
wall of the vessel; the insulation was of ebonite and was 
provided with the usual earthed guard-tube to which the 
guard-ring was connected by a wire. The different parts of 
the ebonite plug were each fitted with a sboulder on the 
inside surface, to withstand the high pressures, and for the 
same reason the end of the glass capillary connecting tube, 
which was let into the opposite face, was expanded. 

All the joints were made gus-tight with a mixture of bees- 
wax and resin in proportions that yielded a flexible cement 
which held up to 20 atmospheres pressure. The bolts were 
tightened up with the apparatus hot enough to keep the 

a ee ee 

ab 
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cement fluid. Sealing-wax was tried and abandoned as it 
cracked with the flexure of the apparatus. 
A Dolezalek electrometer was used, which gave at 2 metres 

about 5000 mms. deflexion for a volt. The earth connexion 
to the central plate of the ionization-chamber was made or 
broken through a ealcium-chloride solution key. The radium 
was placed opposite one of the faces of the chamber at a 
distance which gave a convenient leak. In addition to the 
7 mm. aluminium wall the y rays passed through about 1 cm. 
of brass before they entered the chamber. The electrometer 
was shielded from the radium by a heavy composite lead- 
iron screen. 

Measurements. 

To obtain some information as to stray lonization, obser- 
vations were made, in the case of air, at pressures less than 
atmospheric down to the vacuum produced by a charcoal 
tube in liquid air. We found there was, in spite of all 
shielding precautions, a small quantity of residual ionization 
in a zine box which surrounded the key. The amount of this 
was applied as a correction to all the readings. 

Saturation Current.—We first determined the saturation 
field for the highest pressures used. The values below, taken 
from our curves, give the order of magnitude of the field 
required for air. The values of the current for the two sets 
of pressures are not comparable. 

Pressure 8 atmospheres. 

Field in volts/em. Current. 

100 18°5 
500 202 

1000 pen ss 
1500 22°0 
2060 22°70 

Pressure 15 atmospheres. 

500 | 42-0) 
1000 | AA*3 
1500 / 46:0 
2000 47°3 
2500 A479 
3000 48-0 
3500 AS] 
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Ionization and Pressure.—Figs 3,4, and 5 (Pl. XXVI.) 
show the relation between ionization and pressure for the 
gases hydrogen, air, and carbon dioxide over the range 1 to 
17 atmospheres, the unit of ionization being an arbitra ary one 
for each curve. 

It will be noticed that, for hydrogen at the lower pressures 
the graph is almost a straight line, and becomes only slightly 
bent at the highest pressures. The corresponding curve for 
air (fig. 4) shows a resemblance to that of hydrogen, though 
the curvature of the former is a little more pronounced. 
In fig. 5 we have a similar curve for carbon dioxide but with 
a curvature much more marked. 

The readings connecting ionization with pressure are 
indicated in fig. 5 for two positions of the radium. 

(1) The dots (from which the graph is drawn) denote 
readings obtained when the y rays entered the vessel through 
its aluminium ends. 

(2) The crosses are the readings when the y rays entered 
the vessel through its brass sides. A line through the crosses 
would be slightly more curved than the one drawn. According 
to the interpretation given later, this would show that the 
secondary radiation from brass is much the same as from 
aluminium. 

The graphs of figs. 8, 4, & 5 are reduced in fig. 6 to the 
same coordinates for our gas; to do this we determined 
the relative ionization in our apparatus of the three gases 
when at atmospheric pressure. In curves A, B, C of that 
figure ionization is plotted against density, the density of 
hydrogen at 17° and 760 mm. being taken as unity. 

In the case of air and hydrogen the curves (D and E) are 
ionization-pressure curves; to the corresponding graph © for 
CO, a correction has been applied to allow for the deviation 
cf this gas from Boyle’s law: Regnault’s results have been 
used to make the correction. It should be noticed that the 
lengths which the curves C, D, and E (fig. 6) cut off from any 
ordinate give the relative ionization in the three gases when 
their relative densities are as their molecular weights, namely, 
44, 28:4, and 2. For convenience we shall refer to U, D, and 
E as pressure-lonization curves. 

No correction was made for the deviation of air from the 
gas laws, for the readings of an air-manometer give exactly 
the corresponding densities of air in the apparatus; no 
correction was applied in the case of hydrogen. 

The curve C represents carbon dioxide on both the systems 
of coordinates of fig. 6. 
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Discussion of Results. 

It will be seen from the density-ionization curves (B and OG, 

fig. 6) that the amount of ionization in carbon dioxide relative 
to air decreases regularly with increasing density. 

All the curves in fig. 6 are convex to the ionization axis 

with curvatures which increase in the order, hydrogen, air, 

carbon dioxide. 
At any given pressure employed in these experiments, the 

ionization in carbon dioxide is greater than that in air, but 

as the pressure increases, this difference diminishes, and in 

the apparatus used, the curves indicate that at about 33 

atmospheres the ionization would be the same for both gases. 

Gas Pressure and Ionization. 

To understand these curves, let us consider the nature of 

the radiation to which the gases were subjected. 

ig. 

There are two classes of radiation present :— 

(1) The incident y radiation of a very penetrating nature * 

together with any secondary y rays from the gas 
and the walls of the vessel. 

(2) The secondary 8 radiation produced from the gas and 
the walls of the vessel by the original y rays. 

(1) The ionization arising from the very penetrating y rays 

forms a small proportion of the whole ionization, and is 

* \ for Al about ‘08. McClelland, Trans. Roy. Dubl. Soc. viii. p. 107, 

July 1904. 
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probably proportional to the number of molecules present, 
that is to the pressure. 

(2) The ionization due to the secondary 8 radiation from 
the gas is smali* compared to the ionization arising from 
secondary § radiation from the walls, the latter need only be 
taken into consideration when the gas between the electrodes 
is dense. 

The ionization excited in the gas by (say) unit intensity 
of the secondary 8 radiation will vary as the gas pressure, 
but the intensity of this radiation itself varies as the pressure: 
thus this ionization is proportional to the product of the 
intensity of the secondary 8 radiation into the pressure, that 
is, to the square of the pressure. 

The intensity of the secondary @ radiation excited in the 
walls is constant in amount, so that the ionization produced 
by it varies as the pressure. 
We have seen that the ionization arising from the gas 

radiation will be less than that arising from the wall radiation. 
Consequently the ionization which varies as the square of the 
pressure is less in amount than that varying directly as the 
pressure. 

* Bragg and Madsen (Trans. Roy. Soc. S. Australia, xxxii. 1908) 
have shown that the secondary 6 radiation excited by hard y rays in a 
plate of aluminium have a A, when absorbed by aluminium, of 11 em.~1; 
further, that the secondary 4 radiation proceeds originally (before any 
scattering occurs) in the same direction as the primary #, and that the 
intensity of the emergence radiation considerably exceeds that of the 
incidence. These results enable us to calculate the amount of secondary 
8 radiation from the aluminium walls in our vessel, and show that 
the emergence radiation from the two surfaces A and B (fig. 7, p. 885) 
remote from the radium need only be considered. The amcunt of radiation 
in question from either A or B which escapes from the aluminium is 

1 
] —A6r? 

where I, is the total emergence radiation from an elementary layer of 
thickness é2: putting A=1]1 cm.—’, then I=-1 or the secondary 
B radiation from the two surfaces A and B is equivalent to the total 
emergence radiation from a layer of aluminium 2X‘1l cm. thick, and 
having a mass of ‘54 grams per sq. cm. ‘The radiation from such a layer 
should considerably exceed the radiation from the layer of gas in any of 
our experiments. Of the gases used, carbon dioxide, when most dense (at 
17 atmospheres) would give the largest amount of secondary radiation ; 
the layer of it lem. thick, between A and C (fig. 7), has a mass of 
‘03 gram per sq. cm., which is only 1/17 of the mass of the aluminium 
walls which emits secondary radiation. In the case of air this radiation 
from the walls would exceed that from the gas to an even greater extent: 
for hydrogen the secondary 8 radiation from the gas may certainly be 
neglected. 

iZ 
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To sum up, it is to be expected that: 
(a) the ionization produced by the y rays and the 

secondary 8 radiation from the walls will vary 
as the pressure ; 

(b) the ionization due to the secondary 8 radiation from 
the gas will be small in amount and vary as the 
square of the pressure. 

It will be shown below how the above factors partly 
account for the pressure-ionization curves we have obtained 
for hydrogen, air, and carbon dioxide. To completely account 
for the curves it is necessary to assume the presence of soft 
tertiary @ radiation in the ionizing vessel, 

Soft Tertiary 8 Radiation. 

The convexity of the ionization axis of the curves of 
ionization and pressure (which is slight, however, in the case 
of hydrogen) indicates the presence of soft tertiary @ radia- 
tion of considerable ionizing power. For if such radiation is 
excited in the ionization chamber, and the gas present is 
sufficiently transparent to it, then the ionization produced by 
it will vary at first as the pressure of the gas. But as the 
pressure increases the absorption of this radiation in the gas 
will increase until some of the tertiary 6 rays are completely 
absorbed. The tertiary @ rays remaining will contribute 
less and less ionization tor each equal increment of the pres- 
sure, and so the ionization-pressure curves will bend towards 
the pressure axis. | 

The excitation in the walls and gas of this radiation by the 
secondary # radiation is certainly to be expected from what 
is known of cathode radiation. Gehrcke*, for example, has 
shown that cathode rays, when incident on a magnesium 
plate, produce reflected or secondary rays with a wide range 
of velocities up to that of the primary rays. 

The increase in the convexity of the ionization-pressure 
curves with the opacity of the gases H,, air, COs, is the most 
striking evidence in favour of the existence of this soft radia- 
tion. Lenard ft found that cathode rays were iess absorbed 
by H, than by air or CQ,: with rays having 1/10 of the 
velocity of light, >» for H, is ‘19, for air 85, for CO, 2, each 
gas being at 1 mm. pressure. These numbers are just in the 
order required by the curves C, D, E of fig. 6 (Pl. XXVL), 
where the CO, curve is more bent than the air one, and both 
are much more bent than the one for H,; in other words, the 

* Ann. der Physik, viii. p. 81 (1992). 
+ Ann. der Physik, xii. p. 732 (1903). 
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complete absorption of a part of the tertiary 8 radiation 
occurs more in CQ, and in air than in Hg. 

It is more probable that the soft radiation, whose existence 
we have inferred above, is excited by ie absorption of 
8 radiation, having a velocity about half that of light, than 
that it is produced directly by the y rays. While it is tertiary 
radiation for our purposes, it should be excited just the same 
when 8 rays from radium having a velocity of $V are 
absorbed in matter: it would then be ealled secondary 
8 radiation. 

The above sources of ionization are sufficient to account for 
the experimental results we have obtained, as is shown below. 
a. —The ionization due to 

(a) the primary y rays, 
(}) the secondary 8 radiation from the walls, 
(c) the soft tertiary @ radiation, 

will all vary us the pressure in this transparent gas. The 
ionization arising from the secondary 8 radiation from the 
hydrogen itself, which varies as the square of the pressure, 
may be neglected. Finally, there is little complete absorption 
of the tertiary @ rays, ‘and thus the ionization in this gas 
varies very nearly as its pressure. 

Air.—The ionization arising from (a) and (b) above is 
just as for hydrogen proportional to the pressure: that due 
to the secondary rays from the gas may be neglected. Some 
of the soft tertiary B rays are completely absorbed, so that 
the remaining rays contribute for each increment of the 
pressure a decreasing amount of ionization. The sum of 
these ionizations would increase less rapidly than directly as 
the pressure, which is in agreement with our observations. 

Carbon diovide.—The ionization is made up in much the 
same way as that of air. The effect of the secondary 8 
radiation excited in the CO, itself may need to be taken into 
account: it contributes ionization varying as the square of 
the pressure. The shape of the CO, curve is consistent with 
the existence of a small proportion of such ionization, for the 
curve exhibits the necessary initial curvature. The absorption 
of the soft tertiary @ rays would be moie marked in CO, 
than in air ; the ee of this is seen in the greater curvature 
of curve © (fig. 6). 

Since he ue, experiments were completed Erikson* has 
published in abstract some results on the * Ionization of Gases 
at High Pressures.” He found with a constant potential- 
difference between two cylindrical electrodes, that the 

* Erikson, Phys. Rev. xxvi. p. 199 (1908). 
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lonization current reaches a maximum at a certain pressure, 
and afterwards diminishes with a further increase in the 
pressure. For example he quotes a result which indicated, 
in the case of air, a maximum current at 70) atmospheres, 
when the potential-difference between two concentric cylin- 
drical electrodes separated by 6 mms. was 18 volts; witha 
potential-difference of 1000 volts, the maximum “current 
occurred at 150 atmospheres. Now we find (p. 883) that for 
the intensity of ionization we as small—air at 
15 atmospheres requires a field of 2500 volts per cm. to 
produce a saturation current. Thus the air in Erikson’s 
experiments, unless his degree of ionization was exceptionally 
small, was unsaturated for pressures over about 15 atmospheres. 
His published abstract is silent on the point, but his results 
are such as would be expected if the velocity of the ions 
diminished as the pressure increased, and in consequence a 
larger and larger proportion of the ions present recombined 
and never reached the electrodes. 

Summary. 

1. The ionization-pressure curves have been determined 
over a range of pressures from 1 to 17 atmospheres for 
hydrogen, air, and carbon dioxide, when contained in an 
aluminium vessel and exposed to hard y rays from radium. 

2. The amount of ionization in hydrogen is approximately 
proportional to the pressure ; in air it increases less rapidly 
than the pressure ; in carbon dioxide still less rapidly than 
the pressure, especially at the higher pressures. 

3. We conclude from a discussion of these results that the 
ionization arising from 

(a) the y rays, which is small in amount, varies as the 
pressure ; 

(>) the secondary 8 rays (excited by the y rays) from 
the aluminium electrodes, varies as the pressure ; 
while that excited in the gas itself produces 
ionization small in amount and proportional! to 
the square cf the pressure ; 

(c) a soft tertiary radiation, increases less rapidly than 
the pressure. 

4. It is inferred from these results that when @ rays 
(velocity about half velocity of light) are absorbed they excite 
soft secondary @ radiation. 

We wish to thank Professor Thomson for the interest he 
took in these experiments. 

The Cavendish Laboratory, 
Cambridge. 
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LXXVI. The Kinetic Energy of the Ions emitted by Hot 
Bodies. By O. W. RicHarpson*. 

§ 1. JN a recent paper the Author and Dr. F. C. Brown + 
l have shown how the magnitude and mode of distri- 

bution of that portion of the translational kinetic energy of 
the ions emitted by hot bodies, which depends on their 
velocity component perpendicular to the surface at which 
they originate, may be measured. This was done by observ- 
ing the way in which an insulated plate charged up, when it 
was placed at a short distance from a similar and parallel 
plate, a portion of the surlace of which consisted of the hot 
metal. The two plates were initially at the same potential. 
The results of the experiments showed that the mean value 
of this portion of the kinetic energy was the same as the 
corresponding quantity for a molecule of gas at the tempera- 
ture of the hot metal, and that the velocity component 
perpendicular to the metal surface was distributed among 
the negative ions in accordance with Maxwell’s law of the 
distribution of velocity among the molecules of a gas. By 
using the same method, Dr. Brown, in an investigation which 
is not yet published, has succeeded in showing that the 
magnitude and mode of distribution of this portion of the 
kinetic energy follows the same laws in the case of the posi- 
tive ions also. 

§ 2. The method employed in those researches yields no 
information about the part of the kinetic energy which 
depends on the component of velocity of the ions parallel to 
the emitting surface. Both the magnitude and distribution 
of this among the ions may, however, be investigated by 
experiments of a somewhat different character. Consider the 

Fig. 1. 

B 1A 

Cc D 

iy Je 
Yee + 

arrangement, of which fig. 1 is a section, to extend indefinitely 
perpendicularly to the plane of the paper. Aisa section of an 
infinitely long narrow strip of hot metal which almost fills a 

* Communicated by the Author. 
+ Phil. Mag. [6] vol. xvi. p. 353 (1908). 

ee ate * 
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narrow gap in the infinite conducting plane B. At a short 
distance from B, and parallel to it, is another infinite con- 
ducting plane CD divided into two portions by a narrow slit 
parallel to the edges of A. A and B are charged to the 
same potential and the resulting current to the plane CD is 
measured. Simultaneously the ions which pass through the 
slit are measured by means of the box-shaped electrode E. 
The whole system CED can be pushed along bodily by a fine 
screw and the current through the slit is compared with the 
sum of the currents to the plates CD and the slit, for a series 
of positions of the latter. In this way a curve is obtained 
which gives the fraction of the total current passing through 
the slit in any position. The curve on the left in fig. 2 has 
been obtained in this way. If the emitted ions possessed no 
sideways velocity this curve would consist of one horizontal 

Fig. 2. 

eo |. [de 
ee NT Th 
eet ir 
eee Ne 
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8 
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and two inclined straight lines, as shown on the right. Since 
it does not do so it follows that the ions are emitted with a 
finite sideways velocity. 

Let us see how the form of these curves depends on the 
distribution of velocity among the ions. Let the figure (fig. 1) 
lie in the plane of «wz, the axis of z being perpendicular to 
Band CD. Consider an ion whose coordinates at any instant 
are a, y,z. Let the plane of A be the plane z=0. The 
electric field between A and CD is uniform and equal to Z. 
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If V is the difference of potential, and 2’ the distance, be- 
tween the planes V=Z:’. The equations of motion of the 

ions are 

dx d2y d?z 
n— = m=. =0, m= =e, 

dt? ; dt? ‘ dt? 

Integrating, subject to the conditions that, when 

dx ay dz 
t= 0, — =u, — =v. = =wW 

> dt Oe ae 
we get 

du dy 7h Ape 
— =U, —~ =v, m — = Let + mw,: 
dt colt: Rnd senate L oF 

so that if, when 

'=0, #=2,, y= and =V;} 
e 

; Vas ensilide ~— 7) LT," U—Ly=Ugt, Y—Yo= Vols c=wilteh— v. 

Since in the present problem everything is independent of y 
we only need to consider the relation between the z and w 
coordinates of the particle. Eliminating the time, we have 

i=—2y\7 Ww 

z= 4Z5(* u ) +32 @ — 2) + he 0 0 

We may regard this equation in two different ways. If 
we start with assigned values 1 wy of the velocity com- 
ponents then the equation gives us the relation between the 
coordinates w and < of any point in the subsequent path of 
the particle. On the other hand, if we consider two fixed 
points, 2», 0 in A and a, 2’ in ©, the equation (1) will give 
us the relation which has to hold between wo and wo, for an 
ion emitted from 2, 0 to reach a, z’. This relation may be 
expressed more conveniently by solving the equation as a 
quadratic for wv, which gives 

L— 2 Ve » Ug = 4W, = (tea/ (14 as))- Le ee 

If wo has this value the particle wi!l strike the plate D at 
the point «=~, if u, is greater than this the particle will go 
to the right, if w, is less it will go the left, of «=. The 
number of particles which go to the right of c= will there- 
fore be the number of those which have values of up greater 
than 

le rad CVA a Cites rag) 
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It is to be borne in mind that only positive values of wo are 
admissible in this expression. Those which start from the 
back of the strip are supposed to be caught by the upper 
plate and have no opportunity to reach the plane below. 
he conditions which have to be satisfied are therefore 

Shy (14a /(14 mw, ) Senet) 

Wy—0. 

Suppose that out of any large number 7, of ions emitted by 
the strip, the number which have velocity components lying, 
at the same time, between uw and wz+duy and wy and wy) +dwy 
is denoted by n,F' (up, wy) dupdwo. Then the number which 
reach the lower plane at points to the right of the line e=z 
will be 

=n, | dw ee e hea Wo). 

(a ZUG Tne? ) 

If, as in the kinetic ron \ gases, the probabilities of given 
values of the components of velocity along two mutually 
perpendicular directions are independent of each other, the 
last expression may be written 

Tam 7" FT (uo )aeof ak dug f(uo)s 
: 20 — zi ty Ce :) ) me » 

where 1;f(up)dup and n,f’ (wy )dwy are respectively the number 
of emitted ions having velocity components between up and 
Up tduy and wy and wo+dwy. 

If we consider a narrow slit of width £ in the lower plane, 
bounded by the lines a=a2—a)+€/2 and e=x#—x—§/2 it 
follows from the preceding expressions that the number of 
ions which pass through the slit will be equal to 

PCat 8H2 (4 v(14 <™,)) 
n1 \dwo dug’ (uo, Wo) - 

o  afbmo EPC (1+ e eh 

If in addition the strip is of finite width &’ and extends from 
= —E'/2 to ay= + &'/2, the total number which pass through 
the slit will be 

+£//2 ee ee os)) 

eas day\ dwy dugl (up, wy) 

Ss) 0 30 aunt? (1+ Vit = emu'o2 oan) 
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The experiments of Richardson and Brown (loc. cit.) have 
shown that in the case of hot platinum under certain condi- 
tions the normal velocity component wp is distributed among 
the emitted ions according to Maxwell’s law, and the value 
of the constant which determines the mean kinetic energy is 
the same as that for a molecule of a gas at the temperature 
of the metal. Under these conditions it seems likely that 
the same law will hold for the component of velocity parallel 
to the surface, and it is interesting to examine the conse- 
quences of this hypothesis. If Maxwell’s law holds we have 

F (uo, Wo) = f(uo) 7” (wo) 5 

where 
; key a kmeee? 

fluc) = ( uae 
T 

and 
F —kmwe2 

f (uo) = 2kmuge™™”""' 5 

where mis the mass of the ions and 3 their mean trans- 
lational kinetic energy. On this view the number which 
pass through the slit of width & is therefore 

" Livy Z—Z0+$/2 Re ) 
+$/2 i "0 Z (atv (1+ Perey 

(km) 3 — kmwo? —kmuo? 

\ day) dwywye duge sam 
4 —27,—£/2 Ve 2 ee Ly, £—70—§/2 i( 

—£'/2 0 GW) a (+, 1+ rant) 

We can test the correctness of the substitutions which 
have been made by calculating the total number of ions 
which reach the lower plate. This will evidently be 

&'/2 2 i) 

9 %4 (km)? —kmug? —knuy? 
a dig} dwowoe duce E' a7 gly 0 ; 

—£' 2 0 —n 

This, as it should be, is equal to 7, the number of ions emitted 
by the strip. 

The integral (4) cannot be evaluated in finite terms, and 
there is no single method of approximation which can be 
made to cover the whole range of experimental conditions. 
There are, however, two special cases in which the expression 
assumes a very simple form. In both of these & and & are 
regarded as very small quantities. In addition, Ve is large 
compared with $mv,” in the first case and is equal to zero in 
the second. We shall consider first the case in which Ve is 
great compared with tmw,’. 

It will be observed that Ve can never be great compared 

(4) 

q 
L 
. 
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with all the values of Imw,?, since infinite values of this 
quantity are theoretically possible ; but the number of such 
cases is so small that it makes no difference whether they are 
included or not. We shall suppose that the condition is 
satisfied if Ve is great compared with ihe average value of 
tmuy*. It will be noticed that Ve/tmw,? is the ratio of the 
kinetic energy communicated by the electric field, during 
the passage from the strip to the plate, to the “ nor ‘mal com- 
ponent’”’ of the kinetic energy of the ion when it was 
emitted from the strip. 

If € and &' are both infinitesimal and 2,=0 (4) becomes 

mee as an ie eae - Me sh —kmweg? (14+ 25 (1+ v(14+ 57s) )") 

If in addition Ve/dmw,’ is large compared with unity, this 
reduces to 

Pol. 2kV 
n4& 2kV é ay oe 

s Az? © ; 

The number of ions which are received by a width da of the 
lower plane at « is therefore 

2kVe_., 
a [ane, ED die dx 

2 A / Ag? © 

and the total number of ions received by the whole of the 
lower a is 

| 
Ve ae 2 a ros) eee 

a Pepe et ey 
Ae? © Van ae =O) 

Since this is otherwise obvious the result may be considered 
as a check on our previous calculations. 

The fraction of the total number of ions received by the 
lower plane which pass through a narrow slit of width &, 
distant « from the line of symmetry, is thus 

page 5 2kVe ane ms 
Vr Ag’? 

Since k= me where R, is the gas constant reckoned for a 

single siaatociuikes and @ is the absolute temperature, the above 
may be written, changing 2’ to z, 

pe = Vne VME 
i= racer Mine Nou ethptmee gas bt) 
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where n is the number of molecules in 1 ¢.c. of a gas at 0° C. 
and 760 mms. pressure and R=nR, is the constant in the 
equation py=R@, referred, as is usually the case, to a cubie 
centimetre of gas under standard conditions. If the charge 
on an ion is equal to that carried by a monovalent atom in 
electrolysis, ne will be equal to the quantity of electricity 
required to liberate half a cubic centimetre of hydrogen in a 
water voltameter at 0° C.and 760 mms. This quantity is 
“407 E.M. units. 

When the centre of the slit is in the plane of symmetry 
«=O and the value of 7 is 

Ee  6/ Vue 5 ieecat ene 
OT eee the-2 aa a (6) 

The fraction passing through the slit in different positions, 
which is the quantity measured experimentally, may there- 
fore be expressed by the equations, 

ne 

t/ip = e~ ROe!** os 

or 
i Vine 

log /to= —TpRge@ - _ 2. i 

§ 3. The equations (5) to (8) point out a number of 
different ways in which the theory may be subjected to the 
test of experiment. It will be observed that the apparatus 
required for this purpose is the same in general design as 
that already described, and used by the author* to measure 
the value of e/m for the ions emitted by hot bodies. While 
that investigation was in progress experiments were made 
which afford a preliminary examination of the ground covered 
by the theory under consideration. The results of these 
experiments are incorporated in the present paper. They 
are necessarily somewhat rough, for a variety of reasons. 
In the first place, the apparatus used for measuring e/m had 
to be made very small as it was necessary to place it in a 
strong uniform magnetic field. The smaller the apparatus 
is, the more it deviates from the condition of infinite parallel 
planes, so that we should expect an error due to the electric 
field not being uniform and equal to the value calculated 
from the difference of potential between the plates. Un- 
doubtedly one of the worst sources of error in these experi- 
ments arose from the strips used not being quite plane and 
not lying accurately in the plane of the “ upper”’ plate. 

* Phil. Mag. vol. xvi. [6] p. 740 (Nov. 1908). 

' 
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This was shown by the fact that the ratio of the current 
through the slit to the total current was never quite sym- 
metrical about the centre of the pattern. This lack of 
symmetry was of little importance in the experiments on 
e/m where the deflexion of the whole pattern in a magnetic 
field was measured, but it is of vital importance in the present 
experiments. If the strip is bent the applied electric field 
alone will cause a spreading of the ions which may easily be 
greater than that due to their original kinetic energy. The 
author now believes that he has obtained a better method of 
cutting the strips which will avoid these difficulties in future 
experiments. 

There were other errors arising from the finite widths of 
the strip and the slit, from the finite length of the strip, and 
from the scattering of the ions by the small quantity of gas 
present in the apparatus. It is difficult to see how this could 
be reduced much below the value (about 3x10-* mm.) it 
had in most of the experiments, with apparatus of this degree 
of complexity. This difficulty could be allowed for to some 
extent by making observations at different pressures. A 
rough attempt to correct some of the observations for the 
effect of the gas was made in this way. 

Originally it was intended to determine the temperature 
of the strip from its resistance by the usual methods, but 
this part of the plan was not successful as the strip broke 
before the necessary observations could be completed. The 
temperature was therefore estimated from the magnitude of 
the ionization currents and the dimensions of the strip. It 
is subject to a possible error of about 10 per cent. (100° abs.), 
but the uncertainties arising out of the structure of the 
apparatus do not warrant our proceeding to a higher order 
of accuracy than this in the determination of the temperature. 

The experimental points from which curves like that shown 
in fig. 2 were constructed represent the values of the electro- 
meter reading for the current through the slit, divided by 
that for the slit and the plates together. These measure- 
ments were taken precisely as described in the author’s 
previous paper *. To obtain the value of the quantity denoted 
by 2 in the preceding equations it is necessary to divide each 
ordinate by the ratio of the sum of the capacities of the 
electrometer and the condenser to the capacity of the electro- 
meter alone. This ratio was not determined accurately but 
it was known to be not far from 12. ‘The relative values of 
the different ordinates do not, of course, depend on the 

* Phil. Mag. [6] vol. xvi. p. 740 (Noy. 1908). 

Phil, Mag. 8. 6. Vol. 16, No. 96. Dec. 1908. aN 
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magnitude of this ratio; and the only method of measure- 
ment which makes use of it in the sequel i is vitiated by a far 
greater source of uncertainty arising from the geometrical 
construction of the apparatus employ ed. So far as the 
present observations go, therefore, the absence of this 
particular piece of information is not a matter of great 
moment. 

With the positive ionization consistent results were obtained 
throughout the range of potential-difference from 40 to 360 
volts, but this was not the case with the negative ivnization. 
Whatever the distribution of sideways velocity may be, in is 
clear that the height 7) of the central ordinate in curves like 
that in fig. 2 will be greater the greater the applied potential- 
difference ; since with ereater potential-ditterences the ions 
have less opportunity to spread out sideways. In the case 
of the positive ionization this conclusion was borne out by 
the experiments. It was found that with ions of the same 
valency (ne constant) and for constant values of & the width 
of the slit, @, the absolute temperature, und z, the distance 
between the plates, the relation 7,/ ./ V= constant, required 

by equation (6), was always fulfilled. Experiments made to 
test this point gave the following numbers. With V=78 
volts two curves under identical conditions gave for 1% 
the height of the central ordinate the same value 2°85 
in arbitrary units. The mean is therefore 2:85 and the 
value of i,/,/V=°322. The potential was then changed to 
324 volts, the other conditions remaining the same; two 
determinations of % gave 5°35 and 5°90 in the same units. 
The mean is thus 5°63 and the value of %/,/V='312. The 
two values of this ratio are constant within the limits of 
experimental error, in agreement with the theory. 

With the negative ionization the value of i, increased with 
the applied potential-ditference to a little beyond 40 volts 
when it reached a maximum ; it then diminished in a very 
marked way as the potential was increased up to 320 volts, 
at which point the experiments were discontinued. Not only 
was this the case, but with voltages greater than 80 the 
central maximum in the zw curve was replaced by « central 
minimum with a maximum ov each side of it. The cause of 
this exceptional behaviour of the negative ions is not quite 
certain. It may be thata large number of secondary negative 
ions are emitted by the electrode when it is struck by the 
primary ions, and that some of these escape out of the box. 
Reflesion of the primary ions at the electrode would act in 
the same way. The fact that the abnormal behaviour is 
more marked the higher the potential-differcnce is in favour 

SS ee 
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of some such view. In order to avoid effects of this kind a 
very low potential-difference, 10°6 volts, was used in the 
experiments on the negative ions. This is a long way below 
the potential at which 7) reaches its maximum value. It was 
not considered advisable to use lower potentials than this on 
account of the assumption, made in working out the theory, 
that Ve is large compared with jmw,”. The ratio Ve/Smw;? 
with V=10 6 volts is about 120. 

Three different methods of applying the experimental. 
results so as to test equations (5) to (8) have been made use 
of. These will be considered separately, and under each 
method we shall consider, first the experiments with the 
negative ions, and afterwards those with the positive ions. 

§4. Meruop I. 

(a) Negative 1ons——This method is based on equation (7), 
which may be written in either of the forms 

Vne oe : : au SEANCES | 

j=4,6 (ane Ott =1g 10 goren®. Lee. ul £9) 

It consists in finding by trial a curve of the form i= Ae~” 
which will fit the experimental numbers. The constant A is 
readily determined, being obviously the value i, of 7 when 
x=0; ibis the heicht of the maximum ordinate of the i 
curve (see fig. 1). a general method of determining } will 
be given below. The following table gives a series of values 

oO 

of 7, expressed asa ratio of electrometer ees in the 
manner already described, for different values of w. The 

first row gives ‘the value of «, the second the value of for 
points to the right of «=0, aa the third the value of 7 for 
points to the left of «=0. This is necessary as the values 
are not quite symmetrical as they would be under perfect 
conditions. The fonrth row gives the mean of the two 
experimental values of 7, and the last contains the values of 2 

calculated from the formula i=1°38 x 1077". 

=e (l= 0816 em.) see 0. i 2. 3. 4. 5. 6. 7 

+é(arbitrary units) ... 135 1:38 117 he j1 ee st 09 

= Waa Ps oN SR AOR OO Bon) ty) RO), hee RS 
meani( ,, Lc eee oc A ee aE SAG 3. Bh) OL weeduk 

4 ealeulated :....... ippeiics: aes aS TO SS Gy SE. Wels 09 

The agreement between the theoretical and experimental 
numbers 1s very satisfactory. This is also shown graphically 
by fig. 3, in which the pmueotn curve is the graph of 

8N 2 
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i= 1:38 x wy whilst the experimental points are shown 

tus * 13; 

6 9 
SCALE OF x (/= +0635 C72) 

Comparing i=1'38 x 107" with equation (9) we see that 
V .ne ! pres ee 

9°2ROz? ax 

and on substituting the proper values V=10°6 x 10° E.M. 
units, ne="407 E.M. units, @=1500° abs. and z='534 em., 
we obtain 

R=4°6 x 10° ergs/em. 

The standard value is 3°7 x 10°, and this is a very satisfactory 
agreement when all the various sources of error are taken 
into account, 

(6) Positive Ions.—In the experiments on the positive ions 
a potential-difference of 78°3 volts was used. A number of 

1210-08 06 04 02 0 02 04 06 08 0712 
—> Scale oF x (cms.) 

series of observations were taken, of which that represented 
in fig. 4 is typical. The experimental points are denoted 

COCO 
SEE HCN 

ZEEE EERE 
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thus: @. The smooth curve drawn is the graph of 

i=3e7°"", It will be observed that with the exception of 
the last four points on the left all the rest fall on the curve 
within the limits of experimental error. It is probable that 
the high value of 2 for these points was due to some part of 
the strip having a slight twist in it, causing the electric field 
near that portion of the strip to throw the ions emitted from 
it over to the left. It is obvious that lack of symmetry of 
this kind is due to instrnmental defects. Making allowance 
tor these points the agreement with the theoretical type of 
curve is quite satisfactory. 

Vne 
— 632 

BO re nee 
Putting V=78°3 x 10°, ne="407, @=1100° abs. and z="534, 
we find R=4:04x 10°. The value of R is thus even nearer 
the standard value (3°7 x 108) than that obtained with the 
negative ions. 

A number of series of observations were taken with the 
positive ionization and all but two would have been approxi- 
mately fitted by the curve shown in fig. 4. They would 
therefore have led to the same value of R, roughly, of course. 
But it was noticed that, with two curves taken after long 
continued heating of the strip, the two halves were much 
closer together. This indicates either a smaller amount of 
sideways energy or a greater charge on the ions. These 
curves were fairly well represented by i=5:3527"°*". 
Assuming that the value of R@ had not changed this would 
lead to ne="814 and the ions divalent. On the other hand, 
if we still suppose ne=‘407 we should get about half the 
normal value of R. ‘There is nothing in the present experi- 
ments which enables us to decide definitely between these 
hypotheses. A priori, the balance of probability would seem 
to be in favour of the kinetic energy being constant and the 
charge doubled ; but simultaneous measurements of e/m for 
the ions indicated that this also had changed, and was re- 
duced to nearly one half its previous value. So that if the 
charge had doubled the mass must have increased to almost 
four times its earlier value. This would make it very difficult 
to assign these ions to any definite chemical substance. The 
matter evidently requires further investigation. The value 
of e/m for this case is the last one in the table of values of 
e/m for the positive ions from hot platinum in the author’s * 
paper on that subject. 

Comparing with equation (9), we see that 

* Phil. Mag. [6] vol. xvi. p..759 (Nov. 1908). 
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§ 5. Seconp Mrruop. 

(a) Negative ions.—This method is not independent of the 
first. It rests directly on equation (8) and is really only ¢ 
more accurate method of testing the applicability of equa- 
tion (7). According to equation (8) the curve obtained on 
plotting log i against 2 should be a straight line. The 
values of log;)? and of x have been calculated for the points 
shown in fig. 3 and are plotted against each other in fig. 5. 
It will be seen that they all lie very near to the straight line 
drawn on the diagram. ‘There is a tendency for the points 
corresponding to large values of 2? to lie above the line. 
This tendency is much more marked in the case of the positive 
ions, and the probable cause of it will be discussed when 
their behaviour is considered. 

If 2), 7;, and %, v are any two pairs of corresponding 
yalues of 7 and 2, it follows from equation (8) that 

7 9 
Vine wPr—a? Ré= ae 
9°22? log 2—log i 

Fig. 5, 

0 10 20 30 40 50 
—>x2 = /-008x 1/07 cms. —> SCALE OF LOG. a” 

Referring to fig. 5, we find «,?—a’=4'48 x 10~*cm.? and 
logio 72—logy i;=1°1. Substituting these and 2=1500° abs., 
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V=10°6 x 10°, ne=-407, and z=°534, we obtain 

R=4°5X 10°. 

This agrees very satisfactorily both with the number obtained 
by the first method and with the standard value of R. 

The agreement of R with the standard value shows that 
the mean sideways kinetic energy of the negative ions is the 
same as that of a molecule of gas at the temperature of the 
hot metal ; whilst the straight line exhibited in fig. 5 shows 
that this energy is distributed among the different ions in 
accordance with Maxwell’s law of distribution of energy 
among the molecules of a gas. 

(6) Positive Ions——The numbers used for applying this 
method to the positive ions were obtained by drawing as 
smooth a curve as possible through the experimental points 
shown in fig. 4. In doing this no use was made of the 
theoretical curve, which had not at that time been con- 
structed. The portion of the curve to the left hand of the 
approximate line of symmetry was rejected as being obviously 
subject to a serious instrumental error. Measurements of 
the right-hand portion of the curve gave the values of i and 
z tabulated. 

a a. Hie log 49% 
(1=00318 em.). | (arbitrary units). | (1=1:01 x 10—5em.?.) 

0 3:02 0 480 

3 2°85 9 455 

6 2725 36 "302 

£ 15 81 176 

14 wf) 196 1875 

Liss “45 288 1-653 
21 ‘25 44] 1398 

27 "12 129 1-079 

38°5 043 1486 2633 

If the numbers in the last two columns are plotted against 
each other the first five points will be found to lie very nearly 
on a straight line, from which the others show a gradually 
increasing divergence. This divergence is in the same direc- 
tion as that observed with the negative ionization for large 
values of 2, but is very much more marked. It indicates a 
great excess, over the requirements of the theory, of ions 
having very large values of the sideways energy. In other 
words the currents through the slit for large values of w are 
greatly in excess of theoretical requirements. 
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It seems practically certain that this arises from ions 
which are deviated by collisions with molecules of gas in the 
tube. Although the pressure of the residual gas, as registered 
by the McLeod gauge, was always very small (not more 
than 5x 10-* mm.), ‘effects of this kind will be important 
on account of the very rapid way in which the theoretical 
current through the slit diminishes as we recede from the 
centre. The fact that this effect was much smaller in the 
experiments on the negative ionization is strongly in favour 
of this explanation. In'the first place the potential-difference 
was only about one-eighth as great, so that the ions spread 
out much more by virtue of their initial energy, and scatter- 
ing by collisions would be relatively less important ; and in 
the second place the mean free path of a negative ion is 
some four times as great as that of a positive 1 ion in gas at 
the same pressure, so that there would be less scattering of 
the negative than of the positive ions by collisions even under 
conditions which were otherwise equal. 

On the above grounds it seemed reasonable to conclude 
that the kinetic energy effect is that which determines the 
slope of the graph of log 7=/(x?) in the neighbourhood of 
x=0, and that the behaviour of this eraph when 2? is large 
can be rejected as being due to causes “which lie outside the 
scope of the present investigation. Substituting the vale 
of x — 2," and of logy 72 —logi) 7, obtained from the line 
passing through the points “lying between w?=0 and 
w=2x10—em.? in equation (10), {ogether with the values 
of 6, ne, V, and ¢ already given (p. 901), we find for the 
value of R, R=3°3 x 10°. 

This agrees with the value previously found and with the 
standard value within the limits of experimental error, and 
the results which have just been discussed show that the 
sideways kinetic energy of the positive ions obeys the same 
laws as that of the negative. 
We have seen already that a series of observations taken 

after the strip had been heated for a long time, when 
analysed by the first method gave a value of R almost one- 
half of the above, for the same assumed value of ne. This 
curve was also examined by the present method and, 
although it was somewhat unsymmetrical, both sides of the 
curve were made use of as there was no evidence tending 
to favour the rejection of one side rather than the other. 
With this exception it was treated in the same way as 
the curve in fig. 4, and led to the numbers in the next 
table. 

———— 
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| | 
tee: units. | 

Er (ems.). | - eee pan (mean). | log 4, x? (em.?), 

“papa ge: 5 5 Pes 0 

‘01 4:47 4°17 ASB P5685 1107 

02 18 2°95 2°38 376 4x10-+ 

03 if 1°8 1:25 097 9x10—4 

04 35 ‘70 525 | 1720 16x10—4 

05 15 ‘30 205 1-353 253i * 

06 05 13 09 | 2-954 36x 10—* 

On plotting these values of log 2 against 2? they behave 
exactly like those in the preceding table. The first four 
values lie on a straight line from which the others show a 
gradually increasing divergence. On substituting the values 
of e2—x,? and of logy %2—logy)7, obtained from this line 
anche values Veo 10% @= 1-15 =« 10%) and. 7534 
proper to the experiment, together with ne=°814, we obtain 
R=2°8x 103. If we had taken ne='407 we should have 
found R=1:4x10%. The results given by this method are 
therefore in general agreement with those obtained by the 
first method for this experiment. 

§ 6. Tairp METHOD. 

€a) Negative Ions.—The third method, which is inde- 
pendent of the first two, is based upon equation’ (6) and 
depends on the measurement of 2, the fraction of the total 
number of ions which pass through the slit when in the 
symmetrical position, and &, the width of the slit. Unfor- 
tunately the present apparatus was not constructed so that 
this method could be applied in an accurate way. In 
deducing equation (6) we assumed that the slit extended 
the whole way across the plates and that the electrode 
behind covered the whole of the slit and received all of the 
ions which passed through it. In the experiments this was 
far from being the case ; the length of the electrode behind 
the slit was 3°7 mms., whilst the breadth of the plates was 
77 mms. If the hot strip were indefinitely long this would 
easily be corrected by simply multiplying the observed 
values of 2) by 7°7/3°7=2°08. The matter is not so simple 
as this, however, for the length of the hot strip was only 
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55 mms. The density of the ions received by different 
portions of the plates would therefore not be the same 
everywhere along a line parallel to the slit, as the above 
correction assumes, but would fall off towards the edges. 
Neglecting the spreading of the ions parallel to the length of 
the : strip and assuming the temperature of the strip to be 
uniform throughout we should thus obtain a new correction 
factor, viz., 5° 5/3°7 7=1'49. Since the strip is much hotter in 
the centre than towards the ends, this will tend to equalise 
the effect of the ions spreading along the length of the strip, 
although this will probably be accentuated ‘by the electric 
field not being uniform. We shall therefore take 1°49 as 
being the best guess we can make as to the value of this 
correction factor. 

In applying this method it is necessary to have absolute 
values of 2, the fraction of the total number of ions which 
pass through the slit. The ratios of the electrometer deflex- 
ions which are given in the various curves have therefore 
to be divided by ‘the ratio of the two capacities, as explained 
on p. 8)7. This ratio was not accurately determined but was 
known to be about 12. The uncertainty in this factor is, 
however, a small matter compared with the uncertainty 
arising out of the correction discussed in the previous 
paragr raph. 

In all the experiments described in this paper the width of 
the slit was ‘0302 em. and that of the strip ‘026 em. 

Equation (6) may be written in the form 

fe, 

With the negative ions, in the neighbourhood of V=10 
volts, the relation V/i?=constant w hen the other variables 
are kept constant, was approximately fulfilled ; though this 
was not the case at high voltages, as we have already 
explained. For the data given in ‘fig. 3 the corrected value 
of 7, was found to be *171. Substituting the values of the 
other quantities which have already been given we find ° 
R=2'52 x 103. 

This value shows that the third method gives results which 
are consistent with the first two. It is probable that the 
correction is somewhat overdone in the case of the negative 
ions. 

(b) Positive Lons.—In the case of the positive ions we 
have seen that the relation i,’/V=constant was fulfilled 
throughout the whole range of potential-differences em- 
ployed. The method was therefore consistent over a greater 

4 
’ 
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range of experimental conditions although the absolute 
values are subject to the same kind of uncertainty as that 
which occurred in the case of the negative ions. The data 
given by fig. 4 led to the value 2)=°372 and on substituting 
this, and the values already given, in equation (11) we find 
R=5'4x 10°, This is also as good an agreement as could 
be expected. It may be that the correction is somewhat 
underdone in the case of the positive ions; but we should, 
in any case, expect this method to give a high value for R, 
as the central ordinate is obviously too low, owing to some 
of the ions having been shot over to the left by the electric 
field in the manner already explained. 
A large number of curves were obtained with the positive 

ionization which gave values comparable with the above. 
The curves obtained after the strip had been heated for a 
long time, which led to exceptional results when treated by 
the first two methods, were also examined by this method. 
The value of i, was found to be ‘695 and on substituting 
this and the other numbers already given, equation (11) led 
to either 

ne="814 and R=3-16 x 10%, 
or 

ne='407 and R=1°58 x 10°. 

These results are again consistent with those given by the 
previous methods when applied to this experiment. 

The results obtained by the third method; with an appa- 
ratus not really fitted for applying it, have been described 
in detail for two reasons. In the first place, it seems likely 
that, with slight changes in the apparatus used, this method 
will prove the easiest, simplest, and most reliable of the 
three. In the second place it seemed of great importance 
to show that, after making due allowance for the limitations 
imposed by the construction of the apparatus, this method 
led to the same conclusions as the others. 

§ 7. All the results which have been obtained so far are 
consistent with the view that the distribution of the com- 
ponent of velocity parallel to the metal surface, among both 
the positive and the negative ions, is substantially that given 
by Maxwell’s law ; and that the mean translational kinetic 
energy, in both cases, is the same as that of a molecule of 
gas at the temperature of the hot metal. 

The strip used in the experiments on the negative ions 
had previously been exposed to high positive potentials. 
Dr. Brown finds that the part of the kinetic energy of the 
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negative ions, which depends on their velocity component 
perpendicular to the surface, is greatly increased by previous 
exposure of the hot metal to high positive potentials. So far 
as they go, these experiments seem to show that the sideways 
kinetic energy of the ions is not affected by similar treat- 
ment, but this question has not yet been examined at all 
thoroughly. 

The magnitude of the potential-difference V’ through 
which the ions would have had to fall in order to gain the 
mean sideways kinetic energy assigned to them by the 
preceding measurements is given by V’ne=4R0. Leaving 
the results obtained by the third method out of account, the 
values are :— 

For the negative ions: 2=1500° abs., mean R= 455 x 103, 
V’=:083 volt. 

For the positive ions: @=1100° abs., mean R=3'67 x 103, 
V’='050 volt. 

So far we have only considered the case in which dmw,? is 
small compared with Ve. There is one other case in which 
the formulee assume a very simple form, and that is when 
V=0. If V=0, «,=0, and &and &! are infinitesimal, the 
integral (4) reduces to a 

km)??? & (° —km (14 7%) 192 
[=2n, ae sh . : dwywee” (43) 

7 “Jo 

n€& Z 
= (22 + a?)5?" . + . . . . . * (12) 

If I, is the value of I when «=0, 

ET 
So that Mer 

ite hey OS ae 

Calling I/I,, p and w/z, g we have | 

p=i/(1-Ho"?)**. oe 

This curve is shown with g drawn to two different scales 
in fig. 6. The general appearance of the curve is similar to 
that which obtains with high voltages except that it is spread 
out much more along the axis of g or 2, When V=0 the 
value of I/I, is determined solely by the ratio #/z and is 
independent of the temperature of the strip and the charge 
on the ions. The same is true of I and I, separately except 
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that these involve & the width of the slit and n, the total 
number of ions emitted by the strip. ‘The latter of course 
is a function of the temperature. 

Fig. 

1-0 

| eet 
Hy 2 lia a A SA 
ZS Es OS Se 
aS ee See 
OS ee 

If the distribution of the velocity components among the 
ions is determined by exponential functions of the. type 
required by Maxwell’s law, the formule (11) to (14) will 
hold whatever value the constant k, which determines the 
mean energy, may have. If this constant has different 
values, say & for the normal and ak for the sideways com- 
ponent, the distribution formule being otherwise as before, 
formula (13) becomes 

Pisa 2\ 3/2° 
a 

(1 +a =) 

The curve will thus be spread out along the v axis by ar 
amount which would enable 2 to be determined. 

The experimental investigation of the case when V=0 
has had to be postponed as the apparatus employed ‘in the 
rest of this investigation was unsuited to the purpose. 

§ 9. All the preceding methods of analysing the expe- 
rimental curves involve the principle of making a certain 
hypothesis as to the mode of distribution of the energy 
among the emitted ions and then examining the curves in 
such a way as to show whether they are consistent with the 
consequences of that hypothesis. It is important to have a 
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more general method of attacking the problem, especially in 
view of the fact, demonstrated by the author and Dr. Brown 
(Joe. cit.), that the distribution of the component of velocity 
normal to the emitting surface only follows Maxwell’s 
law under somewhat restricted conditions. The following 
graphical method does not depend on any assumption as 
to the mode of distribution -of any part of the kinetic 
energy. 

If Ve is large compared with 4mw,? the ions which reach 
the plate at a distance w from the line of symmetry are 
emitted by the strip (of infinitesimal width) with the side- 

. wv fs 2Ve I/2 al . . ‘ ‘ e 

ways velocity w= 5 (—-) . The part of their kinetic 
* < ‘.. 

i (fae 

energy which depends on this velocity component is therefore 

= vw Ve 

su" = i we 

If y is the vertical ordinat» in the 7, « diagram and vy is the 
number of ions corresponding to unit area of the figure, then 
the number which correspond to a strip of height y. and 
breadth dz is vydv. Each of these ions has the sideways 

| 2 Vp é 
: 

® 
. . 

be ~—z, So that the total sideways kinetic energy is 4 z 

> ft « 

\V | x 
te yarda. 

—n 

energy: 

~- 
~ 

» 0) 

The total number of ions is r| ydw, so that the average 
—n 

sideways kinetic energy is 

a yotde | ( ydt. ss 
~—D e-D 

The integral in the denominator is the area included in 
the 2, « diagram. The other can easily be obtained by 
plotting 2? against « and measuring the area enclosed 
by the resulting curve. The last curve, it will be observed, 
is a complete graphical expression of the law of distribution 
of u,” among the ions. In a precisely similar way the 
distribution of uw) could be expressed graphically. | 
We shall now consider the application of this method to 

the results already obtained, commencing with the negative 
ions. 

: 

( 
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§ 10. Foctrrta Meruop. 

(a) Negative Ions——The values of iv? for the observations 
recorded in fig. 3 are plotted against x in fig. 7. The points 
marked thus, x, were obtained by first drawing a smooth 
curve so as to pass actually through all the observational 
points in fig. 3. This was done before the theoretical curve 
shown in that diagram had been constructed. Corresponding 

; 5 2 i D 
values of 2 and & were read off this curve and the producis 
* 9 r . . . he had 

ia” were calculated. The values of 7 are in arbitrary units 
but are the same for both the 7, « curve and the zz”, « curve. 
m . . Q . . 2 

The points thus obtained are not quite symmetrical about the 
line «=0, so the mean values have also been plotted. These 
are sbown thus, ©, on the left in fig. 7. 

ie iT Tie 
BSR es 

8 6 4 “2 0 ae + 6 8 
SCALE OF & (1= -03/8 C71.) 

If u,” denotes the mean value of wu,” and if n is the number 
of molecules in a cubic centime're of gas under standard 
conditions it is evident from equation (16) that 

a MESON GAC 1c Nagi Wak a) 
ghiuy = Wi 2u-Ae 1a. > a (et () 

~ —< a2/ —cO 

A smooth curve drawn as near as possible to the points 
shown in fig. 7, and completed outside the range of the 
points more or less in the manner of the curve shown there 

[o ) 

gave the values i 

? 

2) 

10°dax=89x10-? and | da=l10-4. 

Substituting the values of the other quantities which have 
previously been given, we find 

nM, =a 2 x 10P. 
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On the assumption that the mean sideways energy of the 
ions is the same as that of a molecule of gas at the tem- 
perature @ of the metal, the value of 4nmu,? may be 
calculated by the kinetic theory of gases. It is in fact 

equal to 3p where p is the value of the standard 273? 
al 

atmosphere in dynes perem.? Putting p=1:01 x 10° and 
@=1500° abs., we find 

snmu,?=2°8 x 10°. 

This agrees very well with the experimental value. 
The smooth curves drawn in fig. 7 are of the form 

yrArer. 

required if Maxwell’s law of distribution holds. The one 
on the right is 

y =114 late 7?, 

and that on the left is 
y= L015 ae Oz? 

(where lr=-0318 cm.). It is easy to deduce the proper 
values of the constants for these curves, since they are both 
determined by the coordinates of the maximum point, and 
this can usually be judged fairly accurately from the look 
of the observations, For the maximum point we have 

di . 2 . — 2 

J — A(2z2e~ eos Qh e bx ) — Q 5 

dix 

so that 

beal/e. «sy nn 
Also 

he =A et 

so that 

= 2 =m, — 

where 2,4 are the coordinates of the maximum point. 
By applying equation (7) we see that 

Vue 

y=ia= Axe Ror” ; 

so that 4 Vne 

~ 4R6-?" 

Changing the units to centimetres we find from the above 

numbers oie, = 49, which gives RO =77 x 10° and 

R=5'2x10%, This value is somewhat higher than those 
obtained previously. 
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(b) Positive Ions.—In applying this method to the positive 
ions, the experimental points in fig. 4 and some additional 
ones from the same set of observations which fell outside the 
limits of that diagram were treated exactly like those in 
fig. 3 were treated in the case of the negative ions. The 
resulting values of iz® have been plotted against # in fig. 8. 

Fig. 8. 

6 Onin Bae sen rd: 
: Gye OF 2 (/= le ) 

It will be observed that this treatment greatly emphasises 
the lack of symmetry of the original figure. The area 
embraced by the left-hand portion of the curve is now very 
much greater than the right. It is also fairly clear that the 
points at a distance from the central axis do not fall on 
the same analytical curve as the rest. Since these corre- 
spond to very small currents they are affected by a very 
large experimental error in any event; but we have seen 
that it is quite probable that the greater part of the current 
through the slit at these large distances arises from ions 
scattered by collisions with molecules of gas in the tube and 
not from ions having originally the very large amounts of 
sideways energy indicated. Any errors of this kind are 
greatly emphasised by the present method of treatment. 
For these reasons, in calculating the mean value of the 
energy, the points away from the centre have not been 
taken into consideration, and the curves have been com- 
pleted, as shown, with some regard to reasonable probability. 

The value of $nmu,’ has been determined from fig. 8 in 
the manner already described. Separate values have been 
deduced from (1) the part to the right of «=0, (2) the part 
to the left of #=0, and (3) the whole curve. In each case 
the corresponding regions of the ix diagram were used. 
The values obtained were :— 

(1) Right-hand half... .. dnmu,? = 2°35 x 108 ergs. 
(2) Left-hand half ...... dnmug=5'9x108  ,, 
G7 Whole curve... Inmuz=445x108 

Phil. Mag. 8. 6. Vol. 16. No. 96. Dec. 1908. 30 



914 Prof. O. W. Richardson on the Kinetic 

The theoretical value of 4nmu,* for this temperature 
(1100° abs.) was 2°03x10% As with the other methods 
of analysing this set of experimental numbers, the right- 
hand half of fig. 4 gives a very close agreement with the 
theoretical number. The other part gives a considerably 
higher value, but one which is still of the same order of 
magnitude. 

§ 11. The values of R and of 4tnmu,?2 which have been 
r . ,. . irs 0 . 

deduced from the foregoing experiments are collected in the 
following table for comparison :— 

| R | R | srmuy? | dnmiuy? 
Method.| ne | value | value value value 

| found. | calculated. | found. calculated. 
} 

Negative Ions. 

I. ...| 407 | 46 x10? | 387x108 | 
igh apa 45 x103 | 37x103 | 

I. ...| 407 | 25 x108 | 37x108 | | 
IV. ...| 407 | 52 x10) | 387x109 | 3832x105 | 28 x108 

| Positive Ions. 

I. .... 407 .| 404x103 | 37108 
1, 5) ay | 33 x103 | 37x108 

Til ‘407 «| 5:4 x103 | 3-7x103 | 
/ / [ 235x 10° : 

IV MOF i! ATE AME 59 x10°!| 2:03 106 
4:45 x 10° 

| / 

Positive Ions from old strip. 

ee eh MR cl See | 

de wae AD ee Kis 3°7 X 108 

Ake eat SOT 14 x 103 

me reid 28 x103 37 X 108 | 

IMI. ...| 407 | 20 x103 | 
Te) B14 PO I Te | 

Considered as a whole this table affords very strong 
support to the view that the mean sideways kinetic energy 
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of the ions, both positive and negative, emitted by hot metals 
is the same as that of a molecule of a gas at the temperature 
of the metal. 

The previous work of Richardson and Brown (loc. cit.) has 
shown that, within the limits of experimental error and 
under normal conditions, the part of the kinetic energy ot 
the negative ions emitted by hot platinum which depends 
on the component of velocity normal to the metal surface 
has the same mean value as the corresponding quantity 
for a molecule leaving any surface drawn in a gas at the 
temperature of the metal; and moreover that the normal 
velocity component is distributed among the different ions 
according to Maxwell’s law of distribution of the same 
quantity among the molecules of a gas of equal molecular 
weight under the same conditions. An investigation by 
Dr. Brown, not yet published, shows that the positive ions 
from hot platinum obey the same laws in this respect as the 
negative ions. 

The present investigation, taken in conjunction with the 
foregoing results, shows that the ions emitted by hot 
platinum, whether positive or negative, are kinetically 
identical with the molecules of a gas, of equal molecular 
weight, at the temperature of the metal. This identity is 
true not only ot the average velocity but of its mode of 
distribution among the different ions or molecules as well. 
The present investigation may be regarded as completing the 
evidence on which the conclusion has been based *, that the 
free electrons inside the metal have the same amount and 
mode of distribution of kinetic energy and velocity as the 
molecules of a gas of equal molecular weight at the tem- 
perature of the metal. The significance of this conclusion 
in other branches of physical theory has already been pointed 
out by Richardson and Brown (loc. cit.). 

The argument developed by those authors, from the 
smallness of the currents dealt with, which compels the 
rejection of the continuous medium method of looking at 
the phenomena in favour of the atomic view, applies with 
equal force to the present enquiry. 

In the experiments carried out in this investigation, and 
the others to which allusion has been made, the ions are 
prevented from, or helped in, returning to the metal by an 
external electric field. The conditions are therefore not the 
same as would hold in the steady state which must ultimately 
ensue if the metal is surrounded by a vacuous space bounded 
by a closed insulating surface. Weare therefore not justified 

* Phil. Mag. [6] vol. xvi. pp. 374-6, 
302 a 
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in assuming that the distribution of velocity determined by 
the experiments is the same as that which would hold in 
the steady state. Strictly speaking, this conclusion is true ; 
but when the matter is looked at quantitively it will be 
seen that for all practical purposes it is false. The number 
of electrons which strike the bounding surface from the 
inside is enormous compared with the number which escape, 
and the number which escape must be approximately the 
same, whether the state is steady or otherwise, since the 
electric fields are too small to be appreciable within the sur- 
face layer. It follows that, even in the steady state, but 
an insignificant proportion of the electrons which escape 
from the metal will be made up of those returned to it and 
which do not undergo a considerable number of encounters 
within the metal. ‘he number, and distribution of velocity, 
of the electrons emitted by the metal must therefore be 
the same, for all practical purposes, under the conditions 
of these experiments as in the steady state. We may 
therefore claim tc have proved by direct experiment the 
truth of Maxwell’s classical theorems relating to the dis- 
tribution of velocity among a collection of material particles 
in statistical equilibrium. 

Several of the preceding statements are true only within 
the limitation imposed by a considerable experimental error. 
There appears to be no obvious reason why the limit of error 
should not be materially reduced. Uxperiments with this 
object and in other directions suggested by the results of 
these researches are being instituted. 

Princeton, N. J., 
July 6, 1908. 

LXXVIIL. Rotating Earth-inductor without Sliding Contacts. 
By J. J. Taupin Cuasor*, ee 

(Plate XXVII.] 

S shown in a former article t it is possible—in_ spite of 
all constructions which previously apparently demon- 

strated the contrary—to connect together the stationary part 
of a circuit and the rotatyrg coil (the rotation being con- 
tinuously in one direction) by means of an unbroken con- 
ducting connexion—i. e. without any sliding contacts. 

I have recently had an earth-inductor made according to 
the principle then explained, but which as constructed has 

* Communicated by the Author, 
t Phil. Mag. October 1902. 
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certain differences from the model previously described, which 
I consider to be advantageous. Hence I shall now describe 
the instrument in its present form with the help of figs. 1, 2, 
ano Ce Lexx V1 T.). 

The conducting coil a is placed so as to turn around an 
axis y in a wooden arched-frame 6, which is rotatable round 
an axis « normal to y in a fixed wooden frame c, which 
carries the driving mechanism d; for these axes bronze 
ball-bearings are employed throughout. Fig. 1 shows the 
instrument with a horizontal axis x, adapted for induction 
by the total magnetic field ‘of the earth, or by the vertical 
component alone, according as the w-component runs along 
il transversely or longitudinally ; fig. 2 shows the same with 
vertical axis w arranged for induction by the earth’s horizontal 
component ; fig. 8 sows the arrangement of the unbroken 
conducting path between the fixed and rotating parts of the 
circuit. 

The brass shaft to the conducting coil a is hollow and 
terminates at the one end with a bevel-wheel gearing in the 
particular model, with the nearest end of another hollow 
shaft (which, however, is of plaited bronze wire and is 
therefore flexible) whose other end is fixed rigidly in the 
framework c. At each rotation of the frame 6 round the 
axis of w there occurs therefore an equal rotation of the coil 
around the axis- of y in sucha manner that the conducting 
windings “of the coil can now without further ado be con- 
nected with the stationary current circuit by a flexible cable 
led through the two hollow shafts. This is a concentric 
double cable of very fine twisted copper wire of ‘0123 cm.” con- 
ducting cross section for each of the two current paths. The 
coil is wound in a square groove of 2:1 cms. side, and has 
290 turns (N) with a mean diameter of 25 cms. (D). Itis 
made of insulated round copper wire of 0113 cm.” conducting 
section and 3°2 ohms total resistance (W). Accordingly 
there results a mean electromotive force e = 710-8 N D?nF 
= 0698 .10—®nF volts, where n denotes the number of rotations 
per second and I the strength of the magnetic field—which 
must be taken as the total, vertical, or horizontal, component 
according to the experimental arrangement. 

The constructed model allows, when worked by hand, the 
value n=) to be attained with which a throttling by the self- 
inductance of the moderately wide wound induction-coil 
attains no appreciable value. The distance of the windings 
being ‘15 cm. (d), the self-inductance, 

L,=27DN? (log nat 4d-!. D—2), 
is about 858 kilom. (or 35071v), so that the impedance 
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W,=[W?+(2anL,)?]*, surpasses by about 25 per cent. at 
the most the simple resistance, W. 

Combination of several of these inductors with variously 
directed axes is evidently possible in the simplest manner ; 
thence also the determination of the ratio of the magnetic 
components to the total field, the inclination, Xe. 
A special case arises, if the middle plane of the windings 

of the inductor-coil is placed parallel to the axis of y instead 
of normal to it. 

In all measurements with the earth inductor by a null 
method (adjusting for the vanishing of the induced current) 
it is most effective to employ as indicator a resonance- 
instrument (string galvanometer or the like), whose own 
frequency lies within the range of the frequency of the in- 
ductor (after paying due regard to the electromagnetic 
constants of the entire circuit) because it means such a very 
great increase in the sharpness of the observations. A re- 
sonance galvanometer, /.7., indicating currents of 10—” 
ampere (1) in a circuit of 10‘ ohm total resistance (W) 
shows at 105 rotations per minute (60n) the presence of a 
magnetic field F = 5698-1. 10%In-!W =10-° gauss rising 
already at such a small variation of the earth-inductor’s 
axis w from the axis of the geomagnetic field, that the angle 
will never be larger than that caused by a very small play 
of the rotating axis in its bearings. 

Degerloch, Wuerttemberg, May 28, 1908. 

LXXVIII. An Experimental Investigation of the Nature of 
y Rays—No. 2. By W.H. Brace, M.A., F.RS., Elder 
Professor of Mathematics and Physics in the University of 
Adelaide; and J. P. V. Mapsrn, D.Sc., Lecturer on 
Electrical Engineering *. 

[% a previous paper (Trans. Roy. Soc. of 8.A. 1908, p. 1) 
we have given a preliminary account of an investigation 

of the properties of the secondary radiation due to y rays, and 
discussed the evidence thus afforded as to the nature of the 
rays. The first section of the present paper contains an 
account of further experiments, and the second a list of the 
properties of the secondary radiation, derived in part from 
the work of other observers, and in part from our own. 
In the third we have tried to show that the properties are 

* Communicated by the Authors. From ‘ Transactions of the Royal 
Society of South Australia,’ vol. xxxii. (1908). 
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readily explained if the y rays are supposed to be material, 
but are not easily to be reconciled with the sther-pulse 
hypothesis. 

Cae 

In the former paper we showed that on the neutral-pair 
hypothesis the connexion between the amount of secondary 
8 radiation emitted from the front side of a plate struck by 
y rays and the atomic weight of the material of the plate 
should be approximately the same as for the @ rays. It is, 
of course, known that this is actually the case. Also, we 
showed that the 8 radiation emitted from the other side of 
the plate, the side from which the y rays emerge, should be 
the same for all substances, provided three things were true, 
Viz. :— 

(1) The y rays were homogeneous ; 
(2) The y rays were absorbed according to a simple density © 

law ; 
(3) The 8 rays were also absorbed according to such a 

aw. 

If these laws did not hold, and to the extent to which they 
did not hold, the ‘‘ emergence” radiation would not be the 
same for all substances. 

The experimental evidence which we submitted showed 
that the emergence radiation was not connected with the 
atomic weight of the material by the same law as that which 
held for the incidence radiation and for B rays; that it was 
much more nearly the same for all substances, and that such 
differences as existed (¢. g., carbon generally gave more than 
lead) appeared to be proper, in view of the conditions stated 
above. As the results we had obtained seemed to be suitticient 
to give a criterion between the material and the ether-pulse 
theories, we thought it right to publish the details of the 
work as far as we had carried it. 
We have now made a more thorough investigation of the 

nature and amount of emergence radiation. We believe that 
we are in a position to connect together all the etfects atten- 
dant on the absorption of the y rays, and the consequent 
production of @ rays, to a first approximation at least. In- 
cluded in these effects are some which have come to light 
during this work, the neutral-pair theory having led us to 
their discovery. 

It is not a very easy thing to obtain an exact measure of 
the emergence radiation. When a stream of y rays is shot 
into an ionization-chamber through a plate forming one of 
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the chamber-walls, a very large proportion of the! ionization 
produced is actually due to the emergence rays of the plate. 
But if the plate is taken away, the place of these rays 1s 
supplied, to a varying extent, by ‘secondary rays, made in the 
air or emergent from the last substance traversed by the 
ee normal stream of y rays always contains B rays; 
if these are stopped by a screen, fresh 8 rays eme erge from 
the other side of the screen. It is impossible, therefore, to 
measure the emergence rays by subtracting the value of the 
current when the above-mentioned plate is notin position from 
the value when it forms part of the chamber-wall. Such an 
operation might conceivably show a negative emergence 
radiation. 

It is, in fact, necessary to remove the 8 rays from the 
stream of y rays by some means which is more effective than 
a screen. A powerful magnetic field can considerably purity 
the y-ray stream for a short distance along the path. Owing 
to the action of the air, 8 rays w il reappear again in 
measurable amount after the rays have traversed a few 
centimetres ; nevertheless, we have found the method to be 
fairly satisfactory so far, and will doubtless be able to 
improve it when better information is available for #he 
‘alculation of the remaining errors. The method has already 
been employed by G. Kucera (Bulletin International de 
? Académie des Sciences de Bohéme, 1905), but it was 
finally abandoned, because the magnetic lines of induction 
penetrated the ionization-chamber, and affected the paths of 
the secondary § rays, and therefore the magnitude of the 
current. We therefore placed a thick iron screen (2*5 em.) 
between the magnet and the chamber; the y rays passed 
through a hole in the iron. This quite satisfied the purpose 
for which it was intended, and we were therefore provided 
with the means of testing the effects of a y stream fairly free 
from 8 rays. We used a magnetic field of about 2500 units. 
The details and dimensions of the apparatus are shown in 
fig. 1. The radium was placed at the bottom of a conical 

hole made in a massive lead block. Plugs of various 
materials and different thicknesses were turned to fit exactly 
in the hole. The screens were brought to the position pp 
by means of a sliding frame, which passed through an 
opening in the side wall of the ionization-chamber. This 
was done to avoid the necessity of opening up the chamber, 
an operation which often makes readings unsteady for a short 
time. The electrode consisted of two concentric circles of 
thick copper wire, connected by short crosspieces, as shown. 
The chamber itself was kept at 400 volts. The radium was 



Investigation of the Nature of y Rays. 921 

a fine specimen, which Dr. Herman Lawrence, of Melbourne, 
was so very kind as to lend us. It was contained, when we 
received it, in a small brass vessel covered with mica, over 
which a little wax had been run. Being very anxious to 

Fig. 1. 
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avoid any trace of emanation escaping into our apparatus, 
and at the same time to run no risk of injuring the specimen, 
we covered it still further with asbestos, placed the whole in 
a thin brass vessel, just big enough to hold it, and soldered 
down the lid. Thus the radium was at all times sufficiently 
screened to cut out most of the normal 6 rays, and, indeed, 
some of the soft y rays as well. The Dolezalek electrometer 
was fitted with a fine quartz fibre : one volt moved the scale. 
image through four metres. The zero was fairly steady, and 
consecutive readings generally agreed to three per cent. ; the 
differences were by no means wholly due to the electrometer. 
As appears to be usual in the measurement of such small 
currents, we were somewhat troubled by unaccountable 
disturbances, but on most days these were not enough to 
interfere with the general results. 

Having set up the apparatus in this way, we proceeded 
first to compare the incidence and emergence radiation of 
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various substances. This was done by the measurement of 

the current under three different arrangements :— 

(a) When those parts of the top and bottom walls of the 
chamber through which the y rays passed were 
made of the thinnest Al foil (pp, gq, in the figure). 

(5) When a plate of the substance, of proper thickness, 
was so placed at pp that the rays passed through it 
into the chamber. 

(c) When a plate of the same substance was made to form 
part of the top wall, at gq, so that the y rays struck 
it after crossing the chamber. 

We took /—a as a measurement of the emergence radiation, 
¢—a as a measurement of the incident. Some results which 
we obtained in this way are contained in the following table, 
in which the numbers refer to the movement of the scale in 
30 seconds, 1O=1 mm. :— 

Comparison of Emergence and Incidence Radiations. 
| 

| Soft y rays. Hard y rays. 

| Incidence. | Emergence. | Incidence. | Emergence. 

I— Sate one ma " 
) | 

12 YP ESA 170 2280 | 58 | “ite 
| BESET Ra epoca Os Cee | 280 1810 120 795 
EER i ay ee 340 1575 154 685 
1) ee eee eed 2 / 487 1350 163 560 
2 Oren ig 21 Se 5dS8 es | 202 523 
TN lasisisk docket decade 618 1160 ) 224 485 
SS REEY Sarees Sere ears 1051 | 1170 333 303 
BD icediteee si bietesi 1723 / 2001 497 470 

The figures here given show the very large want of symmetry 
between the radiations on the two sides of a plate. Our 
previous experiments proved the existence of this want of 
symmetry; but it is now shown more clearly and 
satisfactorily. 

The results still require correction before they can be 
considered accurate. It will be clear that b—a, the emergence 
radiation, is too small in all cases, because the screen, when 
placed on the bottom of the chamber, stops a certain amount 
of 8 radiation, which is made in the air just underneath the 
plate, and is out of reach of the magnet, as well as some fast 
8 radiation which comes from lower down, and is strong 
enough to escape from the magnetic field. This is reckoned 
in a, but not in ); so that on this account all the emergence 
radiations are too small by a certain constant amount. We 
have not yet succeeded in determining this constant with any 
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accuracy. We believe it to be mainly due to the fast 8 rays, 
which emerge with hard y rays from the upper surfaces of 
the magnet poles, of the lead block, and ot the plug. It 
cannot be much less when the plug is removed, and must 
therefore be of more relative importance to the results for 
hard rays than for soft, since the total observed effects are 
smaller in the former case. Its magnitude is, perhaps, 
indicated with some accuracy by the fact that when a lead 
plug of 3 cm. thickness was used the emergence radiation of 
tellurium seemed to be nearly zero: the substance had 
stopped almost as much as it generated. It can easily be 
seen from what follows that tellnrium should probably have 
less emergence radiation than any other substance, yet it 
ought to approach half the value for carbon ; and this would 
imply that the value of the constant was about 300 for the 
hard rays, and perhaps rather more for the soft. On the 
other hand, c—a, the incidence radiation, is too large, because 
the plate that is placed on the top of the chamber at gq not 
only gives rise to the incidence radiation to be measured, but 
also turns back to a greater or less extent the 6 rays striking 
it from below. ‘This effect increases with the atomic weight, 
and must be of some importance in the case of Sn and Pb. 
As it is clear that these corrections will increase the want of 
symmetry, already obvious enough, and as we are hardly in a 
position as yet to make the corrections with accuracy, and as 
we hope to diminish our experimental errors in the future, 
we have for the present left these figures uncorrected. 

In the first of these papers we showed that the incidence 
radiation should be somewhat less than p times the emergence 
radiation, where p is the reflexion constant of the substance 
in question for 8 rays. The above table does indeed show 
that the ratio of the two radiations increases with the atomic 
weight, and therefore with p; but the quantitative com- 
parison appears poor. But it is to be remembered that 
(1) corrections yet to be made will alter the figures somewhat, 
making, for example, the emergence radiation of Pb greater, 
and the incidence radiation smaller; (2) the quantity p is 
somewhat indefinite. It is true that McClelland has made 
careful measurements of p for various substances ; so also has 
H. W. Schmidt; and the two sets of results do not agree 
very well. This is not to be wondered at, for the quality of 
the secondary radiation due to @ rays is different to that of 
the incident, and depends on the nature of the reflector. For 
instance, there is some very soft radiation, of which half is 
absorbed in 25 cm. of air. The experimental value of p will 
therefore depend on how close the ionization-chamber which 
receives the secondary radiation is placed to the reflecting- 
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surface. It will be largest if the surface is actually within 

the chamber ; and this is effectively the case in these present. 
experiments. 

Again, the incidence radiation should be somewhat less 
than p times the emergence radiation; and the words 
italicized should apply specially to the case of the lighter 
atoms. Referring back to the argument of our previous 
paper, it was there pointed out that the cathode radiation, 
which originated in any layer of the plate and was turned 
back, was scattered and softened in the process. In deter- 
minations of p this effect causes the result to be too high, 
because slow 8 rays produce more ions per em. than fast 
ones. At the same time, such rays contribute less to the 
incidence radiation than they would have done if they had 
possessed the same penetrative powers as the @ rays which 
go onand emerge from the plate. This applies particularly to 
the lighter atoms, for it isin their case that this scattering and 
softening effect is so pronounced. (“+ Quality of Secondary 
Radiation due to 8 Rays,” Trans. Roy. Soc. of 8.A. , Oct, 190, 
p. 800.) This seems a reasonable explanation at the very 
large differences between the emergence and incidence 
radiations of the lighter atoms. | 

It is interesting to observe that the figures for che incidence 
radiations were obtained by the use of a stream of y rays. 
fairly free from @ rays. So far as we can discover, this 
condition has not been realized previously. When we have 
successfully applied the corrections described above, the 
results should be of considerable interest. 

Having carried thesg experiments sufficiently far to show 
clearly the want of symmetry between the secondary radia- 
tions on the two sides of the plate, we put them aside for 
the time, in order to compare the emergence radiations of 
plates of different substances. At the beginning of this 
paper it was stated that emergence radiations would be the 
same for all substances, if we could arrange to have (1) homo- 
geneity of the y rays; (2) a density law of absorption for 
the y rays; (3) a density law of absorption for the 6 rays. 
All these conditions cannot be realized : but we can go along 
way towards satisfying the first two. Wigger has shown that 
rays which have passed through 2°8 cm. of lead are then 
absorbed by different substances according to a density law 
simply: they do not recognize atomic groupings. We may 
safely assume that the first condition is then effectively 
realized also. We therefore placed a lead plug (1°61 cm. in 
thickness) in the conical opening (see fig. 1), and hoped to 
find that the emergence radiation, which we then proceeded 
to measure, would ‘depend only on the absorption of the @ 
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rays. For according to our theory equal quantities of y rays 
would be converted into 8 rays in equal weights of different 
substances ; and the subsequent emergence of these @ rays 
into the ionization-chamber would be governed only by their 
ability to penetrate the layers intervening between their place 
of origin and the chamber. It is, perhaps, important to 
observe that we are implicitly making another assumption, 
viz., that the 8 rays originating in different substances have 
the same speed. On the material theory of the y rays the 
assumption is natural ; it is justified by the general nature of 
our results, and by special experiments to be described later. 

Since the absorption of @ rays by substances of small 
atomic weight is much less than in the case of the large 
atomic weight, weight for weight of screen ; or, in the usual 
phraseology, since A/p is smaller for light atoms than for 

Fig. 2. 
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heavy atoms, we expected the emergence radiations of C va 
Al to be much greater than those of, say, W and Pb. Fig. 2 
shows that this expectation was realized ; the results are 
shown graphically along the curve AA. 
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The representative points do not lie closely on a smooth 
curve. To some extent, no doubt, this is due to experimental 
error, for the measured quantities are very small. But we 
are inclined to think that the departures from regularity are 
to some extent real. We hope to settle this point partly by 
improving our apparatus, and so attaining greater accuracy 
of measurement, and partly by obtaining better knowledge of 
the corrections to be applied to the observations. For our 
present purpose, it is enough to draw a smooth curve such as 
AA, and to ignore the variations from it. 

The figure shows a rapid decrease in the emergence radia- 
tions as we proceed from C to Te. There is then a small rise 
to W and Pb. This is easily explained, and exemplifies a 
very important feature of the problem. We must remember, 
not only that A/p is fairly constant for the heavy atoms, but 
also that the lead screen did not completely remove the soft 
rays ; in other words, that the pencil of y rays was not quite 
homogeneous. 

This will be clearly understood by comparing the curve 
AA with the curve BB, which represents the results we 
obtained when the lead plug was removed and the y rays had 
passed through only the wall of the vessel containing the 
radium before entering the chamber. There was therefore a 
quantity of soft radiation in the stream of y rays ; the effect 
was to increase considerably the emergence radiation of Pb 
and W relatively to that of the other substances. ‘This was 
as it should have been. We know that hard vy rays pay no 
attention to atomic structure, but that soft rays distinguish 
between atoms of different weight. In the table given by 
Wigger (Jahrbuch der Radioaktivitat, 1905, p. 432) the 
values of X/p for thin sheets of Pb and Zn are ‘068 and *039 
respectively ; but when the rays have been hardened by 
passing through 2°8 cm. of lead, each coefficient has become 
nearly ‘02. Thus, the hard rays treat lead and zine alike, 
but softer rays are more absorbed by the former than the 
latter, weight for weight. When a stream of y rays is 
passed through a lead plate, the soft rays are rapidly con- 
verted into 8 rays. Consequently, a thin lead plate produces - 
a large quantity of emergence radiation, due principally to 
the slow 8 rays produced by the soft y rays. The effect is 
further discussed later on in the paper. But this is rapidly 
used up; consequently, the radiation measured on the far 
side of a lead plate is relatively large when the plate is thin, 
and falls off more quickly at first than it does subsequently, 
the plate being gradually thickened. The logarithmic curve 
of Pb has a rapid initial fall, as several observers have shown, 
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But there is a difference in the case of Al or any substance 
of small atomic weight. The soft y rays give rise to much 
less secondary radiation, and, moreover, they are not used 
up so fast. Both these causes operate to make the logarithmic 
absorption curve of Al more nearly a straight line, as is 
actually the case. 

It appears that a screen of any material absorbs the soft 
rays faster than the hard. Consequently, for example, a zine 
screen or a lead screen may be used indifferently in order to 
reduce the ratio of the emergence radiation of lead to that of 
zinc. Buta screen of large atomic weight acts more rapidly. 
If the screens of lead and zine are chosen of such thicknesses 
that they absorb hard rays to an equal extent, then the former 
absorbs more of the soft rays than the latter. The curve CC 
(fig. 2) shows the results which were obtained when a zine 
plug of 2:05 cm. thickness was placed in the conical eRe e 
In both CC and AA the value for Sn is a little too small ; 
were not aware at the time that our Sn plate was lode ce 

Fig. 3. 
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thing): In fig. 3 are drawn several curves, each showing the 
result of using some particular plug. In order to avoid 
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confusion the representative points are not marked. The effect 
under discussion is clearly seen on comparing, for example, 
the curve for 1°61 em. of Pb with that for 3 em. of Zn. 
Kleeman was the first to show that the distinction made by 
the y rays between different atoms in regard to the amount 
of secondary radiation produced by them could be modified 
by screening (Phil. Mag. Nov. 1907). Our results agree 
with his to this extent, but they do not show any true 
selective absorption, such as he supposes. 
We may add that when using a different specimen of 

radium, with which we were able “to allow the y rays to act 
with a minimum of previous screening, the emergence radia- 
tion of Pb was greater than that of ©. It would appear 
probable that with ver y soft rays other atoms lighter than Pb 
would surpass C in the same w ay, and that it is quite con- 
ceivable that the emergence radiations should increase with 
the atomic weight throughout tbe whole range. In a letter 
to Nature (April 2, 1908, p. 509) Cooksey shows that in the 
case of X-rays the emergence radiations are greater than the 
incident, thus proving the parallel to our own results in the 
case of y rays. He also finds that the emergence radiation 
increases with the atomic weight. This is the opposite to 
what we have found true of the y rays in most cases ; but it 
is clear that it can be quite in accord with our theory. 

When the screen through which the y rays pass on their 
co) 

way into the chamber is gradually increased in thickness, the 
emergence radiation rises rapidly to a maximum, and then 
slowly decreases. The rise is due to increasing B radiation 
from the thickening screen ; the decrease to the absorption 
of the y rays by the screen. There is a maximum when the 
two effects balance. This was clearly shown by Wigger 
(Joc. cit. p. 429). If we determine the thickness which gives 
half the maximum value, we obtain an easy and fairly 
accurate measure of the penetration of the secondary 8 rays. 
It is easily shown that this particular thickness is also that 
which would absorb half the equally penetrating radiation 
from a radioactive layer, assuming an exponential law, which 
it is permissible to do with sufficient accuracy. 

The results are shown graphically in figs. 4 to 8. In each 
case the curve A represents the result of an experiment in 
which the lead plug, 1°61 cm. in thickness, was used to 
screen the y rays. The curve B shows the result with the 
plug removed. From each curve can be determined the 
thickness of screen, which gives half the full value of the 
emergence radiation : ; the points are marked on the diagrams. 
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The results for the hard rays are collected and shown in 
the second column of the following table :— 
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E, 1p TT: ine 

Thickness of screen r calculated \ for B rays. 
Substance. to give half-value from II., in (McClelland and 

in mm. Coat Hackett.) 

eee et Oa 84 93 

Mii) Ses) ia wy. DAL 50 52 

Baaper s,s a: sw f13¢ 51 55 

Alamimium.°. -50 14 14 

Selluloid . ~.  *98 — | — 

The third column shows the values of ) calculated from 
the results in the second column. The fourth column shows 
the values of X for the primary @ rays of radium, as given 
by McClelland and Hackett (Trans. Roy. Soc. Dublin, 
March 22, 1907, p. 49). A comparison of the last two 
columns shows clearly that the secondary 8 rays excited by 
the y rays possess nearly the same velocity, no matter in 
what substance they are excited, and that this velocity is the 
same as that of the primary 8 rays. Only hard y rays have 
been used to excite the 8 rays in these experiments, while 
the values of McClelland and Hackett refer to @ rays of 
ordinary heterogeneity. It is scarcely possible in the present 
state of knowledge to estimate what allowance should be 
made for this difference, but it is clear that the main con- 
clusion cannot be affected by it. The value of X varies 
rapidly with the speed of the £ particle, and there is room 
for considerable alteration of the values in the table without 
any important alteration in the associated speed. Nor does 
much error arise from neglect of the correction discussed 
above, which makes the emergence radiations too small. 
The various curves of figs. 4 to 8 should really run a little 
way past the point taken as origin of co-ordinates. 

If we consider the corresponding values for the soft rays, 
or, rather, soft together with hard rays, we find, as expected, 
that the 8 rays which they produce are of a much less 
penetrating character. Also, the difference between the 
curves A and B is most marked in the case of lead and tin, 
a result which is in agreement with what has gone before. 
For these metals the thicknesses of screen required to give 
half the full emergence radiation are ‘030 mm. and -048 mm. 
respectively, which may be compared with the values -083 
and ‘141 obtained when hard rays were used. The amount 
of soft radiation is so large that we may consider the effect 
of the hard radiation mixed with it as a correction to be 
allowed for. The effect of the hard radiation which has been 

aka 2 
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passed through the plug, 1°61 em. of lead, is, of course, 
shown by the curve A. It is a little difficult to say precisely 
what it would have been if the rays had not gone through 
the plug, since the absorption coefficient for y rays varies so 
much with the hardness. From ‘8 cm. Pb to 1°25 em. Pa 
the value of X is given by McClelland as *44 em.-!; from 
2°8 em. Pb onwards Wigger gives :241 cm.-!. We have 
taken a value between these, towards the harder side, and 
drawn the curve A’ for each metal, derived from A b 
increasing the ordinates of A by two-thirds, a factor caleu- 
lated from the absorption coefficient chosen. Subtracting A‘ 
from B, we obtain B’, a curve which may be taken as repre- 
senting approximately the behaviour of soft yY rays alone. 
The form of the curve for both Pb and Sn seems to suggest 
that the abi has been a success. ‘The half-values are 
now ‘024 and ‘029 respectively. Thus the 8 rays due to 
these soft y rays have only one-quarter the penetration of 
those derived from the harder Y rays. Possibly we have 
here an association with the facts stated by H. W. Schmidt 
(Ann. der Phys. Bd. xxi. p. 654), viz., that the B rays 
emitted by RaC consist of two groups, of which one has four 
times the penetration of the other. The thickness of Al 
screen necessary to reduce the harder set to half-value was 
‘53, which agrees with the *50 given in the table above ; for 
the softer rays the value was ‘131, nearly a quarter of the 
other. If there are two main groups of B rays we should 
certainly expect to find two corresponding groups of y rays. 
Kleeman has also argued in the same direction, though for 
different reasons. 

As will be seen from figs. 6 to 8 we have made the same 
attempt to sort the soft from the hard rays in respect to Cu, 
Al, and celluloid as in the case of Pb and Sn. ‘The propor- 
tion of soft y rays converted into @ rays is now much less 
relatively. The results for soft rays are therefore of less 
accuracy, and depend appreciably on the allowance made for 
the hard rays. Nevertheless, they are of considerable interest. 
They show clearly the difference between the effects of hard 
and soft rays, and the varying proportion of soft to hard from 
substance to substance. 

It may be gathered from consideration of all these curves. 
that secondary y rays play a very small part in ionizing the 
air within the chamber. If there were any appreciable 
amount of it, we should expect a gradual rise long after the 
effect of the secondary @ rays had reached its maximum 
value. 
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§ II. 
We may now give a short summary of the results of this 

and our previous paper :— 

(L) When y radiation is diminished in quantity in con- 
sequence of its passage through matter, 8 radiation 
appears in its place, moving at the outset in the 
original direction of the y radiation, and subsequently 
undergoing scattering in the ordinary manner of @ 
rays. 

(2) The speed and penetration of the @ radiation thus 
produced increase with the penetration of the y 
radiation to which it is due. 

(3) The speed of the @ radiation does not depend on the 
nature or condition of the atom in which it arises. 

(4) In the case of radium the speed of the @ radiation 
produced is nearly equal to the speed of the @ rays 
emitted by radium itself. In the case of uranium, 
thorium, and actinium there are indications that the 
law holds good also, but no exact measurements have 
yet been made. 

(5) When very hard ¥ rays traverse matter the absorption 
and the consequent production of 8 rays are almost 
independent of the atomic structure of the matter, and 
a density law follows. Softer rays are affected by 
atomic structure, in that the heavier atoms are more 
absorbent than the lighter, weight for weight ; and 
the softer the rays are the more prominent this effect 
becomes. 

(6) If there are secondary y rays, the ionization which 
they produce is negligible compared with that pro- 
duced by the secondary @ radiation, at least within a 
moderate distance (say 100 em. of air) of the radiator. 

eile 
Various hypotheses have been suggested as to the mode in 

which the secondary 8 radiation is produced by the inter- 
action of the y (or X-) ray and the atom. It is convenient 
to divide them into three classes, and to consider to what 
extent each class is able to furnish an explanation of ihe 
properties set out in the summary just given. 

To the first class belong those hypotheses which suppose 
both the energy and the material of the 8 radiation to be 
furnished by the atom alone: the y ray is a pulse which 
merely pulls the trigger. In its most recent form this idea 
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is put forward by W. Wien (Géttingen Nachrichten, 1907, 
p- 598). 

Secondly, it may be supposed that the energy of the 8 
radiation comes from the y ray, but the material from the 
atom. The vy ray isa bundle of electric energy, possessing 
mass, which impinges on the atom and drives out the electron 
before it. This is the view now held by J. J. Thomson 
(Camb. Phil. Soc. Proe. vol. xiv. pt. iv. p. 417). 

Thirdly, both the energy and the material of the @ ray 
may be supposed to be derived from the y ray. The latter is 
not a pulse but a neutral pair, positive and negative; in 
passing through some atom the bonds are dissolved, and the 
negative flies on (Trans. Roy. Soc. of S.A., May 1907 ; Phil. 
Mag. Oct. 1907). 

Consider first the theory which considers that the whole of 
the energy of the expelled electron comes from the internal 
energy of the atom. It is to be supposed that the pulse as it 
widens finds an atom here and there which is in an explosive 
condition, and that in some unknown way it precipitates a 
catastrophe. There is, of course, one point which is imme- 
diately cleared up by such an hypothesis, viz., that the speed 
of the expelled electron is independent of the intensity or 
quantity of the primary radiation. But here we stop short, 
for we have also to explain why the speed of the electron is 
not independent of the quality of the primary radiation. 
Why should the speed be great when the primary y rays 
are hard, and small when they are soft? Why should the 
velocity of the shot depend on the way in which the trigger 
is pulled? We might get out of the difficulty by supposing 
an atom to be like a battery which contained a number of 
different kinds of guns, and that the pulses were selective, 
each pulling the trigger of its own particular gun. But 
even if we have presumed some highly artificial arrangement 
of this kind, we have greater difficulties still to face. How 
is it that the pulses always find the guns pointing in the 
direction in which they are travelling themselves, so that the 
motion of the shot is a continuation of their own line of 
flight ? For if the speed of the electron is independent of 
the strength of the pulse, then, so to speak, the touch on the 
trigger must be very light indeed, and can have nothing to 
do with the laying of the gun. We might perhaps suppose 
that there were guns in the battery pointing in all directions, 
and that the pulse only fired the one which pointed in that 
direction in which it was travelling itself; but this would 
require a special atomic structure to meet the case, and it 
would be out of all proportion to frame such an hypothesis to 
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explain the observed effect. Nor do our difficulties end here. 
For if the expulsion of the electron is the result of an atomic 
disintegration, should we not expect the velocity of the 
electron to vary from atom to atom, as it does in the case of 
the radioactive substances? It is inconceivable that the 
explosion of a light atom should result in the expulsion of 
an electron with exactly the same speed as in the case of the 
heavy atom. And, further, assuming the same hypothesis, 
how can the production of 8 rays, in the case of the hard 
y rays, be absolutely independent of atomic structure in all 
respects whatever ? 

Thus, after its first small success, the theory breaks down 
at every point. It is true that Wien makes a tentative appli- 
cation of a theory of Planck, viz., that energy emitted from 
atoms is divided into definite units, the size of which is in- 
versely proportional to the associate wave-length. He thence 
deduces the law v?A=constant, where v is the velocity of the 
ejected electron, and 2» the thickness of the X-ray pulse 
which he is considering. He thus passes by the need of 
explaining certain of the difficulties just discussed, and 
arrives at a formula from which the second and _ third 
properties in the above summary may be derived. Even 
then his theory fails to explain the first and fourth properties. 
It seems to us to be clear that the application of Planck’s 
theory is not justified. And, generally, we conclude that 
the energy of the secondary @ ray does not come from the 
atom. 

We now come to the second case. In this there is no 
suggestion of trigger action ; the energy of the @ radiation 
is supposed to be entirely derived from that of the ether 
pulses. As already mentioned, this theory has lately been 
maintained by J.J. Thomson (Proc. Camb. Phil. Soe. vol. xiv. 
pt. iv. p. 417). It is also discussed by N. R. Campbell 
(‘ Modern Electrical Theory’). Since an ether pulse of the 
orthodox form spreads its energy over wider and wider 
surfaces as it radiates from its origin, and since the energy 
of the ejected secondary particle is immensely greater than 
can be imparted to it during the passage of the weak, and 
always weakening, pulse, it becomes a necessity on this hypo- 
thesis to concentrate the energy of the pulse along radial - 
lines, having their centre at the place where the primary 
cathode particle is suddenly stopped or accelerated. Thomson 
speaks of “ bundles of energy” occupying only a very small 
portion of the wave-front, the rest of the front being blank. 
Of course this at once suggests explanations of some of the 
difficulties of the y and X-rays, such as the ionization of only 
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a few of the atoms swept over by the wave, and the absence 
of relation between the velocity of the secondary electron, on 
the one hand, and, on the other, the intensity of the radiatitie 
and the nature of the atom. Also, it makes provision for a 
concentration of momentum. This theory, however, postu- 
lates a very special and complicated structure iof the ether. 
And, in the second place, 1t does not even then offer an 
explanation of all the phenomena, 

If a ‘bundle of energy” provides the energy with which 
the secondary cathode particle leaves the atom, then the 
energy-content of the bundle must be ereater than the 
energy of the particle. If, on the other hand, as in the case 
of the X- rays, the energy of the bundle is derived from that 
of the arrested cathode particle, the former must be less than 
the latter. Now, it seems quite clear that the energy of the 
secondary electron is at least nearly as great as that of the 
primary cathode particle. For in the case of the X-rays the 
velocity of the secondary electron is nearly 10'°, and is there- 
fore much the same as that of the cathode rays in the bulb. 
And we have shown aboye, in the analogous case of ¥ rays, 
that the velocity of the secondary 8 ray, produced by the 
y ray, is practically the same as that of the primary B ray, 
which issues with the y ray. We must, therefore, conclude 
on this hypothesis that the energies of the primary electron, 
the bundle, and the secondary electron are all equal. The 
whole of the energy of the “cathode particle in the X-ray 
tube is converted into one energy bundle. ‘This darts away 
from the anticathode, and sooner or later causes the ejection 
of an electron from some atom which it traverses, handing 
over to the electron the whole of its own store of energy. 
Replace the bundle of energy by a neutral pair, and the 
whole affair seems simple enough. But surely the compli- 
cations of the sether structure increase the more closely we 
examine the process under which rapidly moving electrons 
in the X-ray tube disappear, and similar electrons, moving 
at the same rate, appear elsewhere, if we are to consider that 
the only links between them are little bundles of energy 
moving with the speed of light. 

It might be said, perhaps, that one bundle contains the 
energy of several arrested electrons; but in that case we 
should have bundles of all sizes and secondary electrons of 
all speeds; or that several bundles might pile up their 
energies in one atom until there was enough for the ejection 
of one secondary electron; but then we should return to the 
difficulty of explaining why the speed is independent of the 
nature of the atom. 
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A cathode particle cannot give all its energy to a pulse 
unless its arrest is brought about in a very sudden and special 
way. The thickness of the pulse must not be greater than 
the diameter of the electron or corpuscle (‘ Cond. of Hlect.,’ 
p- 660). If the pulse is thicker than this, only a propor- 
tional fraction of the energy of the cathode particle can be 
converted into the energy of the pulse. Now it is generally 
believed that the phenomena of the X-rays require a pulse 
many thousands of times as thick as the diameter of an 
electron. It does not seem possible to reconcile these 
Opposite requirements. 

The bundle must be excessively small. Ifitis larger than an 
atom, or even than an electron, the whole of its energy cannot 
be given up to one electron on which it impinges. There 
would not be time for the energy to move in from the outskirts 
of the bundle to the place where it is being transformed into 
the motion of the electron. It must not expand or contract its 
borders as it moves, or else its effect will vary as it travels. 

The difficulties of this theory are exactly those which would 
naturally arise in the attempt to transfer the properties of a 
material particle to an immaterial disturbance. 

Let us now consider the third form of hypothesis, ac- 
cording to which both the energy and the material of the 
secondary electron are derived from the primary ray. In 
our previous paper on this subject, and in papers on ‘‘ The 
Properties and Natures of Various Electric Radiations ” 
(Trans. Roy. Soc. of S8.A., May and June, 1907 ; Phil. Mag. 
Oct. 1907), it was shown that the hypothesis offered a reason- 
able explanation of all the phenomena known to date. It is 
only necessary now to show to what extent it fits with the 
properties of the y rays enumerated in § If. of this paper. 
We will take the properties in turn. 

As regards (1) we have simply to suppose that the nega- 
tive and positive, passing united into an atom, are separated if 
they happen to traverse a very strong field anywhere therein ; 
the negative flies on and the positive becomes ineffective. 

The second property is also an obvious consequence of the 
hypothesis. The faster the y particle is moving the greater 
the initial speed of the negative. 

The third is readily explainable: the electric field of the 
atom merely dissolves the bonds that connect the pair. It is 
not able to affect the speed of the negative set free. 

The fourth may be taken to imply that the radioactive 
atom (say RaC) ejects electrons at certain speeds, some of 
which start off in company with a positive counterpart, some 
without. The former constitute the y rays, the latter the 
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8 rays. When the y rays break up, the negatives so pro- 
duced have the same speed as the primary £ rays. 

The fifth would show that there are stronger fields inside 
heavy atoms than light ones, and that the chance of sepa- 
ration of a pair increases with (a) the strength of the field, 
(b) the time taken to cross it. 

This is all the explanation that is necessary. We can at 
least claim that it is much simpler and more complete than 
any explanation which the ether-pulse theory seems likely to 
afford, even in its latest form. 

It is true that the neutral-pair hypothesis requires the 
existence of a positive counterpart to the negative electron. 
In a previous paper it was suggested that this might be an 
a particle ; the results of this paper seem rather to suggest 
that its mass is only small, and that it may realiy be a 
positive electron. Now the positive electron’ has hitherto. 
been received with little favour ; but the argument has been 
not so much against its existence as against its presence in 
metals ina free state. The latter is not at all necessary to. 
our hypothesis. We require only that the positive shall exist, 
that it can be torn from its attachment and carried away by 
a passing negative electron, and, again, that it can be left 
behind in some atom which the pair subsequently traverses. 

The recent determination by Cooksey of the want of 
symmetry between the emergence and incidence radiations 
due to X-rays is the last experiment required to show that 
all the properties in the summary of $ II. are true for X-rays. 
as well as for y rays, mutatis mutandis. All. the properties 
except the first have been already shown to be true (see our 
first paper on this subject). The complete parallelism between, 
X- and ¥ rays stands out more strongly than ever. 

In conclusion, there is one aspect of the problem which 
seems to invite a little further consideration. The charac-. 
teristics of the secondary 8 ray are independent, as we have. 
seen, of the nature of the atom in which it arises, and depend 
only on the nature of the y ray to which itis due. This is 
all the more remarkable when we consider that the charac- 
teristics of primary # rays are peculiarly dependent on the 
nature of the atoms whence they emerge, and are absolutely 
independent of physical agencies acting from without. In 
the one case, that of secondary 8 radiation, we can determine. 
that a given ‘material shall emit 8 rays of definite speed and 
direction, and can carry out our determination by the use of 
suitable agencies and dispositions. In the other case, that of 
primary # radiation, the whole process is completely beyond 
our control. It is one example of this contrast that the 
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radioactive substances do not emit secondary radiations to an 
abnormal extent. It is clear that there is a sharp line of 
distinction between the emission of an electron from an atom 
as a primary § ray, and the emergence of an electron from 
an atom as a secondary 8 ray. On our hypothesis the origin 
of the distinction is simply that in the former case the 
electron was part of the atom which ejected it ; in the latter 
case, it was no part of the atom: it came in with the exciting 
ray. All the experimental evidence accords with this view. 
We come very close to the complete realization of an antici- 
pation made twelve months ago (Traus. Roy. Soe. of 8.A., 
May 7, 1907, pp. 84, 85): “ All secondary radiation, other 
than the 6 rays, seems to be in general a rough reflexion or 
scattering of the primary.... The only cases in which a 
secondary radiation appears, that is neither 6 radiation nor 
reflected primary rays, are those in which # rays are 
produced at the impact of X- or y rays, and in which X-rays 
are produced by cathode rays.... It may well be that 
further research will bring these cases into better agreement 
with the rest.”” On the neutral-pair hypothesis the exceptions 
mentioned here practically disappear. There remains a broad 
generalization, which, with all the faults natural to its kind, 
seems to us to be applicable to every case of which we have 
knowledge, and to be an important principle of the theory of 
secondary radiation. 

4 LXXIX. On the Principle of Relativity. 
A Reply to Mr. E. Cunningham. By A. H. BucHERER™. 

OTWITHSTANDING my objections Mr. Cunningham, 
in the September number of this Magazine, still 

asserts that my principle of relativity leads to the same 
forces as the Lorentz-Hinstein principle. Mr. Cunningham 
seems not to have noticed that the forces on moving electrons 
are quite different. Take the concrete case realized in ex- 
periments, and let Becquerel rays traverse a uniform magnetic 
field. The force on the electron, according to my principle, 
1s 

eHu sin « 
2 5) 

1— “cos? ot 
v 

whereas according to Lorentz the force is 

eHu sin a. 

* Communicated by the Author. 
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Referring to my first paper on the subject in this Magazine, 
I had from the first recognized that the question, which of 
the various theories represented the law of nature, was one 
for experiment to decide. 1 have completed the experiments 
foreshadowed*, and in contradiction to Kaufmann have 
verified the substantial accuracy of the Lorentz formula for 
the electromagnetic mass, and therefore also of the Lorentz- 
Hinstein principle of relativity, since the only serious objection 
to its complete acceptance has been removed. 

Bonn University, Oct. 5, 1903. 

LXXX. On a Method of Showing Fluorescent Absorption 
directly if it exists. By R. W. Woon, Professor of Lupe- 
rimental Physics, Johns Hopkins University f. 

NHE question as to whether the fluorescence of an 
absorbing medium modifies in any way its absorption 

appears to be still unsettled. Burke’s experiments with 
uranium glasst appeared to show that a block of the glass, 
when excited to fluorescence by a transverse beam of light, 
absorbed the fluorescent light of a second block of the same 
glass more strongly than when unilluminated. More recent 
work by Nichols and Merritt § showed the same effect in the 
case of solutions of fluorescein, and apparently confirmed the 
discovery of Burke. They made use of the spectrophoto- 
meter, measuring the intensity of the light of the fluorescing 
solution alone (F), the intensity of a source of light seen 
through this solution when not stimulated to fluorescence (T), 
and the intensity of the fluorescence plus that of the source 
when seen through the fluorescing solution (C). It is 
obvious that if the absorption is not modified by the fluor- 
escence, we shall have F+T=C. ‘They found, however, 
that in practically every case ( was less than F+T. Similar 
results were obtained by Miss Wick ||, with resorufin, working 
in the same laboratory. Camichel[ has, however, been 
unable to find any trace whatever of the effect, using similar 
methods. 

* Phil. Mag. ser. 6, vol. xiii. p. 419 (April 1907). 
+ Communicated by the Author. 
t Phil. Trans. exci. p. 87 (1898). 
§ Phys. Rev. xviii. p. 447 (1904). 
1 Phys. Rey. xxiv. p. 407 (1907). 
{ Compt. Rend. cxl. p. 139 (1904). 
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The importance of the phenomenon, if it exists, makes a 
method of showing it directly much to be desired. The 
strangeness of the apparent laws of this new type of absorp- 
tion makes one suspicious that some unforeseen error has 
crept in, which may account for the whole thing. The in- 
tensities are measured by varying the width of the slit of the 
spectrophotometer which delivers light to the comparison 
field, and no mention is made whether the slit was calibrated 
or not. It is possible that a wide slit was used in all cases, 
and that calibration was unnecessary. I have recently de- 
vised two methods, one for showing the phenomenon directly 
if it exists, and the other for detecting the error in the 
spectrophotometric method, should it be present. 

The latter is very simple, and though I have not tried it, I 
recommend it in any subsequent work which may be done 
with the spectrophotometer upon the subject. 

Substitute for the fluorescent tank a piece of thin plate 
glass at an angle of 45° to the axis of the collimator, which 
reflects light from an illuminated screen into the instrument. 
Measure the intensities as in the case of the fluorescent 
solution, first the light from the transparent reflector, then 
the light from the source behind the reflector, the latter un- 
illuminated, and then both together; first adjusting the 
relative intensities so that they are about the same as in the 
actual experiment. If the method is at fault the sum of the 
intensities will differ from the total. It is possible that some 
physiological effect comes in, and I have not had enough 
experience with photometric work to know whether, in all 
cases, the sum of the intensities of two sources of light, 
measured separately, is numerically equal to the total intensity 
of the two measured simultaneously. The method which I 
have outlined above should answer the question however. 

The method for showing the phenomenon directly, inde- 
pendent of any measurements, I have given a thorough trial, 
and can see no objections to it. In brief, I make the illumi- 
nations rapidly intermittent with a rotating perforated disk, 
and bring them into step and out of step in alternation. 
When they are in step the tank is fluorescing while it 
transmits the light from the source behind it. When out 
of step the tank is in darkness while passing the light from 
behind. If fluorescent absorption is present the total illu- 
mination should be greater when the flashes come out of step, 
for in this case there is no fluorescence during transmission. 

I have tried the method under various conditions, and 
in no case have I found any evidence of the effect. Itis — 
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possible that the experimenters who have observed it by 
other methods may be able to pick it up by this method, as I 
may have worked with too strong or too feeble illuminations, 
though I have varied them over wide limits. If it can be 
obtained by this method, all doubt as to its existence must 
cease, for observation errors are eliminated, and we can 
actually see the increase in the absorbing power. 

Obviously uranium glass is not well “suited, for the fluor- 
escence, or rather phosphorescence, of this substance persists 
for an appreciable time after the stimulating radiations are 
cut off. This is not true, however, for solutions, which show 
no trace of continued emission, even at the highest speeds of 
the phosphoroscope disks. 

Inasmuch as variations in the intensity of the source, 
provided they are not too rapid, give no trouble in the case 
of this method, the are has been used in all of the work. It 
was found that a 220 volt arc, with a heavy ballast resistance 
in circuit, gave excellent results, the hissing and sputtering 
so common with the 110 volt current being : absent. 

The light from the are was focussed upon the perforated 
disk by means of two short-focus lenses, one fixed in position, 
the other arranged so that it could be rotated through a 
small are about an axis coincident with the axis of the re- 
volving disk, the length of the supporting arm being equal 
to the radius of the disk. The distance through which the 
lens could be moved was regulated by two stops, so adjusted 
that in one position the two images of the arc fell upon the 
openings of the disk simultaneously, while in the other 
position the image formed by one lens fell midway between 
two of the openings when the other was illuminated. The 
disk was mounted on the shaft of a small electric motor 
operated at very slow speed. Glass tanks filled with a very 
dilute solution of fluorescein were mounted behind the open- 
ings in such a position that they received the flashes of light 
transmitted by the disk. By this arrangement we can study 
the fluorescent absorption for the light ‘emitted by the fluor- 
escent substance, the case being analogous to that studied 
by Burke. The movable lens could be moved rapidly back 
and forth, but no flicker in the intensity of light was observed. 
Diaphragms were introduced to restrict the field, and the 
relative intensities were varied, but the effect could not be 
found. To render the change still more marked, if it existed, 
a nicol prism was placed between the two tanks, and a second 
nicol, with its polarizing plane parallel to that of the first, 
placed in front of the eye. By this arrangement we can 
reduce the intensity of the light coming from the fluorescing 
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absorbing tank by one-half, without altering the intensity of 
the source behind it, the source of course being considered 
as the light after transmission thr ough the first nicol. 

The weakening by the first nicol is an advantage, for the 
percentage absorption is greater when the intensity of the 
source is small, according to Nichols and Merritt, who found 
that the fluorescent solution apparently absorbed a certain 
definite quantity of ight regardless of the amount of light 
sent through it, a circumstance at variance with all the 
known laws of absorption. By the addition of the nicols 
the percentage change should be doubled, yet even in this 
‘ease no effect could be seen, though calculation showed that 
with the intensities used a change of at least 20 per cent. 
was to be expected. 

lt was next determined to use a monochromatic illuminator 
as the source of light, and work with the wave-length most 
favourable for the exhibition of the phenomenon, as deter- 
mined by Nichols and Merritt. The light from the slit of 
the instrument after passing through the rotating disk was 
focussed on the eye by means of a small lens, which thus 
appeared filled with a uniform illumination. Between the 
lens and the eye was placed the fluorescent tank, illuminated 
with a beam from the are, coming through an adjacent 
aperture in the disk. The ‘monochromatic illuminator was 
illuminated with a Nernst lamp, and the arc was focussed 
on the disk by means of the movable lens. No effect was 
‘observed in this case. 

It is necessary of course in using this method to make 
sure that the motion of the lens and the accompanying shift 
in the direction of the transmitted beam causes no change 
in the intensity of the fluorescent solution. It is not difficult 
to fulfil this condition if the width of the transmitted beam 
and the distance of the tank are properly attended to. 

As a last resort, the method was still further improved by 
weakening the intensity of the fluorescent tank by prismatic 
‘dispersion, and the spectrophotometer was added to the 
apparatus. By this means the transmitted light which we 
observe can be made practically monochromatic, and we see 
‘superposed on it only that portion of the fluorescent light in 
the same part of the spectrum. This method is therefore 
superior to the use of the polarizing prisms, and we have in 
addition a comparison field of exactly the same colour, with 
a vanishing tine between the two fields. This latter modifi- 
cation is by far the best of all, for if the fields are matched 
when the flashes are in step, the line of demarcation should 
appear when the flashes are thrown out of step. The 
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arrangement of the apparatus is shown in the figure, which 
is a view from above. 

Light from the are passes through the two lenses A and 

B, the former of which moves on a hinged arm, as shown in 

the lower figure, and is brought to a focus on the perforated 

disk. The pencil diverging from the focus formed by A 

falls upon a diffusing screen of thin porcelain D, and illumi- 

nates the white screen E. Light from the other lens 

illuminates the fluorescent tank F. One collimator of the 

spectrophotometer receives the light from E and F either 

simultaneously or in succession, according to the position of 

the lens A, illuminating the silver strip which crosses the 

centre of the field of the instrument in a horizontal direction. 

The other collimator receives light from the white screen 

G, and illuminates the remainder of the field. The telescope 

is sect so that the field is illuminated with monochromatic 

light of wave-length 5180, for which Nichols and Merritt. ’ 

found the largest value of the fluorescent absorption, and 

the two halves of the field adjusted to equality, the line of 

demarcation disappearing. The lens A is then shifted, 

throwing the flashes out of step. If fluorescent absorption 

was present before, it should be absent now, since F is dark 

when the light from E passes through it, and the silver strip 

should consequently brighten and become visible. Abso- 

lutely no change could be seen, however, which makes it 

seem certain that the absorption is the same in the two 

cases. 
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LXXXI. An Extension of the principal Series of the Sodium 
Spectrum. By R. W. Woon, Professor of Experimental 
Physics, Johns Hopkins University *. 

(Plate XXVIII] 

| hae largest number of lines in a Balmer series which has 
ever been observed in the laboratory is thirteen, which 

were found in the hydrogen spectrum by Cornu and by 
Ames. In the spectrum of the Chromosphere twenty-nine 
hydrogen lines of the series have been recorded, the, last line 
(n=31 in the formula) being within only fifteen Angstrém 
units of the theoretical end of the series. In the case of 
sodium vapour seven lines of the principal series have been 
discovered up to the present time. In studying the ultra- 
violet absorption spectrum of the vapour I have already raised 
the number to thirty, though the last six lines are so close 
together, with the dispersion at my command, that it is 
impossible to determine their wave-lengths. This makes by 
far the most complete Balmer series ever observed in the 
laboratory, and places the sodium spectrum on an equal 
footing with the hydrogen spectrum of the chromosphere. 
In my opinion a further extension of the series is merely 
a question of vapour-density and dispersive power. No 
lines other than those of the principal series appear in the 
absorption spectrum (disregarding channelled spectra), con- 
sequently we are not obliged to hunt about in a confusion of 
lines for the ones which belong to the series, as is the case 
with the spectrum of hydrogen obtained with vacuum-tubes. 

The vapour is obtained by heating the metal in a steel tube 
about a metre long toa dull red heat. It is almost opaque 
to all visible radiations, only the extreme violet being trans- 
mitted. It is best to work with a pressure of about 15 cms. 
of nitrogen in the tube, as in a highly exhausted tube it is 
difficult to get the requisite density. It is unnecessary to fill 
the tube with nitrogen, for the sodium vapour soon removes 
the oxygen, the smoke settling in a few minutes. 

The source of light was the cadmium spark furnished by 
a large induction-coil with condenser. This gives a fairly 
bright continuous background, and has no bright lines which 
coincide with any of the sodium lines. 

The spectrum was photographed with a small quartz 
spectrograph made by Fuess, which, though having a focal 
length of but 12 cms., gives in the region under investigation 
a dispersion about equal to that of a concave grating of 

* Communicated by the Author. 

Phil. Mag. 8. 6. Vol. 16. No. 96. Dec. 1908. 3Q 
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a metre-radius ruled with 15,000 lines to the inch. By 
employing an exceedingly fine slit and taking especial pains 
about the focus, the wave-lengths can be determined to within 
about 0:2 of an Angstrém unit. The number of lines which 
appear in the absorption-spectrum increases with the vapour- 
density, and I feel sure that by employing a longer tube, and 
giving a longer exposure, many more lines would come into 
view. One of the photographs is reproduced on Pl. XXVIIL., 
greatly enlarged of course, with the spark-spectrum of iron 
as a comparison spectrum. On the original negative the 
absorption-lines can be seen as far down as the cadmium line 
2418, while the theoretical end of the series is at the iron 
line 2411. Both of these points I have indicated on the 
print. 

The wave-lengths are as follows :— 

a= 8 5893 (mean) 
eo = 4 3503 
n= 5 2852°9 
nm = 6 2680°5 

a= 7 2593'8 
n= 8 25443 
n= Q9 25122 
n= 10 2491-5 

n = ll 24764 
mn = 12 2464-9 
n= 138 24563 
n = 14 2450°0 

mn = 16 2444-7 
nm = 16 2440°4 
n = 17 24369 
n = 18 2434°2 
a = 19 24820 
nm = 20 2430°0 
” = 2) 2428:2 

nm = 22 2426°7 
n= 2 2425'8 
n = 24 2425°0 

a = 30 2418'1 cal. 

n= 2409'8 

Under the microscope of the dividing-machine, on which 
the plates were measured, fiye or six more lines could be 
seen crowded together between the last line measured and 
the cadmium line 2418, which is in agreement with the 
calculated position for the line for which n=30. | 

I hope to have an opportunity in the near future of 
photographing the spectrum with a large quartz spectro- 
graph, which will make a more accurate determination of 
the wave-lengths possible. I feel sure that those in the table 



On a Certain Development in Bessel’s Functions. 947 

are correct to within 0:2 A.E. I have calculated the wave- 
lengths from the formula given in Kayser’s ‘ Spectroscopy,’ 
vol. ii, page 521, for several of the lines, and found very 
good agreement with the observed values. As soon as more 
accurate values have been found with a large quartz spectro- 
graph, a more careful comparison will be made. These 
results I hope to be able to publish in the forthcoming 
number of the ‘ Astrophysical Journal.’ The line for which 
n=4 is not shown in the photograph. At the density 
employed in making this exposure it was found to be 
bordered on each side with what appeared to be a channelled 
spectrum, precisely as are the D lines, for which n=3. A 
faint indication of a channelled spectrum also appeared about 
the line for which n=5, in some of the negatives made with 
still greater vapour-density. I have already shown that the 
channelled spectrum in the green and blue region is con- 
nected in some way with the D lines, for the D lines appear 
in the fluorescence spectrum when the vapour is stimulated 
by blue-green light which is absorbed by the channelled 
spectrum. The fact that the other members of the principal 
series are also accompanied by channelled spectra is very 
significant. 

At the present time I am making efforts to find some way 
of making the higher frequency members of the principal 
series appear in the emission spectrum, but thus far have not. 
found the proper conditions. 

LXXXII, On a Certain Development in Bessel’s Functions. 

To the Editors of the Philosophical Magazine. 

GENTLEMEN,— 

N a numerical calculation of the torsion of a circular 
cylinder under shearing forces distributed arbitrarily 

over the ends, there has come to notice an apparent over- 
sight in the usual method of determining the coefficients in 
certain series of Bessel’s functions. The formulas used in the 
computation are given by Chree (Trans. Camb. Phil. Soc. 
vol, xiv., 1889, p. 866), who finds that in a cylinder the dis- 
placement (v) perpendicular to the radius and axis, if it is 
independent of the angle, must satisfy the equation ; 

2 5 2 
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Tne solution given is of the form 

v= DA J1(K,7) sinh K,2, : 

where Jo(x,a)=0, a is the radius of the cylinder, and A, is 

so chosen that 
vdK,A, cosh (al) Ji (K,7) =/(r), 

where J is the length of the cylinder, v a physical constant, | 

and f(r) the shearing stress perpendicular to the radius on 

the endz=l. The value given for Ay is 

2 7 i 
A,= amenrl, rf(r)J (Kar) dr. 

That the formula is in error is seen immediately by putting 

(r)=7, for all the coefticients vanish. This corresponds to 

the most important practical case, and gives the absurd result 

that a cylinder experiences no torsion under a torsional force 

varying as the distance from the axis. It is well known that 

in this case v is proportional to rz. 
The general theorem involved is as follows. The develop- 

ment of f(r) into a series TAyIn(ear) where Jnai(k,)=0 is 

not possible. The series must include, besides the Bessel’s 

functions, the initial term Agr”, a term which satisfies the 

same type of equation as Jx. The correct development is as 

follows :— 

f(r) = Aor" + = AT (97), from 0 to 1, 

where Jn+i(K,) =, 
1 

Aoy=(2n+2) ( T(r) dr, 
a 0 

and 
7) 1 

A =———; i , 
A CCAM rf(r) J,(«,r)ar 

The initial term A, corresponds to the zero root of dns 

but its correct value cannot be obtained by a limiting process 

from the general coefficient. | 

Dini, in his Serie di Fourier, gives the theorem, ,but it is 

misprinted so that the first term appears as a constant. 

Nielsen, Handbuch der Cylinderfunktionen, misquotes Dini’s 

misprinted form, while in no other book of which the writer 

is aware is the existence of the extra term even mentioned. 

T an, Sirs, 
Yours very truly, 

The Jefferson Physical Laboratory P. W. BripGMAN. 
al 

Cambridge, Mass., U.S.A 
July 22, 1908. 
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LXXXIII. On the Rings of Saturn. 

To the Editors of the Philosophical Magazine. 

GENTLEMEN,— | 

ee Philosophical Magazine for April, 1908, p. 469, pub- 
lishes the following paragraph written by Mr. Percivai 

Lowell :— 
“Although seen by all the observers at Flagstaff, the black 

core was not caught by Barnard at Yerkes, nor has it been 
reported from the Lick. This, however, is in keeping with 
the definition at the first place disclosed already by its greater 
space penetration for stars.” 

Statements similar to that made in the last quoted sentence 
have in the past three years been published by Mr. Lowell 
in several popular, semi-popular, and technical magazines; 
and it seems to be my reluctant and unprofitable duty 
finally to take note of them. 

Recent observations at the Lick Observatory (soon to be - 
published elsewhere) show that Mr. Lowell is not justified 
in claiming “ greater space penetration for stars” for his 
telescope. But his article in this Magazine, quoted from 
above, supplies its own refutation of his claim. 

1st. The inner condensation in Saturn’s rings, seen double 
with great ease by Aitken, using the 36-inch Lick telescope, 
and with some difficulty (on account of poor seeing), but cer- 
tainly, by Barnard using the 40-inch Yerkes telescope, was 
not seen double by Lowell. | 

2nd. Lowell located a “ gap” or a “most conspicuously 
vacant spot” in the ring system 53" west from the ball of 
the planet, and another one like it 54” east of the ball. 
Aitken, observing on the same night, noticed that the light 
was relatively very weak at these points ; but, thanks to the 
greater light-collecting power of the 36-inch telescope, he 
was able to see with certainty a faint line of light extending 
right across each of Lowell’s “ conspicuously vacant gaps.” 

W. W. CampsELt, 
Mt. Hamilton, California, Director Lick Observatory. 

September 29, 1908. 
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LXXXIV. Telescopic Vision. 

By G. JounsToneE Stoney, J/.A., Se.D., F.RS* 

Part II].—How tHe IMAGE IS FORMED, AND OF WHAT 
PARTIALS IT CONSISTS. . 

[Plate XIT.] ) 
Explanation of terms :— 

1. u f W, undulation of flat waves, like the light of wave-length A 
received from a star. 

2. us W, undulation of spherical waves, like the light of wave- 
length A received from a luminous point. 

3. Stellades and Punctades—see §§ 62 and 69. Observation—A 
u f W is a special kind of us W; and a stellade is a special 
kind of punctade. 

. Complete image and its partials—see §§ 56 and 80. . 
. Spile and anti-spile—see Chapter 3, in the November Phil. Mag. 

p. 796, 
OU fe 

CHAPTER 5, 

Outline of the Argument. 

o4. W* have now to enter upon the most important 
part of our undertaking, in which we are to 

find out why it is that when a large and a small object 
exactly similar to one another are examined with the same 
telescope, the large one will be seen satisfactorily, while the 
small one, though of precisely the same shape, will if small 
enough appear when viewed through the telescope to be 
transformed into something unlike itself. In the last chapter 
we have met with specimens of such distorted appearances 
and we have now to learn the cause of these imperfections, 
and of other imperfections due to similar causes. 

Hitherto in examining these objects (see Chap. 4) we 
have employed diffused light as the light to illuminate 
object <', in order that by doing so we may reproduce in 
our experimental apparatus the same optical conditions 
as those under which natural objects are seen through 
telescopes, see § 80. But this mode of illumination will no 
longer suffice, because so long as we allow the light incident 
upon 2’ to be diffused light the whole phenomenon of the 
formation of its image in the pro-telescope is too complicated 
for investigation. It will be shown that what then happens 
is due to the simultaneous operation of a vast number of 
‘optical causes which produce different. effects, and which in 
producing these effects act independently of one another. 
What, accordingly, we have to do is to separate these causes, 
and study what each does and why it does it; and then, 

* Communicated by the Author. 
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having ascertained this, we shall inquire what the final 
outcome will be when these causes, or any selected group of 
them, are allowed to come simultaneously into operation. 

5). These independent causes are in fact the several 
uf W’s (undulations of flat waves) into which the diffused 
light incident upon 2’ is resolvable and which we may call 
U,, U., U3, &e. A part of each of these U’s passes through 
the opening at 2 which represents in our experimental 
apparatus some supposed detail upon the planet which is 
being examined by the astronomer. The part of this U 
which passes through z’ becomes to the left of z/ what is 
called a ‘beam’ of light. This beam is of the kind which 
light from a star produces when allowed to pass through an 
opening in a shutter. We shall analyse this beam and find 
it to be a definite and complex optical phenomenon. We 
learn much about the uf W’s (or us W’s) into which it may 
be resolved and of which it therefore consists, by introducing 
a contrivance (lens L’) by which the light of each uf W 
(or us W, as the case may be, see § 68) will be concentrated 
into a speck of light upon plane Y’, where the simultaneous 
presence of the specks from all the uf W’s of which the beam 
consists will constitute what we call the Concentration Image 
produced by that beam. 

56. The light of the beam after becoming this concen- 
tration image upon plane Y’, continues its progress towards 
the left, and if it or a part of it is admitted into the pro- 
telescope T’, it will produce at x’ within the pro-telescope 
that image of object z’ which the light admitted to the 
pro-telescope is capable of forming. This is the image 
which the pro-telescope can furnish, when the incident light 
which renders object z’ visible has been the light of the 
particular U which we have allowed to illuminate that object. 
Let us suppose that it is U, which we have so employed, 
and let us call the image of z’, which is then formed at 2’, 
P,. Similarly when U,j is the incident light, the image of ¢’ 
will be P,, and so on. These P’s we may call the partials, 
or partial images of z’, which the U’s when acting separately 
can produce. When the light incident upon 2’ was diffused 
light, all the U’s were brought into operation, and the image 
then formed at z', which we may call the complete image, 
was due to the simultaneous presence there of all the 
partials, and may therefore be represented by the expression 
P,+P,+P3;+&c. The complete image therefore results 
from light being superposed upon light at w’. Now when 
light is superposed upon light, one or other of two things 
happens. If the lights that are superposed can permanently 
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interfere with one another, it is an interference effect which 
will result from their being both present ; but if they are 
lights which are incapable of permanent interference, their 
being made to co-operate upon disk w’ only causes an 
illumination at each point of that disk which is the sum of 
the illuminations which they would have separately produced 
at that point. As we shall presently find, it is with this 
second and simpler case that we have here to deal. And 
accordingly what we have to do is to determine what the 
partial images P, P, &e. are, and then to add the illumina- 
tions which they separately produce at each point of disk 2’, 
in order to learn what is the brightness at that situation in 
the complete image at «’, i.e. in the image which is identical 
with what the astronomer can under the most favourable 
conditions see in his telescope. 

CHAPTER 6, 

Analysis of diffused light incident upon a small object. 

The task with which we have to grapple is to find out by 
what process these images are really formed, for it requires 
but little consideration to satisfy ourselves that the ex- 
planation by Geometrical Optics, and other explanations 
which have been offered are either illusory or insufhcient. 

57. Geometrical Optics is a body of deductions from the 
supposition that light consists of rays—a supposition which 
is hypothesis not theory. A theory means a supposition 
which we think may be true: a hypothesis is a supposition 
we expect to be useful. The only thing to be seen to when 
examining a theory, is whether it is correct or incorrect ; 
for the merit of a theory is simply to be true, irrespectively 
of whether man can make much or little, or indeed any, use 
of it. On the other hand a hypothesis is a supposition of 
which the express intention is that it shal] be helpful, and 
which is legitimate if it enables us to make any real progress 
in our work. No doubt a hypothesis may also be a theory— 
in other words, a supposition which we entertain in the 
expectation that it will assist us in our investigation may 
also be the supposition which we think correctly describes 
what is going on in nature, but it by no means needs to be 
so: and in fact the best, i.e. the most useful, hypotheses are 
often of the kind that make no pretence to being true. The 
correct objective theory of light appears to be that light 
consists objectively of waves of alternating electro-magnetic 
stresses advancing through the ether; whereas the whole of 
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Geometrical Optics, which is one of our most useful sciences, 
is built upon the supposition that light consists of rays—a 
supposition which it would be an error to mistake for a 
theory of light, that is for an attempt to define what light 
really is. That which makes the supposition deserving of 
our acceptance is that it is eminently useful and therefore 
legitimate as hypothesis. In Geometrical Optics what we 
investigate is the succession of events, not in nature, but in 
a model of nature. We substitute in this model machinery 
more easily handled than any which operates in nature, 
every step in the progress of which can be foretold by the 
application of singularly easy mathematical analysis, can 
be represented by easily understood diagrams, and can be 
imagined and followed without difficulty by students who 
possess but little skill. The justification of this hypothesis 
is that it is so easily handled, and that it yields results 
which are true within ascertainable limits. It can be shown 
that the hypothesis that light consists of rays furnishes 
correctly positions which are in close relation with the 
situations really occupied by the several parts of an optical 
image, although what it offers as the image differs in 
material respects from any real image. Thus ‘the Geo- 
metrical Image,’ as it is called, presents us with an unlimited 
amount of detail, most of which must be regarded as false 
because it is detail which does not exist in the images 
produced by nature. The hypothesis is very useful within 
definable limits, but may seriously mislead if it is misapplied. 
Accordingly, when we seek to ascertain what the image 
really is, we must abandon Geometrical Optics and have 
recourse to an investigation based on what we are entitled to 
accept as theory. | 

58. If we place at 2 in our experimental apparatus (see 
Plate XII.) a small object representing some feature or 
features upon the planet, and if we illuminate it by diffused 
light, we shall see in the pro-telescope at 2’ an image of 
that object. 

The diffused light which is to be incident upon z’ may be 
light which has issued from an image of the sun as in § 39 
(see p. 801 of last month’s Phil. Mag.), or, when we do not 
need it to be of great intensity, it is often more convenient 
to provide it by a suitably placed piece of illuminated white 
paper or by light reflected from a cloud. Whatever is the 
source of the light it will be convenient to call ito; and 
what we have now to ascertain is the succession of events by 
which a part of the light emitted by o succeeds in becoming 
an image of z’ at s’ in the pro-telescope. 
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59. This sequence of events naturally divides itself into 
three stages—1°, From o, the source of light, to the object 
2’; 2°, From the object to the pro-telescope ; and 3°, Within 
the pro-telescope—in correspondence with whch our study 
of the events will have to consist of three inquiries: 1°, How 
the light emitted by ¢ and incident upon <' is to be analysed ? 
2°, What happens to the portion of this light which gets 
past 2’, upon its journey between plane Z! and plane Y’, 
which latter stands in front of the pro-telescope? And 3°, 
By what further behaviour does this light or some part of it 
afterwards form the image at z’? In the present Chapter 
we shall deal with the first of these inquiries, reserving the 
second and third for consideration afterwards. 

60. To fix our ideas we may suppose the source of light 
to be a bright round disk of paper two inches in diameter 
placed at the situation of s’ in Plate XII, ¢. e. at a distance 
of about a metre and a half to the right of object 2’; and 
we may conceive of this disk as though it were divided into 
patches do, do, &c., hexagonal like a honeycomb, and of 
sufficiently small size (which they will be if about } mm, 
across). Then the light of wave-length X emitted from 
these small do’s and reaching 2! will, under the theorem 
proved in § 29 (see p. 335 of the Phil. Mag. for last August), 
be equivalent to uf W’s (undulations of flat waves) travelling 
towards <', which will be of the same number as the patches. 
inasmuch as one will advance from each do in the direction 
of the line from the middle of that patch to the middle of 2/— 
together with an exceedingly small amount of rl (residual 
light) due to the rulings formed on plane Z' by the P’s and 
—()’s described in § 29. These rulings produce scarcely 
any illumination at the part of plane Z’ where z’ is situated. 
In fact, if the do’s are as small as we have described them 
and if the object z’ is of sufficiently moderate size, this 
residual light will be so faint that in making experiments it, 
may be quite left out of account, and the whole of the light 
of wave-length » reaching 2’ may be regarded as exclusively 
consisting of the same number of uf W’s as there are do’s in 
o, one arriving at 2’ from each of the do’s. | 

61. Hitherto we have considered only light of one wave- 
length, whereas the light emitted by o being white light 
contains light of all the wave-lengths included within the 
visible part of the spectrum. Accordingly, the light trans- 
mitted from each one of the do’s to 2’, is to be regarded as 
consisting of uf W’s of all these wave-lengths, all travellin 
in the same direction, viz., in the direction of the line from 
the middle of the do to the middle of object z’.. These from 

ee a —— ee 
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the mathematician’s point of view will be infinite in number, 
since he requires to be able to push matters to their limit, in 
order to comply with the requirements of mathematical 
analysis; but when our object is either to interpret ex- 
periments, or to deal with nature, the whole range of 
wave-lengths may be divided into groups, dy, dd2, &e., each 
of a sufficiently small range, and then, as explained in § 31, 
a single uf W may be substituted for each of these groups. 
When this has been done the light incident upon z’ from any 
one of the do’s will consist of a large but finite number of 
uf W’s, of different wave-lengths all travelling in one 
direction. Let m be the number of these ‘ groups,’ z.¢. of 
the dd’s, within the visible part of the spectrum, and let n be 
the number of do's in disk o, then will the entire of the 
visible light incident upon 2’ consist of mn uf W’s, of which 
m of the uf W’s of diferent wave-lengths will have issued 
from each de—together with traces of r1 (residual light), too 
faint to need to be taken into account. 

62. The visible light which inhabitants upon the earth 
receive from a white star is of the same kind as that received 
by the z' of our experimental apparatus from any one of the 
da’s of the source of light. They both consist of the same 
uf W’s, of different wave-lengths, with in addition a tiny 
amount of residual light, which is too faint to need to be 
considered. It will be convenient to havea name for this 
kind of light, and it will in the present paper be called a 
stellade ; which will therefore mean light of the same kind 
as we receive from a star. The statement at the end of: the 
last paragraph may now be put into the following more 
convenient form :— 

If oc, the source of light, is divided into n sufficiently, small 
patches, doy, doz, &c., and if the wave-lengths present within 
the visible part of the spectrum are divided into m sufficiently 
small groups, dAy, dd», &e., then will the visible light which 
is thrown by disk o upon object 2’, consist of n stellades,.one 
from each do, advancing along the n directions from the 
centres of the do’s to the centre of 2; and each of these 
stellades will consist of m uf W’s, of the wave-lengths that 
correspond to the middles of the small groups, dA, drs, &e.— 
together with the residual light referred to in § 29, which is 
so very faint that it may legitimately be disregarded. : 

This resolution of the light incident upon z’ into n seges 
and of each stellade into m uf W’s, answers the first of the 
three inquiries proposed in § 59, viz.: How is the light i in its 
first stage, 2. e. between o and 2’, to be analysed ? | ‘te 

63. It should be borne in mind that the uf W’s into which 
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we have here resolved the incident light are of the complex 
type referred to in § 31 (August no. of the Phil. Mag. p. 337), 
that is to say, they are uf W’s the waves of which need not 
be alike except as regards wave-length, but in which, through- 
out the whole extent of each wave, there will be no difference 
between one part of that wave and another part of the same 
wave. Restrictions seem to limit the differences that actually 
prevail between the successive waves on any one uf W, 
consequent upon events that go on within the superficial 
molecules of visible matter. This is a subject one part of 
which is discussed in a paper in Vol. LV. of the Scientific 
Transactions of the Royal Dublin Society (1891), p. 563, 
from which discussion it appears that the light emitted by a 
visible body is due to the activities of the negative electrons 
within its molecules, and that the motion of any one electron, 
however intricate its path, is resolvable into elliptic partials 
each of which will emit light of a definite wave-length *. 

CHAPTER 7, 

Analysis of a beam of light. 

When we intend that the light incident upon object <2’ 
in our experimental apparatus (see Plate XII.) shall be 
diffused light, we employ a source of light which we have 
called o A part of this light will ultimately become the 
image of 2! which may then be seen in the pro-telescope T’ 
at x’ ; and in order to trace how this comes to pass we have 
divided the advance of the light from o to «’ into three 
stages, 

64. The first stage of this progress, which is from a to 2’, 
we have studied in the last chapter, and have found that if 
a be divided into x sufficiently small patches doy, das, &c., 
each of these will transmit towards object z' a single stellade 
of light (light of the kind we receive from stars), and that 
each of these stellades will consist of m uf W’s (undulations 
of flat waves), one for each of the m wave-lengths of which 
we have found that white light may legitimately be regarded 
as consisting—along with a residuum of light obeying a 
different law of propagation, which however at the middle 
of object <’ and for a certain distance round that point is so 

* We have some reason to suspect that the more definite motions of 
negative electrons are accompanied by surgings of the associated positive 
electricity. It may be to these less definite displacements of positive 
electricity that we are to look for the explanation of subsidiary effects 
which have been observed, even possibly including anomalous dispersion. 

SC 
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faint that its presence may be disregarded unless object z’ is 
too large. Weshall be careful not to make it too large; and 
may therefore regard the light incident upon ¢’ as consisting 
of n stellades and each stellade of m uf W’s, these stellades 
advancing upon ¢’ in the n directions represented by lines 
from the middles of the do’s to the middle of 2. 

65. Let us now select some one of these stellades and 
study what further happens to it. To do this we must be 
able to deal with it separately ; that is we must free it from 
the presence of the other stellades which will accompany it 
so long as o is the source of light. This is easily done by 
removing o from the experimental apparatus and employing 
s', the pro-star, as the source of light. The pro-star will then 
illuminate z’ with a single stellade, and this may legitimately 
take the place of the ste!lade whose future history we want to 
trace, if we make its light fall upon 2’ in the right direction. 
This we can do by availing ourselves of the adjustments pro- 
vided at the B end of the board BE. See § 22, p. 333. 

66. What we have in the present Chapter to study are the 
events that will then occur between object 2’ and the plane 
Y’ which stands in front of the pro-telescope. To do this 
satisfactorily, we must confine our attention to light trans- 
mitted to the astronomical telescope from some definite 
object upon the planet, and the object we shall select as the 
first to be dealt with is an object like the planet Neptune, and 
in some degree like the Solis Lacus upon Mars, at longitude 
87° and south latitude 27° upon the maps of the so-called 
‘canals upon Mars.’ The Solis Lacus is a small but con- 
spicuous spot upon the image of the planet, of a shape not 
far from round, and of a diameter on the planet which when 
the planet comes nearest to us subtends at the distance of the 
earth an angle not far from our standard angle e. We are 
not at present concerned with the faint traces of detail which 
are supposed to have been at times detected upon its image, 
since the question to which we are at present seeking an 
answer is, what appearance the outline of an object of some 
such shape and size will have in the astronomical telescope, 
if such an object exists upon the planet? The object we 
shall suppose will, for simplicity, be an object exactly 
round, and subtending exactly angle e at the distance of the 
astronomical telescope from the planet. The object which 
we have assumed to exist upon the planet will be adequately 
represented in the experimental apparatus by a round hole in 
copper-foil at z’, illuminated by light coming from beyond it. 
This will present in the pro-telescope the appearance of a 
bright object with dark surroundings, whereas the Solis 
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Lacus is seen as a dark object with brighter surroundings ; 
but this difference is immaterial, since the optical conditions 
for seeing a bright object upon a dark background, and a 
dark object of the same shape and size upon a bright back- 
ground, are known to be the same. 

67. The object on the planet which we have chosen for our 
first experiment being a round object of such a size that it 
subtends angle e (2""062648) at the distance of the earth will 
be adequately represented in the OHA (observatory experi- 
mental apparatus) at 2’, by a round hole 1 mm. in diameter, 
in the screen of copper-foil Z’, when the carpenter’s square 
which supports the screen has been pushed into its place 
near the right-hand surface of lens L’, with 2’ opposite to the 
middle of the lens. This is to be illuminated by the single 
stellade of light issuing from pro-star s’,and the observer can 
bring the direction in which this stellade is incident upon 
object 2’ into any of the directions along which light from the 
various parts of a source of diffused light, such as o, would 
reach that object. When the incident light reaches screen Z/, 
most of the light is stopped by that screen, the only light 
which is allowed to advance beyond the screen being that 
which passes through the round opening 2’. We need not 
consider what happens to the rest of the light as we are con- 
cerned only with what is called the ‘beam of light’ which 
advances past the hole. 

68. We have to find out what this beam of light is. It is 
plainly no longer the simple stellade which encountered screen 
Z', and which consisted of uf W’s of different wave-lengths 
all travelling the same way. But it is light of some kind, and 
as such may be resolved into uf w’s or in any other way that 
is legitimate. One of these legitimate resolutions (and the 
one which will most assist us when experimenting with an 
apparatus in which lens L’ has a focal length less than the 
whole of the distance from that lens to plane Y’) is a resolu- 
tion into usw’s (undulations of spherical wavelets) which 
shall radiate from the several points of a surface W (see 
Plate XII.), of such a form and so situated that its points are 
the conjugate foci with reference to lens L’ of the several 
points of plane Y’ which stands in front of pro-telescope T’. 
‘The positions of these conjugate foci may be determined by 
Geometrical Optics, since this is a case in which Geometrical 
Optics leads to a correct result. Furthermore, instead of 
employing all the points of surface W as the centres of in- 
numerable undulations of infinitesimal intensity, we may, as 
in other similar cases, distribute a large but finite number of 
points over surface W at sufficiently short intervals and 

a 
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regard these as the centres of us W’s (undulations of spherical - 
waves) each of which will take the place of a sheaf of the 
us w’s and may be bright enough io be seen. It is accord- 
ingly into these us W’s that, when dealing with experiments, 
we shall resolve the light between object 2’ and lens L’, 

69. Let 1, p2, &c. be the numerous but not innumerable 
points which we have supposed to be distributed over surface 
W, and which are the centres of the spherical undulations 
into which we have resolved the light within the limited 
space between screen Z/ and lens L/. As this light contains 
light of all the wave-lengths present in white light, there will, 
in general, be spherical undulations of some or all of these 
wave-lengths emanating from each of the p’s. Any complete 
system of undulations of the different wave-lengths with 
which we are concerned, and all of them consisting of 
spherical waves which have one common centre we shall find 
it convenient to calla punctade of light, which will then mean 
light of the same kind as that which issues from a luminous 
punctum or optical point, whether white or coloured. 
Accordingly we may regard the light within the limited 
space between screen Z' and lens L/as resolved into punctades 
P, P., &c., which have their centres at the points p, po, &c.; 
and each of these punctades will consist ot the us W’s of 
different wave-lengths into which we may resolve white or 
coloured light emanating from a point. 

70. Having got so far, we shali facilitate the next step of 
our inquiry by substituting instead of the real source of light 
s’, and the obstruction it meets with at screen Z’, the much 
simpler machinery which we can imagine by making the 
hypothesis that this source of light and that obstruction have 
been removed, and that at the same time the puncta 7 po, 
&c. upon surface W have been rendered luminous and are 
now what emit the light which exists between plane Z’ and 
lens L’. This is a hypothesis of the same legitimate kind as 
the familiar one which we make when we find it convenient 
to treat light reflected from a plane mirror as having come 
directly from the virtual images of the objects in front of the 
mirror instead of indirectly from those objects themselves. 

71. When we view matters in this way we see that these 
punctades are incident upon lens L’/, and accordingly that 
lens L’ will concentrate the light of any one of them, suppose 
of P;, into an image of the kind which that lens is capable of 
forming of the luminous punctum from which we have asked 
the reader to regard the light of this punctade as having 
issued. This will be into an image which we may call Q,, 
formed upon a small patch of plane Y’, which we shall call 
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gi, and of which the middle point will be the point upon that 
plane which is conjugate to point p, upon surface W. How 
small the patch is which will be occupied by this image, may 
be seen from the following considerations. The image of a 
point formed by a lens is of the same kind as the image which 
we have called a star-burst. This image was investigated by 
Airy and consists of a central boss of bright light (sometimes 
called the spurious disk of the star) surrounded by relatively 
faint coloured rings, of which, usually, only a few of the 
inner ones can be seen. A very large percentage of the 
light is concentrated into the central bright boss and nearly 
the whole into it and the two inner appendage rings. Now, 
from <Airy’s formule we find that in the author’s apparatus 
the patch occupied by the central boss and its two inner 
appendages is less than a tenth of a millimetre in diameter, 
and that the central boss in which most of the light is con. 
centrated is only a few hundredths of a mm. in diameter *. 
We are therefore justified when making experiments in 
regarding the light of each of the us W’s incident upon lens 
L’, as being concentrated into an image small enough to be 
regarded as a speck of light upon plane Y'. In the author’s 
apparatus there are about 100 of these specks in every square 
mm. of plane Y’; and, of course, the size of these specks 
can be made as much smaller as the observer chooses 
by substituting for L’ a lens of correspondingly larger 
aperture. 

72. Accordingly, what the observer will see on looking 
through his Steinheil lens at B will be the image which we 
have called the concentration image upon plane Y’. This he 
may regard as consisting of the specks of light which occupy 
the patches 4, go, &e. into which plane Y’ has been divided. 
He should then reflect that each one of these specks, as we 
may call them, is the concentrated light of one of a definite 
set of punctades of light into which the beam of light which 
has advanced to the left of screen Z/ has been able to resolve 
itself ; and that what he sees on plane Y' supplies the following 
information about that resolution. In the first place the 
position of the speck upon plane Y’—let us suppose that it is. 
gi—can be made to indicate to him the direction in which 

* The image in the author’s apparatus is in fact larger, because 
of the large spherical aberration of telescope objective L’ when 
employed to form an image of a near object. This might have been 
corrected by using as lens L’, two telescope objectives put back to back, 
but this more elaborate arrangement was not adopted, as the simpler 
arrangement was found to work well in practice. 

a 
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the component travelled, which has been concentrated into 
that speck *. 

In the next place, the intensity at the various situations of 
the concentration image tells the observer the relative inten- 
sities of the several components of the beam which are con- 
centrated into the corresponding specks. 

And, thirdly, the colours of the concentration image at 
those situations indicate in some degree the various pro- 
portions in which wave-lengths are mixed in the com- 
ponents, whether they be punctades or stellades. This 
very considerable amount of information is increased when 
the observer adds to it what he may infer from the cir- 
eumstance that all this light has been furnished by the 
single stellade emitted from pro-star s’, which is the light 
that illuminates object 2’. This light reached z’ in the same 
phase and in the same state of polarization throughout each 
wave-front. Accordingly, all the light which advanced 
beyond screen z’, and with which alone we are concerned, 
started from z’ in the same phase and in the same state of 
polarization, and accordingly if at any subsequent stage the 
different parts of this light are brought together again after 
having spent equal times in their several journeys from ¢’, 
they will arrive at that destination (as, for instance, at «' 
in the pro-telescope) under such conditions that they can 
produce there the kind of persistent interference effects of 
which human eyes can take cognizance. This we shall find 
a very important circumstance: upon it depends the com- 
petence of this light to form at 2' the image which it displays 
there. 

73. An object upon the planet which is small enough to 
subtend not more than a few seconds of angle at the distance 
of the earth may have its outline correctly represented by 
the boundary of a mere hole of the proper shape and size 
at z’. And the experiments that can then be made with it will 

* The direction in which that component of the beam travelled across 
whatever free space was left for it to the left of screen Z’, is made known 
to the observer by the position upon plane Y' of the speck of light into 
which the light of that component is concentrated. He has only to. 
picture to himself the ray (of Geometrical Optics) from that speck to the 
optical centre of lens L', with its continuation to the right of lens L’. 
The portions of this ray which are in air are parallel to one another, and 
their direction when reversed indicates the direction in which the com- 
ponent in question was travelling until it encountered lens L'; that is to 
say, this is the direction in which the stellade advanced, if the resolu- 
tion of the beam is regarded as being into stellades, and it is the 
direction of the central radius of the punctade, if the resolution is into 
punctades. Hither of these resolutions is legitimate. 

Phil. Mag. 8. 6. Vol. 16. No. 96. Dec. 1908. aR 
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show what approach the astronomical telescope can make to 
reproducing this outline in its image of the planet. If the 
astronomical telescope shows further detail upon the image 
of the small object, the conditions under which this further 
detail becomes visible must be made the subject of a separate 
investigation. What a simple hole at 2’ suffices to do is to 
investigate the vision which can be obtained of the outline, 
and this is usually what is wanted in practice. In the few 
cases when more is required we must substitute something 
other than a mere hole at 2’, However, for the present we 
confine our attention to mere holes, and to those of elementary 
shapes such as round, rectangular, or triangular. For forms 
less simple much the best course is to inspect, and if neces- 
sary measure, the concentration image in the OE apparatus, 
which will then give the astronomer the information he © 
requires. 

74. A cirenlar opening is the first with which we shall 
deal, inasmuch as with a small hole of this shape in sereen Z’ 
it is specially easy to foresee what the optical effect on 
plane Y' will be, when light from the pro-star s’ is admitted 
through that opening. For, in the first place, since object 
< is small the light which reaches it from the pro-star is not 
appreciably distinguishable from the light which would reach 
it from a luminous point on surface W, and accordingly we 
may regard the light which reaches z’ as light that has 
emanated from that luminous point, which we may call w. 
Again, objective L’ and the Steinheil lens at B may be 
regarded as the objective and eyepiece of a telescope with 
which the observer is looking at luminous point w. The 
aperture of his telescope is limited by the size of the round 
hole 2, which we shall suppose cuts it down to being one 
millimetre. It thus appears that what the observer sees 
through his Steinheil lens is the image of luminous point w 
which the telescope just described has been able to form 
when its aperture is only 1 mm. Now the image of a 
luminous point in a telescope is of the same kind as the 
image of a star. It is the kind of image which we have 
called a star-burst, all the principal details of which are 
known to us from Airy’s investigation, and the dimensions 
of which can be computed by his formule. The image 
consists of a very bright central boss of nearly white light, 
often spoken of as the spurious disk of the star, surrounded 
by coloured rings which are so much fainter and so rapidly 
deteriorate in brightness, that Airy’s formule only give full 
particulars for the central boss and the two inner rings which 
are nearly all that can be seen of the phenomenon in astro- 

: 
| 
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nomical telescopes. The sizes of these depends upon the 
wave-length of the light, and therefore differs for the different 
colours of the spectrum. With light of one wave-length 
everything would be definite. At the centre the intensity 
is a maximum, and at a certain distance from the centre it 
falls to cipher. This distance will be the radius of a circle 
of no intensity, which will separate the central boss from the 
first rg; and similar circles of no intensity separate the 
successive luminous rings from one another. By slightly 
simplifying Airy’s formule (see Transactions, Cambridge 
Philosophical Society, vol. v. 1835, p. 287), the angular 
radii of the innermost three of these, as seen from the optical 
centre of lens L’, are found to be 

eC, eee 24). 1 (1) 

where 6, 0, and @; are the angular radii as seen from the 
optical centre of the objective, X is the wave-length of the 
light for which the computation is made, and A is the aper- 
ture of the telescope, which in the case supposed is 1 mm. 
Hence, on plane Y' which is about a metre from the objective, 
the radii of these innermost dark circles will approxi- 
mately be 

ty = 1000(2°27)xr (2) 

t3=1000(3°24)r 
and if we insert 0°'7 of a micron for A, which is about the 
longest wave-length of the conspicuous parts of the spectrum, 
we find that for that wave-length the radii of the three dark 
circles will be 

6 —O0' 894 mm,, t;= 1-589 mm, t3—2 208 mm.) ©) 

These the observer sees magnified seven times by his Steinheil 
— 
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lens. But in the annexed figure they are magnified only 
four times, as this magnification will make the diagrams in 

3R2 
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this paper of convenient size. When white light is used 
the central boss will occupy the space within the inner 
circle, and the innermost two appendage rings will occupy 
the spaces between the circles, since the overlapping of 
spectra does not become conspicuous till farther out. IE 
the phenomenon is particularly well seen three or four more 
of the luminous rings will also be visible. The space within 
the dotted line of the figure would include five of the ap- 
pendage rings, which are usually all that we need consider. 
If one wishes to see what the more definite effect is with 
monochromatic light, the absorbing contrivance known as a 
thallium screen may be held before the eye. 

75. By these considerations we learn that when the openin 
at 2’ is round, and when the light incident upon <’ has been 
a single stellade of light, its concentration image will be 
identical except in size with the image of a star as seen in a 
telescope. It is what we have called a star-burst, and with 
a round opening is the kind of star-burst which Airy inves- 
tigated. If the opening at 2’ is of some other shape, the 
concentration image on plane Y' produced when 2’ is illumi- 
nated by a single stellade will still be a star-burst or image 
of a star, for in fact it will be the kind of image which a 
telescope would furnish if its objective had this new shape. 
Several such images produced by stars were examined by 
Sir John Herschel, and some of them are figured in Plates 
IX. and X. of his article on Light in the Lncyclopedia 
Metropolitana. But they are displayed in fuller detail by 
the OE apparatus, and with great additions to what can 
be made visible by examining the images of stars in tele- 
scopes. The astronomer when using the OH apparatus 
should bear in mind that in all cases the concentration image 
produced by a single stellade of incident light must be 
essentially a star-burst or image of a star whatever the 
shape of the opening at 2’ may be. It is the image which 
the telescope would furnish if its objective were of the shape 
of the opening or openings which he has made at 2’. And 
he will tind a study of the concentration image which will 
result from different forms of openings or from rows of 
openings most suggestive. When the form of the opening 
is polygonal the spectra which are associated in its concen- 
tration image with a central boss of light are no longer 
circular as they are when z’ isa round hole. They become 
detached patches of coloured light, and some of the more 
distant ones are more conspicuous than the corresponding 
spectra when <’ is round. This is a very instructive fact. 
It must be remembered that it is the same light which 
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produces the concentration image, or some part of this light, 
which afterwards develops the image of object ¢’ which is 
seen at wv’ in the pro-telescope; and if z’ is of an angular 
shape, the light of the more distant spectra must be ad- 
mitted to the pro-telescope in order that the vertices in the 
angular image may be seen sharply defined. If the aperture 
of the pro-telescope is unable to admit the light of these 
distant spectra, the angles in the image of ¢’ will appear 
blunt and not reaching out as far as they should. This 
seems to be the case with most if not all of the polygonal 
spiles in the image of Mars which are bounded by the dark 
streaks in the image which have been called canals. And 
this is a state of things which must apparently cause dark 
specks to present themselves at the angles, and may be the 
true account ot the dark specks upon Mars which have been 
interpreted as representing oases upon the planet. 

76. Before closing this chapter it may be well to refer to 
a property common to all concentration images, which the 
reader is requested to keep constantly in view when inves- 
tigating the process by which the light emitted by objects at 
z' forms images at a! in the pro-telescope. This property is 
that objects at <’ which are similar but of different sizes will 
give rise to concentration images on plane Y’ which will 
also be similar, but of linear dimensions which will be 
inversely as the linear dimensions of the objects. Nee fig. 1, 
oo (p. 969). 

The concentration image has a double meaning. It as it 
were looks backwards and analyses for us the beam of light 
which has passed through the opening at 2’; and it looks 
forward and furnishes the information about the image in 
the telescope which will occupy our attention in the next 
chapter. 

CHAPTER 8. 

How a Telescopic Image is formed. 

78. By combining what we have learned in the last two 
chapters, we obtain a complete reply to the second of the 
three questions propounded in § 59, in which we are asked 
how a beam of light is to be analysed. If, for example, the 
beam has come from the sun through a hole in a shutter, 
which opening may be of any form, we are first to conceive 
that a sheet of. star-like bodies, sufficiently close together 
and sufficiently bright, take the place of the sun as the source 
of light. In Chapter 6 we found that the light reaching an 
opening of limited size in the shutter will be for practical 
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purposes the same whether it comes from the sun or from 
this sheet of stars. Regarding it as coming from the stars, 
we at once see that the sunbeam may be regarded as an 
aggregate of star-beams, one coming through the opening 
in the shutter from each of the stars in the sheet of stars. 
The light which reaches the shutter from each star is the 
kind of light we have called a stellade; and lights from any 
two of these stellades, having come from independent sources, 
are lights incapable of producing with one another visible 
interference effects. One consequence of this is that the 
intensity of the sunbeam at any situation will be the mere 
sum of the intensities which the starbeams would separately 
produce at that place. 

Knowing that light of any kind and therefore that a star- 
beam is capable of resolving itself into components which 
may be either stellades or punctades, we learn in Chapter 7 
much about these components. To gain this knowledge the 
observer inspects that concentration image which by the help 
of lens L’ will be produced upon plane Y’ whenever light 
from pro-star s’ passes through an opening at z' and becomes 
a star-beam. Knowing that each luminous speck of this 
concentration image is the concentrated light of one of the 
components of the star-beam, he is told by the position of 
the speck upon plane Y’ in what direction that component 
travelled between screen Z' and lens L’; and from the 
intensity and colour of the speck he learns what the intensity 
and colour of the component are. When to this information 
we add that all parts of the light of this concentration image 
have started from <’ in the same phase and in the same state 
of polarization at each instant of time, but that the light 
of any two of the concentration images may have been 
in various other phases and in various other states of 
polarization—when these particulars are added we have all 
the information we shall need in the inquiry upon which we 
are now to enter. 

79. Let light from the pro-star s’ be allowed to fall on 
screen Z', A portion of this light passes through the opening 
at <', and becomes a starbeam between screen Z’ and lens L’, 
and this starbeam by the intervention of lens L’ produces the 
image on plane Y’ which we have called the concentration 
image. After forming this image the light continues its 
advance so that the pro-telescope can be placed in such a 
position that the whole or some part of the advancing light 
will enter the pro-telescope, and will then form at a! the 
image of object z' which the portion of the light which gains 
admission to the pro-telescope is able to yield. 
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80. The image formed from light that originally came 
from a star or pro-star we shall call a partial image, or 
partial. The partial image cannot be the same as the image 
of the corresponding feature on the planet which would be 
presented to the observer in his astronomical telescope. This 
is because the planet is an opaque body, the superficial 
molecules of which have been rendered luminous by light 
which has reached them from in front, and which has set up 
such activities in their superficial molecules as scatter light in 
all forward directions. To represent this correctly in our 
experimental apparatus the light reaching z’ from behind 
must be light that advances in all forward directions, or in 
other words it must be diffused light. And the image of 2’ 
which is then formed, and which is identical with that formed 
by the corresponding feature on the planet, is entitled to be 
spoken of as the complete image of z’.. To form this com- 
plete image in our apparatus it would suffice to illuminate 2’ 
from behind by light coming from a sheet of pro-stars instead 
of from a single one. This makes it obvious that the com- 
plete image is that image which is formed when all the 
partials formed by the individual pro-stars are simultaneously 
present on disk xv’. These partials, however, we can in the 
experimental apparatus study one -by one. As they arise 
from light coming from different pro-stars, viz. from doy, 
doz, &c., they come from independent sources of light, and 
therefore when they are all thrown down simultaneously 
upon disk w', the portions of light which they individually 

contribute and which form images at 2’ are unable to pro- 
duce further interference effects than those which they 
separately produce. Hence we arrive at the important con- 
clusion that when we have studied what the partials are when 
examined one by one, we can arrive at the brightness at any 
point of the ‘complete’ image, by simply adding together 
the illuminations which will be produced at that point by the 
partials when they are made to present themselves in 
succession. 

81. In order to see the general outcome of this state of 
things, we shall examine how the principles that have been 
laid down will work out when applied to a special instance. 
The feature to be seen we shall suppose to be the simple 
boundary of the whole planet, when the planet is 1°, Neptune 
In opposition, and 2°, Mars when nearest to the earth in 1909. 
In other words the objects are nearly circular disks, and 
these we shall represent by circular openings of the proper 
sizes, at 2’, respecting which we are to discover of what 
partials their images in the pro-telescope will be built up 



968 Dr. G. Johnstone Stoney on 

when the pro-telescope is successively made to correspond to 
astronomical telescopes with apertures of 40, 24, and 12 
metric inches, 2.e. with apertures of 100, 60, and 30 centi- 
metres. 

82. The angular diameter of Neptune in opposition is about 
Ite, and the maximum diameter of Mars in 1909 will be 
11:655 e. We shall first deal with these magnitudes in the 
most obvious way, which is also the way best fitted for com- 
putation ; and we will afterwards indicate another way of 
dealing with them which is more convenient to the -experi- 

mentalist. The first or more obvious course is to imagine 
round openings in copper foil with diameters 1} mm. and 
11°655 mm. to be placed successively at 2’, and to illuminate 
these by a single stellade of light incident upon them from 
the right. They, and the round opening 1 mm. in diameter 
with w which we have been already experimenting, would any 
of them produce on plane Y' the same kind of concentration 
image. These, however, would be of different sizes, their 
linear dimensions being inversely as the linear dimensions of 
the openings at 2’ to which they are due. Hence we can 
deduce the sizes of the others from the dimensions given 
in §74; where we found that the concentration image 
presented when z’ is a round hole 1 mm. in diameter 
furnishes the values : 

= 0°854 mm., t,= 1°589 mm., t;= 2°268mm., . (3) 

where ¢;, fg, and ¢; are the radii of dark circles which separate 
the central boss of light and the first three of the appendage 
rings which with the central boss form the whole of the 
concentration image produced by light of wave-length 
X= 07 of a micron. This wave-length and wave-lengths 
shorter than it are all that we need tik into account, as this 
range includes all the brighter parts of the spectrum of white 
light. Accordingly the centra! boss and its two inner appen- 
dage rings will lie within a circle of which the radius is 
2:268 mm. Airy’s formule do not enable us to calculate the. 
radii of the limiting circles that lie farther out; but their 
position can be seen and measured in the experimental 
apparatus, and it thus appears that a circle with a radius 
of 45:2 mm. would nearly include all of the fifth ring. 
Appendage rings that lie farther out become so faint that 
they need not be taken into account unless we are considering 
the vision of a much brighter object than a planet. We may 
therefore safely assume that the whole of the effective part 
of the concentration image is bounded by a circle 4-2 mm. in 
radius. This oe we shall call T. 



Telescopic Vision. 969 

&3. Accordingly, when z’ is a hole 1 mm. in diameter, the 
radius of the whole of the efficient part of its concentration 
image upon plane Y’ will be 

T = 4:2 mm. 

and the radius of its central boss of very (5) 
bright light will be Sroel i Par 

¢; = 0°854 mm. 

From these values we can compute what they would become 
if the diameter of the opening at 2 were made successively 
14 mm. and 11°655 mm. so as to represent planets Neptune 
and Mars. We thus find that a round hole at 2’ which would 
represent Neptune in opposition, would make 

47’ = 12°6 mm. 6 

Ape wO2 HOT Ny ae (6) 

and that the hole at 2 which would represent Mars when 
nearest to us in 1909, ze. on the 18th of September, 
would make 

4T" = 1-44 mm. 
Ap ‘ ; (7) i = 0-295smnr. 

In writing these we have introduced a single dash when the 
equations refer to Neptune, and a double dash when they 
refer to Mars; and the radii have been multiplied by 4 
because the annexed diagrams need to be on a larger scale 
than the-scale on which the originals present themselves on 
plane Y’. In these diagrams each inch upon the objective 
of the astronomical telescope is represented by a millimetre. 

Fig. 1. 
ae. 

© 
Concentration images of Neptune and Mars. 

In fig. 1 a! is four times the size of the concentration image 
upon, plane Y’ when 2’ represents Neptune, and a” is four 
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times what its size becomes when ¢/ represents Mars. Fig. 2 
will illustrate what kind of vision can be obtained of the 
outline of these planets if examined with a telescope of which 

Efficiency of a 40-inch telescope upon the outline— 
of Neptune. of Mars. 

the aperture is a metre (i.e. 40 metric inches), and if the 
optical state of our atmosphere is sufficiently good, which it of 
course very rarelyis. In this diagram the continuous line is 
the circumference of the objective, and the dotted circles 
separate it and the neighbouring space into four regions 
k lm and n. The dotted lines nearest to the continuous 
line are at distances from it =4t,’ in the left-hand figure, 
and =4t," in the right-hand figure ; while the outermost and 
the innermost circles are distant from the outline of the 
objective, at distances from it =4T” in the left-hand figure, 
and =4T” in the right-hand figure”. 

* In the right-hand diagrams of figs. 2, 3, and 4, the distances of the 
four dotted circles from the continuous circle should be the lengths given 
for 4T” and 42” in equation (7). Of these only the more distant dotted 
circles, at the distance 4T” from the edge of the objective, can be repre- 
sented inthe diagrams. The other two, between which lies region m, can 
be imagined though too close to the continuous circle to be drawn. 
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84. To make use of these diagrams we must remember 
that the ‘complete image’ in the pro-telescope is due to the 
simultaneous presence in that telescope of all the partials, 
and that a partial is produced whenever the whole or any 
part of the concentration image represented in fig. 1 is able 
to enter the pro-telescope. Now fig. 1, a’ is the concentration 
image formed by a stellade of light incident upon the pro- 
Neptune at z'; and obviously if the direction of the incident 
stellade to which it is due, brings its middle point o anywhere 
within space &, then the whole of the efficient light of that 
concentration image has got into the pro-telescope, and 
therefore the ‘partial, the image of <! which it will form, 
will be an image so good that we may practically regard it 
as an optimum partial. On the other hand, if othe centre of 
fig. 1 falls anywhere within space /, only part, although it 
will be the greater part, of the concentration image gains 
admission to the pro-telescope. The resulting ‘ partial’ 
formed at 2! will fall short of being the optimum, the defect 
being slight if o, the centre of the concentration image, 
reaches a part of region / which is distant from the margin 
of the objective, while the defect goes on increasing the 
nearer that o comes to the margin of the objective. This / 
group of partials may be called fair images of 2, and will 
some of them be almost good, others only mediocre. 

The next stage is when o the centre of the concentration 
image reaches space m. Under these circumstances part 
even of the light of its central boss is excluded from the pro- 
telescope and the resulting partial will be a decidedly bad 
Image of ¢', and this defect becomes still worse when the 
centre of the concentration image lies farther from the 
objective within region n. If the centre of the concentration 
image lies farther out than region n, none of its light gets 
access to the pro-telescope and we are therefore not concerned 
with it. Now when the light incident upon 2’ is diffused 
light, as it must be when we want to represent correctly 
what occurs in nature, this light when analysed will furnish 
stellades that would send the centres of their concentration 
images to all the points represented in fig. 3, so that all the 
partials which have been described above are present upon 
disk «' and cooperate to produce there the ‘ complete image’ 
of <'. It is obvious that in the state of things represented in 
fig. 2, U/, this complete image cannot be a very satisfactory 
one. It is to be regretted that when using a telescope we 
are unable to exclude any of the partials. It is convenient to 
divide them into the four groups which we call £1 m and n, 
‘depending upon the situations on plane Y’ (the plane of the 
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figure) which the centres of their concentration images reach, 
The partials belonging to class 4, if all the rest were excluded, 
would acting together form an exceedingly good image at 
x’, since the partials of this group are all optimum partials. 
This is a state of things which the microscopist can realise 
by closing the iris-diaphragm under his condenser sufficiently 
to exclude the light which would develop any other partials 
than those of class &. This in using the microscope is called 
‘clearing the image.” We can do the same in the author’s 
experimental apparatus, by calling into requisition an iris- 
diaphragm provided at F (see Plate XII.). But the 
astronomer has no means of accomplishing it with his tele- 
scope. He must put up with all those mischievous bad 
partials, being present in the image which the telescope 
presents to him. And under the conditions represented in 
fig. 2, b’, they contribute 80 largely to the image that the 
resulting ‘ complete image > cannot yield a really good i image 
of the outline of Neptune, which is what we want to see, 
although the astronomer would probably consider it quite a 
fair image. This is partly because of a very curious power 
which the experienced observer acquires of, in such cases, 
being able in some degree to detect the image which the 
better of the contributory partials would form, and being able 
to distinguish and exclude from his consideration some at, 
least of the added defects. 
By the movements provided at the B end of the board BE, 

the observer can bring the concentration image successively- 
into all the positions described in the last paragraph, and can 
then see for himself the partial images in the pro-telescope, 
which will result; and the astronomer would do well to 
familiarise himself with these details. 

85. We have now to contrast with the above the image. 
which the same telescope will furnish of an object of the same. 
shape but of larger angular size, when the feature to be 
seen is the outline of the disk of planet Mars. Here when 
we distribute the partials into the four groups kl m and n,. 
we find this distribution represented by fig. 2, b”. This. 
diagram shows us that the optimum partials, which are those. 
of group k, are greatly more numerous* than they were 
when Neptune was the object, and at the same time the 
partials of the three other groups, 1 m and n, are much 
fewer. Hence the ‘complete image’ of the outline of the 
planet Mars which will result from their being all present, 

* The numbers of the partials’ of each group are proportional to the. 
areas allotted to them in figs. 2,3 and4, The intensities of the partials, 
have however to be taken into aceoutt as well as their number. 
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is chiefly characterized by this great preponderance of 
optimum partials. The state of things which now prevails 
will furnish an image of the edge of the planet which any 
astronomer would pronounce to be an exceedingly sharp * 
image. Of course this will only happen, if the observation 
is made on one of those rare occasions when ‘seeing’ is 
very good. 

86. We shall next consider how these same objects would 
appear in telescopes of less aperture, such as those with 
which the most successful observations have hitherto been 
made upon the images of Mars in telescopes. The apertures 
we will consider are apertures of 24 inches and of 12 inches. 
Proceeding as before, we find that the following figures 
indicate the proportions in which the four classes of partials 
will be present in these images when the objects under 
examination are the contours of Neptune and Mars. 

Efficiency of a 24-inch telescope upon the outline— 
of Neptune. of Mars. 

From fig. 3, ¢, we learn that when Neptune is examined 
with an aperture of 24 inches, the image will contain no 
partials of class k, 7.e. none of the best kind; but that there 
will be present a considerable contingent of the partials of 
class 1 (without however the best of that class). Those of 
class / that are present would produce a fair image, were it 
not for the large admixture of partials of the other two 

* This does not in the least imply that such vastly smaller details as 
the profiles of mountains upon the edge of the planet could approach to 
being made visible by a 40-inch telescope. 
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classes, m and n, which are the kinds of partials which most 
tend to spoilan image. Owing to their presence the image 
of the edge of planet Neptune as seen in a 24-inch telescope 
cannot be assigned a higher place than that of a barely fair 
image of that feature of the planet. 

87. The state of things will of course, become worse, if the 
aperture of the telescope is cut down to 12 inches. What 
will then happen is depicted in fig. 4d’. From this diagram 

Fig. 4. 

= - ~~ 

7 mwa ee 

Efficiency of a 12-inch telescope upon the outline— 
of Neptune. of Mars. 

we see that the image of Neptune’s outline is made up chiefly 
of partials of the two bad classes m and n, superposed upon 
only a few of those of class /, and they only the less efficient 
of this class. The resulting ‘complete image’ will there- 
fore poorly represent the real margin of the planet. 

88. As before, we shall find a great contrast to the state 
of things described in the last few paragraphs when we turn 
the same telescopes upon planet Mars. The visions which 
they will afford of the outline of Mars are expressed diagram- 
mutically in fig. de’ and fig.4d'. From these we learn 
that even with the 12-inch telescope, the image of the con- 
tour of Mars when nearest the earth in 1909, will be decidedly 
well seen on a good night. The image will include a 
considerable number of the & partials—the partials of the 
best kind—with not a very large admixture of partials of the 
three inferior kinds / mand x. With the 24-inch telescope 
this satisfactory state of things will be improved on. The 
proportion in which the & partials will now stand to the three 
other classes will have become a much greater proportion, 
with a corresponding improvement in the resulting * complete 
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image’ of the outline of the planet, which will be of the 
kind that an astronomer would pronounce to be excellent. 

89. In order to show the efficiency of the proposed method 
of investigating telescopic vision, and of discovering the 
reason why it is encumbered with the imperfections which 
become troublesome when we endeavour to see minute 
objects, it has been thought that the best course was to 
describe how to apply the new method to some one class of 
objects ; and the class chosen has been round or roundish 
objects such as are some of the spots on the image of Mars, 
including the polar caps at the times when these appear to 
be roundish or oval objects. The telescope is more successful 
in dealing with objects of this kind than with objects of 
angular or other irregular form. ‘This is because in the 
latter case, as experiments with the OE apparatus will show, 
the concentration images which they develop upon plane Y’ 
do not, as with round objects, consist of a boss of white light 
surrounded by annular spectra alike in all directions round the 
boss and which after the first four or five become excessively 
faint, but consist of a central boss of some other form 
surrounded by spectra occupying detached patches upon 
plane Y’, of very unequal intensity in the various directions 
round the boss, and in some directions retaining sufficient 
brightness to need to be taken into account, when consider- 
ably farther trom their central boss, than the fifth annular 
spectrum which is the most distant we have thought it 
necessary to retain when inquiring as to the vision of round 
objects. Long rows of exceptionally bright spectra are in 
such cases apt to radiate out in some directions from the 
central boss, and the more distant of these will be excluded 
if the aperture of the telescope is insufficient. This must 
have often happened when the 24-inch telescope and in a 
more intense degree when the 12-inch telescope have been 
employed to examine polygonal patches subtending at the 
telescope so small an angle, as do those brigher regions 
upon Mars which are enclosed by whatever on Mars corre- 
spond to the ‘canals’ upon the image, or by the darker 
‘seas.’ When these outlying spectra are excluded from the 
telescope, one effect will be that the angles of the polygon 
will be rounded off, and such appearances as ‘oases’ and 
‘carets’ will present themselves. 

90. In all such cases the astronomer can make at 2’ a hole 
which will represent both in size and shape any supposed 
polygonal feature upon Mars. This is to be illuminated by 
the pro-star s’, and he can then see through the Steinheil 
lens the concentration image it produces on plane Y’, and 
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can measure the distance from the centre of the concentration 
image to the most distant appendage spectrum which ought 
to be retained. The distance so measured he is to employ as 
his T in constructing diagrams like those of figs. 2, 3, and 4, 
which will then reveal to him the kind of vision of the sup- 
posed object upon the planet which his astronomical telescope 
would be competent to supply. 

91. Many experiments with the microscope throw 
additional light upon this interesting subject. One of these 
I may mention. The object was the proboscis of the Blow- 
fly, and the part of the specimen which was made use of was 

Fig. 5. 

a small triangular patch of bright light which happened to 
be shut in betw een three of the hairs « or bristles which grow 
near the base of the proboscis. These hairs had been 
pressed when mounting the specimen, so that they lay near 

* 

to one another and nearly in a plane perpendicular to the — 
optic axis. Another thinner hair which we may call the 
canal crossed the triangle and lay parallel to one side. This 
eanal divided the triangle of light into a smaller triangle 
below, and a quadrilateral space above the canal. Within 
this quadrilater al was seen about half of the base of another 
small hair, presenting the semicircular appearance in fig. 5, 
and being somewhat darker on the right-hand part of the 
semicircle than on the left. ‘The rest of this hair lay out- 
side the triangle of light to which attention is being called. 

This object was examined through one of Zeiss’s 24 mm. 
apochromatics, over which an iris diaphragm had been fitted 
to enable the observer to diminish its aperture to any desired 
extent. The succession of appearances while the aperture 
was being diminished was most suggestive. The object was 
fairly well seen until the aperture became rather small, but 
then on still further contracting the aperture a succession of 
new phenomena sprang into existence, until at a certain stage _ 
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the appearance became that represented in fig. 6*, and 
was then utterly unlike the real object. The semicircle has 

disappeared and instead of it and the one straight canal 
across the triangle we have what appear to be three canals of 
nearly equal thickness and abutting nearly perpendicularly 
upon the three sides of the entire triangular space. And at 
the same time ‘carets’ have developed themselves at the 
outer ends of these three optically produced canals. These 
misleading appearances, which sometimes metamorphose an 
object into something utterly unlike itself, are of the 
same kind as those by which the Astronomer who 
eccuples himself upon minute details, is but too liable to be 
misled, unless he diligently avails himself of some such aids 
as those which the author has ventured in this memoir to 
recommend. 

NOT ES, 

Nove 1. On control observations upon the Moon.—When 
in last month’s Phil. Mag. (see p. 807), recommending the 
Astronomer diligently to make control observations upon the 
Moon when nearly full, the author omitted to point out that 
valuable observations of this kind can be made without 
having to provide the auxiliary telescope there suggested. 
With that telescope the exact optical conditions of the obser- 
vations upon Mars can be reproduced, including the vision of 
Mars in the astronomical telescope, and of the Moon in the 
control apparatus, under equal magnification. 

To make observations with the naked eye we have only to 

* In looking at fig. 6 the reader is requested to exercise his imagi- 
nation, for none of the features asseen in the microscope had the hard 
outlines of our diagramof them. The three ‘canals’ were dusky streaks 
with straight but nebulous edges, and the boundary of the triancular 
bright space was also nebulous. The ‘ carets’ were the darkest parts of 
the image. 

Phat. Mag. S. 6. Vol16. No: 96, Dec.-1 908. 38 
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provide round holes of the sizes given in column 4 of the 
table on p. 807. With a little care, these can be made with 
needles in softened copper foil (see § 26, p. 331). Of these 
holes that one is to be selected oink corresponds to the 
angular size of Mars at the time, which is given in the 
Nautical Almanae (see column 2 of the table). On looking 
with the naked eye through this hole at the full Moon, we 
see the Moon under the same optical conditions as when we 
view Mars through the astronomical telescope armed with a 
magnifying power equal to the number which is found in 
column 3 of the table. If we wish to have at our command 
an opportunity of using other powers, we must provide the 
small auxiliary telescope suggested in § 48. 

Nore 2. On the size of the Eidolon.—In the text (see § 13) 
we have described the Eidolon, or object which appears to 
the observer to be what he is looking at, as of one special 
size. In this it was assumed that the observer had focussed 
his telescope so as to be able to ser utinise the eikon, the 
image presented to his eye, with most success. By adjusting 
the focus differently the eikon could be inne to give the 
impression of a larger object at a greater distance ; but it is 
best, as in the text, to focus in ‘the way that enables the 
observer to scrutinise the image he sees to most advantage. 

And, when focussing his telescope, the experienced 
observer will judge as to whether it is focussed correctly by 
the vision he obtains of whatever is the most distinctly seen 
feature of the image presented to him. This in the case of 
Mars will be the contour of the planet and not any of the 
objects upon its disk, and especially not any phenako-spile. 

Note 3. On lens L' of the OF apparatus.—Since the focal 
length of lens L’ is less than a metre, we have the concen- 
tration image affected by the spherical aberration spoken of 
in the footnote on p. 960. However, it is found that this 
defect does not senszbly impair the image even when the focal 
length of L’ is as short as it is in the author’ S apparatus. 
Neither is it sensibly the worse because s’ is a little farther 
from 2’ than surface W, the conjugate of plane Y’, If on 
the other hand the focal length were longer than a metre, the 
specks of the concentration image which are formed by each 
of the punctades (or stellades) into which the beam is 
analysed, would dilate and become less definite us seen upon 
plane Y’, andif the focal length were excessive (which would 
have the same effect as removing lens L’ from the apparatus) 
the diffuseness of its specks would impair our vision of the 

_<——— 

alate 
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concentration image. This is what renders it necessary to 
retain lens L’ as part of the apparatus. The concentration 
image upon plane Y’ can be seen, but very poorly seen, 
without its intervention. 

Of course, the experimental apparatus would most closely 
represent the Cosmical Apparatus described in Chapter 1, if 
the focal length of lens L’ were a metre, and if at the same 
time a collimating lens were introduced between 2z’ and s’, to 
parallelize the light from pro-star s’ 

Nore 4. On the analysis of light into ufw’s.—In all 
Mathematical and experimental investigations into Nature, 
what in each case we deal with is not the whole of th3 
activities that are going on, but some immense simplification 
of them effected by ignoring the bulk of what is really taking 
place, and considering only the small residues which are 
what can be perceived by man. Thus we can perceive a wind 
in air, which is in fact only a residual effect, a slight pre- 
ponderance in one direction of all the momentums which are 
consequent upon the vastly swifter motions of the molecules 
between their encounters ; and these motions are themselves 
only the residues which remain over as a preponderance 
in one direction of the enormously more subtile momentums 
that are going on within those travelling missiles. 

So aiso, in his investigations of wave motion, the mathe- 
matician finds it necessary to substitute untextured mediums, 
devoid of all that majority of events whicb he ignores,—he 
has to substitute this simplification of nature for the real, 
immeasurably more complicated activities that are really in 
operation. The untextured medium is the mathematician’s 
hypothesis ; and is legitimate because, under his handling of 
it, it furnishes results which are correct under certain definable 
circumstances, though incorrect under others. They are 
correct whenever we have not to deal with distances that 
approach to being molecular. The mathematician, however, 
in order to carry out his work, has to explore ‘the whole 
field, as he has to base his reasoning upon limiting conditions 
which occur within the part of the ‘field that, when he comes 
to interpret his results, is the very part that must be 
rejected. Resolutions into uf w’s,—undulations of wavelets 
=“ireo this kind, and are of aan because although the 
results to which they lead at close quarters are incorrect, all 
the results to which they lead beyond those limits are true, 
and may be used in the present memoir which nowhere has 
occasion to explore the extremely small in space, or the 
extremely brief in time. 
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Richardson (Prof. O. W.) on the 
kinetic energy of the negative 
electrons emitted by hot bodies, 
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ing instruments, 137. 
Sibilants, on the pitch of, 244. 
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properties of films of magnetic 
metals, 833. 
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Stoney (Dr. G. J.) on telescopic 
vision, 318, 796, 950. 

Stresses, results of tests of materials 
under combined, 720. 
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Telegraphy, on a directive system 
of wireless, 688. 
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tive activity of the emanation and 
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