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THE VARIATION OF THE HALL EFFECT IN
METALS WITH CHANGE OF TEMPERATURE.

By ALPHEUS W, SMITH.

INTRODUCTION.

IN 1879 Professor Hall! discovered that when a thin sheet of

metal which is carrying a current of electricity is brought into
a magnetic field, so that the lines of force are perpendicular to the
plane of the plate, there is set up in the plate an electromotive force
which is at right angles to that which is driving the current. This
effect which is known as the Hall effect, has been the subject of a
large amount of experimental and theoretical work. In later years
several other phenomena which are related to it have been discov-
ered and studied by other investigators. A fairly complete list of
titles of articles on the Hall effect and allied phenomena has been
prepared by McKay * and a review of the more important papers
dealing with these phenomena has been recently published by
7ahn? It does not seem desirable at this time to review again at
any length the work which has been done in this region.

One phase of the subject which seems to have been inadequately
handled either theoretically or experimentally is the variation of the
Hall effect with change of temperature. So far as the author is
aware the temperature coefficient of this effect is known in the case
of the non-magnetic metals only for bismuth, antimony and tellurium.
The temperature coefficient of the effect in bismuth and antimony

1Amer. Jour. Math. (2), pp. 287-292, 1879.

2 Proc, Amer. Acad. of Arts and Sci. (41), pp. 385-395, 1906.
3 Jahr. der Radioaktivitdt und Elektronik (5), p. 166, 1908.
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has been studied between — 186° C. and the melting point of the
metal. The effect is found to decrease with rising temperature and
within the error of observation to vanish at the melting point of the
metal in question. It seems that the presence of the Hall effect in
metals in the liquid state cannot be regarded as definitely proved.
In tellurium v. Ettingshausen and Nernst? found a decrease with
rising temperature. Clough and Hall® failed to find any certain
change in copper and phosphor-bronze between 20° and 300° C.

The behavior of the Hall effect in the magnetic metals is more
interesting than its behavior in the non-magnetic, but the influence
of temperature on the effect in the former has not been systematic-
ally studied. The temperature coefficient of the Hall effect in iron
and cobalt is known only in the neighborhood of room temperature
and the effect increases with rising temperature. Clough and Hall *
studied nickel and steel for certain temperatures between 20° and
300° C. but for only two magnetic fields — 1,500 and 3,000 c.g.s.
units. These investigators showed that in nickel the effect increases
rapidly with rising temperature, reaches a maximum at about 290°
C. and then decreases very rapidly. In steel the effect continues to
increase with rise of temperature over the interval of temperature
used in their experiments. Zahn and Schmidt* found that between
— 186° and 23° C. the Heusler alloys behave with regard to tem-
perature like the magnetic metals.

The attempts of Riecke,® Drude,® Lorentz,” Thomson ® and others
to account for the Hall effect and allied phenomena on the basis of
the electron theory have emphasized the importance of a more
detailed study of these effects, for any theory which can adequately
account for them will be a large contribution to the electron theory
of metals and will do much to explain the relations which exist
between heat, electricity and magnetism. In view of the importance

1Zahn, ibid., p. 183.

2 Acad. Wiss., Wien, Anz., pp. 173~-174, 1886.

3Proc. Amer. Acad. of Arts and Sci. (28), pp. 189-199, 1892-3.

¢Vehrh. d. D. Physik. Ges. (9), pp. 98-108, 1907.

S Ann. d. Phys. (66), p. 353, 1898.

¢ Ann. d. Phys. (1), p. 563, and (3), p. 369, 1900.

7Kon. Acad. Wet. Amst. (7), pp. 438, 585 and 684, 1905.

8 Congres International de Physique (Paris), (3), p. 138, 1900. Corpuscular
Theory of Matter, p. 99.
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which such data might have in the electron theory, it seemed worth
while to make a systematic study of a number of metals over as
large a range of temperature as possible and over as large a range
of magnetic fields as possible. It was especially interesting to
examine the magnetic metals at temperatures above their respective
critical temperatures in order to compare their behavior at such
temperatures with the behavior of the non-magnetic metals. The
desirability of data in this region has been recently pointed out by
Zahn.! Furthermore, according to a suggestion made by J. J.
Thomson?® the reversal of the Hall effect in iron may be explained
by supposing that the field actually acting on the free electrons is
not only the impressed external field but also the field due to the
orbital motion of the electrons in the metal. Under the action of
the external field these electrons give fields which are in the oppo-
site direction to the external field. The Hall effect would, there-
fore, consist of two terms of opposite signs. At temperatures above
the critical temperature it seemed that the field due to the motion
of the electrons in the molecules might be expected to nearly vanish,
At such temperatures the Hall effect would consist of but one term
and according to the electron theory would have the direction of
the effect in bismuth. To test this theory was one of the purposes
of this investigation.

Part I. of this paper concerns itself with the Hall effect in certain
non-magnetic metals and silicon. Part II. deals with the magnetic
metals.

ParT I. NON-MAGNETIC METALS AND SILICON.

Method and Apparatus.

The method of observation was similar to that employed by
other observers of this effect. The metals to be investigated were
rolled to the desired thickness and then from the sheet were cut
plates similar in form to those originally used by Professor Hall.
These plates were in the form of rectangles 2.8 cm. long and 1.5
cm, wide. The thickness of the plates was determined from a
knowledge of the density, area and weight of the plate. Strips of

1 Ibid., p. 180,
¢ Ibid., p. 70,
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copper 1.5 mm. in thickness were soldered along the ends of the
plates. To these copper strips, which served as electrodes, were
soldered the lead wires p and p’ (Fig. 1) in such a way that the
lines of flow were as nearly as possible parallel to the edges of the
plate. From the middle of each side of the plate projected a narrow
arm to which was soldered at the points s and s’ respectively
(Fig. 1) the copper lead wires which lead to the galvanometer on

Fig. 1.

which the effect was to be observed. By filing these arms near the
edge of the plate they could be shifted until they were nearly on
the same equipotential line. In-.the cases of aluminum, gold and
zinc the contacts for the lead wires at p and p’ and those at s and s’
could not be made by soldering. In these cases the ends of the
plates were clamped between strips of copper and the lead wires
for the current were soldered to these strips. The contacts for the
wires to the galvanometer were made in a similar way by joining
these wires by means of copper clamps to the arms at s and s'.
After the lead wires had been connected to the plate in the way
indicated above, the plate was mounted on a small rectangular piece
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of hard fiber. It was held in position on the fiber by covering the
plate and the fiber with paraffin. The plate thus mounted could be
fastened in the plate-holder, which was made for this purpose and
brought into the desired position in the magnetic field.

For the measurement of the electromotive force generated by the
magnetic field the ordinary potentiometer method was used. The
arrangement of the apparatus is shown diagramatically in Fig. 1,
where pp’ is the plate to be investigated. EF is an auxiliary poten-
tiometer by means of which any lack of equipotentiality between s
and s’ and any thermo-electromotive forces in the circuit could be
compensated. CD is the potentiometer for measuring the Hall
electromotive force; B, is a storage battery of 2 volts; B,, a
standard cadmium cell of 1.0186 volts ; G|, a d’Arsonval galva-
nometer ; K, a standard resistance of goo ohms ; R,, the auxiliary
resistance which could be adjusted in the usual way to make the
drop of potential over R, equal to 1.0186 volts; B,, a battery of 4
volts which sends the current through the plate pp’; R,, an auxiliary
resistance and G,, a sensitive galvanometer of the Thomson type.
On the potentiometer a copper slide wire with a resistance of
.0004506 ohm per cm. was used.

When the plates had been placed in the proper position between
the poles of the magnet, the position of the slider on the auxiliary
potentiometer was adjusted until there was no deflection in the gal-
vanometer G, on closing the key X. The magnet was then excited
and the difference of potential between s and s’ measured in the
usual way on the potentiometer. In order to obtain one value of
the Hall electromotive force plotted in the following. curves, four
readings were usually taken. With the current flowing from top to
bottom of the plate and the magnetic field from left to right, one
reading was made. Keeping the direction of the current fixed, the
direction of the magnetic field was reversed and a second reading
was made. The same process was repeated with the current flow-
ing from bottom to top of the plate. The mean of these four obser-
vations was taken as the value of the Hall electromotive force. In
some cases where the experimental difficulties were greater than
usual, eight readings in all were taken and the mean of these has
been plotted.
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For the production of the magnetic fields a powerful electro-mag-
net was constructed. The pole-pieces were 10 cm. in diameter
and tapered to 4 cm. at the air-gap. The exciting coils consisted
of 2,850 turns of copper wire which could carry as much as 40 am-
peres. There was an arrangement for circulating water between the
coils and the iron-cores. Some of the heat generated by the excit-
ing current was thus carried away and the iron-cores kept at nearly
constant temperature. At room temperature the length of the air-
gap amounted to .9 cm. In the work at the temperature of liquid
air the air-gap had to be increased to about 2.5 cm. to allow the
introduction of the vessel containing the liquid air. The magnetic
fields were measured ballistically with a flip-coil and a standard
solenoid.

For the work at low temperatures it was necessary to provide for
the liquid air a vessel which could be placed between the poles of
the magnet. To use an ordinary Dewar flask for this purpose
required that the pole-pieces of the magnet be very far apart and
the magnetic fields correspondingly weak. A vessel somewhat

similar to that used by van
N Everdingen' was finally
\ Aln adopted. A cross-section of
this vessel together with a
| ] cross-section of the pole-pieces
is shown in Fig. 2. It was a
1 | J double-walled paper vessel
¢ with wooden top and bottom.
Heavy drawing paper was
used for the walls and the
joints were rendered liquid-
tight by means of glue. The horizontal section of that part of the
vessel which was not between poles of the magnet was an ellipse,
the major axis of which was 10.5 cm. and the minor axis, 7.0 cm.
The part between the poles of the magnet was about 2.5 cm. thick,
10.5 cm. long and 7.0 cm. wide. The outer wall of the vessel had
no bottom and when the top of the vessel had been completely
closed by packing with cotton, the cold vapors from the air in the
1Roy. Acad., Amsterdam, Proc. (3), 177-195, 1goo.

MR
Fig. 2.
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vessel passed out through the openings at the top of the inner wall,
down through the annular space between the walls and then out into
the space ABC (Fig. 2), which was enclosed in a wooden box sur-
rounded with cotton to make the insulation as good as possible.
From the space ABC-the cold vapor could come into the room.
The circulation of cold vapor prevented to a large measure the
evaporation of the air in the vessel, so that it was only necessary to
refill with liquid air about once in forty-five minutes. A float
- served to indicate the height of the liquid air. At its top the vessel
was fastened to a heavy brass plate which moved along suitable
ways so that the vessel could be carried out of the magnetic field
and the flip-coil which was mounted on the same brass plate could
be carried into position for measuring the magnetic fields. The
relative dimensions of the vessel and the magnet are indicated in
Fig. 2, which has been drawn to scale. Before the mouth of the
vessel was packed with cotton, the plate-holder which carried the
plate to be studied was lowered into the liquid air and suitably
clamped to the plate which carried the vessel. The proper distance
to which the plate was to be lowered in order to bring it in the
center of the magnetic field was determined before the vessel was
placed between the poles of the magnet.

The temperature of the liquid air was not determined but was
taken roughly as — 1g0° C. There seemed to be little point in
knowing it with greater accuracy. The other temperatures were
determined with a mercury-in-glass thermometer in the neighbor-

hood of the plate.
Purity of the Metals.

The values of the Hall effect are known to be to a large degree a
function of the purity of the metals, so that it is desirable to use in
these experiments, metals which are as pure as possible. The
platinum, silver and palladium were obtained from Kahlbaum. The
copper, zinc and gold came from Eimer and Amend and were
marked “chemically pure.” The aluminum was of unknown origin
and concerning its purity nothing can be said.

Results.
The results of these observations are plotted in Figs. 3 to g in-
clusive. In these figures the magnetic field in absolute units is
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plotted for abscisse and the Hall electromotive force in absolute
units, for ordinates. It isseen from these figures that in the metals
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Fig. 3. Platinum.

studied in this paper the Hall electromotive force is proportional to
the magnetic field at the temperature of liquid air as well as at room

Exi1c

X107
Fig. 4. Copper.
temperatures. Previous observers have shown that in the neigh-
borhood of room temperature the relation between £, the Hall

EX1c

] X10™
Fig. 5. Palladium.
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electromotive force, 7 the current in the plate, /7 the magnetic field
and 4 the thickness of the plate is expressed by the equation,
E = R- Hi[d, where R is a factor of proportionality which is inde-
pendent of the electromotive force, the magnetic field, the current
and the thickness of the plate. By means of this equation R has

EX1c

K10~
Fig. 6. Silver.

been calculated for the plates at room temperature and at the temper-
ature of liquid air. In these calculations the current, the electro-
motive force and the magnetic field have been expressed in absolute
units and the thickness of the plate in centimeters. The values of
R thus obtained are given in Table I. The (<) sign in the fifth

TasBLE 1.
Metal, '2:}?’)‘(“::"" cg‘:f.““- Temp., °C. R X 106 ARJALX 107

Platinum. 9.3 .104 —190 - 2.22

23 - 2.02 —09
Copper. 27.1 .265 —190 - 6.5

23 — 5.4 R
Palladium. 6.65 .104 —190 -10.9

.103 23 - 86 —11.0

Silver. 9.5 .102 —190 - 9.2

23 - 8.4 —4
Gold. 37.7 .265 =190 — 7.25

25 - 7.04 =09
Zinc. 28.7 .265 —190 +10.9

25 +6.3 —20
Aluminum. 23.0 .265 —190 — 1.92

25 - 3.20 +6
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column means that the effect has the direction of the effect in iron
and the (—) that it has the direction of the effect in bismuth. In

ExX10

5 10 15 20 MHx10™°
Fig.7. Gold.

the last column of this table is given the average change in R per
degree between the temperature of liquid air and room temperature.
The (+) in this column means that the magnitude of R increases

Exro?
16E
12
8
4
(1o
Fig. 8. Zinc.
with rising temperature and the (—) that it decreases with rising

temperature. In silver, gold, platinum, palladium, zinc and copper
the effect increases as the temperature is decreased from room tem-

ExI1c

Fig. 9. Aluminum.

perature to that of liquid air. This increase is greatest in zinc where
it amounts to about 70 per cent. of the value at room temperature ;
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and least in gold, where it is only about 3 per cent. of the value at
room temperature. In the specimen of aluminum studied in this
paper a lowering of the temperature causes a decrease in the Hall
effect. This is the only one of the non-magnetic metals in which
such a decrease was found. How much influence the impurities of
the aluminum had on this result it is impossible to say.

For purposes of comparison some of the values of R obtained by
previous observers are given in Table II. It will be seen that in

TasLE II.

Motal. R X 104 Observer.
—6.6 Hall

Gold {— 7.1 Ettingshausen and Nernst
—17.04 Smith
—5.4 Zahn

Copper { —5.2 Ettingshausen and Nernst
—5.4 Smith
—1.27 Zahn

Platinum {— 2.4 Ettingshausen and Nernst
—2.02 Smith
—8.97 Zahn

Silver {— 8.3 Ettingshausen and Nernst
—8.4 Smith

the purer and better defined metals they agree well with the values
obtained in this work.

Silicon.

The Hall effect has been studied by Miss Wick ! in two specimens
of silicon. One of these specimens contained 95 per cent. of silicon;
the other contained g9 per cent. The direction of the effect in each
of these specimens was the same as the direction of the effect in
bismuth. The magnitude of the effect was greater in the specimen
which contained gg per cent. of silicon than in the specimen which
contained 95 per cent. She also. found that the prediction of
Beattie ? concerning the relation between the thermo-electromotive
forces and the rotary coefficients of the Hall effect was verified for
silicon. Beattie pointed out that metals and alloys which occupy
extreme positions in the thermo-electric series will occupy similar

1Puys. REv, (27), p. 76, 1908.
2 Roy. Soc. Edinb. Proc. (20), p. 481, and (21) p. 146.
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positions in a series of rotary coefficients. Miss Wick found that
silicon occupied in the thermo-electric series a position above that
of bismuth and that in a series of rotary coefficients, the rotary
coefficient of silicon also stood above that of bismuth. Mr. C. L.
Zimmermann who was working in the physical laboratory of this
university on the electric properties of silicon found that in most of
the specimens which he studied, the current flowed from copper to
silicon across the hot junction of a copper-silicon couple. As these
specimens which were known to be very pure, gave thermo-electro-
motive forces in the direction opposite to that given by Miss Wick,
it seemed of interest to examine the Hall effect in some of them in
order to see whether a reversal of the thermo-electromotive force is
accompanied by a reversal of the Hall effect. Since Miss Wick did
not determine the relation between the Hall electromotive force and
the magnetic field, it seemed worth while to determine this relation.

- By means of a wire-saw fed with carborundum powder the plates
were cut from irregular pieces of silicon which had crystallized from
a reservoir of molten silicon. With a rotating disc on which car-
borundum powder was used for an abrasive, the plates were ground
down to the desired thickness. The contacts for the wires which
lead from the plate to the battery were made by copper-plating the
ends of the plate for a width of .4 cm. and then soldering the copper
lead wires to these regions. The contacts for the wires which lead
to the galvanometer were made in a similar way by copper-plating
a small region in the middle of the edge of the plate and then
soldering fine lead wires to these copper-plated regions, which had
been filed down to make them as small as possible.

Five plates were used in these experiments. They were cut from
three different specimens of silicon. These specimens will be re-
ferred to as specimens 4, B and C. Analyses of these specimens
were kindly made by Mr. F. J. Tone, of the Carborundum Com-
pany, of Niagara Falls, for which kindness the author is very grate-
ful. The analyses of the specimens gave the following results.

| sic | Fe | Al | si
Specimen 4 Trace 41% 17% 99.4%
Specimen B Trace 32 .14 99.5
Specimen C .85 1.89 .73 96.5
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Plates I., 1I. and III. were made from specimen 4 ; Plate IV,
from B; and Plate V. from C. Plates I. and II. were from a slice
of silicon which was cut from that part of specimen 4 which had
been first to crystallize. A second slice parallel to the first was
also cut from specimen A and from it was made Plate III. Plates
I., IL, III. and IV. were very homogeneous and free from perfora-
tions of any sort. Plate V. contained two small pin-holes but
since they were covered by the copper-plating, they could have
little influence on the distribution of the current in the plate. This
plate was too small to allow a satisfactory determination of the Hall
effect and was used only to get the order of magnitude and the
direction of the effect.

Table III. contains the values of R for Plates 1., II., III.and IV.
In Fig. 10 have been plotted the curves showing the relation between

Ex107|

5 10 15 20 HX1o?®
Fig. 10. Silicon.

the Hall electromotive force and the magnetic field. The dotted
curve is for Plate I. and the continuous curve for Plate IV. Simi-
lar curves were obtained for Plates II. and III. but since they dif-
fered in no way from the curves for Plates I. and 1V. they have not
been included in this paper. The direction of the Hall effect in

TasLe III
Silicon.
Plate. Thickness, cm. Current, c.g.s. | Temperature, C. R
I .244 .0102 23° 41.0
II. 179 .0103 22° 48.7
111, .189 .0102 22° 59.8
1V, .153 .0102 22° 40.0
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each of these plates was opposite to the direction of the effect in
bismuth. Each of these plates was found to have a thermo-elec-
tromotive force which made the current flow from copper to silicon
across the hot junction of the copper-silicon couple. In Plate V.
the Hall electromotive force was found to have the same direction as
that electromotive force in bismuth. The rotary coefficient could not
be accurately determined in this plate but its order of magnitude was
about 20, where all of the quantities involved in it are measured in
the same units in which they were measured in the other plates.
The thermo-electromotive force in this plate had the opposite direc-
tion to that in Plates I., II,, IIl. and IV. The results for Plate V.
agree completely with the results obtained by Miss Wick both with
regard to the direction of the Hall effect and with regard to the
direction of the thermo-electromotive force. On the other hand in
the other plates both the Hall electromotive forces and the thermo-
electromotive forces are in directions opposite to their respective
directions in Plate V. It seems, therefore, that in some specimens
of silicon the Hall effect has the direction of the effect in bismuth
and in other specimens it has the direction of the effect in iron. In
some specimens the current flows from copper to silicon across the
hot junction of a copper-silicon couple and in other specimens the
current flows in the opposite direction. It is worthy of note that
the direction of the Hall effect in the purer specimens is the direc-
tion of the effect in iron. From the study made in this paper it is
impossible to say that the reversal of the effect is due to the pres-
ence of impurity in the silicon. Whatever be the cause of the
reversal it appears that a reversal of the thermo-electromotive force
is accompanied by a reversal of the Hall effect.

From Fig. 10 where the curves showing the relation between the
Hall electromotive forces and the magnetic fields are plotted it will
be seen that within the range of these observations the Hall electro-
motive force is proportional to-the magnetic field.

PArT II. MaGNETIC METALS.

Method and Apparatus.
The method of observation in the work at room temperature and
at the temperature of liquid air was precisely the same as the method
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employed in Part I. of this paper on non-magnetic metals. For
temperatures above room temperature some additional apparatus
had to be constructed to secure the desired temperatures and to
overcome experimental difficulties.

In order to obtain the three temperatures 100°, 184° and 300° C.
a vapor-bath of the form indicated in Fig. 11@ and 114 was con-
structed. Fig. 112 shows a section per-
pendicular to the axis of the pole-pieces
and Fig. 114 a section by a plane deter-
mined by the axis of the pole-pieces and
the vertical. The vessel was made of brass
and the joints were brazed. It was pro-
vided with the ordinary form of metal con-

denser. The space 4 was 18 cm. long, 7 L
L=

ﬁ

L

cm. wide, and 2 cm. thick at the top and 1
cm. thick at the bottom where it was be-
tween the pole-pieces. Into this space the A
plate-holder could be lowered and fastened
precisely as in the liquid air vessel. The
mouth of the space 4 was packed with [|=—== =
asbestos to prevent the circulation of the |=-= -
air., The liquids used in the bath were
water, aniline and diphenylamine boiling
under atmospheric pressure.

For the realization of temperatures between 300° and goo®° C. an
electric furnace was constructed. The heating coil was made of
nichrome wire wound on a copper box, 18 cm. long, 9 cm. wide and
1 cm. thick. Before winding with wire the box was covered with
mica for purposes of insulation. After the heating coil had been
wound on the box it was covered with a paste made of water-glass
and magnesium oxide. The copper box and the heating coil were
placed inside of a brass-jacket which was 25 cm. long, 12 cm. wide
and 2.5 cm. thick. The space between the heating coil and the
jacket was filled with infusorial earth to prevent as far as possible
the loss of heat. The parts of the walls of the jacket which were
opposite the pole-pieces were made of mica to reduce the flow of
heat into the pole-pieces with the resulting cooling of that part of
the furnace between the pole-pieces.

Flig. 11,



16 ALPHEUS W. SMITH, [VoL. XXX.

Since neither the copper box nor the nichrome wire would stand
temperatures above goo® C. the electric furnace had to be somewhat
modified for the temperatures between goo® and 1100° C. A box
20 cm. long, 9 cm. wide and 1 cm. thick was built up out of plates
made by baking magnesium oxide mixed with a small amount of
aluminum oxide in a graphite mould which was heated in an electric
furnace to about 1600° C. The thickness of these plates was about
2 mm. On the outside of this box platinum foil, which served as
the heating coil, was wound. The box with the heating coil was
then placed in a brass box, 25 cm. long, 12 cm. wide and 3.5 cm.
thick. The space between the brass box and the heating coil was
filled with infusorial earth which gave satisfactory insulation.

For temperatures between 100° and 400° C. the connections for
the lead wires from the battery to the plate and those from the
galvanometer to the plate were made by means of copper clamps
to which were hard-soldered the lead wires. These clamps were
mounted at the desired distances on a sheet of brass from which
they were insulated by a sheet of mica. After the plate had been
put in position and clamped between the electrodes, the plate and
electrodes were covered with sheets of mica and all held in position
by a thin sheet of brass fastened by means of screws to the brass
plate carrying the electrodes. This clamping of the plates between
sheets of mica prevented them from being pulled out of position by
the magnetic field.

At temperatures above 400° C. provision had to be made against
the oxidation of the plate. During the work at temperatures less
than goo® the plates and electrodes were mounted inside of a thin
copper box which was nearly air-tight. A photograph of that part
of the box which contained the plate and the electrodes is shown
in Fig. 12. The plate and the electrodes were insulated from the
box by sheets of mica, and the lead wires by small magnesia tub-
ing. Copper lead wires were used with this box. For tempera-
tures above 9oo° C. a nickel box and nickel electrodes were substi-
tuted for the copper box and electrodes and the copper lead wires
were replaced by platinum wires. In other respects the arrange-
ment was precisely the same as with the copper box. Sheets of
mica were placed underneath and on top of the plate in such a way
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that after the two halves of the box had been fastened together
with screws, the magnetic field could not produce a displacement
of the plate. The interior of this box was connected by means of a
tube of small bore to a hydrogen generator. The hydrogen which
had been generated in the usual way was allowed to flow through

Fig. 12

the space containing the plate and the electrodes for some time
before heating and for the entire time the plates were above 300° C.
To remove the oxygen and any water vapor from the hydrogen it
was made to flow through sulphuric acid, over heated copper oxide
and through phosphorous pentoxide before entering the box. By
this method it was possible to prevent almost entirely the oxidation
of the plates.

Measurement of Temperatures,

The temperatures up to and including 300° C. were determined
with the mercury-in-glass thermometer referred to in Part 1. of this
paper and those above 300° were determined by means of a plati-
num-platinum-iridium thermal couple which had been calibrated
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over the interval of temperature used in these experiments. The
temperatures used for this calibration were the boiling point of
water, the boiling point of sulphur and the melting point of gold.

Purity of the Metals.

The cobalt, nickel and iron were obtained from Kahlbaum. The
electrolytic iron was kindly furnished by Professor Watts, of the
electrochemical department of the University of Wisconsin. It
was prepared according to the method of Burgess and Hambuechen'*
and was known to be very pure. After having been deposited it
had been annealed by heating in a hydrogen bath to about 1200° C.
For purposes of comparison a plate of nickel furnished by H. J.
Slaker, of the United States Mint, was also examined.

In the work at the temperature of liquid air it was necessary to
use thinner plates than had been used at ordinary temperatures,
because the effect becomes so small in liquid air that it can no
longer be observed with accuracy in any except very thin plates.
Certain accidents to the plates in the course of the experiments
made it necessary to work on more than one plate of the same
metal. At some of the high temperatures it was also desirable to
make the observations on thinner plates than had been used at
lower temperatures in order to overcome some of the error due to
thermo-electromotive forces in the circuit. All of the plates for
any particular metal were cut from the same sheet of metal which
had been treated in precisely the same way and was originally not
more than 8 or 10 cm. square. The purity of the plates for any
particular metal must have been nearly the same. ' All of the
work on the electrolytic iron was done on the same plate but in
some preliminary experiments before satisfactory means for pre-
venting oxidation had been devised, it became somewhat oxidized
and in removing this layer of oxide the thickness was reduced from
.0148 cm. to .0133 cm.

Results.

The results for the magnetic metals have been plotted in Figs.
13-19 inclusive. Each value plotted in these curves is the mean
of at least four observations taken in the way indicated in Part I.

!Iron and Steel Mag. (8), p. 48, 1904.
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In these figures the Hall electromotive forces in absolute units have
been plotted for ordinates and the magnetic fields for abscisse. The
current in the plate for which all of these curves have been plotted
was 1.04 amperes. Where the current in the plate when the obser-
vations were made differed slightly from this value, suitable correc-
tion was made on the basis that the Hall electromotive force is pro-
portional to the current.

In plotting these curves showing the relation between the Hall
electromotive force and the magnetic field, it was necessary to take
account of the fact that, for reasons given above, all of the observa-
tions for a particular metal were not made on the same plate but on
plates of different thicknesses. Previous observers have shown that
the Hall electromotive force for a particular magnetic field and for
a given current is inversely proportional to the thickness of the
plate. If the Hall electromotive force has been observed in a plate
of known thickness for a given magnetic field and current, it is pos-
sible by means of this relation to calculate the electromotive force
which would have been observed in any other plate of the same
metal for the same magnetic field and current. In this way the
electromotive forces where necessary have been calculated so that
the values plotted in Fig. 13 are for a plate of nickel .0185 cm.
thick ; in Fig. 14 and Fig. 15 for a plate of Kahlbaum iron .0089
cm. thick ; in Fig. 16 and Fig. 17 for a plate of electrolytic iron
.0148 cm. thick; and in Fig. 18 and Fig. 19 for a plate of cobalt
.0213 cm. thick.

Nickel.

From Fig. 13 where the curves showing the relation between the
Hall electromotive force and the magnetic fields are plotted for
Kahlbaum nickel for various temperatures, it will be seen that for
temperatures not greater than 385° C. the electromotive force is at
first proportional to the magnetic field and that when the field is
increased beyond a certain value which is a function of the tempera-
ture, a sort of saturation occurs after which a further increase in
the field produces a small but perfectly definite increase in the Hall
electromotive force. As the temperature is raised from — 190° to
385° C., the magnitude of the field necessary to produce saturation
becomes less and less. At the former temperature it requires about
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8,000 c.g.s. units for saturation; at the latter about 1,000 c.g.s.
units. For all temperatures not greater than 355° C. the slopes of
the curves beyond saturation is nearly the same, although their
slopes before saturation are quite different. The magnitude of the
effect at the temperature of liquid air before saturation is about one
twenty-third of its magnitude under the same conditions at 300° C.
and the magnitude at 410° is about one ninth of that at 300° C.
For fields of equal intensity the Hall electromotive force at 355° is
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Fig. 13. Nickel.

greater than that at 300° until the field has the value of approx-
imately 3,750 c.g.s. units but for fields greater than 3,750 units
the effect is greater at 300° than at 355° C. For fields above 2,000
c.g.s. units the effect is much smaller at 385° than at 300° C. At
the former temperature when the magnetic field exceeds 2,000 c.g.s.
units, that part of the curve showing the relation between the Hall
electromotive force and the magnetic field is no longer nearly hori-
zontal but has been rotated through a certain angle. This rotation
is seen more clearly in the curve for 395° C. When the tempera-
ture has been raised to 410° all sign of change of slope in the curves
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has disappeared and the effect is proportional to the magnetic field for
all fields used in these experiments. When the critical temperature
has been passed, a further increase of temperature causes a decrease
in the magnitude of the effect. At these temperatures nickel be-
haves like non-magnetic metals.

The results for the nickel from the United States Mint agreed ex-
cept for small differences in magnitude with the results for the Kahl-
baum nickel. Since these results brought out no new points, it has
not seemed worth while to include them in this paper.

Kaklbaum Iron.

In Figs. 14 and 15 are plotted for the Kahlbaum iron the curves
analogous to those plotted in Fig. 13 for nickel. Because the effect
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Fig. 14. Kahlbaum iron.

in iron varies between such wide limits for the temperatures used in
these experiments it was necessary to plot the curves on two different
scales. Fig. 14 contains the curves for temperatures between —190°
and 300° inclusive and Fig. 15 the curves between 300° and goo°
on a different scale. The value of the effect at — 190° is only about
one four-hundredth of the value at 735° and the value at goo° is
approximately one thirty-fifth of the value at 735° C. The fields
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required for saturation are so large that at temperatures less than
545° C. it was only possible to reach saturation at room temperature,
where the distance between the pole-pieces being small, the inten-
sity of the magnetic field could be made as much as 22,000 c.g.s.
units. When the temperature had been raised to 545° C., the point
at which saturation occurred had shifted toward lower fields, so that
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Fig. 15. Kahlbaum iron.

it appeared in the neighborhood of fields with an intensity of about
13,000 c.g.s. units. Further increase of temperature caused satura-
tion to shift still more toward lower fields and at 735° C. it occurred
when the field was about 10,000 c.g.s. units. The shift between 735°
and 796° C. is small and nearly within the error of observation. In
another plate of Kahlbaum iron this shift for the corresponding range
of temperature was somewhat more certain, so that there can be no
doubt of a shift toward lower fields for this interval of temperature. It
is impossible to say that the shift between 22° and 545° C.is continu-
ous, because the fields necessary for saturation at intermediate tem-
peratures could not be realized under the conditions of this experi-
ment. From later considerations it will appear probable that there
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is a continuous shift between 22° and 796° C. For temperatures
somewhat above 800° the Hall electromotive force is proportional
to the magnetic field, for the range of fields used in these experi-
ments. Just as in the case of nickel the temperature coefficient of
the effect reverses sign when the critical temperature is crossed.
The direction of the effect on the two sides of the critical tempera-
ture is the same and opposite to the direction of the effect in bismuth.
At 1000° C., the highest temperature at which the iron was studied,
the effect had become so small and the thermo-electromotive forces
so large that it was impossible to determine the magnitude of the
effect with any certainty but its direction was the direction of the
effect at the other temperatures. There is no reversal of the direc-
tion of the effect of iron between — 190° and 1000° C.

Electrolytic Iron.
The curves in Fig. 16 and Fig. 17 for electrolytic iron have the
same form as the corresponding curves for Kahlbaum iron. No
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Fig. 16. Electrolytic iron.

observations were made on this plate at the temperature of liquid
air. The shifting of the bends in these curves is in every way
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similar to the shifting of the bends in the curves for the Kahlbaum
iron. In addition to confirming the results on the Kahlbaum iron,
these data show that the magnitude of the effect at room tempera-
ture is much smaller in electrolytic iron than in Kahlbaum iron.
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Fig. 17. Electrolytic iron.

On the other hand, the rate at which the effect increases with rising
temperature between 23° and 780° C. is greater in the electrolytic
iron than in the Kahlbaum iron, so that at the critical temperature
the effect in the former is nearly equal to the effect in the latter.
Since the electrolytic iron was much purer than the Kahlbaum iron,
these results suggest that the purest iron has the least Hall effect
at ordinary temperatures and the greatest temperature coefficient of
the effect.
Cobalt.

The curves for cobalt in Figs. 18 and 19 do not differ essentially

in form from those for iron and nickel in the preceding figures.

For fields less than those necessary to produce saturation the mag-
nitude of the effect at — 190° is not more than three fourths of one
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per cent. of its magnitude at 9g60° and the magnitude at 1,100° is

about one fourth of the
magnitude at g60° C. For
temperatures above the criti-
cal temperature of cobalt it
was not possible to get satis-
factory curves showing the
relation between the Hall
electromotive forces and the
magnetic fields. The thermo-
electromotive forces become
so troublesome at these tem-
peratures and the variation
of the effect with the tem-
perature is so rapid that
accurate observations were
quite impossible. Moreover,
the highest fields to be ob-
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Fig. 18. Cobalt.
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tained for temperatures above goo® C. only amounted to 9,300
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Fig. 19. Cobalt,
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c.g.s. units, because the pole-pieces had to be 3.5 cm. apart in
order to allow the introduction of the electric furnace at these
temperatures. The range of magnetic fields was, therefore, much
less than it had been in the other experiments. It was, however,
possible to obtain two approximate values, one at 1030° and the
other at 1100° C. The magnetic field had an intensity of 8,600
c.g.s. units. These values have been plotted in Fig. 23. Although
they are approximate, large errors in them would not in any im-
portant way affect the character of the curve in that figure. At
either of these temperatures the Hall electromotive force seemed to
be proportional to the magnetic field but the range of fields was so
small and the observations so inexact that not much importance
could be attached to these results. Itisto be noted that saturation in
cobalt occurs at fields which are more intense than those necessary
for saturation in nickel and less intense than those for saturation in
iron. It will appear later that there is a relation between the maxi-
mum value of the intensity of magnetization and the fields necessary
for saturation, and from this relation the fact noted above will find
explanation. As the temperature of the cobalt is raised from
— 190° to 300° C., the saturation points shift toward higher fields.
A further increase of temperature causes the saturation points to
shift back to lower fields. The behavior of cobalt in this respect is
to be contrasted with that of iron and nickel in which an increase of
temperature seems to cause a continuous shift of the saturation
points toward lower fields. The explanation of this difference in
behavior will be presented in a later paragraph. The curves for
cobalt like those for iron and nickel become nearly horizontal after
saturation has been reached.

According to Kundt!® the Hall electromotive force in the magnetic
metals is proportional to the intensity of magnetization and not to
the magnetic field. Saturation would occur in the curves plotted in
this paper, when the intensity of magnetization had reached its maxi-
mum value. The work of Honda and Schimizu * has shown that in
the case of iron and nickel, the maximum value of the intensity of
magnetization is greatest at the temperature of liquid air and with

! Wied. Ann. (49), pp. 257-271, 1893.
2 Phil. Mag. (6), [10], pp. 548 and 642, 1905.
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rising temperature decreases to almost zero at a temperature some-
what above the critical temperature. The rate of decrease is a func-
tion of the temperature and is largest for temperatures which are
in the neighborhood of the critical temperature. In the case of
cobalt, however, the variation of the maximum value of the intensity
of magnetization with the temperature is quite different from what
it is in iron and nickel. From its value at — 186° C. the maximum
value of the intensity of magnetization in cobalt increases with rise
of temperatue toa maximum at 300° C,, then decreases with further
rise of temperature in a way similar to that in which it is found to
behave in nickel and iron.

If the Hall electromotive force is proportional to the intensity of
magnetization, the bends in the curves should occur when the metals
are saturated. If 47 is taken as the demagnetizing factor for a thin
plate, /7', the magnetic field inside of the plate for a particular tem-
perature is given by the equation A’ = H — 4n/, where H is the field
in the air-gap before the plate was introduced and 7 the intensity of
magnetization in the plate. If by increasing /A, A’ is increased in
such a value that 7 becomes a maximum, any further increase in &/
will not increase the Hall electromotive force. Let /_ denote the
value of the intensity of magnetization when the metal is saturated.
Since A’ is small in comparison with /A and 47/, at saturation
4rl = H approximately. The values of / were not known.for
the plates used in these experiments but taking the values from the
data of Honda and Schimizu it is found that the bends in the curves
occur roughly, when // = 4n/,. The fact that /_ is greatest for
iron and least for nickel, offers the explanation for the fact that the
fields necessary for saturation are greatest in iron and least in nickel.
The fact that with increasing fields the Hall electromotive force con-
tinues to increase after the plate is in condition here referred to as
saturation, may be due to the fact that the metal never becomes
completely saturated or it may be that the Hall electromotive force
is not exactly proportional to the intensity of magnetization.

Since according to the data of Honda and Schimizu the maximum
value of the intensity of magnetization decreases from liquid air to
the critical temperature in the case of iron and nickel, the bends in
these curves with rising temperature should shift continuously
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toward lower fields, for 4/ is less for high than for low tempera-
tures. It has been seen that this is precisely what happens in the
case of nickel. In the case of iron it was seen that there is also a
shift toward lower fields with rising temperature. For the reasons
given above it was not possible to determine whether the bends shift
continuously between 22° and 545° toward lower fields. Such a
shift is, however, very probable. It has already been pointed out
that the bends in the curves for cobalt instead of shifting contin-
uously toward lower fields with rising temperature, shift toward
higher fields as the temperature rises from — 190° to 300° and then
shift toward lower fields with further rise of temperature. It will be
recalled that the maximum value of the intensity of magnetization
was found to increase up to 300° C. and then to decrease. It seems
that an increase in the maximum value of the intensity of magnetiza-
tion causes an increase in the field necessary to produce saturation
and that a decrease in the former causes a decrease in the latter.
The temperature at which the bend in cobalt occurs at the highest
field is about 300° C. which is nearly the temperature at which the
maximum value of the intensity of magnetization has its largest
value.
Rotary Coefficients.

It has been shown that in the non-magnetic metals the relation
between £, the Hall electromotive force ; 7, the current in the plate ;
H, the magnetic field ; and &, the thickness of the plate, is expressed
by the equation £= R - Ai[d where R is a factor of proportionality
independent of the current, the thickness of the plate, the magnetic
field and the electromotive force. This equation holds for the
magnetic metals, until the field has reached the value at which sat-
uration begins to appear. For fields greater than these the equa-
tion no longer holds, although the curves after saturation seem to
be straight lines with slopes very different from the slopes before
saturation.

The values of R calculated from this equation are given in Table
IV. for Kahlbaum nickel; in Table V. for Kahlbaum iron; in
Table VI. for electrolytic iron ; and in Table VII. for cobalt. The
units in which current, electromotive force, magnetic field and thick-
ness of the plate have been expressed are those used for the corre-
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TasLE 1IV.
Nickel.
1;‘:;“;::',- Current, c.g.s. | Temperature, C. R X 10° ARjALX 108

2.87 .108 — 190° 1.85

18.5 .103 230 12.7 + 5

18.5 .104 100° 16.3 g
2.87 .103 184° 23.4 p
2.59 .104 300° 40.8 1
2.59 .104 355° 56.0 28
2.59 .103 3850 58.9 o
2.59 .104 395° 19.2 o
2.59 .104 410° 4.5 i
2.59 .104 546° 0.7

sponding quantities in Part I. of this paper. The last column of
each of these tables contains the average change in R per degree
over the successive intervals of temperature, which are given in the
third column of the corresponding table. The first column gives
the thickness of the plate and the second column the current in the
plate.

TaABLE V.
Kahlbaum Iron.
E::.c;‘("l?," Current, c.g.s. | Temperature, C. RX10% AR|At X 104

3.32 .103 ~190° 0.75

8.9 .105 22° 1.0 + ‘1" (5,
8.9 .104 100° 18.9 :
3.32 .104 184° 29.2 L2
3.32 .10 300° 50.4 1.8
9.04 .105 s45° 167 ;';
9.04 .105 654° 243 .
9.04 .108 735° 319 9.3
9.04 .105 796° 120 — 60
9.04 .105 8350 32.8 -2
9.04 .105 900° 9.0 - 37

The relation between R, this factor of proportionality, and 7, the
absolute temperature of the plate, is brought out in Fig. 20 for
Kahlbaum nickel ; in Fig. 21 for Kahlbaum iron; in Fig. 22 for
electrolytic iron ; and in Fig. 23 for cobalt. In these figures the
absolute temperatures of the plate are plotted for abscisse and the
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TaBLE VI
Electrolytic Irom.
";‘g‘:‘(‘fg}- Current, c.g.s. | Temperature, C. R X 103 ‘] ARjAL X 10
1.48 .105 23° 6.6
1.48 .103 100 13.5 o
1.48 .104 184 24.7 2. 1
1.48 .104 300 49.3 37
1.33 .104 540 139 7'3
1.33 .104 664 229 8' s
1.33 .104 750 302 _ 47' 0
1.33 .104 810 162 _ 33' 0
1.33 .104 850 ' 30 )
TasLe VII.
Cobalt.
1;2?:("::," Current, c.g.s. | Temperature, C. R X 10% ARlat X 108

6.34 .103 I —190° L.51 ‘20

21.3 .103 ‘ 23 5.88 -

213 104 100 8.65 :-g
6.34 .104 ; 184 13.6 6. 6
6.34 .104 | 300 21.2 12'5
6.34 .108 ( 516 48.3 28. p
6.34 .104 660 89.4 38- 0
6.34 104 840 158 3

21.3 .105 ‘ 960 200 —200

21.3 .105 : 1,030 170 —130

21.3 .105 I 1,100 60

values of R for ordinates. It will be seen from these curves that
R increases with rise of temperature until the critical temperature
of the metal is reached and that the rate of increase of R also in-
creases up to the critical temperature. In going above the critical
temperature a few degrees the value of R drops suddenly to a small
fraction of its value at the critical temperature. In the case of
iron and nickel R continues to decrease more and more slowly
with further rise of temperature and the curve seems to approach
asymptotically the axis of temperature. In case of cobalt it was
not possible to follow the curve far enough to determine whether it
also approaches asymptotically the axis of temperature. The
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reason for not studying the cobalt above 1100° C. was the fact that
at temperatures above 1100° C. the mica used for insulation almost
fused and became a sufficiently good conductor to make further

observations impossible.
The curve given in Fig.
20is similar to that given
by Clough and Hall}!
although the tempera-
ture at which the de-
crease in R begins is
higher in the curve given
in this paper than in
their curve. This dis-
crepancy may be at-
tributed to difference in

RX 108

purity of the nickel in the two cases.

Fig. 20. Nickel.

Reversal of the Hall Effect in Iron.
In the discussion of the reasons for the reversal of the Hall effect
in iron and its failure to be always proportional to the magnetic
field J. J. Thomson ? has pointed out that in addition to the effect

R 1¢C

300
Fig. 21.

600  gooO

[ g

1200 7T

Kahlbaum iron.

of the magnetic force on
the electrons, while they
are moving over their free
paths, one must take into
account the magnetic force
which acts on the electrons
when collisions between
electrons and molecules
occur. Thomson states
this possible explanation of
the reversed effect in iron

as follows: “Imagine a body whose molecules are little magnets.
Then if the body is placed in a magnetic field so that the lines of
force are vertical and downwards, the molecules will arrange them-

11bid., pp. 189-199.
2 Corpuscular Theory of Matter, p. 70.
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selves so that their axes tend to be vertical, the negative poles
being at the top, the positive poles at the bottom. Then close to
the magnet, in the region between its poles, the lines of force due
to the magnet will be in
the opposite direction to
those due to the magnetic
field and the intensity of
the magnetic force close to
the magnet may be very
much greater than that of
the external field. In this
case when a corpuscle
300 600 900 1200 7 came into collision with a
Fig. 22. Electrolytic iron. molecule the velocity would
be rotated in the opposite
direction to its rotation by the magnetic field before collision with
the magnet — while it was moving over its free path. In this case
the Hall effect would consist of RX10
two terms, one arising from the
mean free path, the other from i
the collisions and these would be 20
of opposite signs.”
If this be the correct explana-
tion of the reversed effect in iron, 15
it seemed that when the tempera-
ture of the iron had been raised o 1
to the critical temperature, the ' /
term in the Hall effect arising
from the collision of electrons 5
with magnetic molecules might =7
be expected to drop out. If one
assumes with Thomson only free
negative electrons in the metal,
the direction of the Hall effect
arising from the action of the magnetic field on the electrons while
they are moving over their free paths must be the same in all metals.
According to this theory the Hall effect might be expected to

RX1c

—_——

—

N

500 1000 1500 7~
Fig. 23. Cobalt,
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change sign at some temperature above the critical temperature and
to have the direction of the effect in bismuth. From Fig. 21 it is
evident that, although there is a sudden change in the magnitude of
the effect in passing through the critical temperature, there is no
indication of a change in the direction of the effect. The per-
meability of iron at 1000° C. is of the order of magnitude of 1.2.
It seems that any term in the Hall effect depending on the magnetic
properties of the iron ought to have nearly dropped out at that
temperature. After passing the critical temperature a few degrees
the influence of temperature on the effect in iron is of the same
nature as its influence in the non-magnetic metals and there is no
better reason for expecting a change of sign in iron with further rise
of temperature than in a non-magnetic metal like platinum or cop-
per. In view of the behavior of iron at temperatures above the
critical temperature it does not seem probable that this explanation
can account for the reversed effect in iron.

The effect in cobalt behaves in essentially the same way as the
effect in iron but, for the reasons given above, observations were not
made at temperatures as far above the critical temperature as in the
case of iron, so that the conclusions for cobalt are less certain than
they are for iron.

SuMMARY.

The chief results of this paper are:

1. The temperature coefficient of the Hall effect in gold, zinc,
platinum, silver and aluminum has for the first time been deter-
mined with certainty and it has been found that with the exception
of aluminum there is in each of these cases a decrease in the effect
as the temperature is raised from — 190° to about 22°. In the
case of aluminum there is an increase, instead of a decrease.

2. The Hall electromotive force in each of these metals at the
temperature of liquid air has been found to be proportional to the
magnetic field.

3. The Hall effect in silicon has been found to have sometimes
the direction of the effect in iron and sometimes the direction of
the effect in bismuth. The purer specimens gave the effect in the
direction of that in iron.

4. A reversal of the thermo-electromotive force in silicon has been
found to be associated with a reversal of the Hall effect.
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5. The Hall electromotive force in silicon has been shown to be
proportional to the magnetic field.

6. The relation between the Hall electromotive force and the
magnetic field has been examined in iron, nickel and cobalt for a
number of temperatures between — 190° and 1100° C. For a
given magnetic field the Hall effect in these metals has been found
to increase with rising temperature until the critical temperature of
the metal in question has been reached. The rate of increase
becomes the greater the nearer the critical temperature is ap-
proached. In passing the critical temperature the effect sinks
rapidly to a small fraction of its original value and then in the case
of iron and nickel, and probably in cobalt, decreases slowly with
further rise of temperature.

7. In the magnetic metals for any particular temperature the Hall
electromotive force is proportional to the magnetic field, until the
maximum intensity of magnetization in the plate has been reached.
After this condition which has been called saturation has been
reached, the curves showing the relation between the Hall electro-
motive force and the magnetic fields are nearly parallel to the axis
of magnetic fields.

8. With increasing temperature the fields necessary to produce
saturation become less in nickel and iron. In cobalt, however, the
fields for saturation become greater with rising temperature until
300° is reached and with further rise of temperature the fields for
saturation become less.

9. In nickel, iron and cobalt at temperatures a few degrees above
the critical temperature the Hall electromotive force is proportional
to the magnetic field over its range in these experiments.

10. It has been pointed out that the explanation of Thomson for
the reversal of the Hall effect in iron is improbable in view of the
fact that the effect in iron does not reverse sign at temperatures
above the critical temperature where it has lost nearly all of its
magnetic properties.

A similar investigation of several series of alloys is already in
progress and the results will be presented in a subsequent paper.

PHYSICAL LABORATORY OF UNIVERSITY OF WISCONSIN,
July 19, 1909.
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ON THE PENETRATING RADIATION AT THE
SURFACE OF THE EARTH.

By G. A, CLINE.
1. INTRODUCTION.

URING the last few years a number of investigators have
made a study of the penetrating radiation which is known to
be present at the surface of the earth with a view to locating its
source or origin. The presence of radioactive substances in the
soil and of radioactive emanations in the atmosphere suggest both
the earth and the atmosphere as sources for part at least of this
radiation. It is possible too for such a penetrating radiation as that.
present at the earth to have its origin in the sun or other celestial
bodies.

It is known besides that the amount of radioactive emanation
present in the atmosphere at any time is largely dependent upon
the barometric changes which have taken place for a short time pre-
viously, and upon the precipitation which has occurred recently in
the locality concerned. If then the penetrating radiation comes.
largely from the atmosphere it would follow from the above con-
siderations that frequent though perhaps irregular changes should
occur in the intensity of the radiation at any particular locality.

If the sun, however, contributed the major portion of the pene-
trating radiation we should then expect to find regular daily varia-
tions in its intensity. On the other hand if the greater part of the
penetrating radiation has its origin in radioactive substances in the
soil and "rocks, we should expect to find but little, if any, variation
in its intensity throughout the day or even from day to day in any
particular region.

One of the first to note a diurnal change in the ionization of air
contained in closed metallic cylinders was J. J. Borgmann.? His

1 Communicated by Professor J. C. McLennan, and read before the Royal Society of

Canada on May 26, 1909.
1 Science Abstracts, 1905, No. 1580.
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experiments were carried out in the neighborhood of St. Petersburg.
Among other results he found that the ionization of the air in cylin-
ders of copper, aluminium, brass, iron, zinc, tin, or lead, increased
for some days after being enclosed, and finally reached a limit.
This limit he found to vary from day to day and even during a
single day. The minimum of conductivity noted by him was most
frequently observed about three o’clock p. m.

Mach and Rimmer ! while investigating the emanation content of
the atmosphere at Vienna also made some measurements on the
ionization of air confined in closed metallic vessels and from their
measurements they were led to conclude that the penetrating
radiation was more intense in the mornings and in.the evenings than
at noonday.

Amongst others Wood and Campbell,? at Cambridge, England,
made an extensive examination of the penetrating radiation for a
daily variation. In their experiments they made measurements on
the ionization in different gases contained in closed metallic vessels
of 6,000 c.c. capacity, and they used a sensitive quadrant elec-
trometer as the measuring instrument.

From their experiments they showed that a periodic variation oc-
curred in the ionization of the enclosed gases having two maxima
and two minima each twenty-four hours. They also showed that
the periodic variation was independent of the nature of the enclosed
gas, and that the periodicity was independent of the metal of which
the enclosing receiver was made. Their ionization curves represent-
ing these periodic changes were found too to be approximately the
same as the curves representing the variations of atmospheric
potential. As to the magnitude of the changes noted these experi-
menters found on the average that the variations in the ionization
which took place in any one day amounted to about 12 per cent. of
the whole.

McKeon,® of Washington, U.S. A., made an attempt to study
the radiation by examining the variations in the potential assumed
by an insulated metal cylinder placed within and completely sur-

! Phys. Zeit., 7, p. 617, Sept. 15, 1906.
2 Phil. Mag., Feb., 1907.
3PHYs REV., 1907.
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rounded by a second metallic cylinder 120 cm. long and 20 cm. in
diameter. In his observations he noted a double daily variation in
the potential of the insulated cylinder. The effect measured in his
experiments, however, does not appear to be exclusively dependent
upon the intensity of the penetrating radiation.

Strong,! of Baltimore, also made a study of this penetrating
radiation using a small enclosed gold-leaf electroscope as the
measuring instrument. In his experiments he observed the loss of
charge from this instrument in a variety of places including (1) a
room in the Physical Laboratory at Johns Hopkins University, (2)
a cistern filled with rain water, the electroscope being placed at the
center and (3) a room in the open country in the State of Pennsyl-
vania near Mechanicsburg. Strong from his measurements drew the
conclusion that the atmosphere contributed by far the major portion
of the penetrating radiation. He found the intensity of the radiation
greater in summer than in winter, and he too noted a double diurnal
period in the ionization in his electroscope. Precipitation of rain or
snow always produced a drop in the intensity of the radiation.
But all changes in intensity were eliminated when he surrounded
his electroscope with thick lead and iron screens. Strong’s meas-
urements are rather remarkable for the extremely wide variations
which they indicated and it is difficult to account for them. On
January 30, 1907, for example, he observed ionizations at various
times of the day represented by 12, 82, 100, 77, on an arbitrary
scale, and again on September 3, 1909, ionizations were observed
represented by 25, 18, 5o and 155, 150, 42, 10, 15 on the same
scale. Variations so extensive as these do not appear to have
been observed by any other investigators and they seem to point to
some very special and exceptional local conditions.

Some experiments were also made recently on this phenomenon
by D. Pacini, at Sestola, in Italy.? This investigator used an alu-
minium-leaf electroscope and studied the ionization in air enclosed
in large zinc receivers. He too found daily maxima and minima
values in the ionization. His minimum observations ranged from
8, 9, 10 to 12 ions per c.c. per second while his maximum observa-

1 PHys. REv., July, 1908.
2Rend. Acc. Lincei, 18, 123-129, 1909.
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tions extended in some cases to as high as 30 ions per c.c. per
second. His ionization values present a double daily period with
two maxima at two to three o’clock and nine to ten o’clock, and
two minima from seven to eight o'clock and from twelve to one
o’clock.

Wulf! too who devised a new type of electrometer, the movable
system of which consists of a double conducting quartz thread,
has applied this instrument also to the investigation of the penetrat-
ing radiation. His experiments were carried out at Valkenburg in
Holland, both on the surface of the earth and in the chalk quarries
in the neighborhood of that municipality. He too found a parallel-
ism between the intensity of the penetrating radiation and that of
the atmospheric potential, maximum values being obtained for both
phenomena in the summer about eight or nine in the morning and
evening and minima about noon and midnight. In winter the mid-
day minimum was only slightly marked.

The amplitude of the morning variations was found to be about
16 per cent., while that of the afternoon ones was about 10 per cent.
of the total ionization. The mean ionization corresponded to from
25 to 30 ions per c.c. per second. The ionizations observed in the
measurements in the chalk quarries were found to be only about 42
per cent. of those obtained on the surface of the ground.

In this connection it will be recalled that Elster and Geitel ? ob-
served a fall of 28 per cent. in the conductivity of air enclosed in an
aluminium receiver when the apparatus was taken from the surface
down to the bottom of a rock salt mine. It will be remembered
too that C. S. Wright in his experiments at Toronto found the con-
ductivity of air confined in closed metallic vessels in experiments on
the ice of Lake Ontario to be about 46 per cent. less than in similar
ones made on the lawn in the neighborhood of the physical labor-
atory. It will be recalled too that the ionization values obtained by
Wright on the sand bars on the island near Toronto were but
slightly higher than those obtained by him on the ice. The experi-
ments at Toronto coupled with those at Valkenburg, and with those
of Elster and Geitel, would seem to show that the earth and not the
atmosphere is the source of the penetrating radiation and that certain

1 Phys. Zeit., 10, 1909, 152-157.
¢ Phys. Zeit., No. 1, 1905, p. 733.
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waters, soils and salt deposits are comparatively free from radio-
active substances, and can therefore act as efficient screens. Italso
seems evident from these experiments that the penetrating radiation,
in some localities at least, does not come from a very great depth in
the earth’s crust.

The experiments made at Sestola, however, seem to point to the
atmosphere as the source of the radiation.

By an inspection of the data furnished it will be seen that very
little connection exists between the times of the maxima and minima
obtained in the different localities mentioned. It seems evident,
too, after surveying all the recorded observations that the varia-
tions noted must be ascribed to changes in atmospheric conditions
rather than to solar influences. No such regularity occurs in the
variations as one should expect if the penetrating radiation had its
origin in the sun. : .

In the course of his experiments at Toronto, C. S. Wright on
several occasions made observations on the conductivity of air
enclosed in metallic receivers over periods of time extending in some
cases up to six or seven hours. Two typical sets of observations
are given in the following table and from the readings recorded

TasLe I.
Time. ro N duced ot & PO e

December 24, 1907. 10:23 a. m. 22.48
10:43 22.51

11:10 22.54

11:32 22.45

11:55 21.74

12:15 p. m. 22.73

12:40 21.96

1:00 22.94

December 26, 1907.  9:35 a. m. 22.44
9:58 21.86

10:20 21.87

10:45 22.25

11:05 22.96

11:28 22.79

11:50 22.53

3:55 p. m. 22.65

4:15 22.54

4:40 22.94

Mean ﬁ
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it will be seen that there is no evidence of any appreciable regular
variation in conductivity, and it is to be noted also that the extreme
values obtained for the conductivity did not differ from the mean by
more than 3 per cent. of the latter.

It would seem from these observations, therefore, that very little
diurnal variation exists in the penetrating radiation at Toronto.
Wright's observations, however, were extremely limited in number
and it was decided to extend them, in order to ascertain whether it
would be necessary to modify in any way the conclusions which
might be drawn from them. The following paper contains an
account of these observations and it will seen from the results that
they point quite definitely to the absence of any regular diurnal
variations.

2. APPARATUS.

The measuring instrument used was the latest type of Wilson
gold-leaf electroscope, and the arrangement of apparatus adopted
' is shown in Fig. 1. The case of
the electroscope was joined to
earth and the leaf system to an
electrode which passed up into
the ionizing chamber R. This
chamber was insulated from the
electroscope case, and could be
charged as desired by means of
the battery B to any selected
potential. Attached also to the
leaf system was the inner tube of
the sliding condenser C, for de-
tails of which the reader is re-
ferred to the paper by C. S.
Wright mentioned above. In
the measurements to be de-
scribed the receiver was charged

Fig. 1. negatively to about 180 volts,

which was found sufficient to in-

sure a saturation current. The small quartz Leyden jar Q was kept
at a negative potential of approximately 50 volts, and the slide tube
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condenser C at varying negative voltages depending on the sensi-
bility desired.

By moving this condenser any charge acquired by the gold leaf
system through the conductivity of the air enclosed in R could be
annulled. In the experiments the condenser was always moved
over a standard distance and the time was taken for the conduction
current to annul the deflection of the gold leaf produced by the dis-
placement of the sliding condenser.

The charge annulled per unit voltage applied to the compensa-
tor tube was .00501 e.s.u., a number which was determined by
using the auxiliary parallel plate condenser supplied with the instru-
ment.

Assuming the charge carried by an ion to be 3.4 x 10~ e.s.u,,
it follows when the volume of the receiver is known and also the
time required for the conduction current to annul a given quantity
of electricity, that the'number of ions per c.c. per second “¢” in the
receiver R can be readily found.

3. EXPERIMENTS, SERIES I.

In this series of experiments the receiver R was made of sheet
zinc. The potentials used were obtained from a set of small dry
cells which remained constant over the whole range of measurements.

The receiver R, whose capacity was 31,180 c.c., was kept.at a
constant potential of 184.5 volts, throughout, the Leyden jar Q at
51.5 volts and the sliding condenser C at 13.2 volts. In this series
of measurements the receiver was not hermetically sealed, so that bar-
ometric changes were necessarily followed by changes in the air
content of the receiver.

The readings were taken visually and were commenced by a few
preliminary observations over periods of from four to six hours’ dura-
tion selected from different parts of the day. These were afterwards
followed by observations taken continuously over a twenty-four hour
period.

In the measurements for the shorter periods the apparatus was
set up in a room in the Physical Laboratory and rested on a solid
stone table which constituted the sill of one of the windows in the
room.
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The first observations were taken during the evening of November
25, 1908, and are shown in Fig. 2. During the readings the barom-
eter was practically stationary and stood at 753 mm. The mean

3 >

No. of ions per c.c. per second.
’ H

Som 9 ” ” 4
Time o/‘ oay
Fig. 2.
November 25, 1908 ; barometer, 753.

value of the readings it will be seen was 15.95 ions. In no case
was there a deviation from the mean value of greater than 3 per
cent., and the curve shows no evidence of any marked variations
which might be ascribed to changes in the radiations which con-
tributed to the conductivity of the enclosed air.

Similar sets of observations were taken on the afternoon and even-
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November 27, 1908 ; barometer, 760.
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ing of November 27, 1908, and are illustrated by the curves shown
in Figs. 3 and 4. Here again it will be seen that the extreme
deviation from the mean value did not exceed 3.5 per cent. More-
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Fig. 4.
November 27 and 28, 1908 ; barometer, 762.4.

over, the variations which did occur represent practically the limits
of accuracy with which the readings could be taken by the measur-
ing instrument.

Again, sets of observations were taken on the afternoons of De-
cember 3, 4 and 7, the results being shown in Figs. 5, 6 and 7.

2
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Fig. 5.
December 3, 1908 ; barometer, 762.5 to 761.6.

From these it will be seen that in one case the deviations from the
mean were not greater than 1.5 per cent., while in the other two
they did not exceed 3 per cent.

Further the curves shown in Figs. 2, 3, 4, 5, 6 and 7 indicate, it
will be seen, but little variation during the periods of taking the
readings. The readings from day to day, however, showed con-
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siderable variation but these were no doubt due to variations in the
amount of radioactive emanation present in the atmosphere. As
the receiver was not hermetically sealed the free interchange of air
which this condition permitted could easily account for the differ-
ences noted.
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Fig. 6.
December 4, 1908 ; barometer, 747.2.

A point of interest in connection with these observations and one
which has been observed by other investigators was that the ioniza-
tion was greater when the barometric pressure was low than when
it was high. A falling barometer would promote the effusion of
gases occluded in the soil, and this process of effusion would con-
sequently result in an increase in the amount of emanation present
in the air and so account for the higher conductivity.
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Ions per c.c. per second.

Fig. 7.
December 7, 1908 ; barometer, 747.7.

It was also noted in these experiments that the conductivity of
the air in the cylinder was less for corresponding barometric pres-
sures when the ground was frozen and covered with snow than
when the temperature was above freezing point and the ground
bare.
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After completing the preliminary series of measurements just
described it was decided to undertake a series extending over a
twenty-four hour period. The readings were taken on December
18 and 19, 1908, in the library of the Physical Laboratory. This
was a large well ventilated room facing the southeast and in it the
apparatus was set up on a table close to one of the windows. Dur-
ing this set of observations the barometer remained fairly steady,
the maximum change being from 746.3 to 749.5. The readings
are shown in Fig. 8.

From an inspection of these readings and the curve, it will be
seen that there is no evidence of a regular diurnal variation in the
ionization. The extreme deviations in the readings from the mean
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Fig. 8. ’

Open zinc receiver.

taken throughout the whole period were not greater than 3 per
cent., and as the instrument could not be used under the conditions
of the experiment to give a greater accuracy than 2 or 3 per cent.
one is forced to conclude from these observations that at Toronto
there are no daily variations in the intensity of the penetrating radia-
tion greater in magnitude than such variations as came within the
limits of sensibility of the measuring apparatus.

In the experiments which have been described no special precau-
tions were taken to have the cylinder hermetically sealed. At a
number of joints minute openings were left unclosed and so there
must necessarily have been a constant interchange between the air
inside the cylinder and that outside. It is worthy of note to observe
that even with this interchange only very small variations in the
conductivity of the air occurred during the twenty-four hour period.
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4. ExPERIMENTS, SERIES II.

In order to submit the question of a diurnal change in the inten-
sity of the penetrating radiation to a further test a second set of
readings was taken over a period of twenty-four hours. In these a
cylinder of galvanized iron was used of capacity 29,950 c.c. The
electrode in this case was divided into sections, the one portion ex-
tending from the gold leaf to the top of the electroscope and the
other being supported by insulating materials in position in the
cylinder. The insulated electrode in the receiver was protected by
an earthed guard tube which was also sealed in position and finally
all the joints of the cylinder were made air tight by means of either
solder or marine glue.

When the cylinder was placed in position above the electroscope

a small spring made metallic contact between the two sections of
the electrode.

o

Ions per c.c. per second.

4

Fig. 9.
Closed galvanized iron receiver.

A small glass U-tube mercury manometer was also sealed into
the side of the receiver to give indication of any air leak in the vessel.

In preparing for the observations care was taken to thoroughly
clean the inside of the receiver and freshly filtered air was intro-
duced into it to a pressure slightly greater than atmospheric pres-
sure. This slight excess of the inside pressure over that of the
atmosphere outside produced a difference of level in the two arms
of the manometer. From the manner in which this difference of
level followed the changes in the barometer it was soon seen that
the receiver was airtight, and therefore in the condition desired for
the observations.

When this point was made certain the readings were commenced.




No. 1.} PENETRATING RADIATION OF THE EARTH. 47

These were taken on December 18 and 19, 1908, and are shown
in Fig. 9.

This curve also, it will be seen, shows no regular periodic vari-
ation. Further the greatest deviation from the mean value was not
more than 4 per cent. The capacity of the measuring system was
greater in this set of measurements than in the previous one but the
same voltage was applied to the sliding condenser as in the previous
measurements. The result of this change was to reduce the sensi-
bility of the apparatus slightly and this would account for the 4
per cent. variations in the readings apart altogether from any vari-
ation in the conductivity.

A point of special interest in connection with the readings is the
gradual drop which they indicate in the conductivity of the enclosed
air. This drop, which has been observed by others in similar
measurements, was no doubt due to the gradual removal by the
field of the suspension particles designated by Langevin ' as * large
ions”’ and first investigated by him. When the air was introduced
into the receiver it was passed through a tube filled with cotton
wool. This filter it was thought would remove all the dust and fine
particles in suspension, but it was found after the completion of the
measurement.  “* when air filtered in the same way was ed into
an expansion cloud chamber of the C. T. R. Wilson type that it
still contained suspension particles in abundance which acted as
cloud nuclei. During these measurements the barometer only
changed from 744 to 752 mm,

On account of the higher radioactivity possessed by the walls of
this receiver the conductivity of the air in this case was about
double its value in the early measurements. This enabled the writer
to take a greater number of observations in a given time, but on
account of the failure to increase the voltage of the condenser tube
it did not contribute anything to the sensitiveness with which the
readings were taken,

5. ExPERIMENTS, SERIEs III.

The experiments which have been described up to the present
were all conducted indoors and as the walls of the physics building:

! Comptes Rendus, 140, pp. 232, 1905.
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very probably reduced in some degree the intensity of the penetrat-
ing radiation it was thought best to complete the series of observa-
tions by placing the receiver of the apparatus outside and so exposed
directly to the atmosphere.

To accomplish this the electroscope was taken to the attic of the
building and set up beneath a small opening in the roof. The re-
ceiver was placed on the roof over this opening on insulating sup-
ports and the electrode which it carried was joined to that of the
leaf system by the insertion of a light metal rod 124 meters in
length. A guard tube was also added to protect this added length
to the electrode.

In setting up the apparatus this time a lining of thick sheet zinc
was inserted which had been carefully abraded with fine glass paper
and then thoroughly washed in turn with dilute hydrochloric acid,
ammonia, methyl alcohol and distilled water. Fresh filtered air
was drawn into the receiver and it was then hermetically sealed.
Readings were taken immediately afterwards. In this case also it
was noticed that the conductivity of the air gradually decreased and
ultimately assumed a steady value. In the initial measuréments the
conductivity corresponded to as high as 19 ions per c.c. per second,
but in the steady state it approximated to the generation of only
11.0 ions per c.c. per second.

This low value illustrates the great differences which exist in the
radioactivity of different metals. With the galvanized iron cylinder
alone it will be remembered that the conductivity corresponded to
the production of about 35 ions per c.c. per second. The insertion
of the zinc lining, it will be seen, therefore cut off by far the greater
portion of the radiation from the galvanized iron. The reduction
in the conductivity of the enclosed air necessarily made that portion
contributed -by the penetrating radiation of greater relative impor-
tance and it was thought that a more severe test would thus be
available for the detection of diurnal variations. It was found how-
ever that the insertion of the long electrode greatly reduced the
sensibility of the electroscope. By the addition of this the capacity
of the instrument was nearly trebled, and consequently, although
the displacement of the gold leaf for a given movement of the con-
denser tube could be increased by adding to the voltage of the latter
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still this device had the defect of adding to the time of taking a
reading, and as it was desirable to have the readings taken as fre-
quently as possible it was found necessary, therefore, to apply only
a moderate voltage to the condenser. For this purpose a potential
of 21 volts was maintained on the condenser tube, and this per-

mitted readings to be taken, though with diminished accuracy, every
15 or 20 minutes.
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March 15.

With the apparatus set up in the manner just described sets of
readings were taken during the afternoons of March 15, 22 and 26,
1909, the results being shown in Figs. 10, 11 and 12.

4 .
N
3
N
-2;41 < 4 £ K3 -]

TmE i 22
Fig. 11,

The readings for the three afternoons, it will be seen, approxi-
mated to 11 ions per c.c. per second.

By comparing the three curves it will be seen that although the
readings were not uniformly regular still no periodic daily variation
was brought into evidence. On March 28 and 29 and again on
April 4 and 5, 1909, readings were again taken with this apparatus
continuously over periods of twenty-four hours, as shown in Figs.
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13 and 14. These readings it will be seen are far from being so
uniform as those of the earlier observations. The variations from
the mean it will be seen are very considerable, and are attributable,
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in the judgment of the writer, to the lack of sensitiveness in the in-
strument and the consequent difficulty in taking the readings, rather
than to any variations in external influences.

In Fig. 13 the barometric curve is drawn for the corresponding
twenty-four hour period. From an inspection of the two curves
there does not appear to be any connection between the changes in
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conductivity and the changes in atmospheric pressure as indicated
by the barometric readings.

In order to see whether a combination of the curves shown in
Figs. 13 and 14 would give any indication of a pronounced maximum
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Fig. 14.

and minimum conductivity the two curves were compounded by
taking the mean of the readings for the same time of the day. The
individual curves are shown overlapping in the upper portion of Fig.
15, and the compound curve is shown at the bottom of the same
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figure. From the figure, however, it is impossible to draw the con-
clusion that any maximum or minimum conductivity was associated
with any particular hours of the day.

While the lack of sensibility in the measuring instruments pre-
vented these later observations from leading to as satisfactory con-
clusions as might be desirable, still they agree with the earlier ones
in failing to point to any variation of a regular diurnal character,
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and in this they seem to show that the conditions at Toronto are
somewhat different from those which prevail in a number of other
localities where similar observations have been made.

The writer had hoped to continue the investigation out in the open
country with the electroscope arranged as adjusted for maximum
sensibility, and possibly too with auxiliary apparatus attached for
taking the readings automatically in place of taking them visually,
but time has not permitted and the further investigation of this point
has been of necessity deferred.

6. SUMMARY.

In summarizing the results of the investigation the following are
the chief points which have been noted.

(2) With an open receiver. (1) No daily regular maxima or
minima conductivities were observed. (2) Changes in conductivity
occurred from day to day which seemed to be directly connected
with concurrent barometric changes. (3) The conductivity was
found to be slightly less when the ground was frozen and covered
with snow, than when it was bare and the temperature was above
freezing point. '

(6) Witha closed receiver. (1) Larger variations in the conduc-
tivity were observed but no regular diurnal maxima or minima
values were noted. The larger variations in the conductivity were
attributed to a lack in the sensitiveness of the measuring electro-
scope. (2) Different metals which were used in the construction
of the receiver were found to possess different activities, zinc being
very low. (3) Atmospheric air even when well filtered through
cotton wool was found to contain many suspension particles.

As a general result of the investigation it would appear that the
soil contributes by far the greater proportion of the penetrating
radiation present at the earth’s surface at Toronto and, by compari-
son, any that may have its source in the atmosphere or in the sun
may be considered to be negligible in amount.

In closing I wish to express my gratitude to Professor McLennan
for his kindness throughout the research, for suggestions and for
assistance in overcoming mechanical difficulties. My best thanks
are also due Mr. E. F. Burton for his kindness in taking a number
of the readings.
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THE VARIATION WITH VELOCITY OF ¢/m FOR
CATHODE RAYS.

By C. A. ProcrToOR.

HE experimental investigation of the variation with velocity of
electromagnetic mass has been carried out with great care by
Kaufmann' and Biicherer ? with the aid of the 8 rays from radium.
The conclusions from these two researches are not in accord, and
while the weight of evidence since the recent publication of Biicherer's
results is certainly on the side of the Lorentz-Einstein rather than
that of the Abraham theory, it is important that these results should
be checked by different observers and different methods. There are
two reasons at least why it appears the best check would be fur-
nished by measurements on cathode rays in a very high vacuum.
The range of velocities covered by the 3 rays is from about four to
nine tenths of the velocity of light. Experiments with cathode rays
would cover quite a different range — probably from about one to
six tenths of the velocity of light. Furthermore a series of simul-
taneous measurements of discharge potentials, electric deflection
and magnetic deflection furnishes a double check on the accuracy of
the theoretical formule, since the longitudinal as well as the trans-
verse inertia of the electrons here comes into play. This phase of
the question has been discussed in some detail by Planck.® It is in
this respect that the discharge tube has a distinct advantage over
radium rays, since in observations upon the latter the only quanti-
ties measured are the two deflections and in consequence the trans-
verse mass alone is involved.
Such a series of measurements has been carried out by H. Starke,*
but the range of potentials was too small or the experimental error

1 Kaufmann, Ann. d. Phys., 19, p. 487, 1906.

% Biicherer, Ann. d. Phys., 29, p. 589, 1909.

3 Planck, Verh. der D. Phys. Ges., 8, p. 418, 1906.
4Starke, Verh. der D. Phys. Ges., 8, p. 418, 1906,
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too large for the results to be of value as evidence in favor of one
theory or the other. The work of Classen® and Besthemeyer? also
touches upon this question, but in neither case does the experi-
menter consider that any conclusive results have been reached.

It was in the hope of obtaining measurements over a sufficient
range and of sufficient accuracy to be admissible as evidence on this

matter that the work about to be described was
5 undertaken. The results so far obtained are
based on measurements of the two deflections
alone, and cover a range of velocities only from
twelve to forty-three hundredths of the velocity
of light. Nevertheless they seem to be of suf-
ficient interest to warrant their publication at this
time especially as they are in much closer agree-
ment with the Abraham than with the Lorentz
theory.

That the discharge in a cathode tube may take
place in the highest possible vacuum, whatever
the discharge potential, a condition clearly de-
sirable if not essential, it is necessary to excite it
by external means. Two such means suggest
themselves — ultra-violet light and the Wehnelt
2 cathode. The former was tried by the writer.
The discharge tube was provided with a short
branch (&), Fig. 1, closed by a quartz window.
Through this window the aluminum cathode was

Fig. 1. illuminated by a powerful oscillatory spark be-
tween zinc electrodes. While this spark was

rich in ultra-violet light the discharge produced by it was insufficient
to cause the screen in the tube to fluoresce even at high discharge
potentials. Careful cleaning of the cathode and modifications of the
spark circuit failed to change this condition. In view of the results
obtained by Lenard this was most surprising, and the writer has
been entirely at a loss to account for it. In subsequent work a
Wehnelt cathode will be employed as experiment shows that there

1Classen, Verh. der D. Phys. Ges.
? Besthemeyer, Ann. d. Phys., 22, p. 429, 1907.
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is no difficulty in obtaining a sufficient discharge from it. In the
measurements so far made the potential was controlled largely by
the degree of vacuum in the tube. The effect of this on the results
will be considered later.

To obtain potential measurements of sufficient accuracy to be of
any value, a voltometer which can be read quickly and whose read-
ings can be relied on to a fraction of one per cent. is essential.
None of the various arrangements of apparatus so far tried by the
writer has met these requirements at high potentials, so that only
readings of magnetic and electric deflections have as yet been ob-
tained. A new voltometer of the general design of that used by
Miiller ! is now under construction in the shop of Ryerson laboratory.
Judging by Miiller's results this should meet the needs of the experi-
ment.

The arrangement of the discharge tube is shown in the accom-
panying sketch. The anode (Fig. 1) is a brass cylinder closed at
one end except for a slit 0.5 mm. wide and 1.5 cm. long. The
condenser (¢) consists of two brass plates 4.2 X 2.4 cm. and 0.47
cm. apart. The end of the tube opposite the cathode is closed by
a piece of plate glass coated on the inner side with calcium tung-
state and cemented on.

The length of the condenser, distance from anode to screen, and
distance from condenser to screen which enter into the computation
of the electric field integral were measured with a steel scale gradu-
ated in hundredths of an inch. The distance between the condenser
plates was measured by means of a cathetometer, From the dimen-
sions so obtained the electric field integral

fdex-dx

was computed with the aid of Maxwell's formula. The value ob-
tained was held under suspicion, however, as the proximity of the
walls of the tube, shielded by grounded tinfoil, to the end of the con-
denser next the anode rendered questionable the applicability of the
formula. This suspicion was confirmed by the fact that the values
of ¢/m at low velocities computed from this value of the field integral

1 Ann. d. Phys. (28), 3, p. 591, 1909,
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were impossibly large. It was accordingly thought best to deter-
mine this quantity as follows. A series of forty readings were
taken of the magnetic deflection and discharge potential at about
8,000 volts. At this value the potential, furnished by a twenty-four
plate static machine, could be held very constant and measured with
considerable accuracy with a Braun 10,000-volt electrometer. From
these readings the values of ¢/m and the velocity were obtained in
the usual way and the value of ¢/m for zero velocity computed
with the aid of the Abraham formula. The value obtained was
1.859 x 10°. This agrees within the limits of experimental error
with that of Simon ! but not with the more recently published results
of Classen, Besthemeyer and Biicherer. It should be noted how-
ever that a very considerable change in this value would not appre-
ciably affect the conclusions regarding relative values of ¢/ at dif-
ferent velocities. From this value of ¢/ and a series of readings
of the electric and magnetic deflections also taken at discharge
potentials of about 8,000 volts the value of the electric field integral
was computed. The value thus obtained was about 10 per cent.
less than that given by Maxwell’s formula and was used in all sub-
sequent computations. - The justification for this method of deter-
mining the field integral is found in the work of Seitz,® who has
shown that it is correct at the potentials here employed.

The magnetic field was obtained by means of a solenoid 24 cm.
in diameter made in two sections each 48 cm. long and separated by
a gap of 3 cm. to allow of the introduction of the discharge tube.
This was mounted with its axis east and west and the discharge
tube was so placed that the undeflected rays cut this axis at right
angles. As the discharge tube was horizontal there was a con-
siderable lateral deflection of the rays at low potentials due to the
vertical component of the earth’s field. This was compensated by
a large horizontal coil immediately beneath the tube. The form of
the magnetic ficld, proper position of the tube with reference to the
solenoid, and correction for finite curvature of the magnetically de-
flected rays were determined by the methods given in detail by S.
Simon.* The absolute value of the field on the axis of the solenoid

1S. Simon, Ann. d. Phys., 69, p. 589, 1899.
2W. Seitz, Ann, d. Phys., 8, p. 233, 1902.
S, Simon, Z c.



No. 1.] VARIATION WITH VELOCITY. 57

was determined as follows : A magnetometer with a heavy phosphor-
bronze suspension was mounted so that the magnet was on the axis
of the solenoid where the field is sensibly uniform, and adjusted
until the magnet was perpendicular to this axis. This condition
was judged to be fulfilled when the deflections on opposite sides of
the zero were the same for any current within the possible range.
The mean deflection for a known current was then determined from
ten separate readings. This work was then repeated substituting
for the solenoid employed in the experiment another solenoid whose
field could be computed from its known dimensions. This refer-
ence solenoid was made, and has been repeatedly used, for the
determination of the absolute value of the ohm. As in that work it
gives results correct to within o.1 per cent. there can be no .doubt
that its computed field is very little in error. Currents were meas-
ured with an “ American’ ammeter which was calibrated through-
out its range by comparison with a Kelvin balance whose accuracy
had been recently checked with the silver voltameter. Two deter-
minations of the field made as above with different magnetometers
and widely different currents gave values differing by 0.3 per cent.
and their mean was taken as the value of the field.

The potential difference in the plates of the condenser was ob-
tained from a battery of small storage cells. The values used
ranged from 70 to 800 volts. This potential was measured with
a 320-volt Kelvin multicellular voltometer, calibrated by com-
parison with a 300-volt Weston direct current instrument. The
Weston instrument itself was sent to the Bureau of Standards for
calibration. A resistance of 10,000 ohms was placed in series with
the battery and condenser. The potential was found to remain sen-
sibly constant during any series of readings. Its value was there-
fore taken only at the beginning and end of each series and the mean
used. These readings were commonly taken while the discharge
was passing through the tube. Repeated tests showed, however,
that the readings were the same when the discharge was not passing.

The general procedure in taking readings was as follows: The
condenser potential and current in the solenoid were so adjusted that
the deflection due to either was from one to two centimeters at the
particular discharge potential employed. Readings of the electric
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and magnetic deflections were then taken alternately until a series
usually consisting of five of each was obtained. The deflections
were measured with a cathetometer which could be set on the
fluorescent spot with an error not greater than 0.o02mm. The cur-
rent in the solenoid was read with each of the magnetic deflections.
The means of the currents and of each set of deflections were
then taken. Readings were taken in this way to eliminate as far as
possible the effect of the unsteadiness in the discharge potential
which could not be held perfectly constant. The variations were
commonly of the order of 1 per cent. The deflection per ampere
in the solenoid and per 100 volts difference of potential on the con-
denser were then computed.

Forty-four pairs of magnetic and electric deflections obtained as
above were for comparison with the theoretical formula divided into
ten groups according to magnitude and the mean of each group taken.
From the magnetic deflections the value of ¢/ for zero velocity, and
the constants of the apparatus, the electric deflections to be expected
on the Lorentz-Einstein and the Abraham theories were computed.

The reduction of observations was made by this method for the
sake of comparing results with those of Kaufmann, to whom it is due.
The method is in brief as follows :

If s = magnetic deflection corrected for finite curvature,

y = electric deflection,
M = magnetic field integral,
E = electric field integral,
¢ = charge on electrons,
m = mass of electrons,
= velocity of electron divided by velocity of light,
¢ = velocity of light,
we have from the ordinary theory

eM
2= 7”—37,;

_eE
r mBE

If we set m = m,¢() where m, is the mass of the electron at zero
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velocity and ¢(B) expresses the dependence of mass upon velocity
we have

eM 1

£= moc Bo(By
_eE 1
7=, BBy

If we know ¢/m,, z and the form of the function ¢(8) we can com-
pute y. For the details of this computation the reader is referred
to Kaufmann's paper. For the Lorentz-Einstein theory we have

¢(B)= (1 — A

For the Abraham theory we have

R

Table I. shows the results of computation compared with observed
deflections. There is close agreement between the writer's results

Tasre I

8 l Magnetic - Elect. Defn. Elect. Defn. Per | Elect. Defn. Per
Defn. Observed. Lorents. Cent. Abraham. Cent.

432 2.678 0.1467 0.1511 3.0 0.1486 1.3
.408 2.866 0.1665 0.1712 2.8 0.1686 1.2
.387 3.022 0.1849 0.1887 1.9 0.1862 0.7
341 3.485 0.2423 0.2465 1.7 0.2438 0.6
.285 4.205 0.3499 0.3525 0.7 0.3499 0.0
.229 5.353 0.5545 0.5657 2.0 0.5614 1.2
.187 6.535 0.8306 0.8313 0.1 0.8296 —-0.1
.157 7.857 1.188 1.195 0.6 1.194 0.5
.140 8.749 1.483 1.478 -0.3 1.476 —0.5
.123 10.043 1.932 1.943 0.6 1.943 0.6

and those of Kaufmann, the variations of computed from observed
values being in the same direction in both cases and about twice as
great for the Lorentz formula as for the Abraham. On the other hand,
both are quite different from those given by the recent experiments
©of Biicherer, who finds complete agreement between experiment and

1 Abraham, Theorie d. Elect., Vol. II., pp. 191 and 203.
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the Lorentz formula. A careful consideration of possible sources
of error fails to reveal any that could account for the large discrep-
ancy between the results and those of Biicherer, unless it be the
residual gas in the dischage tube. As the discharge potential was
controlled to a large extent by the degree of vacuum in the tube
there was a considerable amount of gas present at the lower poten-
tials. As has been pointed out by J. J. Thomson and others it is
a matter of uncertainty how much this may affect the values of ¢/m
obtained. In his discussion of Kaufmann’s results Planck® has
shown that some modification of the theory of the experiment is
necessary, as the value of the velocity of the electrons computed
from the apparatus constants and the smallest deflections is greater
than the velocity of light, and that they conform more nearly to the
Lorentz than to the Abraham formula if the assumption is made
that the electric field integral is modified by the presence of residual
gas. An attempt to apply this to the writer's results leads to diffi-
culty, for the effect in question is a reduction of the electric field
integral and we should expect this reduction to increase with the
amount of gas present. In the present work then this effect should
be greatest at the low discharge potentials and diminish progres-
sively as the potential increased. If we took account of this in com-
puting the results the apparent variation of ¢/m with velocity would
become smaller. As it is already too small to fit either theory it
is evident that this explanation in its present form does not suffice.
Another method of exhibiting the results is shown in Table II.
From the observed deflections and constants of the apparatus 8 and
¢/m are computed. These appear in columns one and two of the

TasLe II.

Magnetic | Elect. Elect. Magoetic | Elect. | Eject, Defn.
B Do | Defo, | Detn || 8 VB | Defa | Abranam.
432 | 1738 | L927 | L3886 ‘ 229 | 1838 | 1.888 | 1877
408 | 1755 | 1922 | 1885 | .187 | 1.828 | 1.861 | 1.854
387 | 1757 | 1905 | 1873 | 157 | 1ses | 1e7m1 | 1866
341 | 1783 l 1896 | 1.872 | .140 | 1835 | 1.853 | 1.849
285 | 1796 | 1875 | 1858 || .123 | 1856 | 1871 | 1.867

! Verh. d. El. Phys, Gesch., 9, p. 301, 1907.
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table. From them are computed the value of ¢/, by the Lorentz
and by the Abraham formulez. These are shown in columns three
and four. If either formula exactly represented the observations
e/m, should be constant. The
values computed from the Abra-
ham formula are perhaps con-
stant to within the limits of
observational errror, but those
computed from the Lorentz
formula certainly are not.

Fig. 2 shows the observed
values of ¢/m as a function of
B, and the values computed
from the two formula in ques-
tion. .
In conclusion I wish to express my great indebtedness to Profes-
sor Millikan to whose suggestion this work is due, and who has
during its progress been ever ready with friendly interest and help-
ful advice.

July 13, 1909.

Fig. 2.
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THE FATIGUE OF METALS SUBJECTED TO THE
ROENTGEN RADIATION.

By R. C. Gowbpy.

ROFESSOR L. T. MORE"' has found that the secondary

Roentgen radiation from metals is not independent of the

duration of the exposure, but that the metals suffer a fatigue com-
parable to that produced by ultra-violet light.

His results show that the radiations from old surfaces of iron,
lead, nickel and zinc, exposed to air, depend on the duration of the
exposure, while the radiations from aluminium and copper are nearly
constant.

Freshly polished surfaces of iron and lead show an initial rise in
sensitiveness.

The effects when the metals are surrounded by an atmosphere of
coal gas do not differ from those obtained in air. Aninert gas, like
hydrogen, seems to reduce the fatigue, while the presence of ozone
increases it, though not in any way comparable to the extent noted
by Hallwachs? for the ultra-violet radiation.

In conclusion the writer states that his results indicate that the
fatigue is caused by “ changes in the gas in or on the plates, rather
than any changes in the metals themselves.”

Following the suggestion of Professor More, this work has been
carried on for the purpose of verifying his results and continuing the
investigation, particular attention being given to the effect of oxida-
tion on the behavior of the secondary radiation.

The first measurements of fatigue in this paper were made by the
method described in the earlier paper by Professor More. A brief
account of the method will be sufficient here. For more detailed
description the reader is referred to the above mentioned work.

! More, Phil. Mag., XIII., 1907, p. 708.
2 Hallwachs, Sitzungsber. der Ges. der Wissensch. zu Leipzig, LVIIIL., 1906, p. 341.
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The Roentgen radiation is allowed to fall upon two similar plates,
and their secondary radiations are measured and compared. If then
one of these plates, which we will call the ¢ standard,” be shielded
from the radiation, and the other, known as the “trial " plate, be
exposed for a length of time, a second comparison of the radiations
may be expected to show any change in sensitiveness of the ¢ trial ”’
plate, due to its prolonged exposure to the X-rays.

This method, being comparative, eliminates to a great extent the
variations in the working of the coil and bulb from one set of obser-
vations to the next, but assumes that the primary radiation is con-
stant or varies regularly during each particular set of measurements.
Even with the most careful manipulation, irregularities in the action
of the coil and bulb introduce considerable error, in some cases
masking the effects sought.

If the radiation from both plates could be measured at the same
time, and by the same instrument, the effect of the irregularities
above noted would be nearly eliminated. A differential method
was therefore devised, which accomplished practically this result.

v A\

€L

\ |
-
N \
N>
S
Ciaplo-orle - 140
*Itg
Fig. 1.

Fig. 1 represents diagrammatically the arrangement of the new
apparatus.

The ionization chambers, 1 and 2, are placed so that the radiation
from the X-ray bulb passes through the perforated aluminium elec-
trodes and falls normally on the plates to be tested. As will be
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shown later, the radiation from aluminium is constant, and therefore
the secondary radiation from this source will not add a confusing
effect. The aluminium electrodes can be charged with electricity of
like or unlike sign by means of the switches /V, and are kept at
potentials sufficient to produce saturation. The test plates them-
selves formed the insulated electrodes, and the ionization currents
were measured by the inclined Wilson electroscope M. The spring
mercury switches L allowed either or both plates to be connected
to the electroscope. The switches R connected a variable con-
denser U in parallel with the electroscope to reduce its sensibility,
and provided a means of earthing the electroscope, condenser or
plates.

The observations are made in the following manner. The elec-
trode in chamber 1 is charged positively, and that in chamber 2,
negatively. If the two plates are giving off the same amount of
radiation, the electroscope will show no deflection. The plates, in
spite of precautions taken, may not be equally sensitive to the
primary radiation. In this case an equality of the secondary radia-
tion may still be brought about, in general, by turning the X-ray
tube about a vertical axis, until the inequality of the primary radia-
tion falling on the two plates compensates for the difference in their
sensitivenesses.

Having obtained this balance in the radiations, the *standard”
plate in 1 is shielded from the X-rays. Now if any change in the
sensitiveness of the trial plate takes place, when the two plates are
again connected to the electroscope, a deflection will be obtained,
due to the current produced by the secondary radiation from the
‘“trial”’ plate being either greater or less than that from the
“standard ” plate.

Let us denote the original conditions by :

¢, = current in chamber 1,

¢, = current in chamber 2,

¢, = time required for given deflection with 1,
¢, = time required for given deflection with 2,
s, = sensitiveness of plate 1,

s, = sensitiveness of plate 2,

-
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4, = radiation falling on plate 1,
4, = radiation falling on plate 2,
the units being chosen so that we may write

a=hks=1[t (1)
Cy= kg, = I/tz' (2)
Now, after a certain length of time, during which the “trial ”
plate has been exposed, and the *standard” shielded from the
X-rays, any or all of these quantities may have changed and we

may denote the new values by the same letters primed.
The change in sensitiveness of the “trial " plate is given by

s — s =1/kt) — 1|k, (3)
and the proportional change by
s =5 A
PRl A7 (4)

By preliminary test it was found that, if the test plates be of the
same material, and have the same kind of surface, the balance once
obtained is not disturbed by changes in the working of the coil and
bulb. We may therefore assume that the distribution of the rays
about the tube does not vary with the working of the coil, and we
may write

k&
B TR

It was also found by trial that the sensitiveness of the * standard ”’
plate varied but little with the intensity of the rays provided their
character did not change. If the tube be kept at the same degree
of hardness throughout we may then take

si=s/.
When the radiations from the two plates are balanced, we have

the condition
tl == tz.

Noting these relations, equation (4) becomes

’ ' ’
S5—=8 4 =4
= 7
53 A

(5)
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But the resultant current due to the two plates working oppo-

sitely to each other is
[r_cr=le_"_tl’.____‘_ (6)
1 3 tllf” td,

where 7, is the time required for the gold leaf to move through the
given deflection when both plates are connected to the electroscope
at the same time.

From this it is evident that

!
2 _ _til_ = — (fatigue). @)

We have tacitly assumed all the foregoing equations to be simul-
taneous, a condition impossible in practice, since readings must
necessarily be taken consecutively. The error thus introduced will
be that due to variations in the sensibilities, caused by changes in
the character of the rays. But it will be seen from equation (7)
that proportional variations in radiating power will not affect the
value of the result. This requirement of proportional variation
may be fulfilled by having both plates of the same metal, and their
surfaces in the same condition.

An instrument sufficiently sensitive to measure #, would be too
sensitive to use for measuring ¢/, since it is very small compared to
¢z, To obviate this difficulty the condenser U/ is connected to the
system when measuring 7/, thereby reducing the rate at which
the potential will rise. If Q denote the total capacity of the system
and condenser, and ¢ the capacity of the system exclusive of the
condenser, then we have

33, — S _ Tllq

s -0 C)

where 7}/ is the time required for the given deflection, when the
condenser is connected and the “ standard "’ plate alone is radiating.

The meaning of the minus sign in equations (7) and (8) is, that
if the resultant deflection, after the ‘ trial” plate has changed its
sensitiveness, be in the same direction as the deflection produced
by the ““standard” plate alone, then the change in the * trial "’ plate
has been a decrease in sensitiveness or a positive fatigue, and vice
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versa. In practice, both #, and 7’ were measured for deflections
in the same direction and of equal magnitude, the polarity of the
electrode in 1 being changed while measuring 7, when a nega-
tive fatigue was encountered.

The variable air condenser consisted of nine stationary and eight
sliding plates, each 17.6 cm. square, separated by air spaces of one
centimeter each. The stationary plates were carried on sulphur
pillars, and all corners carefully rounded so that leakage from even
so large a surface was negligible. The condenser was free from resid-
ual charge, and all parts were nickel-plated and highly polished to
prevent contact electromotive forces.  For convenience, the factor
¢/ Q was determined for various positions of the movable plates and
the results plotted in a curve (Fig. 2), having for ordinates the values
of ¢/Q, and for absciss the linear distance which the movable

05
[ X1d
03p

02

01}

3

Fig. 2.

plates were withdrawn from their position of maximum capacity.
In nearly all cases the condenser was used at maximum capacity,
which gave the value ¢/Q =0.088. By withdrawing the movable
plates this ratio could be increased to ¢/(Q =0.487. The (calcu-
lated) maximum value of Q was approximately 350 c.g.s. units.

The results, following in this paper, have been obtained by this
differential method, with the exception of a very few which have
been noted.

METrALs AND OXIDES IN AIR.

In Table I. are given the length of exposures and the correspond-
ing values of the radiation from freshly polished surfaces of alu-
minium, copper, zing, tin, silver, lead and iron, immersed in air. The
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TasLe I

Exposure. | Aluminium | Copper. Zinc. I Tin. | Silver. Lead. l Iron.
0 hrs. 100! 100.0 100.0 | 100.0 100.0 100.0 100.0
1 br. 100 99.8 100.0 | 100.0 99.3 100.0 101
2 hrs, 100 100.0 99.7 99.0 99.3 T— 101
3 hrs, 100 99.9 99.7 98.5 98.9 97.1 | 104
4 hrs, —_ — 99.4 98.1 — — 102
S hrs, — — 99.3 98.4 99.1 93.9 99
6 hrs, — — - — 98.6 94.1 —
7 hrs, — — — — 98.5 ! — —

surfaces of the metals in these experiments were polished on the
finest grades of crocus cloth obtainable, and were tested as soon as
they became cool after polishing. The surfaces thus obtained,
while not of mirror brightness in the case of the softer metals, were
clean, and quite smooth and uniform.

Iron alone shows an increase in radiation, reaching a maximum
in three hours. Silver, lead and tin do not show this initial rise,
the silver beginning to fatigue during the first hour, and lead and
tin not until the second. Aluminium and copper show no change
in radiation and zinc but little.

In Tables II., III. and 1V. are given the results obtained with oxi-
dized surfaces of the same metals, the radiation from the polished
metals also being given for the purpose of comparison.

The coating of magnetic oxide was prepared by heating the
polished metal plate to a temperature of about 700° C., a thin even
bluish black coating being thus obtained. The irregularities shown

TasLe II.
Exposure. F'“ml’l’,oﬁf’“'h“ Magnetic Oxide. Ferric Oxide.
0 hrs. 100 100 100
Two samples,
1 hr, 101 99 101 101
2 hrs, 101 101 — 101
3 hrs, 104 99 101 101
4 hrs, 102 100 100 100
S hrs, 99 — — 100

! To avoid confusion and make the nature of the results more apparent, irregular vari-
ations of less than 0.2 per cent. have been omitted from columns marked with the asterisk,
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TasLe 111.
Exposure. ﬁ“‘é‘g"’::l‘_t'h‘d Cuprous Oxide. Cupric Oxide,
0 hrs. 100.0 100* 100
Two samples.

1 hr. 99.8 100 99 101
2 hrs, 100.0 100 99 101
3 hrs. 99.9 100 100 99
4 hrs. 100.0 — 101 101
S hrs. —_ — 100 99
6 hrs. — — 100 101

TasLE IV,

Exposure. ﬁ“hl¥.i|:?"'h°d T‘w:e‘z:‘gl::""’ “Tin Oxide.” | Stannic Oxide.
0 hrs. 100.0 100.0 100* 100*
1hr. 100.0 —_ 100 100
2 hrs. 99.0 100.0 100 100
3 hrs. 98.5 — 100 100
4 hrs. 98.1 98.2 100 100

S hrs. 98.4 97.8 100 | 100

for this and the ferric oxide in Table II. are probably due to ex-
perimental errors involved in the first method, used for these deter-
minations. The magnetic oxide may be said to show no decisive
change during a four-hour exposure.

The ferric oxide coating was obtained by covering the plate with
dilute hydrochloric acid, forming chloride of iron on the surface, and
the ferric hydroxide, eventually produced by the addition of a few
drops of ammonia, was allowed to dry. The plate was then set
away for a week to allow further oxidation, after which the ammo-
nium chloride was expelled by heating the plate. The well rusted
surface thus obtained also shows no pronounced change during five
hours exposure,

It will be noticed that the change in sensibility, exhibited by the
polished metal, is not shown by either oxide. Both of these oxides
are quite stable in air, while the metal itself is very liable to rust.

Table III. shows the behavior of the two oxides of copper.

The cuprous oxide was formed by gently heating the polished
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copper plate, care being taken that the temperature did not become
sufficiently high to form the cupric oxide completely. Such a coat-
ing will, at best, probably contain a considerable quantity of cupric
oxide.

The cupric oxide was formed by heating the plate to dull redness
in an alcohol (sulphur-free) flame. Neither of these oxides shows
any fatigue in air.

These three surfaces are stable in air, and none shows variation in
radiating power beyond that of experimental error.

The results of tests on two oxides of tin are given in Table IV.

The coating called *“tin oxide " is of undetermined composition,
but it is probably a lower oxide, or a mixture of oxides, containing
less oxygen than the stannic oxide. It was formed by heating a
polished tin plate to a temperature of 170° C. for several hours,
and appeared as an olive to a yellowish tarnish on the surface of
the metal. As might be expected from its method of formation,
this surface appears to be quite stable in air at ordinary tempera-
tures, and undergoes no further change.

The stannic oxide was prepared by igniting the nitrate formed on
the surface of the metal by coating it with nitric acid.

Neither oxide shows any fatigue and the surface of the polished
metal allowed to age in air for two weeks does not behave differently
from the freshly polished surface.

A thin coating of a stable oxide has completely stopped the
fatigue experienced by the fresh surface of the metal not thus
protected.

Table V. shows the radiation from zinc, a thick and a thin layer
of the oxide, ZnO.

TaBLE V. TasLe VI.
Freshl I Freshl
mxporure. | Fohea | AESTNen | FRSOmdn | Fofha | Tamieed
0 hrs. 100.0 100* 100.0 ' 100.0 100*
1 hr. 100.0 100 100.7 | 99.3 100
2 hrs. 99.7 100 100.2 l 99.3 100
3 hrs. 99.7 100 99.5 8.9 100
4 hrs, 99.4 100 100.3 || - 100
S hrs. 99.3 — 100.7 ‘ 99.1 100
6 hrs. — —_ 99.8 — —
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The thick layer of the oxide was formed by igniting the nitrate,
as with tin. The thin layer was the result of slow oxidation in air,
allowed to proceed for a year and a half.

The irregularities of the figures for the thin layer are probably
due to experimental error since but one of the surfaces was obtain-
able and a fresh surface of the metal had to be used for a “standard.”
As has been pointed out this may cause some error. No decisive
change is shown by either surface. This oxide is quite stable in
air.

The radiation from a freshly polished silver plate, and one cov-
ered with a dark tarnish, acquired by a month’s exposure to the air
in the laboratory, are given in Table VI. These results show a
slight fatigue for the polished silver and none whatever for the
tarnished surface.

Whatever may have been the nature of this tarnish, the fact of
its formation indicates that it was a more stable surface, chemically,
than the silver. The slight fatigue shown by the fresh metal is
stopped by this protecting tarnish.

In addition an aluminium oxide surface, prepared by the ignition
of the nitrate, showed no perceptible change during three hours
exposure.

A coating of lead peroxide, prepared by electrolysis, did not vary
appreciably during four hours exposure.

While five out of the seven metals tested, exhibit variation in
radiating power, of the thirteen oxidized surfaces formed on these
metals, none shows fatigue.

If oxidation does affect the secondary radiation, we might expect
an increased effect if an oxidizing atmosphere, such as ozone, be
used in place of air.

MEeTALs AND OXIDES IN OZONE,

The results thus far obtained for some of the metals and their
oxides, when exposed in ozone, are given in Tables VIL.-XIV.
inclusive.

Table VII. shows the fatigue of copper, cuprous oxide and
cupric oxide, and it will be observed that the fatigue decreases as
the oxidation increases. The fatigue occasioned in the freshly
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polished copper and cuprous oxide in two hours requires about
three and one half times as long to be produced in the higher oxide.

These plates on examination after exposure showed decided
changes in the character of the surface. The polished copper had
become dull and had ken on the appearance of old copper surface
exposed to air for some time. The cuprous oxide had changed
from a reddish-brown to about the same appearance as the copper

TasrLe VII. , TasLeE VIII.

Exposure. | Bolished | oSHEr 0 l0nGaPESo, | Folished | oMAEPENS | Oside,
Copper. ’ ’ ‘ Iron. ’ FeO.

0 hrs, 100.0 100.0 100.0 100.0 100.0 100*
14~3% br. — — — 98.6 97.3 100
1 br. 96.3' 97.0 97.8 9.1 94.1 100
2 hrs, 93.3 93.5 97.3 94.6 91s 100
3 hrs. 91+ — 9.5 94,1 90.4 100
4 hrs, — - 95.4 — — —
S hrs, —_ —_ 95.9 —_ — —
7 hrs. —_ - 93.4 — — —

had after exposure. The cupric oxide, originally black, became
dark reddish-brown after seven hours in ozone.

The radiations from iron, magnetic oxide and ferric oxide sur-
faces are given in Table VIII., but show in this case the opposite
effect with the lower oxide, that it fatigues about three times as
rapidly as the freshly polished surface. Both the iron and the
magnetic oxide surfaces showed that further oxidation had taken
place; the polished metal had become dull and the blue-black
magnetic oxide had taken on a reddish-brown cast. It is probable
that the film of higher oxide, formed by the ozone on the magnetic
oxide surface, was much thicker than that on the iron, which may
account for the greater fatigue. The ferric oxide showed no fatigue
nor was its appearance changed by the exposure.

Table IX., giving the results for tin, the ‘ tin oxide " before de-
scribed, and stannic oxide, shows again a more rapid fatigue for the
lower oxide than the pure metal, and no change whatever for the
stannic oxide. An inspection of the polished metal and the “tin
oxide” surfaces after the test showed the formation of stannic
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oxide by the ozone, the film formed on the ‘tin oxide’ being
appreciably thicker than that on the tin. The stannic oxide surface
showed no change in appearance.

The fatigue of tin seems to have the peculiarity of being slow in
starting under any conditions, not appearing until the third hour in
ozone, while the other metals experience from one to four per cent.
fatigue during the first hour of exposure in this gas.

The fatigue for the fresh surface of zinc, and for a surface cov-

TasLe IX. TaBLE X.
Exposure. Polm:gl¥in. “Tin Oxide.” Oxsh‘l.el,“ggo. Il’oli‘:‘l’::n;l y inc. sz:%f“"

0 hrs, 100.0 100.0 100* 100.0 100*
3% hr. — 9.1 — I e82 —
1hr. 100.0 — — i 96 100

2 hrs. 100.0 97.9 0 952 100

3 brs, 98.4 97.3 100 0 — 100

4 hrs. 99.2 95.6 100 | - —

S hrs. 96.8 94.2 - || — —

6 hrs, 9.1 — - I -

ered with a layer of zinc oxide, when exposed in ozone, are given
in Table X. ‘

The radiation from the freshly polished surface diminishes rap-
idly, while that from the zinc oxide surface remains constant.

The results with a freshly polished surface of silver, and a surface
coated with silver oxide, are given in Table XI.

Table XII. shows the behavior of aluminium and aluminium
oxide surfaces, exposed in ozone.

The silver and aluminium surfaces fatigue, while their oxides
show no appreciable variation.

The radiations from lead and lead peroxide are given in Table
XIII.

The lead peroxide fatigues at about the same rate as the freshly
polished surface during the first hour, and then remains nearly
constant. This coating of lead peroxide was porous and undoubt-
edly allowed the ozone to penetrate to the metal itself, where per-
haps some slight further oxidation took place.

All the metallic surfaces after exposure showed evidence of oxida-
tion, the lead especially being badly tarnished.
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By comparison of Tables IX., XI. and XIII. with Table I. it will
be seen that the fatigue of tin, silver and lead progresses at about

twice the rate in ozone that it does in air. Comparison of Tables
TasLe XI. TasLe XII.
Exposure.|  Pofished Silver Qride: || Exposure. Boliahod Sminies
Silver. Aluminium. ’
0 hrs. 100.0 100* 0 hrs. 100.0 100*
34 hr. 98.8 - 14 br. 97.8 100
1 hr. 97.7 100 1hr. 95.7 100
2 hrs. 97.5 100 2 hrs. 95.7 100
3 hrs. 98.1 100
4 hrs, 97.5 —
S hrs. 97.0 —_
6 hrs. 963 —_

X. and I. shows that zinc fatigues about fifteen times as fast in ozone

as in air.

Platinum and palladium plates were exposed in ozone, and as
will be seen from Table XIV., their radiations remain constant

TasLe XIII. TasLe XIV.
Exposure. 5&‘1‘.‘13’,’ ol;i‘::l ;::6 Exposure. Platinum. | Palladium,
Lead. ' Sy

0 hrs, 100.0 100.0 0 hrs, \ 100* 100*
14 hr. 98.6 —_ 1 br, 100 100
1hr, 97.7 97.1 2 hrs, ; 100 100

2 hrs, 95.1 97.3 3 hrs, 100 100

3 hrs. 93 = 97.0 l

within the limits of experimental error.
unaffected by ozone.

Lastly, a few experiments were tried to determine the radiating
powers of these oxidized surfaces compared to the polished metals,
and the results for copper and iron and their oxides are given below.

Cu
Cu,0
CuO

100
95
92

Fe
Fe,O,
Fe,O,

These two metals are

100
94
84

The cuprous oxide and ferro-ferric oxide films were very thin,
perhaps not over a few wave-lengths of light in thickness, and yet
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their effect on the secondary radiation is very marked. The same
qualitative relations hold for the tin oxide surfaces, and in fact it
may be said, that in every case in our experience the radiation
decreases as oxidation progresses.

During the course of the experiments a tin and a silver plate acci-
dentally became amalgamated, and I was surprised to note that
these mercury-coated surfaces gave much more radiation than the
pure metals. Quantitative measurements of this increase in sensitive-
ness have not yet been made.

The seven (oxidizable) metals, and three lower oxides tested, a//
showed fatigue when exposed in ozone. Of the seven highest
oxides, but two showed aeny fatigue and that relatively small. The
sensitiveness of the two metals unaffected by oxygen, platinum and
palladium, remains constant.

The fatigue suffered by the cupric oxide was probably due to the
further oxidation of sub-layers of the lower oxide which we might
expect to be present. The change in appearance of the surface
indicates some chemical reaction or physical change, which might
produce a variation in the radiating power.

The behavior of the lead peroxide may possibly be explained on
a similar basis.

SUMMARY.

Freshly polished surfaces of lead, tin, silver and iron show fatigue
in air, while those of aluminium, copper and zinc experience little
or no change in their secondary radiation.

None of the oxidized surfaces shows any fatigue in air.

All the metals tried, except platinum and palladium, gave fatigue
in ozone, with accompanying change in appearance due to oxidation.

All the lower oxides tested fatigue in ozone.

None of the highest oxides, with the exception of cupric oxide
and lead peroxide, shows any change in sensitiveness.

Metals not subject to oxidation do not fatigue in ozone.

The radiating power of surfaces decreases as oxidation progresses.

The results obtained by Professor More have been confirmed with
the exception of those for unpolished zinc and freshly polished lead
in air, although in either case it would be difficult to say whether
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or nor the surfaces of the plates were in the same condition in the
two experiments.

CONCLUSION.

It appears from these results that there is a close relation between
the behavior of the surface when exposed to X-rays and its “ chem-
ical stability.” '

The theory that fatigue is due to great absorptive power of ozone,
when absorbed or adsorbed by the metal, is evidently not applic-
able to this case, since it does not account for the absence of fatigue
from a chemically stable surface.

The results are also against disintegration theories, for particu-
larly in the ozone experiments there were just as many atoms to
disintegrate after oxidation as before, in fact a number of oxygen
atoms have been added. If a density law of absorption holds, the
oxides would probably have less absorbing power than the metal
itself, and the decrease in radiation cannot be accounted for by as-
suming increased absorption of the radiation coming from the body
of the metal. This limits the secondary radiation mainly to a sur-
face effect.

The explanation of fatigue upon a basis of chemical change
would lead us to expect that the more stable a surface the less the
fatigue. This order is followed, without exception, in the results
given.

In conclusion, I wish to extend to Professor More my most sin-
cere thanks and appreciation, for his suggestions and direction of
this work. Thanks are also due to a grant from the Bache Fund
of the National Academy of Sciences which greatly facilitated the
work.

UNIVERSITY OF CINCINNATI,
May, 1909.
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THE ROTATORY POWER OF LIMONENE AT
LOW TEMPERATURES.

By F. A. MoLsy.

HE work described in this paper is a continuation of the study
of the effect of low temperatures upon the optically active
substances, the first results having been published in the January
number of the PHysicaL ReviEw of the present year. The former
paper contained a description of the apparatus used in the study of
quartz. The apparatus used in the study of limonene is essentially
the same, namely, a Lippich triple field polariscope of most recent
and improved construction (Schmidt & Haensch), graduated in
circular degrees and hundredths of a degree, and an iron-constantan
thermo-couple, with potentiometer, for measuring temperatures.
The range of temperature through which the limonene has been
studied is from 20° to — 130°. For the most part the observations
end at — 120°.

The limonene studied was procured through the Fritzsche
Brothers of New York. It was ordered especially for this work
and bears Schimmel and Company’s (of Leipsig, Germany) mark
“limonene pure.” Occasion is here taken to thank the firm for fur-
nishing the special order free of charge. The sample was secured
from the manufacturers in July, 1908, and the package was kept
unopened until March of this year. It is hoped that by keeping it
thus and by using much care to prevent contamination and to pre-
vent oxidation by exposure to the air, the results will be faultless
so far as the purity of the specimen can enter into them.

As considerable difficulty was encountered in obtaining a satis-
factory tube for observations, due to the very great solvent power
of the liquid on all rubber washers or organic seals tried for mak-
ing joints, the tube used will be described here with a view of a

! The substance of this paper was in part given at the April meeting of the Physical
Society in Washington.
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vertical section through the tube and cooling device. The illustra-
tion is drawn accurately to scale.

e
| G
B
| S >

°
4
—
Fig. 1.

T is a glass tube 15 cm. long and 1.4 cm. inside diameter. A4
are two glass air cells 8 cm. long and 1.1 cm. inside diameter. £
E are of plate glass 8 mm. thick and ground into A4, intended for
making vacuum cells. [ is an intake tube through which the
thermo-junction is inserted. C is a tin can for cold air space around
7. Sis a sheet copper saddle leaving 2 mm. air space around 7.
G is a glass tube extending into the bottom of the can (.

As the limonene soon dissolved out any tallow or wax seal on
EE and passed through as a vapor, the idea of exhausting the air
from the tubes A4 had to be abandoned. Black paper tubes were
fitted inside A4 with a thin space between them and the glass for
phosphorus pentoxide. The outside diameter of the air cells is just
small enough to allow them to be slipped inside of 7 so that the
joints between 7" and A4 are 5 cm. from the cooled liquid, and a
seal of water glass forms insoluble joints which are not exposed to
extreme cooling. The length of tube left between A4 for the
specimen to be observed is 4.97 cm. The wooden box B serves as
a holder for the tube and for a form into which wool is packed for
insulating the tube from the exterior. The inside wall of the box
is lined with bright tin to help insulate the tube and cooler.
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The glass tube G is, during a set of readings, connected to a
Dewar flask of liquid air and the cooling of the specimen is accom-
plished by blowing liquid air over in small quantities. The key of
the potentiometer is kept closed with one junction of the thermo-
couple in the limonene while the other is in cracked ice (but pro-
tected by a thin glass tube), so that small changes of temperature
are at once apparent and by careful watching the temperature of the
specimen can be held at any temperature with not more than one
half of one degree variation from the mean temperature desired. The
copper saddle is for the purpose of securing uniform temperature along
the specimen, which is very much aided by the fact that the liquid air
evaporates at once on reaching the bottom of the tube G and causes
a good circulation of the air surrounding the tube 7. The thermo-
couple responds so quickly to changes made by the cold air sup-
plied that there is apparently a good thermal conductivity in the
limonene and the results also tend to show that the temperature
distribution is good.

The calibration of the thermo-couple is somewhat different from
that in the work with quartz. The usual second degree equation
did not give a curve passing through all of the observed points, so a
third degree equation of the form

E=at+ b6t + 3

was assumed, and the constants were found from the values ob-
served between ice and steam, between ice and CO, ether paste, and
between ice and liquid air (by analysis of air). From these constants
intermediate E.M.F.’s were computed and a smooth curve drawn
through the plotted points. The table follows as used.

TaBLE I.
T —192° —182° —160° —140° —130° —120° | —100°
EX10°| —810 —782 714 —644 —606 —567 —484
T — 783 — 60 - 40 - 20 0 30 99.2
EX10°| —388 —302 —205 —104 0 160 538

Observations have been made with several wave-lengths of light.
With any one wave-length the observations extended over four or
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five hours. For the most part ten settings of the polariscope were
made for any one temperature of the limonene while the tempera-
ture was held practically constant for fifteen or twenty minutes.
The temperature was then lowered as many degrees as desired and
a number of settings made for the new temperature; the process
was then repeated at 15 to 20 degree intervals until a series for the
one wave-length was completed. In further work some method
might be used by which observations can be made on the several
wave-lengths one after the other at a single cooling of the substance.
The wave-length §89.2 uu was obtained by using a sodium light
from a double Bunsen burner with a solution of potassium bichro-
mate in the small cell at the front of the polarization apparatus.
The wave-length 670.8 pu was obtained by holding an asbestos
sponge in the lower part of the Bunsen flame, the sponge being
saturated with lithium chloride ; the bichromate solution was re-
moved from the cell in front of the polarizer and two thicknesses
of color screens were put in place of the cell, the screens having
been first tested with a direct vision spectroscope to see that only
the red light of the lithium was transmitted. The wave-length
435.9 ppe was obtained by means of a spectroscope in connection
with a Cooper-Hewitt mercury arc lamp ; the slit of the instru-
ment was opened quite wide and the images of the slit were formed
on a black paper screen with a slit only wide enough to transmit one
image at a time. The polarizer was placed about 20 cm. from the
slit so that the light diverging from the image illuminated the field
of the polariscope satisfactorily. A methyl violet screen was placed
between the polariscope and the image to absorb stray light that
otherwise came from the other colors of the arc spectrum. The
wave-length 546.1 p#u was obtained in the same way as the wave-
length 435.9 except that the slit of the telescope was made much nar-
rower and the distance from the image of the slit to the polarizer
was somewhat greater. The wave-length 491.6 was too dim to be
of any use as obtained in the above manner from the mercury arc.
A combination of two screens, an alkali blue screen and a yellow
colored one found in a collection of colored screens, was found to
absorb completely all wave-lengths of the mercury arc spectrum ex-
cept 491.6 up. A condenser system similar to that used on an arc
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lantern was placed between the mercury arc and the polarizer to
make stronger illumination of the polariscope field, while the screens
formed a window through a box used for shielding the apparatus
and observer from the light of the arc. The several wave-lengths
used were carefully identified by a calibrated spectrophotometer, and
the purity of the light was in each case tried by the direct vision
spectroscope.

Throughout the work the same waterglass joints have been in use
so that the tube length is the same for all. The polarization angle
of the polarizer, 7. ¢., the angle between the prin-
cipal plane of the large polarizer and the principal
plane of the small polarizers, has been the same.

In dealing with the temperature effect upon the
optical activity of a liquid substance, the change
in density of the liquid will increase the number
of active molecules in a given linear distance if
the liquid becomes more dense or decrease the
number if the liquid becomes lessdense. As the
change in density of the limonene with temperature
issuch as to produce in part the increased optical
activity of the substance observed upon cooling
the limonene, the following approximately correct
density determinations were made through the
range of temperatures used.

The absolute density of the limonene at 20°
was found by weighing a 25 c.c. specific gravity
flask on a chemical balance. The net weight of
distilled water in the flask was 24.917 grams
weight in air. The net weight of the limonene in
the flask was 21.222 grams weight. The ratio of
the two weights gives the relative density of the
two materials, which multiplied by the density of
the distilled water at 20° gives the absolute density of the limonene to
be .850 at 20° C. In order to find the density of the limonene at
other temperatures the expansion of a given volume was observed
between —115° C. and 30° C. while it warmed up through about four
hours of time. The apparatus used for the purpose is shown in ver-

Fig. 2.
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tical section in Fig. 2. A stop-cock K was sealed into a glass bulb
B and to the other end of the bulb was sealed a long tube of small
cross-section. This tube C was bent as shown in the figure so that
the lower part of the U-shaped portion was 48 cm. from the open
end of the tube C. The cross-section of the tube C was .085 sq.
cm. With the tube B inverted the limonene was forced through
the stop-cock into the bulb B. The bulb B was then inserted in
the tin can A and the can A was filled with petroleum ether, thus
surrounding the bulb up to about 2 cm. of the stop-cock. The can A/
was placed in a Dewar cylinder D and surrounded with petroleum
ether and liquid air. A millimeter scale was attached to the long
tube C so that the height of the liquid could be read at any tem-
perature. On cooling the limonene the stop-cock was opened and
the tube C filled to a point opposite the letter B in the figure.
The petroleum ether was continually stirred by a stream of air
forced to the bottom of the can / through the tube 4 leading from
a tank of compressed air. The top of the whole was covered by
loose wool. The temperature of the bath was measured by the

x-X3 Aa7

o2 ‘Q AL o

o3 \\ ¢ o

o2 \‘ // r-

&/ \ / d g b4

Lo v

89 [/K\\ gl’ S

283 Z P 334

87F 83

7

8o - o .

85 Iy

L4 Neo

&1 ) &%/.aX3
~20° -wo0° -80° - -q0* -20° 0% #20°

Fig. 3.

thermo-junction inserted in the petroleum ether. Frequent excur-
sions made through the bath with the junction showed the tempera-



No. 1.] ROTARY POWER OF LIMONENE. 83

ture to be fairly uniform. The volume of the tube B and the stem
C was calibrated later with mercury measured out from pipettes of
5 c.c. capacity and small cross-section so that volumes could be
read with reasonable accuracy to .01 c.c.

Curve 4 in Fig. 3 shows the volume of limonene in the apparatus
at the various temperatures. The apparent change of volume is
somewhat less. A simple calculation using three times the linear
coefficient of expansion of glass® as volume coefficient gives the
volume of glass at — 120° to be less than at 30° by the amount
3 X .000008 X 150 X 8 c.c. or .0288 c.c.,, while the apparent
changes as measured in the tube C could be read accurately to
.02 x .089 c.c. or about .0018 c.c. The change of volume for the
same range of temperature was from the curve 4 equal to 1.1 c.c.
so that we have the relative expansion of the limonene about forty
times larger than that of glass. If we assume the curve 4 to be a
straight line the mean coefficient of expansion of the limonene be-
tween 30° and — 120° is

_9.13—8.03

=9.06x 150 -00081,

9.06 being the volume at 20° C.

In my experiments I have found the liquid to solidify at — 130%
to — 135° C. Its boiling point is 175 or 176 as given by various
authorities. It is seen to have a coefficient of expansion several
times larger than that of mercury and it is suggested that the sub-
stance possesses some if not all of the properties needed to make
thermometers with a range of two hundred and eighty or possibly
three hundred degrees.

Fig. 3, curve B, shows the density of the liquid over the range -
of temperature used. The density at any temperature ¢ was found

by the formula
D 20° £ 20°

D, =22,

~

D, represents the density at twenty degrees and V represents the
volume at twenty degrees and V represents the corrected volume

1 H. G. Dorsey, Puys. REv., Vol. 25, p. 98.
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of the limonene at any temperature ¢ as read from the curve 4,

Fig. 3.
TasLe II.
Limonene.,
Wave-length 435.9 uu. ! Wave-length 491.6 uu.
Temp. Obs. R. la]e Temp. Obs. R. [a]¢
222 98°0 23275 22.0 73%6 17436
- 04 103.5 241.0 - 12.2 79.9 184.3
— 22.5 109.0 249.3 — 30.4 83.1 188.4
— 47.0 115.7 2593 . —5L0 87.1 194.5
- 66.0 120.9 266.2 - 74.5 92.0 201.1
— 80.6 126.2 i 274.3 — 85.0 94.3 204.1
— 92.0 129.1 277.8 —104.0 98.9 210.7
-102.0 132.5 282.7 -120.8 |  102.2 214.6
-115.0 1371 | 289.3 |
-123.0 139.7 2929 | |
Wave-length 546.1 uu. ( Wave-length 589.2 uu.
Temp. Obs. R. | [a)e ) Temp. Obs. R. [a]e
P R 1 o™ _
205 572 13577 2202 4878 11579
- 05 60.2 140.2 .0 51.5 120.0
- 205 63.0 144.5 | - 180 54.0 124.0
— 40.8 66.0 1488 || —640 59.9 132.1
— 54.0 68.3 152.1 | — 76.4 61.9 135.0
— 67.0 70.5 155.0 ' — 89.0 63.8 137.7
— 79.7 73.1 159.0 -103.7 66.4 141.4
— 89.7 75.3 163.0 —114.0 67.8 143.2
—116.4 81.6 172.0 —118.0 68.3 143.8
—124.5 84.2 176.0 —123.0 69.3 145.4
—-125.7 69.9 146.4
—128.0 70.0 | 146.3
T Wave-leagth 670.8 uu. Wave-length 670.8 uu.
Temp. | oObs. & [a)e Temp. l Obs. R. [a)e
2170 35%9 851 - 8220 463 10004
4.0 37.3 87.1 -102.0 49.4 105.6
- 9.0 38.6 89.2 -108.0 |  50.2 106.5
- 24.2 39.9 91.2 —120.7 52.1 109.4
— 41.0 41.5 93.6 —123.5 52.2 109.5
_ —6L0 436 | 95 || L B

The specific rotation of a pure liquid active substance is defined
by the equation

[a]c =

()
LD,
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where [a], is the specific rotation, (a), is the observed angle of rota-
tion of the plane of polarization, D, is the density of the liquid at
the temperature # and Z, is the length of the column of liquid at the
temperature ¢ in decimeters of length.

Table II. gives the observed rotations for the various wave-
lengths at the various temperatures, temperature being read from
the curve of E.M.F.’s described in connection with Table I. The
third column under each wave-length gives the specific rotation of
the liquid as computed by use of the formula above. The density
of the liquid for use in the formula was read from the curve B in
Fig. 3.

The curves in Figs. 4, 5, 6, 7 and 8 are plotted from the values

Fig. 4. Wave-length 435.9 uu.
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given in Table II. The upper curve in each of the five figures
shows the observed rotation for a column of the liquid whose length
was 4.97 cm. at 20°, and which changed but little on cooling as the
tube was made of glass. The rotations corresponding to the upper
curve in each of the five figures are given on the right-hand margin.
The rotations corresponding to the lower curve in each figure are
given on the left-hand margin. The absciss® are the temperatures

Fig. 5. Wave-length 491.6 upu.

at which observations were made. The two curves are thus given
in order to show what part of the observed change in optical activity
may be explained by the presence of an increased number of active
molecules in a given linear distance, and what part of the increased
rotation is due to the increased activity of the individual molecules
when they are subjected to a loss of temperature which means, of



No. 1.] ROTARY POWER OF LIMONENE. 87

course, a loss of molecular energy so far as molecular vibration due
to temperature is concerned. The Fresnel explanation of optical
rotation, which looks upon the active substance as being capable

Fig. 6. Wave-length 546.1 uu.

of splitting a beam of plane polarized light into two circularly
polarized beams having oppositely directed vibrations which unite
to form a plane polarized beam again upon their emergence from
the active substance but polarized in a different plane because
of the different velocities with which the two beams travel through
the substance, is made to explain the phenomena dealt with in
this paper by simply saying that the refractive index of the sub-
stance, being different at room temperature, for the two circularly
polarized beams, is rendered still more different by diminishing the
temperature of the substance. Reference to the curve shows that
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no one of the specific rotation curves for any of the wave-lengths
is strictly or even approximately a straight line function of the tem-
perature. Based upon this fact, and also referring to the curve
published in the January number of the PHysicaL REvVIEW showing
that for quartz the rotation temperature curve is not a straight line,
the following conclusion is offered. [It should be noted that for
quartz the rotation is diminished, not increased, by cooling, but

Fig. 7. Wave-length 589.2 uu.

that the flexure of the curve in question is in the same direction as
that for the limonene curves.]

The indices of the substance for the two circularly polarized beams
do not continue to bear the same ratio to each other on cooling the sub-
stance. For the amount of rotation produced is proportional to the
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length of the linear path through the substance. From this it ap-
pears that the amount of rotation is proportional to the difference of

Fig. 8. Wave-length 670.8 upu.

phase brought about between the two beams during their passage
through the substance. But the phase difference brought about is
also proportional to the difference between the indices of refraction
for the respective beams. Hence if the index for the one circularly
polarized beam bere a constant ratio to the index for the other cir-
cularly polarized beam we would obtain a straight line when
plotting temperatures and specific rotation for the substance, On
the other hand, tke indices of refraction of the substance for the two
circularly polarized beams are not increased by the same absolute
quantity on cooling the substance, for if they were the curve between
temperatures and specific rotation for a given wave-length would be
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a straight line parallel to the axis of temperature, 7. ¢., a change in
temperature would produce no change in the specific rotation of the
substance.

The five curves in Fig. 9 show the rozary dispersion of the limo-
nene at — 120°, — 9o0°, — 60°, — 20° and 20° respectively, be-
ginning with the upper curve in the figure. The points on the
curves in Fig. g were read off from the specific rotation curves in
Figs. 4, 5, 6, 7 and 8. In form the curves resemble those obtained

Fig. 9. Rotary dispersion.
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by Mr. P. G. Nutting ' for several of the substances used by him in
his work on ultra-violet rotary dispersion. In comparing them, how-
ever, they should be compared.only in that part of the spectrum
covered in my work. On page 8 of his article is given a curve of
rotary dispersion of limonene which he stated was not of the form
that should be expected and which is quite dissimilar to the curves
here published.

The work will be continued with other of the substances which
admit of low temperature study.

CorRNELL UNIVERSITY, June, 1g0g.

'Prvs. Rev., Vol. 18, July, 1903.
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THE ABSORPTION OF LIMONENE AT LOW
TEMPERATURES.

By F. A. MoLBy AND R. C. GiBBs.

N the previous article Mr. Molby has recorded the effect of low

temperatures on the rotatory power of limonene. In obtain-

ing the measurements here described he and Mr. Gibbs used the

apparatus previously set up and calibrated by the latter for use in
his spectrophotometric studies.!
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Fig. 1.

Fig. 1 shows the arrangement of the apparatus. The tube con-
taining the limonene is represented by A4 (the detailed construction
and method of mounting this tube are shown in the previous article).
Light from an enclosed acetylene flame L passed through this tube
and was reflected by a glass mirror 7, through the slit of one of the
collimators of a Lummer-Brodhun spectrophotometer shown in Fig.

1 PHys. Rev., Vol. XXVIII., May, 1909.
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1. A piece of ground glass G was securely fastened to the front
of this collimator in order to secure a uniform field. Light from the
same flame was reflected by a block of magnesium carbonate /7
through the slit of the other collimator, thus precluding the discrep-
ancies of separate transmission and comparison sources.

A series of readings throughout the spectrum was made with the
empty tube in place ; the limonene was then poured into the tube
and six sets of measurements were made through the spectrum, the
first with the temperature of the limonene at 22°, then at — 4°, —30°,
—60°, —go® andat — 125° C. Each observer made independent
readings for every point measured and the mean of the two observa-
tions was used. The curves in Fig. 2 show the ratio of transmitted
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Fig. 2. Showing the percentage transmission at the various temperatures.

light to incident light for all the above-mentioned temperatures ex-
cept — 4°, which curve, if plotted, would lie between the curves for
22° and — 30°. It has been, therefore, omitted to avoid confusion
with these curves. The curves in Fig. 3 show the coefficients of
absorption of limonene for the various parts of the spectrum at the
extreme temperatures used. These coefficients were obtained from
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the data of the corresponding curves in Fig. 2, by the use of the
equation

log /—log T
==

B

where f# is the coefficient of absorption, / the intensity of incident
light, 7 the intensity of transmitted light, and x the thickness in
centimeters of the limonene traversed by the light.
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Fig. 3. Showing coefficient of absorption, 8, for 22° and — 125° C.

The curves in Fig. 2 show a considerable increase in the absorp-
tion of limonene as the temperature is decreased and that the rate
of increase per degree is much larger at the lower temperatures.
These curves as also those in Fig. 3 show that the absorption band
is considerably broadened in the direction of the longer wave-lengths
when the temperature is reduced to — 125° C.
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It should be mentioned that all surfaces on which the collection
of frost or moisture would result in incorrect readings for the trans-
mitted light, were carefully watched and neither frost or moisture
was detected when the above-described measurements were made.

In view of the more or less general law that absorption decreases
on lowering the temperature, it seemed advisable to measure the
light transmitted through the empty tube at temperatures below
that of the room, in order to determine whether the decrease in
transmission was to be accounted for in whole or in part by some
change in the tube itself. After proper precautions had been taken
to eliminate the collection of frost or moisture on the inside surface
of the ends of the tube, no material change in the transmission
through the empty tube was observed throughout the entire range
of temperature above mentioned.

PHYSICAL LABORATORY,
CORNELL UNIVERSITY.
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POLARIZATION OF RONTGEN RAYS.

By WM. R. Ham.

HE ether pulse theory of Rontgen rays would lead us to expect

a greater intensity of the rays in a direction at right angles

to the kathode stream than in the direction of that stream. All

efforts which have thus far been made to detect any such difference

by direct observation on the primary rays have given negative
results. The latest attempt was made by Haga.! .

Barkla, however, has concluded from observations on secondary
X-rays, that the primary rays are partially polarized, and has inves-
tigated qualitatively the effect upon this polarization of variation in
the hardness of the tube used. His results have been verified by
Haga.?

At the Christmas meeting of the American Physical Society in
1907 at Chicago, the author showed that the intensity around cer-
tain X-ray tubes varied in such a manner as to indicate some polar-
ization, the intensity being measured in these experiments by the
rate of discharge of electroscopes.

Since that time the work on the polarization of X-rays has been
carried on continuously with apparatus modified from time to time
as sources of error became apparent.

The aim of the investigation has been to answer the following
questions :

1. Can a polarization be shown to exist by direct observation on
the primary beam itself ? .

2. If so, is the intensity a maximum in the plane normal to the
kathode ray stream ?

3. Does the intensity diminish symmetrically on either side of
this plane ?

1H. Haga, Ann. d. Physik, 23, 3, pp. 439-444, 1907. Since this paper was written
my attention has been called to some very recent work by Herwig (Ann. d. Physik, 29,
7, pp- 398-400, 1909) upon a carbon target, which perhaps constitutes an exception to
the above statement.

2C. G. Barkla, Phil. Trans., A., 204, p. 467.
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4. What effects do changes of potential and of gas pressure
have upon the polarization ?

5. What effects do absorbing sheets of different materials have
upon the polarization ?

These questions will be discussed in Part 1.

In the course of the investigations it has also been found possible
to make accurate determinations of :

6. The coefficients of absorption of certain materials for rays of
a given hardness. .

7. The variation of these coefficients with the hardness of the
tube.

8. The mean depth in the target at which the rays originate.

9. The variation of this mean depth with hardness.

The last four points will be discussed in Part II.

ARRANGEMENT OF APPARATUS.

The method employed for measuring and controlling potentials was
one which was being usedin the
laboratory by Professor Mil-
likan and which he had found
to yield satisfactory results.

In Fig. 1, S$' are termi-
nals of a twelve-plate Holtz
machine, motor driven. Near
the positive terminal is a sin-
gle point connected to earth. The negative terminal is connected
directly to the tube and to 4.

Ais an air condenser in series with a Braun voltmeter. The
voltmeter reads direct to 10,000 volts. With the air condenser in
series, the reading must be multiplied by a constant varying from
6.0 to 6.4 according to the length of the gap which was used. This
combination was calibrated by a transformer having a secondary of
twelve divisions, a Kelvin E.S. voltmeter being connected across
one of these divisions. The calibration was repeated with an abso-
lute electrometer of large size. The arrangement was found quite
satisfactory, the readings of the potential between limits of 9,000
and 30,000 volts being probably correct to 2 per cent., and rela-

TO HOLTZ MACHINE |

J0 EARTH
TO EARTH

Fig. 1.
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tively correct to 1 per cent. The tube is placed between the static
machine and the voltmeter, its distance from either being about
2 meters.

ConstrucTION OF TUBES.

The two types of tubes principally used are illustrated in the
diagrams of Fig. 2 (4, 4 and ¢).

The following points are to
be noted :

1. It is necessary that the
rays emerging from the tube
in different directions pass
through glass walls of exactly
the same thickness. On meas-
uring the thickness of the glass
in different parts of the com-
mon commercial Rontgen ray
tubes, wide variations were
found, so wide in fact as to
make untrustworthy any com-
parison of intensities in various
directions. It was also found
impossible to correct for the absorption of the glass in such tubes.

Two types of tubes, illustrated by 4 and B, were used to elimi-
nate this source of error. A is a tube constructed from a selected
glass cylinder of very uni- TUBE B
form thickness; B, a tube VERTICAL SECTION
with windows ¢, 4, ¢, 4, e,
cut from a given selected
sheet of glass of uniform
thickness.

2. Secondary rays from
the walls of the tube were
found to influence the read-
ings of the electroscopes.
According to rough measurements, the intensity of these secondary
rays, as indicated by their ionizing power, amounted in certain cases
to as much as § per cent. of the total intensity. This source of

Fig. 2a.

gty =

0
Fig. 25.
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error was almost entirely eliminated in tubes of both types by
placing the kathode in side tubes, 7 and #, which were screened
from the electroscopes by lead plates.

3. Since the Rontgen rays Tuse B
HORIZONTAL SECTION

originate within the target,
they undergo a certain amount
of absorption within the tar-
get itself, and in general the
amount of this absorption
varies with the angle of emer-
gence. This source of error ' Fig. 2c.

was eliminated by making the

target magnetically adjustable and always placing the normal so as
to bisect the angle between the two measuring electroscopes and
the target. The absorption within the target was thus necessarily

the same for the two
& beams which were being
compared.
€ 0 FARTH PROCEDURE.
28 ke 7 F :
i d In general, two elec-
. s |/ 7 troscopes of the form
L /7 ‘ shown in Fig. 3 were
used.
¢ These electroscopes
BC-BD-BE -10cM. were charged always to
A ARPERTIIRE OF CMm DIAM. COVER PAPER .
MBER PLUG HOLDING SUPPORTS FOR LEAF the same potential (about

Bcrat GLAciS FRONT (SILVERED)

Fig. 3 480 volts) by means of a

storage battery, and read
in the usual way by micrometer microscopes. Their relative rates of
discharge were obtained, in the earlier work, by placing them side
by side at a considerable distance from an ordinary Rontgen ray
tube, taking a discharge, then interchanging their positions and dis-
charging again. Later it was found quite as satisfactory to place
one on either side of tube B at the same angle to the kathode stream,
the target being perpendicular to that stream. This gave a per-
fectly symmetrical arrangement of apparatus so that the rates of
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discharge had to be proportional to the discharge constants of the
two electroscopes. As a check, an interchange of position was also
made, but it was found to be unnecessary. Both methods give con-

sistent determinations of the ratio of

@ the discharge constants of two electro-
/"' e scopes.
] In the following discussion the

angles mentioned will always be those

formed between the line joining the

- electroscope and the target and the

""" :] line joining the kathode and the tar-

Fig. 4. get. In these experiments the kath-
ode stream was directed from west to

east ; hence the letters N. and S. will be used to show on which side
of the kathode stream the electroscope was placed. Thus, 30° N. will
indicate a point on the north side of the tube, the angle between the
kathode stream and the line from this point to the target being 30°.

Part I

1. To determine whether there is a polarization two methods
were used.

1st. (See Fig. 4.)
Electroscope No. 1 at 30° N.
Electroscope No. 2 at go° N.
Normal to target at 60° N.

With various potentials the following results were obtained, using
tube 5.

TasLe L
Dl.clnrge of No 2at | Discharge g} No.x1at | per Cent. Polarization. | p.oD.
30° N.
16.6 13.5 18.7 11,000
14.95 13.0 13.0 16,000
15.7 13.7 13.0 16,200
26.5 l 22.3 16.0 13,000
16.8 14.0 16.8 13,000

In this case the ratio of the discharge constants of the electro-
scopes, which will hereafter be denoted simply by (No. 1/No. 2)
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was 1.185. The actual dis-
charges of electroscope No. 2
have been multiplied by this
ratio to obtain the values given
in the first column,

The ““per cent. polariza-
tion” is obtained by dividing
the numbers in the second col-
umn by thosein the first, multi- Fig. 5.
plying by 100 and then subtracting from 100.

2d. (See Fig. s5.)

Electroscope No. 1 at 30°S.
Electroscope No. 2 at go°® N.
Normal to target at 30° N.

READINGS.
TasLe II.
thurgg:b ols .N::n Dhcharg:o o;_ N—o: !—l;—} Per Cont. Polarization. p:; o

46.9 41.3 12.0 18,000
46.0 40.0 13.0 16,100
32.8 26.7 18.6 11,700
4.1 28.1 17.8 12,000
54.8 49.6 10.2 22,000

40.5 33.8 16.5 13.000

It is to be especially noted that the change in intensity between
the go° and 30° points is completely independent of the position of
the normal to the target.

The direction of maximum intensity of the rays has therefore no
connection with the angle of incidence of the kathode stream upon the
largel. .

2 and 3. The questions as to whether there was a maximum at
90° and whether the change in intensity was symmetrical with
respect to the go° point, were investigated at the same time. Hav-
ing determined the relative intensity at go° and 30° in the preced-
ing experiments, the following arrangement was used to compare
the intensities in the 60° N. and 120° N. positions, first with each
other and then with that in the go°® N. position.
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1st. (See Fig. 6.)
Electroscope No. 1 at 30° S.
Electroscope No. 2 at 60° N,
Normal to target at 15° N.

LU
\

Fig. 6.

2d. (See Fig. 7.)
Electroscope No. 1 at 30°S.
Electroscope No. 2 at 120° N.
Normal to target at 45° N. '
REsuLTs.

TasLE III.
Discharge of No. 1 at Discharge of No.2 at | Per Cent. Decrease ;l_'om P.D.

90° 8. 130° N. No. 2 to No. 1.

29.1 33.9 14.1 12,000
25.8 30.5 14.3 12,500
27.1 30.5 11.2 15,600
33.7 37.6 10.5 16,200
28.4 33.2 at 60° N. 14.5 11,600
26.4 30.6 <« ¢« ¢« 13.8 12,200
35.5 39.7 ¢ ¢« ! 10.5 15,000
32.6 363 ¢ « « | 10.1 15,200

Comparing the discharges taken at the same P.D. in the upper
and lower halves of the above table, it is to be noticed that there is
approximate symmetry, and referring to Table II. it will be seen
that, between potentials of 16,000 and 12,000 volts, the intensity at
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90° N. is greater than at either 60° N. or 120° N. by from 3 per
cent. to 4 per cent.

4. To determine the effect of change of potential and gas pres-
sure, the arrangement shown in Fig. 5 was used. The pressure was
varied by means of the pump, and the P.D. varied accordingly. The
results are represented graphically in plot A (Fig. 72). By per cent.
polarization is meant here the per cent. change in intensity between
'90° and 30°. In obtaining the data for plot A a great number of
readings were taken, those in Tables I. and I1. being merely samples.
The procedure was to obtain the polarization with as great accuracy
as possible at a P.D. at which the conditions were found most
favorable for consistent results, and then to vary the potential. The
discharge was very steady at a P.D. of 12,000 volts, and conse-
quently about forty readings extending over several months were
taken at this P.D. The mean polarization at 12,000 volts is slightly
less than 18 per cent. The consistency of the results is indicated by
the position of the points in the graph. (See Fig. 74.)

GRAPHE SHOWING VARWTION OF
POLARIZATION WITH P.D.

A. no sueeTs wTeRroseD
B. ac
C re

g a S e o N
POLARIZATION BETWEEN 90" AND 30°

Tenwvers
Fig. 7a.

5. To investigate the effect of absorbing sheets on the polariza-
tion, thin sheets of various materials were placed over the windows
through which the rays passed to electroscopes No. 1 and No. 2, the
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arrangement of apparatus and method of observation being the same
as in 4. The sheets placed over the windows were as nearly equal
in thickness as possible, but to eliminate the slight irregularities in
thickness which were always found to exist, the sheets were inter-
changed and the mean readings used.

Table IV. showsa typical set of readings taken in order to obtain
the relative rate of discharge of electroscope No. 1 with respect to
No. 2. This relative rate is indicated in the tables as ratio No. 1/No.
2. This constant is of course changed whenever the electroscopes
are changed or a leaf altered.

TaBLE IV.
Dlu:h::-g:° osf.No. | Dhch::g:o o't‘ -No. 3 P.D. Ratio, ﬁ_; .

55.4 45.4 13,200 1.220
52.8 43.0 13,200 1.227
65.2 53.8 . 15,000 1.230
67.5 55.5 14,400 1.217
67.0 55.3 13,800 1.212
38.0 31.1 12,000 1.223
41.5 33.9 11,700 1.225

Mean, 1.222

The data obtained upon the effect of absorbing sheets on the
polarization is shown in Tables V., VL., VII. and VIII, and in
plots B and C (Fig. 7 a).

TaBLE V.
Effect of interposing Ag sheets 100 mm. thick in path of beams.
isch h . .
Ratlo, No.r_ D f No. & m“ No. 3 'g:zezui P.D. g:f.%’;'l’.
No.3 at 3o° s | at go° N Ratio. tion.
Sheets interposed. 39 7 45.9 12,600
Sheets interchanged. 42.4 12,600
Total discharge. , 88.3 107.7 | 12,600 | 21.8
Sheets removed. 62 8 58.6 71.6 | 16,000 | 13.6
Last reading reduced by plot A.! 12,600 | 16.8

Using Ag sheets .030 mm. ﬂuc.b. New electroscopes.

Ratio, g:l—; = 1.18§

Sheets interposed. | 383 | 423 12,000
Sheets interchanged. | 380 | 4.1 12,000
Total discharge. 76.3 86.4 100.0 | 12,000 | 23.7

Sheets removed. 82.3 86.0 99.9 | 12,000 | 17.6
New leaf on clectroscope No, 2. Same sheets as before.
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Ratio, ::’_ : = 1,30
Sheets interposed. 45.6 49.2 12,000
Sheets interchanged. 45.9 49.0 12,000
Total discharge. 91.5 98.2 118.0, 12,000 | 22.5
Sheets removed. 53.1 53.5 62.2 | 12,000| 17.3
Sheets interposed. 46.0 49.2 12,000
Sheets interchanged. 43.6 49.1 12,000
Total discharge. 89.6 983 118.0 | 12,000 23.4
Using Ag sheets 067 mm. thick.
Sheets interposed. | 53.9 58.0 12,000
Sheets interchanged. 56.1 61.8 12,000
Total discharge. ' 110.0 119.8 |143.8 | 12,000| 23.5
Sheets removed. 62.3 63.4 76.0 | 12,000 18.0
Increase in polarization caused by Ag sheets .100 mm. thick, 5.0 per cent.
Increase in polarization caused by Ag sheets .030 mm. thick, 5.4 per cent.
Increase in polarization caused by Ag sheets .067 mm. thick, 5.5 per cent.
TasLE VI
Effect of interposing Pb sheets .038 mm. thick.
Discharge Per Cent.
Ratio, N X _ 114 Dot No e | TofNors® | of No.3 P.D. Polarisa:
No.2 at 3° 8. at go° N, '{“‘"' tion.
atio.
Without sheets. 50.2 534 | 59.6 | 13,800 | 15.8
Sheets interposed. 42.0 38.3 13,800
Sheets interchanged. 40.4 45.3 13,800
Mean of last two obser- 41.2 41.8 46.8 13,800 11.9
vations.
Sheets removed. 48.2 51.2 57.3 13,800 15.9
Using Pb sheets .025 mm. thick.
Sheets interposed. 40.0 43.1 14,100
Sheets interchanged. 36.3 34.4 14,100
Mean of last two obser- 38.2 38.7 43.4 14,100 11.6
vations.
Sheets removed. 61.6 63.9 71.6 14,400 14.0
Last reading reduced by
plot A. | 14,100 14.3

Decrease in polarization caused by Pb sheets .038 mm. thick, 4.0 per cent.
Decrease in polarization caused by Pb sheets .025 mm. thick, 2.7 per cent.

1By ““reading reduced’’ is meant that the per cent. polarization at a given P.D. is
reduced by means of plot A to a value corresponding to some other P.1)., +. ¢., the last
reading in the above table was taken at a P.D. of 16,000 volts. The polarization ob-
tained must be reduced to a value corresponding to 12,600 volts before comparisons can
be made with the preceding data,
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Plot C shows the effect of changing the P.D. when sheets of lead
.05 mm, thick are interposed in the path of the beams to the two
electroscopes. The probable error is rather large, due to the slow
discharge of the electroscopes and the necessity of making consid-
erable correction for natural leak.

TasLe VIL
Effect of interposing Sn skeets of 015 mm. thickness.

Discha Disch Discharge 3
Ratio, No.:1_ 1.144 of. ‘i!o.r fe o? N:'rge of No.2 P.D. 1;:;-.%;;:_
No. 2 at 30° 8. at go° N. Rimes tion.
atio.
Sheets interposed. 48.9 52.3 12,600
Sheets interchanged. 50.0 53.4 12,600
Total discharge. 98.9 105.7 120.9 12,600 18.2
Four discharges, sheets 193.3 203.8 233.0 12,600 17.0
removed.
Sheets increased to .045 mm. thickness.
Sheets interposed. 46.9 51.8 14,100
Sheets interchanged. 45.3 47.6 14,100
Total discharge. 92.2 99.4 113.7 14,100 19.0

In the first of the above cases, an increase in polarization of 1.2
per cent. is shown when the two windows leading to the electro-
scopes are covered with tin of .o15 mm. thickness. On making the
thickness of tin three times as great, the increase became about 3.9
per cent. This was found to increase but slightly with the further
addition of sheets. With sheets of .060 mm. thickness, the increase
seemed to coincide with that caused by silver, and no change was
observed with a greater thickness. With the thickness greater
than .045, however, the results became less reliable, because of the
long time required for a discharge.

In none of the above cases is there a change which is larger than
the experimental error.

From the four preceding tables it is seen that, of the substances
tried, tin, silver and lead caused a change in the polarization. The
maximum effect of tin and silver, as well as the change in polarization
with variation of P.D., is shown in plot B, and the effect of lead
sheets of .05 mm. thickness in plot C. The effect on the polariza-
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tion of increasing the thickness of the absorbing sheets is shown in
Tables V., VI. and VII.

TasLe VIII
Effect of interposing paper 1.0 mm. thick.

Discha D Discharge 3
Ratio, ::—-% =1.22 of l.!oo. 1"-2 of l!.i?t.zr‘:: °,‘l'.l':::-' 3 P.D. l;eorlﬁf::-
30°8. go° N. Ratlo, tion.
Sheets interposed. 26.8 26.0 12,600
Sheets interchanged. 30.0 313 12,600
Weighted total discharge|  53.0 53.4 65.1 12,600 18.7
Effect of interposing paper 3.0 mm. thick.
Sheets interposed. 4.7 44.7 12,000
Sheets interchanged. 34.0 33.7 12,000
Weighted total discharge.|  68.0 67.7 82.4 12,000 17.5
Effect of imterposing glass sheets respectively 112 and 162 mm. thick.
Sheets interposed. 41.6 41.8 12,000
Sheets interchanged. 4.4 4.1 12.000
Total discharge. 86.0 85.9 104.8 12,000 18.0
Sheets removed. 44.0 43.7 53.3 12,000 17.9

Effect of interposing Al sheets .04 mm. thick.

Ratio, :—:::—: = 1.13
Sheets interposed. 51.8 55.0 13,800
Sheets interchanged. 52.1 55.5 13,200
Mean of last two obser- 51.9 55.3 61.9 13,500 16.2
vations.
Sheets removed. 48.5 51.4 12,600
L o 51.1 53.3 12,300
L “ 53.0 56.4 12,600
o L 44.6 46.5 12,600
Total discharge. 194.2 207.6 232.5 12,500 16.5
Last reading reduced by 13,500 16.0

plot A.

Two remarkable results are noticed in these tables: (1) that lead
has an effect on the polarization opposite to that of tin and silver,
(2) that in the cases of tin and silver, a maximum effect is obtained
at a given thickness of sheets and no further increase of polarization
is produced by the use of thicker sheets.
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No limit to the decrease in the polarization produced by lead was
reached.
DiscussioNn oF RESULTs.
The results of 1, 2, 3 and 4, made by direct observation on the
primary rays, confirm completely the conclusions regarding the
polarization of the primary rays arrived at by Barkla, and recently

poTr D

COEFFICIENT OF
ABSORATION OF LEAD

PD IN VOLTS
Fig. 76.

confirmed by Haga, from a study of observations on the secondary
rays. They indicate that Rontgen rays consist, in part at least, of
ether pulses such as would be caused by accelerations given to
kathode ray particles on entering a target.

In explanation of the fact that the polarization is decreased when
the rays pass through lead and increased when they pass through tin
and silver, and of the further fact that the polarization cannot be
increased beyond a certain limit by using increasing thicknesses of
silver and tin, the following suggestions are offered.

Secondary rays are set up when Rontgen rays strike or pass
through a metal plate.! Since the rays under consideration have
originated within the target and in emerging pass through its upper
layers, it is to be expected that these rays would consist of a
mixture of primary and secondary rays.

According to the work of Barkla ? the secondary rays from most

1G. C. Barkla, Phil. Mag., 11, pp. 812-828, 1906.

1 Barkla and Sadler, Phil. Mag 14, pp. 408-422, 1907. G. C. Barkla, Phil. Mag.,
16, pp. 550-684, 1908.
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metals except tin and silver, have the same intensity in all directions,
"4. e., are unpolarized. Therefore if the secondary rays from the
lead target emerge from the tube and cause ionization in the electro-
scopes, the polarization of the total beam from the target will be
less than if secondary lead rays were not present. In case the
windows are covered with sheets of any material which has a dif-
ferent absorption coefficient for the two types of rays, a change in
the amount of polarization between go° and 30° will take place.

Secondary rays are particularly penetrating for the same substance
as that of the plate in which they are generated.! Hence, if they
exist outside the tube, it is not surprising that lead, of which all the
targets used in these experiments are.made, absorbs the secondary
rays less strongly than the primary, and hence that lead decreases
the polarization, the primary rays alone being originally polarized.

Since paper, glass and aluminium apparently do not change the
polarization, it is probable that these substances, at least at the
P.D. at which the experiments were made, have about the same
absorption for secondary and primary rays from lead.

Silver and tin seem to have a much greater absorption for the
secondary rays from lead than for the primary, and if this be true, an
upper limit to the polarization would be reached when the secondary
rays are practically all absorbed. The ratio of the intensity of these
secondary rays to the primary rays at a given P.D. could then be
calculated if it be assumed that the secondary rays are completely
unpolarized. Thus let

I, = intensity of primary at go°,

9
];30 = “«“ “« “« [ 300’
I =« “ secondary.
Let
-1’-99 =a.
P30
Let
Lt 1, =5.
Lo+ 1,

1G. W. C. Kaye, Roy. Soc. Phil. Trans., Ser. A, 209, pp. 123-151, 1908. G. W.
C. Kaye, Cambridge Phil. Soc. Proc., 14, pp. 236-245, 1907. See also footnote 2.
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Solving
a—1b
1‘=]"°°(a(&— N/

If plot B represents the condition in which the secondary rays have
all been absorbed, @ can be found at once for any P.D. from plot B;
4 can of course be found from plot A.

In the specific case when P.D. = 12,000 volts,

a=1.30, 6 =1.2:2
oo, =277,

When P.D. = 22,000 volts,

a=116, 6=1.11
<o, = 40714,

On the above hypothesis, then, an idea is obtained of the relative
intensity at go° of the primary and secondary radiation emerging
from a tube provided with a lead target.

Unfortunately it was not possible to obtain reliable determinations
of the P.D. beyond the points indicated in the plots, owing to the
discharge through the tube becoming unsteady. But by using an
induction coil, when the tube was hard the polarization was re-
duced nearly to zero. The curves must come very near the axis
at a P.D. probably between 40,000 and 45,000 volts, which means
that the X-rays originating under a P.D. larger than 45,000 volts
probably show no polarization.

SuMMARY OF RESULTS IN PART I

1. A polarization exists and is independent of the position of the
normal to the target, as shown by comparing the results of the two
methods used in 1.

2 and 3. The maximum intensity is, within experimental error,
in the plane through the target normal to the kathode ray stream,
and the intensity falls off symmetrically on either side of this plane.

4. The polarization is affected by the P.D. alone and increases
with a decrease of P.D., as is to be expected from the ether pulse
theory.
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5. The interposition of sheets of silver and tin causes an increase
in polarization which reaches the same upper limit for both metals.
Lead decreases the polarization but no lower limit was observed.
Aluminium, paper and glass cause very slight change if any in the
polarization.

All the observed results are completely explained if it be assumed
that the ordinary X-ray beam consists of a mixture of primary and
secondary rays originating in the target, and that the secondary
rays are completely unpolarized.

Part II.

6 AND 7. ABSORPTION COEFFICIENTS AND VARIATION OF THESE
CoEFFICIENTS WITH THE P.D.

(@) The Coefficient of Absorption of Lead.

The following arrangement was used in determining the coeffi-
cients of absorption of lead and tin. (See Fig. 8.)

Electroscope No. 1 at 30° S.
“ “. g 300 N‘
Normal to target at 0°.

Sheets of the substance under investigation were placed over one
of the windows, and the per cent. decrease
in discharge rate of the corresponding \ \:
electroscope was taken as a measure of " “\,‘
the absorption. ;}x\.
The thickness was determined by R
weighing the sheets, measuring the area
and assuming the density to be that found
in tables. Since relative intensity only
is measured, density is not an important Fig. 8.
point provided it is the same for the
sheets used in a given experiment. The sheets were cut from the
same large sheet. In the case of lead the sheets were rolled from
the same strip of lead of which the target was made.
Table IX. gives both the coefficient of absorption at a given P.D.
as calculated from sheets of lead of various thicknesses and the
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change in coefficient of absorption with change of P.D. In this
table Ar is obtained from the equation /= /¢~ where 7, is the
intensity of the beam before, and 7 after the sheet under considera-
tion is interposed, and where x is the thickness of the sheet in
centimeters.

TasLE IX.
Absorption of Pb. Ratio, x:' i: 1.096. Lead sheet placed over window leading
to No. 2.
No. 1 at No. 1 No. 3 at | Thickness RP "3‘?‘-
200 8. Times 30N, of Pbin B ALy | PD. X A
sorption.
113.2 124.0 8.8 .00238 7.1 14,300 | 2.65 1120

104 0 114.0 21.3 .00147 18.7 13,700 1.675 1139
102.8 112.7 50.5 .00070 4.9 14,300 .800 1140
107.6 117.9 65.9 .00051 56.0 14,300 .580 1137

No. 2

Sheet transferred to window leading to No. 1.  Ratio, —;;i = 1.100.

19.5 21.6 615 | .000909 , 35.1 14,300 | 1.047 | 1152
20.5 22.7 64.3 |.000909 | 35.3 15,600 | 1.040 1144
22.2 24.6 67.3 | .000909 | 36.4 17,500 | 1.010 | 1116
22.6 25.0 63.8 |.000909 | 39.2 21,000 935 | 1029
18.5 20.4 47.6 | .000909 | 43.7 24,800 .828 911
24.6 27.2 59.8 | .000909 | 43.8 24,800 .825 909
22.7 25.1 55.0 | .000909 | 45.7 26,000 .782 860

The coefficient 2 seems to be very nearly constant at a given
P.D., 4 perhaps decreasing slightly in the case of the thickest sheet
used. At first sight this may seem to be inconsistent with the
hypothesis, set up in Part I., of complex radiations emitted by the
lead target. The absorption coefficients of lead, however, appear to
be so nearly the same for the two radiations that in order to show
an appreciable decrease in polarization in the experiments of Part
I, it was necessary to use lead sheets of greater thickness than any
of these in the tables.

The values of the coefficient of absorption for lead at various
potentials are shown graphically in plot D.

(6) The Coefficient of Absorption of Tin.
In a similar way the following data with regard to the coefficient
of absorption of tin was obtained.
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TasLe X.
Absorption of Sn. Ratio, Y02 _ 1,100

sorption of Sn. Ratio, V7% S

: Thick Per Cent
Mo bt | MoRudent| Moo}t | ofSnin | Remaboing | pp. | ax |

* Absorption.
59.6 65.6 39.0 .00126 59.5 15,600 | .519 | 412
110.4 121.4 43.5 .00259 35.9 15,600 | 1.030 | 395
112.3 123.5 27.0 .00399 21.9 15,600 | 1.519 | 381
177.4 195.1 27.5 .00521 14.1 15,600 | 1.959 | 376

It appears from this table that tin differs from lead in not showing
a constant coefficient of absorption at a given P.D.

Seitz ! has found that beyond a given thickness (.0177 mm.) tin
shows a constant coefficient of absorption. The above data are not
sufficiently extended to enable one to draw that conclusion, but it
shows clearly that the change in coefficient grows rapidly smaller
as thicker sheets are used. This agrees with the results obtained
in Part I. as to the effect of Sn on the polarization.

(¢) The Coefficient of Absorption of Silver.

The absorption of a given sheet of silver .030 mm. thick at 30°S.
was compared with its absorption at go® N. The arrangement is.
the same as in Fig. 5. The following table gives the results.

TaBLe XI.
Absorption of Ag. Ratio, )A\Z‘—i =1.295. Ag sheet .030 mm, thick placed over win-
dow leading to No. 2.
No.ratyoe8. | NoyITimes | Ng 2atgooN. | meining Atter P.D.
Absorption.
101.1 130.8 317 ! 24.2 14,000
Sheet transferred to window leading to No. 1.
227 | 204 | 131s | 224 | 14000

The fact that the absorption is greater at 30°S. than at go° N.
fully confirms the results obtained in Part I. in regard to the effect
of silver sheets on the polarization.

!'W. Seitz, Ann. d. Physik, 27, 2, pp. 301-310, Oct. 15, 1908.
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8. DETERMINATION OF THE MEAN DEPTH AT WHIcH X-Ravs
ORIGINATE.

In determining the polarization in Part I. it will be remembered
that the effect of absorption within the target was eliminated by
) ! placing the normal to the target
e scorc § , Gecmoscr midway between the two electro-
scopes.

If the normal to the target is
not midway between the electro-
scopes, the rays from a given
point in the target have to pass
through more lead in going to
one electroscope than to the
other. (See Fig. 9.)

Let o (Fig. 9) be the source of
some ether pulse.

Let /, — /, = z, the excess of
lead, which the pulse has to trav-
erse in passing to electroscope
No. 1, over that which it traverses in passing to No. 2.

Let 4 be the distance from o to the point at which the kathode
ray particle enters the target.

Let /% be the perpendicular distance from o to the surface of the
target.

Let 6, be the angle which the lines from the electroscopes to the
target make with the kathode ray stream.

Let 0 be the angle which the normal to the target makes with
the kathode ray stream.

Then

Fig. 9.

1 1
x=h(cos o, + 0)—cos(0°—05)'
h=dcos#,

But

I l
c.x=dcosl (COS (00 + 0) ~ cos (00 - 0)) .

Consider two positions, 6, and 6, of the normal to the target
such that for the first 6 = 0,, for the second § = 0,.
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Then

, cos 0 (cos (0 + 6) " cos (0 - 01))

1
d, cos 0 (co s(8,+0,)  cos (0, — 0:))

For brevity let the above be written :

x, d_-F@,?4)
(M % =d 70, 0)

Now let the intensity of the ray at the electroscope No. 2 be 7,
and assume that the intensity at No. 1 is /™%, where r=/ —/,
and 1 may be called the apparent coefficient of absorption at a given
value of z.

Then [¢g~*/] = ¢=** = a where a is some constant given by the
discharges obtained in the electroscopes.

Then Ar = log 1/a = A, another constant.

Then, for particular values of 0,

Arx,= A, Ax,=A, etc.
Or

@ A2

A comparison of 1 and 2 shows that

dF( ) 3 l

® 4 F 0,0 4, 4,
Table XII. shows that experimentally

F(8,6) 4,
F(ﬂo’ 02) = 4,

kN

Outside the tube, 4 for lead is found to be a constant and the
above indicates that A inside the tube is a constant also unless &, the
mean depth of penetration of the kathode ray stream in the target,
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varies in such a way as to make the above relation hold when the
target is turned through various angles. The last is very improb-
able. Indeed it would have been very reasonable to assume at the
start that 4 was a constant. Hence the conclusion is reached that
A within the tube is constant.

Further, since the value of 4 for lead is a constant when found by
direct observation outside the tube, and appears to be so within the
target, it will be assumed that the value of 4is the same in both
cases.

The following table gives one of the sets of readings taken in the
determination of the absorption within the target.

TasLe XII.
. No. 1
6,=30°. Ratio, Ao 3= .910
No. 2 4 a Mean a
No. 1at| No.32at Position Reduced to
%08, | 30°N. | TIme |t Normat| FD- | M0, 0) | Per | o0 Volts.
1 to Target. See Topic g.

55.8 | 60.0 | 54.6 |6, 15°S.| 15,600| .366 | 97.8
SL7 | 555 | 50.4 15° S.| 16,500 | .366 | 97.7
52.4 | 58.8 | 53.5 15°N.| 16,500 | .366 | 97.9 a 4,
509 | 56.9 | 5.8 15°N.! 14,000 .366 | 98.6 | 983% | .017
482 | 55.4 | 50.4 |6,30°N.| 14000 .866 | 95.6
46.8 | 53.7 | 48.9 30°N.| 14,300 | .866 i 95.7
49.7 | 52.8 | 48.0 30°S.| 14,600 | .866 | 96.1 a, A,
55.0 | 58.0 | 52.8 30°S.| 14,000 .866 | 96.0 | 95.9% | .042
49.3 | 49.0 | 44.6 [0, 45°S.| 15,000 2.00 | 90.5
S1.4 | 51.0 | 46.6 45°S.1 14,300 2.00 |, 90. a, A,
_ 455 | 559 | 509 45°N.| 14,600, 2.00 | 89.4 | 90.9% 095

From the above table

R®,, 8,) 4,
R0, 0)= 4 2,= 4
F (00' 01) Al
= = 18 y 3 =. 18
0,0~ "% 24,
Ftoo' 02) 4

SV it
1"(00, 03) - '433' A -44

8

These results furnish excellent confirmation of the assertion made
concerning equation (3).
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The calculation of 4 is then made as follows :
From Table XII. it will be seen that when

0 = 45°, A3 = .095§ = lx,,
A from plot D = 1150,

=295
CXy= 1150 000083 cm.,

.. d = .000041 cm.

Further, when 6 = 30°, x,=.000037 cm., d=.000043 cm.;
and when 0 = 15°, z, = .000015 cm., d =.000041 cm.
Or, mean d== 4.2 x 10~° cm. at 14,000 volts.

9. VARIATION OoF MEAN DeptH wiTH P.D.

To obtain the variation of this mean depth with the P.D. the
apparatus was adjusted once for all, with the target turned at any
convenient angle, and discharges of the electroscopes were taken at

various potentials.
The following table illustrates the results obtained.

TasLe XIII.
8, =30°. Ratio, 201~ 905
0. 2
.ﬂ. =z° «=°' Egg- . l @ [ ‘. ‘; ~N
% |5y (SE3(-%sE| 2 | & | 3§ % | 2
z® |z Y o & 2 = 2 2
$5.0 | 64.2 | 58.1 | 30° N. | 21,000 | .866 056
1025 =
$5.6 | 58.1 | 52.6 | 30°S. | 21,600 | .866 |94.4%]| .056 | 5.5X |6.4x 106
10
21,300 | .866 | em. |

This table gives the depth at 21,300 volts. The depth at 14,000
volts is given in the preceding table. The only difference in the

two tables is in the P.D.
The effect on the computed value of the mean depth, of covering

the windows leading to the electroscopes with similar silver sheets,
is shown in the following table.
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TasLe XIV.
0, = 30°. Ratio, 1Nv: ;=.s9s. Thickness of Ag. sheets .030 mm.
. ] % |agg g'g:i . s o |« N
".; “Z | 582 |«Z55| A s g P g
- - L)
£% | 2% =ed| p=6) & | £ 3 | § 3
5.0 | 63.9 | 57.2 | 30° N.| 15,500 | 8.66
43.1 | 50.1 | 45.6 | 30° N.| 16,200 8.66 x =
.042
517 | 56.0 | 50.1 | 30°s. | 15,90 8.66 o4z | 1140 | 43X 0%
at [3.7X107 .
517 | 55.8 | 49.9 | 30°S. | 15900 | 8.66 | 95.9 [15,900| cm.
50.2 | 53.9 | 48.1 | 30°S. | 15,900 | 8.66
49.0 | 51.8 | 46.4 | 30°S. | 22,200| 8.66
49.5 | 58.0 | 5L.9 | 30° N.| 21,000| 8.66 x=
.052
45.3 | 53.3 | 47.7 [ 30°N. | 22,200 8.66 | 94.9 | .082 | 1020~ 5'9c: 10
at [5.1x10° -
49.7 | 58.1 | 52.2 | 30° N.| 21,000 | 8.66 21,500 cm.
44.9 [52.8 | 47.3 | 30°N.| 22,200 8.66
From Tables XII. and XIII.
4.2 X 107° 14,000
6.4 x 10°°° -65, 21,300 658
And from Table XIV.
4.3 X 10°° 15,900
sox 1073  Z1s500~ 74°

The difference between the ratio of the depths and the ratio of he
potentials is not greater than 2 per cent. in either case.

The last three tables lead to the conclusion that, within experi-
mental error, the mean depth in the target at whick the Ronigen rays
originate is proportional to the P.D.

Further, it is to be noted that the interposition of silver sheets
lessens the value ot this mean depth, ata given P.D., as is shown by
a comparison of Table XIV. with XII. and XIIIL
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Discussion oF Part 1I.

Nearly all the data in Part II. was obtained with a view to finding
the mean depth in the target at which Rontgen rays originate. In-
cidentally some of the conclusions of Part I. were confirmed. Thus
it was found by direct experiment that the coefficients of absorption
of silver, tin and lead do not depend upon the P.D. alone, but de-
crease if the thickness is increased, the change taking place, how-
ever, very slowly in the case of lead. Furthermore, the absorption
of a silver sheet at go® was found to be less than at 30°.

The most important results of Part II., however, are (1) the
proof that the mean depth in the target at which Roéntgen rays,
produced at a given P.D., originate, is a perfectly definite quantity
and quite independent of the angle at which the kathode stream
strikes the target; (2) the determination of the relation between
this depth and the potential ; and (3) the determination of this mean
depth when the rays under investigation have passed through
absorbing silver sheets.

If the hypothesis be adopted that the X-ray beam consists of a
mixture of primary and secondary rays, the latter of which are more
readily absorbed by silver than are the former, it is easy to see why
the mean depth decreases when the measurements upon it are made
through silver sheets. For since the primary X-rays are much more
penetrating than the kathode rays which give rise to them, the
secondary rays produced by these primary X-rays will obviously
come from greater depths than do the primary rays themselves ;
and hence when the secondary rays from the target are absorbed,
the mean depth of the emergent rays is smaller than before they
were absorbed.

These considerations make possible the calculation of the depth
within a lead target at which complete scattering of the entering
kathode rays occurs. Thus it was shown in Part I. that the polar-
ization is practically zero above about 45,000 volts. If then the
secondary rays are absorbed by silver sheets and measurements or
calculations made of the mean depth at which the primary rays
originate for any P.D. above that at which the polarization of the
primary has become inappreciable, that depth is itself the depth at
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which complete scattering® occurs for this P.D. For, a completely
unpolarized beam is one in which the number of pulses produced by
the kathode beam before complete scattering has occurred is negli-
gible in comparison with those produced after complete scattering.
Hence, for potentials at which there is no polarization of the
primary, the mean depth of emergence of the primary is the depth
of complete scattering. It will be seen from Table XIV. that when
the secondary rays were absorbed by silver the & corresponding to
a potential of 21,500 volts, for example, is 5.9 x 10~* cm. Since &
is proportional to the P.D. at say 90,000 volts (which is far above
the potential at which there is polarization) & would be

90,000

=2.§ X 10~* cm.
21,500 5

5.9X 107° x

Crowther* has determined this thickness for complete scattering
in the case of B rays and from his results the depth for complete
scattering in gold at a velocity of 1.6 x 10" (which corresponds to
a P.D. of 90,000 volts according to Lorentz’s formula) is found
to be 2.0 x 107" cm.

That gold and lead should have the depth for complete scatter-
ing at a given P.D. so nearly the same is not surprising in view of
their similarity in atomic weights. At any rate the comparison
makes it evident that the two entirely different methods give results
of the same order of magnitude.

SumMARY OF REsuLTs IN ParT II.

6. The coefficient of absorption for lead is a constant, within ex-
perimental error, at a P.D. of 14,000 volts. The coefficient of
. absorption of tin decreases slightly as thicker sheets are used in
determining it. Silver shows a different absorption at 9o° from
that shown at 30°.
7. The coefficient of absorption decreases as the hardness of the
tube increases.
! By the depth of complete scattering is meant the depth at which on the average, as
many of the kathode particles which bave entered the target are suffering accelerations in
one direction as in any other.

2 Scattering of 3 Rays by Matter, J. A. Crowther, Roy. Soc. Proc., Ser, A, 8o, pp.
186-206, March §, 1908.
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8 and 9. The mean depth at which the Rontgen rays originate
in a lead target is proportional to the P.D. and at a P.D. of 21,500
volts is 5.9 x 10~° cm. which is of the order of the wave-length of
sodium light.

The thickness of lead required to produce complete scattering of
an X-ray beam is proportional to the P.D. and at a P.D. of go,000
volts is 2.5 x 107 cm.

In conclusion the author wishes to express his thanks to Pro-
fessor Michelson and the staff of the Ryerson Laboratory, particu-
larly to Professor Millikan, under whose direction and with whose
continual assistance this research has been conducted.

UNIVERSITY OF CHICAGO,
July 31, 1909.



122 THE AMERICAN PHYSICAL SOCIETY. [Vor. XXX.

PROCEEDINGS

OF THE

AMERICAN PHYSICAL SOCIETY.

MiNuTEs OF THE ForTY-NINTH MEETING.

REGULAR meeting of the Physical Society was held in the new
Physical Laboratory of the University of Illinois, Urbana, Illinois,
on Saturday, November 27, 1909. President Henry Crew presided.
The following papers were presented :
. 1. Preparation and Properties of the Heusler Alloys. A. A. KNowL-
TON.
2. Magnetic Properties of Heusler Alloys. A. A. KNowLToN and O.
G. CLIFFORD.
3. The Magnetic Properties of the Heusler Alloys. E. B. STEPHEN-
SON.
4. The Effect of Temperature on the Magnetic Properties of Electro-
lytic Iron. EARLE M. TERRy. _
5. The Point Discharge in Air for Pressures Greater than Atmospheric.
O. A. Gagk.
6. On the Mechanical Equivalent of Heat by a Porous Plug Method.
J. R. RoEesuck. .
7. The Elastic Properties of Platinum-Iridium Wire. KAaARL E. GUTHE.
8. An Apparatus for Measuring Sound. F. R. WaTson.
9. Polarization of Cadmium Cells. R. R. RaMsEy.
10. A Method for Determining the Optical Constants of Metals Ap-
plicable to Measurements in the Infra-red. L. R. INGERSOLL.
11. The Absolute Values of the Moments of Elementary Magnets.
JakoB Kunz.
12. An Apparatus for Studying Moment of Inertia. C. M. SMITH.
13. Some Curious Phenomena Observed in Connection with Melde’s
Experiment. J. S. STOKEs.
14. ‘‘ Porous Plug’’ and ‘¢ Free Expansion’’ Effects under varying
Pressure. A. G. WORTHING. :
15. The Absorption of X-Rays an Additive Property. R. A. MiLLI-
KAN and E. J. MoOORE.
16. A Comparison of the Echelon and Diffraction Gratings. H. B.
LEMon.
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17. The Value of ¢ by Wilson’s Method. L. BEGEMAN.
18. The Flow of Energy in an Interference Field. Max Mason.
19. The Stark Effect with Canal Rays. G. S. FULCHER.
ERNEST MERRITT,
Secretary.

PREPARATION AND PROPERTIES OF THE HEUSLER ALLOYS.!
By A. A. KNOWLTON.

HE fact that practically all workers who had studied these alloys

found occasion to complain of the mechanical qualities of their
specimens led the writer to undertake a study of the precautions neces-
sary in order to reduce these difficulties to a minimum. The essential
features of the treatment finally adopted were : prolonged heating, the
use of nearly silica-free crucibles, casting in hot molds and annealing to
a temperature of 250° C. The prolonged heating is necessary when
preparing the Cu-Mn alloys in order to insure a uniform mixture. Casting
and remelting somewhat aids the process. The bath should be in the
molten state for at least two hours for satisfactory results. Graphite
crucibles must be used because of the rapid action of manganese upon
silica. Even with the best graphite crucibles from one tenth to one
per cent. of Si is found in the alloy. The hardness and brittleness is
very greatly increased if the Si present amounts to more than one half
per cent. A considerable advantage in this respect might be gained by
the use of magnesium oxide crucibles. The castings were made in carbon
moulds heated to a temperature somewhat above the melting point of the
alloys and were packed in asbestos so as to cool to 250° C. in about an
hour. From that temperature they were chilled by quenching. This
procedure was adopted because it was found that annealing greatly im-
proved the mechanical qualities while the magnetic qualities of speci-
mens annealed to temperatures below 200° were usually very poor.
Rods 14 cm. long and 8 mm. in diameter made in this way were of good
quality both mechanically and magnetically.

From a very large number of castings made, fourteen were selected
for examination. The electrical resistance, temperature coefficient of
resistance, magnetic properties and change of magnetic properties with
heating were studied and compared with the result of a microscopic study
of the crystalline structure.

Previous observers have reported specimens which showed strongly
marked minima in the resistance temperature curves. None of the
writer's specimens showed any such effect. The curves are in all cases

1 Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909.



124 THE AMERICAN PHYSICAL SOCI/ETY. [VoL. XXX.

straight lines differing from those for the pure metals only in their slope,
and in the fact that at high temperatures a large permanent decrease in
resistance takes place as in many other alloys. This change, which may
amount to as much as 4o per cent. of the original value, takes place
slowly at ordinary temperature and is always accompanied by an im-
provement in the crystalline structure. Any change which is injurious
to the crystalline structure causes a marked increase in the resistance.
The magnetization reached a saturation value of about 400 c.g.s in the
best specimens. The field required for saturation varied considerably
with different specimens. No simple relation seems to hold between
the proportions of any two constituents and the magnetic properties.
The part played by the copper in the alloy appears to be much more im-
portant than has been generally assumed. Both the maximum induction
and the transformation temperature are greatly affected by the per cent.
of copper present. In fact the transformation temperature appears to be
almost wholly dependent upon the ratio of copper to manganese. By
varying this proportion simply by the addition of copper it was possible
to make specimens with transformation points from o° C. to 300° C.

The results of the heat treatments are substantially the same as have
been found by other observers. Transformation from the magnetic to
the non-magnetic state extends over a range of about 50° C. in all
cases, although the absolute value of this temperature depends upon the
composition of the specimen. Annealing at the lower limit of trans-
formation is injurious to the magnetic quality. Annealing at the upper
limit improves the magnetic quality. Since the lower and upper limits
for average specimens are 220° and 270° this explains the good results
obtained by quenching from 250°.

Microscopically the alloy is found to contain three sorts of crystals
sharply differentiated from one another. One type is seemingly unaffected
by the reagent (a mixture of HCl and FeCl,) and retains its polished
surface, one is colored nearly black and the third which appears to par-
take of the nature of a matrix is yellowish in color. The unaffected
crystals are those which possess the magnetic properties as shown by the
fact that no specimens from which they were lacking were found to be
magnetic while whenever they were present a fair estimate of the value
of I at saturation could be made by visual inspection. The area covered
by the unaffected crystals was measured in a considerable number of cases
and compared with the magnetization. Within the limits of error of the
measurement the saturation value of I is directly proportional to the area
of the crystals of this sort.

Specimen no. 14, Cu 72.2 per cent., Mn 17.4 per cent., Al 10.3 per
cent., forms an exception to the above rule. On the basis of unaffected
crystal area, its saturation value of I should be about 225 c.g.s. Asa
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matter of fact the specimen appears not to be appreciably magnetic until
cooled to o° C. This seems to indicate that while the structure of the
crystals and the magnetic quality are very closely related, the crystal is
not itself the magnetic unit. The difference whatever it may be between
no. 14, orin fact any other specimen, in the magnetic state and the non-
magnetic state would appear to be due to exceedingly slight differences
in molecular grouping since very careful experiments on a number of
other specimens have failed to detect any phenomena of the nature of
recalesence. It appears certain that the ferro-magnetism of the Heusler
alloys depends upon molecular grouping and is therefore a crystaline
rather than a molecular property.
PHYSICAL LABORATORY,

UN1vERSITY OF UTAH,
» November 6, 1909.

MaGNETIC PROPERTIES OF HEUSLER ALLOYS.!
By A. A. KNowLTON AND O. C. CLIFFORD.

URING the work with these alloys carried on by one of the writers,

it became apparent that a further investigation of the dependence

of properties on composition was desirable and also that in spite of the ex-
tensive work done by others there were many points in relation to hysteresis
losses still little understood. For testing a considerable number of rings,
mostly of low aluminum content were prepared. These rings were pre-
pared and cast with the precautions outlined in a previous paper except
that in some cases the rings were quenched from a high temperature in
order to investigate the effect of this procedure. As was to be expected,
the rings so treated proved very unsatisfactory from a mechanical stand-
point and in most cases broke while being ground. The rings were
ground to uniform dimensions, wound with 864 turns of no. 22 copper
wire and a secondary of 100 turns and tested by the step by step method.
For heating purposes a bath containing about a gallon and a half of gas
engine cylinder oil with mechanical stirring device was heated over a gas
flame. Seven specimens running from 67.8 per cent. Cu, 27.8 per cent.
Mn, 4.4 per cent. Al to 60.3 per cent. Cu, 25.4 per cent. Mn, 14.3 per
cent. Al, were tested. Hysteresis curves were taken at o°, room tem-
peratures, and at several selected temperatures up to transformation. At
room temperature the specimens showed wide variations in quality.
Ring number one which was cast from scrap many times remelted was
by far the best. Since there does not appear to be adequate cause for
this either in composition or in heat treatment it is probably largely due

1 Abstract of a paper presented at the Urbana meeting of the Physical Society, Novem-
ber 27, 1909.
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to a very perfect mixing of the constituents. On gradually heating this
specimen two temperatures (125° and 170°) were found at which very
marked increase in induction took place. When annealed from 125°
the increase in induction is permanent and is accompanied by a marked
decrease in hysteresis. Annealing from 170°, on the contrary, does not
leave the specimen in as good a condition as the original as to either
maximum induction or hysteresis loss. Annealing from 223° at which
temperature it was nearly non-magnetic greatly decreased the induction
and the hysteresis losses became relatively enormous. On the contrary
quenching from temperatures from 220 to 260 degrees restored the speci-
men in large measure to its original condition. Other specimens behaved
in a similar manner although none of the others seemed as sensitive to
heat treatment as no. 1. A curve showing the extent of recovery on
chilling from various temperatures indicates a maximum at 243°. After
quenching the specimens again showed marked improvement at the same
temperatures as before. No such effect occurred after annealing from
the neighborhood of 200°. The transformation points were not changed
by any of the heat treatments and appeared to depend wholly upon com-
position as previously found by one of the writers.

While taking the original curves on no. 1, it was noticed that on
removal of the magnetizing field, a sharp click was produced, distinctly
audible at a distance of ten or fifteen feet. All other specimens were
found to give the same result in a degree depending on their magnetic
softness. When no. 1 was hardened by annealing, this effect could be
observed only by placing the ring to the ear. No sound appears to be
produced when the field is applied, wherein it is different from the analo-
gous phenomena in the case of iron.

The microscopic examination previously made by one of us shows that
the magnetic quality of these alloys is closely associated with a particular
type of crystal which is however itself magnetic only under certain tem-
perature conditions and which probably contains in its structure molecular
groups which are the magnetic units. If in addition these crystals con-
tain a matrix of two components one of which softens at 120° and remains
soft on annealing while the other softens at 170° but hardens on anneal-
ing it seems possible to explain the observed effects as the result of me-
chanical constraints imposed by the matrix upon the magnetic group.

PHYSICAL LABORATORY,
UNIVERSITY OF UTAH,
November 6, 1909.
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MaGNETIC PrROPERTIES OF HEUSLER ALLOYS.!

By E. B, STEPHENSON.

SERIES of alloys with varied percentage composition was made in
the university foundry and tests were made of the magnetic prop-
erties by the magnetometric method. These properties varied with the
temperatute at which they were determined and with the previous heat
treatment. It was found that when heated to a particular temperature,
about 650° C., and allowed to cool in air, the alloys were almost non-
magnetic. By use of a method similar to the Frankenheimer method for
the calibration of thermocouples, cooling curves were run, and it was
found that a transformation point occurs at about the same temperature,
accompanied by an evolution of heat.
The cooling curves were those characteristic of solid solutions.
Photo-micrographs were taken of specimens quenched from various
temperatures, and additional data were collected in regard to several
physical properties.

THE EFFECT OF TEMPERATURE ON THE MAGNETIC PROPERTIES OF
ELecTroLYTIC IRON.!

By EARLE M. TERRY.

HIS paper is a continuation of some work, a preliminary report of
which was presented to the Physical Society at the Evanston
meeting in November, 19o8. As stated there, the purpose was to test
Burgess electrolytic iron, which has been shown to be very pure, at
temperatures ranging from that of liquid air up to the magnetic trans-
formation point, with a view to determining to what extent the facts
already discovered are characteristic of iron itself and what are the effects
of impurities.
The following are the principal characteristics of electrolytic iron
which have been established by this investigation :
1. Freshly prepared iron is very hard magnetically.
2. Different samples show marked dissimilarities at low fields which
disappear upon heating to 1000° C.
3. At high fields, all samples are quite similar, the values obtained for
susceptibility being intermediate between those of Leich and Schild.
4. Plunging into liquid air produces no permanent hardening.
5. The retentivity has a maximum in the neighborhood of room tem-
perature.

1Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909.
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6. Marked softening magnetically occurs at the hydrogen transforma-
tion points (300° C. and 500° C.) as shown by depressions in the curves
for the variation of hysteresis loss per cycle and field for maximum per-
meability with temperature. These depressions disappear after annealing.

7. Ferro-magnetism reappears on cooling at the same temperature at
which it disappears on heating. This temperature is 785° C.

8. The depression in the permeability-temperature curves obtained by
Morris for Swedish iron does not exist for electrolytic iron.

9. The best temperature for annealing is 1100° C.

10. Although when properly annealed it has a lower coercive force
and a higher maximum permeability than Swedish iron, its high reten-
tivity causes a larger hysteresis loss.

AN APPARATUS FOR MEASURING SounD.!

By F. R. WaATsoN.

HE apparatus was designed to be used in an investigation of the
acoustics of an auditorium, and for that reason it was found de-
sirable to have an instrument that was portable and easily adjusted. A
suitable apparatus was set up consisting of a telephone receiver connected
to a Duddell thermogalvanometer.

To augment feeble sounds, the principle of resonance was used. Thus
the source of sound was adjusted to give a maximum effect with the tele-
phone plate used. Further augmentation of the effect was secured by
placing a resonator of suitable dimensions over the telephone plate,
by inserting a condenser in the circuit and by adjusting the distance
between the telephone plate and the magnet.

By means of this apparatus maxima and minima of sound were easily
detected in a small laboratory, and a series of standing waves near a wall
measured. The apparatus is not merely a detector of sound, but gives
quantitative measurements that may be repeated.

PorarizaTioN oF Capmium CELLs.!

By R. R, Ramsey.

ELLS of the H form were polarized by short-circuiting or by con-
necting them to an outside E.M.F. until their voltage was very
small, o.1 volt say. By means of a siphon filled with cadmium sulphate
solution connection was made to unpolarized cells and it was found that
the E.M.F. between the cadmium amalgam terminal of the polarized
and the mercury terminal of the unpolarized cell was practically normal

! Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909.
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while the E.M.F. between the cadmium amalgam terminal of the un-
polarized cell and the mercury terminal of the polarized cell was the
same as the E.M.F. of the polarized cell.

A cell was short-circuited for some days and part of the mercury was
removed with a pipette washed, filtered through a pin hole, and made the
mercury terminal of new cell from which the mercurous sulphate was
omitted. The E.M.F. of this cell was small and after standing seven
months is less than o.1 volt. The original cell has recovered to prac-
tically the normal value.

ON THE MEecHANICAL EQuIVALENT oF HEAT BY A Porous PrLuc
MEeTHOD.!

By J. R. ROEBUCK.

NEW determination of the mechanical equivalent of heat is being

carried out by forcing water through a porous plug and reading

the drop in pressure and the resulting difference in temperature. To this

must be added the temperature drop on free expansion between these

pressure limits. This will then give the equivalent in terms of the heat
capacity of water and the weight of a mercury column.

The porous plug is of an entirely new form devised by Burnett and
Roebuck and described by them in detail in a paper now in course
of publication in THE PHvsicAL REVIEW. A porous porcelain cylin-
der with one hemispherical end is surrounded outside by the fluid under
the higher pressure. The fluid passes through the wall and escapes from
the open end. A platinum thermometer is placed with its bulb entirely
surrounded by the porous wall and the stem surrounded by the escaping
fluid. Under these conditions heat flow outward is entirely eliminated
by the liquid flow inward and the only radiation and conduction errors
are those from the support of the porous plug. These will affect the fluid
almost entirely after it has passed the thermometer. The initial tem-
perature is read by a second thermometer placed in the flowing liquid
just before entering the plug. The temperature of the entering fluid is
fixed by passage through a long coiled copper tube which with the plug
carrying tube is immersed in a large electrically heated thermostat pro-
vided with specially delicate regulation.

The water under pressure is supplied by a special six plunger pump
and the maximum pressure contemplated is 100 atmos. The pressure is
regulated by a rotating piston which, by its rise or fall, introduces or
cuts out resistance from the armature circuit of the motor driving the
pump. For the final pressure reading an open U tube mercury manom-

1Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909.
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eter after the Kamerlingh Onnes pattern was constructed. This is a
series of glass U tubes partly filled with mercury and the pressure is
transmitted from one lower mercury surface to the next upper by means
of compressed air. The eight tubes will read about 35 atmos. pressure
differences.

The apparatus is all assembled and tested and preliminary readings are
in progress.

PHYsIcs DEPARTMENT,
UNIVERSITY OF WISCONSIN.

A MetHOD OF DETERMINING THE OPTICAL CONSTANTS OF
METALS APPLICABLE TO MEASUREMENTS IN THE
INFRA-RED SPECTRUM.!

By L. R. INGERsOLL.

HE ordinary way of determining the refractive index and absorption
index of metals is to find the incidence for which circularly polar-
ized light is reduced to plane polarized as well as the azimuth of polariza-
tion of the latter. In the present method the process is reversed by de-
termining the angle of incidence and plane of polarization — principal
incidence and principal azimuth respectively — for which plane polarized
light is reduced to circular. The circularly polarized light is recognized as
such by allowing it to pass through a large Wollaston double image prism.
Two ¢¢sections '’ at right angles to each other are thus taken of the beam
and when these are equal, for all azimuths of the Wollaston, the polari-
zation of the beam must be circular.

The instrumental arrangement is very similar to that already used by
the writer in work on magnetic rotation. The two beams from the
Wollaston are analyzed with the aid of a sensitive spectrobolometric ap-
paratus and equality of intensity is very accurately determined. The
principal azimuths and incidences and hence the optical constants may
be determined in this way for a range of spectrum from the D lines to
A = 2.2 p with an accuracy at least equal to that of the best visual meas-
urements.

Preliminary measurements have been made on steel, nickel, and cobalt.
These show refractive indices at wave-length 2 z, nearly twice as large as
for the D lines and do not indicate any considerable increase after this
wave-lengtl. Reflecting powers computed from these optical constants are
in excellent agreement with the measurements of Hagen and Rubens,
especially for the longer wave-lengths.

1 Abstract of a paper presented at the Urbana meeting of the Physical Society,

November 27, 1909.
2 See PHYs. REV., Dec., 1906, and Phil. Mag., Jan., 1906, and July, 1909.
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THE ABSOLUTE VALUE OF THE MOMENTS OF ELEMENTARY
MAGNETs.!

By JakoB Kunz,

HE moments of the molecular magnets play a fundamental réle in

the theory of magnetism. The electron theory of ferromagnetism

due to Professor P. Weiss allowsthe determination of the moments of the

elementary magnets of iron, nickel and magnetite. It appears that the

molecular magnet of iron contains two atoms, that of nickel six, while each

molecule Fe,O, of magnetite constitutes an elementary magnet. From

the moments of the molecular magnets the number of atoms of hydrogen

per unit volume can be derived, and the value thus determined coincides
with that deduced from radioactive phenomena by Rutherford.

“THE VALUE OF ¢ BY WILsoN's METHOD.” !
By L. BEGEMAN.,

HE article contains three sets of data. The first set contains data

of observations taken on clouds composed of singly charged

droplets. The second set contains data of observations on layers in the

clouds composed of doubly charged droplets and the third set deals with
multiply charged droplets.

There are 28 separate determinations of single charges made with fields
of different intensity. The average of all the determinations of the first
set is 4.67 X 107" E.S. units for the charge of ¢; the second set
4.69 X 107 E.S. units and the third 4.65 X 107",

The article contains also data to show that the errors due to evapora-
tion in the clouds are within the limits of other experimental errors.

THE ABSORPTION OF X-Ravys AN ADDITIVE PROPERTV.!
By R. A. MILLIKAN AND E, J. MOORE.

HE object of this investigation was to make a careful test of the
recently widely circulated assertion® that a body becomes more
transparent to the X-ray from a given source when it is simultaneously
traversed by a transverse X-ray beam from a second source,
The observations presented in this paper show conclusively that the
ionizing effects which an X-ray beam can produce after passing through
1Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909. The paper is published in full in the Journal of the American
Medical Association, Vol. LIII., p. 1026, September 25, 1909.
2 A New Method of Taking X-Ray Pictures, Jour. Am. Med. Assn., April 17, 1909,
L1I., p. 1246. .
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an absorbing body are altogether independent of whether or not the body
is being simultaneously traversed by other X-ray beams.

THE Erastic BEHAVIOR OF PLATINUM-IRIDIUM WIRE.!

By K. E. GUTHE AND L. P. SiEG.

HE elastic behavior of platinum-iridium wires was studied by the
method of torsional vibrations. The vibrating system was set
swinging with large amplitudes and allowed to die down. Amplitudes and
periods were observed and the conditions of the experiments varied in
several ways. The following is the summary of the results.

1. Platinum-iridium wires containing over 3o per cent. iridium show
striking peculiarities in their elastic behavior which become the more
marked the higher the percentage of iridium.

2. For small amplitudes the period of torsional vibration is nearly
proportional to the amplitude; but for larger amplitudes the rate of in-
crease of the period becomes smaller and for very large amplitudes the
periods tend towards a constant value.

3. The logarithmic decrement increases with the amplitude, reaches
a maximum, after which it decreases again and probably reaches a mini-
mum for very large amplitudes. The maximum is the more pronounced
the larger the original distortion.

4. If the wire has been allowed to rest some time before the torsional
vibrations are produced the total number of vibrations necessary to bring
the system to rest is the smaller the larger the initial amplitude.

5. When tested by the static method the wires closely obey Hooke's
law.  The torsional moment calculated from the static experiment is
larger than the largest torsional moment found by the dynamic method.

1Abstract of a paper presented at the Urbana meeting of the Physical Society.
November 27, 1909.
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THE EFFECT OF TEMPERATURE UPON THE MAG-
NETIC PROPERTIES OF ELECTROLYTIC IRON.

By EARLE M. TERRY.
INTRODUCTION.

LTHOUGH a large amount of study has been devoted to the
magnetic properties of iron as a function of temperature, in
most cases the purity of the iron has been considered only in a
general way, many researches indicating little more concerning its
chemical composition than might be inferred from its commercial
name. Since the magnetic properties of iron depend to so great
an extent upon the presence of certain impurities, notably carbon,
silicon, and manganese, and in Burgess electrolytic iron we have an
iron of extraordinary purity, it seemed worth while to repeat and
extend some of the earlier experiments with a view to determining
to what extent the observed phenomena are characteristic of iron
itself, and to correlate them with metallurgical changes. To bring
to mind the principal facts already discovered, a brief summary of
the previous work will be given, the experiments being reviewed in
chronological order.

That temperature has a marked influence upon the magnetic
properties of iron has been known from the time of Gilbert (1540-
1603); who discovered that a needle, when heated red hot, is no
longer attracted by the lodestone, but regains this property when
the temperature has fallen. This fact was also noted by Canton
and studied qualitatively by Saussure. The first, however, to
attempt quantitative measurements was Coulomb (1736~1806), who
observed the period of vibration of a heated magnetic needle in a
field of known intensity.
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At the beginning of the nineteenth century, the increasing refine-
ment of instruments for studying the earth’s field made it necessary
to know the influence of temperature upon the deflections of the
magnetometer needle. The first careful experiments were those of
Christie who found that the highest temperature to which a magnet
can be heated without sensible loss of magnetism is about 100° F.,
and that the diminution of magnetic moment is not a linear function
of the temperature, its rate of change increasing with the temperature.
He also found that the moment of a magnet, when placed in a
freezing mixture, is increased, returning to its original value when
room temperature is restored. The work of Hansteen, Kupffer,
Lamont, and others, which followed shortly after, also dealt with
permanent magnets.

Rowland,! in the years 1873-74, carried out a long series of
experiments on iron, nickel, and cobalt, experimenting at two dif-
ferent temperatures, 5° C. and 230° C,, in the latter part of his
work. It is a curious fact that he missed what would have been
a most interesting point, for the magnetic properties of nickel begin
to change very rapidly just above the highest temperature he used.
He was able to determine, however, that the susceptibility of iron
and nickel for small fields is greater at high temperatures than low,
while for large fields, just the reverse is true. The fields employed
were comparatively small, and insufficient, in the case of cobalt, to
reverse the sign of the variation of susceptibility with temperature,
which he found to be always positive.

The first attempt to investigate the magnetic properties of iron
throughout the ferro-magnetic range of temperature was in 1880,
by Baur,? of Zurich. Placing a bar of iron, while at a white heat,
within a double solenoid, one coil serving to produce a magnetic
field, the other measuring the changes in the induced magnetism,
he studied the iron as it cooled. Besides confirming the results of
Rowland, he found, for small fields, that the rate of increase of per-
meability is greater for high temperatures than low, while as a crit-
ical temperature is approached, the permeability decreases very
rapidly for all fields, becoming practically unity.

During the next ten years, the matter was taken up by Perkins,?

1 Phil. Mag,, vol. 48, p. 321, 1874.

3 Wied. Ann., vol. 11, p. 394, 1880.
3Sill. Journ., vol. 30, p. 218, 1885.
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J. Trowbridge,' Berson,? Tomlinson,® and Hopkinson ;* by far the
most important work being done by the latter. Hopkinson used
the ring method of Rowland, insulating the windings from each
other by asbestos, and estimating temperatures by means of a
platinum thermometer. He determined a very complete tempera-
ture series of magnetization curves for wrought iron, mild steel,
hard steel, nickel, and cobalt. In the case of wrought iron he
found that for small fields, e. g., .3 dyne, the temperature at which
the rapid rise of permeability begins is about 600° C., that it reaches
a maximum at 775° C,, and falls abruptly to unity at 785° C., while
for large fields, the permeability remained practically constant to
600 C., then fell rapidly to unity. Mild steel showed essentially
the same characteristics, except that the permeability had a smaller
maximum, becoming unity at 735° C., while for hard steel, the
decrease in the maximum was still more pronounced, magnetism
disappearing at 69go° C. Returning from higher temperatures, for
wrought iron, magnetism reappeared at practically the same tem-
perature at which it disappeared, but the steels showed a marked
temperature lag which increased with the carbon content.

Between the years 1890 and 1900 a great deal of work was done,
and it will be possible here to briefly point out only the additions
which were made to the results obtained by Hopkinson. We find
a long list of names the most important of which are the following :
Du Bois,* Wilde,® Riicher,” Le Chatelier,® Curie,® Fleming and
Dewar,!® Morris,”® Fromme," Guilliaume,'* Dumont,!* Dumas,'* Os-

! Proc. Am. Acad., p. 462, 1885.

2 Ann. de Chim. et Phys., vol. 8, p. 433, 1886.
3 Phil. Mag., vol. 25, p. 372, 1888.

¢ Proc. Roy. Soc., vol. 45, p. 318, 1889.
5 Phil. Mag., vol. 29, p. 293, 18g0.
¢Proc. Roy. Soc., vol. 50, p. 109, 1891.
TLum. Elect., vol. 46, p. 37, 1892.

8 Compt. Rend., vol. 119, p. 272, 1894.
? Journ. de Phsy., vol. 5, p. 289, 1895.
19 Proc. Roy. Soc., vol. 60, p. 83, 1896.
11 Phil. Mag., vol. 44, p. 213, 1897.

12 Wied. Ann., vol. 61, p. 55, 1897.
3Journ. de Phys., vol. 7, p. 262, 1898.
¥ Compt. Rend., vol. 126, p. 741, 1898.
18 Compt. Rend., vol, 129, p. 42, 1899.
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mond,' and Wills.?> The physical transformations which take place
in iron were worked out with great detail during this decade by the
metallurgists Osmond, Howe, Roberts-Austin, Roozeboom and
others, a brief review of whose work will be given later.

Of those mentioned above, Curie did perhaps the most important
work. He studied not only iron, nickel and cobalt, but para- and
diamagnetic substances, covering fields from go to 1,350, and tem-
peratures from 15° C. to 1400° C. He found the magnetic trans-
formation point for iron to be 760° C., somewhat lower than Hop-
kinson’s value, and showed that the susceptibility does not become
zero at this temperature, as previously supposed, but remains posi-
tive, and though small, decreases rapidly up to 950° C., then slowly
to 1280° C., when an abrupt increase indicated another transforma-
tion point. The transformation near 750° C., was found to be not
an abrupt, but a gradual change, depending upon the field, the curves
showing the variation of susceptibility with temperature being similar
in shape to Amagat’s curves for the density of carbon dioxide near
the critical point.

With the advent of liquid air, Fleming and Dewar, in 1896, stud-
ied the changes which are produced in the magnetic qualities of
Swedish iron at low temperatures. In annealed specimens, they
found the permeability for all fields less at low temperatures, while
for unannealed and hardened iron, it increased as the temperature
was lowered, the effect being greater with hardened iron. The
hysteresis loss was independent of the temperature. More recently,
Honda and Shimizu® found for Swedish iron cooled in liquid air
that the permeability and hysteresis loss decreased for small fields,
but increased for large. These results have been confirmed by
Waggoner* for low carbon iron.

During the following year, Morris repeated Hopkinson’s experi-
ments, improving upon certain details, and found that for Swedish
iron, after careful annealing, the permeability-temperature curves
show a distinct minimum near §50° C. which was not found for

1 Compt. Rend., vol. 128, p. 1513, 1899.

2 Phil, Mag., vol. 50, p. I, 1900.

3 Phil. Mag., vol. 10, p. 548, 1905.

4PHYs. REv., Vol. XXVIIL., p. 393, 1909.
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charcoal iron. His principal contribution was the determination of
the hysteresis loss as a function of temperature. Kunz,! three years
earlier, had suggested a linear relationship, but Morris’ results show
distinct departures from a straight line, there being a well marked
depression at 425° C.

In 1900, Wills studied the effect of temperature on the field
which gives the maximum permeability, called by Ewing the point
of separation between the second and third stages of magnetization.
Working with wrought iron and alloys of aluminum, nickel, and
manganese, he found that the maximum permeability occurs at
lower fields as the temperature is raised, the relation being nearly
linear. With alloys, as the relative amount of iron is decreased,
the difference of temperature between the disappearance and reap-
pearance of magnetism is increased. This point has been carefully
studied for nickel steels by Osmond, Guilliaume, Dumont, and
others who have given the complete curves for all percentages of
alloy.

ELEcTROLYTIC IRON.

After the work of Wills in 1900, the question of the effects of
temperature on the magnetic properties of iron seems to have been
regarded as settled, attention having been turned for the most part
toward alloys. However, the recent perfection, by Prof. C. F.
Burgess,? of the University of Wisconsin, of an electrolytic process
for the production of very pure iron in large quantities has afforded
an opportunity to study further the magnetic properties of this
element.

Owing to the difficulties of production, electrolytic iron has
hitherto been very little studied magnetically, the work thus far
having been confined to room temperatures. It is the purpose of
this investigation to determine the magnetic constants of this pure
iron at various temperatures, ranging from that of liquid air to the
temperature of magnetic transformation, with a view to determining,
as far as possible, to what extent the phenomena already observed
are characteristic of iron itself, and to point out the effects of im-
purities.

!Electrotech. Zeitsch., 1894, p. 196.
2 Iron and Steel Mag., vol. 8, p. 48, 1904.




138 EARLE M. TERRY. [VoL. XXX.

Beetz' and Holz? speak of “galvanic” iron as being very hard
and having a large coercive force, while Kramer® says that iron de-
posited from a solution of ferrous chloride is so soft that it can be
cut with a knife. Leick* has studied iron deposited from three dif-
ferent solutions : iron sulphate, iron chloride, and iron ammonium
sulphate. He concludes that the magnetic properties are practically
independent of the salt from which the iron is deposited, that the coer-
cive force is large and the susceptibility small. He gave, however,
a very large value for the maximum induction. Schild® has recently
made a careful study of the magnetic properties of electrolytic iron
at room temperature, and obtained values for susceptibility con-
sistently lower than those of Leick. He criticizes the latter’s work
rather severely, and attributes the discrepancy to the small amount
of material used (.004 gr. to .06 gr.). The largest specimen tested
by Schild, however, weighed only 3.8 gr.

A detailed account of the production of Burgess electrolytic iron
would be beyond the limits of this paper. Those interested in the
process are referred to Professor Burgess’ original articles. Suffice it
here to say that the iron used was twice deposited from an electro-
lyte consisting of ferrous and ammonium sulphates, the current den-
sity being about six amperes per square foot, and requiring about
four weeks to produce a plate one inch thick. Plates have been
made weighing seventy-five pounds. Chemical analyses have shown
that this iron is very pure. In fact the impurities are so slight that
special methods have had to be devised to determine them. The
average of several analyses is given below and may be taken as a
fair indication of the purity.

Sulphur, 8ilicon. Phosphorus. Manganese. Carbon. Hydrogen.
‘001 per cent. .003 per cent. .004 per cent. None .012 per cent. .072 per cent.

It will be noted that the amount of hydrogen present greatly ex-
ceeds that of all the other impurities combined, and it is to the
presence of this element that the characteristic properties of electro-
lytic iron are usually ascribed.

1 Phil. Mag., vol. 20, p. 458, 1860.
? Pogg. Ann., vol. 151, p. 69, 1874.
3 Dingl. Polyt. Journ., p. 111, 1861.

4+ Wied. Ann., vol. 58, p. 691, 1896.
8 Ann. der Phys., vol. 25, p. 594. 1908.
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Burgess and Taylor' made a preliminary study of single refined
iron about two years ago, and found that it is both magnetically
and mechanically very hard. During the past year Burgess and
Aston have been making an extensive study of the magnetic proper-
ties of alloys of this iron, but their results have not been published.

METHOD OF TESTING.

Of the various methods that have been used for magnetic testing,
the Rowland ring seemed best suited for the present work. Since
it gives a continuous magnetic circuit without a joint of any kind,
no correction for demagnetizing effect is necessary, and with a fairly
uniform winding of the magnetizing coil, it may be safely assumed
that the flux crossing each section of the ring is the same, and that
the leakage is negligible. If a D’Arsonval galvanometer is used,
this method is independent of the earth’s field or any other extra-
neous effects. It is, however, subject to three sources of error:

I. The field is not uniform across the specimen, and further, the
mean field is not the field at the center of the section calculated
from the ampere turns.

I1. Since permeability is a function of field strength, the mean
flux density, calculated from the deflections of the galvanometer, is
not the flux density at the center of the section.

II1. As pointed out by Ewing? and Lord Rayleigh,® for small
fields and fields for which the differential permeability dB[dH is
large, iron changes its magnetic state slowly, sometimes requiring
several seconds or even minutes. Since the ballistic method re-
quires that the total change shall take place before the galvanom-
eter swings appreciably from its zero position, a serious error is
introduced in testing iron possessing magnetic viscosity.

The first two errors may be reduced to negligible magnitudes
by choosing the width of the ring small in comparison to its diam-
eter. Lloyd* has shown, for a ring with rectangular cross-section,
that

Hy_ 1, 1+7

Hy  2p 1—p
1Proc. Am. Inst. of Elect. Engrs., May, 1906.
¢ Mag. Ind. in Iron and Other Metal, p. 122,

3 Proc. Roy. Soc., June 20, 1889.
4 Bull. Bur. Stds., vol. §, p. 435.
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where
H, = average value of field.
Hp = field at mean radius of ring.
p = ratio of radial width to mean diameter of ring.
The value of “p” for the rings which I have used in this work
was approximately .084. Substituting this value in the above
formula we find

A, = 1.0024
B, . .

The calculation of the error mentioned under II. is very complex
and has never been handled mathematically. Richter! has shown,
however, assuming that the permeability is constant across the ring,
and that the hysteresis loss varies as the mth power of the flux
density, that

2—m

L{,O 1—m I +P "
w= (2’") (1o —p) (1+2)" = (=)

where

W, = hysteresis loss for uniform flux density,

W = hysteresis loss for actual flux density.

Taking 7 = 2 for unannealed specimens and » = 1.6 for annealed,
we find 1.0024 and 1.0021 respectively for W[ W.

The effects of magnetic viscosity are nearly eliminated by a
method suggested by Taylor.? The essential feature of this modi-
fication is that all observations are referred to one of the retentivity
points of the curve. For instance, to locate the point representing
positive saturation, subject the specimen to maximum field; then
close the secondary circuit through the galvanometer, and break
the primary. The deflection of the galvanometer measures the
difference of induction between the saturation and retentivity
points. Points on the curve between these two are obtained in a
similar manner, the iron having been first carried to saturation and
the induction reduced to the desired value without breaking the
magnetizing current. For points between retentivity and negative
saturation, the iron is first taken to positive saturation as before,

! Electrotech. Zeitsch., vol. 24, p. 710, 1903.
?Puys. REv,, Vol. XXIIL., p. 95, 1906,




No. 2.] MAGNETIC PROPERTIES OF /RON. 141

and at once returned to retentivity by breaking the primary current.
The secondary is then closed and the deflection taken when the
proper magnetizing current has been applied in the opposite direc-
tion. The calculation of the induction in terms of the field, as is
ordinarily given, is then merely a matter of changing the origin by
the amount of the retentivity, for computing which the necessary
data are at hand. The advantages of this method are as follows :

I. Observations on any one point may be repeated as many
times as desired. '

II. The magnetizing current need be applied for only a few
seconds, thus reducing its heating effect.

III. The errors due to magnetic viscosity, while not entirely
eliminated, cease to be cumulative as in Rowland’s original method,
and are reduced to negligible quantities.

ExPERIMENTAL DETAILs.

The work may be divided into three parts:

I. To test the iron magnetically at different temperatures.

II. To find the best temperature for annealing.

III. To investigate the relation between crystal-
line structure and magnetic properties.

The procedure in the first part was to run hy-
steresis and magnetization curves at various inter- C{:})
vals from the temperature of liquid air up to that at
which iron ceases to be ferro-magnetic. For the
lowest temperatures, the rings, after being wound,
were dipped for an instant in melted paraffine, then
plunged into liquid air, and tested when the tem-
perature had become uniform. To obtain tem-
peratures intermediate between those of liquid air
and the room, the following method, which is due
to Knipp,! was used. A hollow copper sphere,
with walls about .8 cm. in thickness, was mounted Fig. 1.
inside a cylindrical Dewar flask as shown in Fig. 1.
To the lower side of the sphere was attached a copper spindle
which dipped into liquid air. The Dewar flask was placed upon a

! PHvs. Rev,, Vol, XV,, p. 125.
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platform which could be raised or lowered with a slow motion,
while the sphere remained fixed. By properly adjusting the depth
of the spindle in the liquid air, any desired temperature could be
very constantly maintained. While there was an appreciable tem-
perature gradient from top to bottom of the enclosure, the fall of
temperature across the ring, which was placed horizontally, never
exceeded two degrees.

For the production of high temperatures, an electric furnace of
the Herzus type was used. This consisted of a porcelain tube 35
cm. long, 5 cm. internal diameter, wound with platinum foil 2.5
cm. in width. Outside of this, leaving an air space of .7 cm. was
another tube surrounded by magnesia packing, the whole being
mounted in upright asbestos boards fastened to a slate base. A cur-
rent of 15 amperes gave a temperature of 1200° C.

For the measurement of temperature, two thermo-elements whose
E.M.F.'s were determined by means of a specially constructed low
resistance potentiometer, and an optical pyrometer were used. One
of the couples, a copper-constantin junction, used for temperatures
below that of the room, was standardized at the temperature of
freshly prepared liquid air, — 188° C., the melting point of ice, and
the boiling point of water. Its indications are believed to be correct
to .5°C. The other thermo-element was a platinum-platiniridium
junction and was used from room temperature up to 1000° C.
In its standardization the following temperatures were used : melt-
ing point of sulphur, 444.6° C.; melting point of antimony, 631° C.;
and melting point of silver, g62° C. It is believed to be correct to
1° C. for the lower range, and to 2° C. for the upper. The optical
pyrometer was used above 1000° C. It was checked against a
standard couple and its indications may be relied upon to 5° C.

Making the rings proved to be a matter of some difficulty, since
freshly deposited iron is so hard and brittle that it cannot be cut
with a tool. The rings had to be cut from the deposited plate by
means of a rotating tube fed with emery dust, after which they were
mounted in a lathe and ground into shape, the process requiring
from two to three days for each ring. The dimensions of the rings
were, roughly, as follows: external diameter, 3.5 cm., internal
diameter, 3 cm.; height, .4 cm.
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One of the chief difficulties encountered was the problem of in-
sulation between primary and secondary windings, since most sub-
stances which are good insulators at ordinary temperatures begin
to conduct when heated, and a very slight leak is sufficient to give
the galvanometer an uncertain drift, rendering accurate work im-
possible. The method finally adopted was to use rings cut from
thin magnesia plates prepared by roasting the oxide between two
plates of graphite in an electric furnace at a temperature of about
1700° C. In order to insure insulation between turns, a paste,
made of fine magnesia powder and alcohol, was worked into the
spaces, which, when dry, could be kept solid by careful handling.

Another problem was the protection of the rings against oxida-
tion. Since the magnetic properties of iron oxide are very different
from those of metallic iron, and the cross-section of the specimen
was always small, even a thin film would result in serious error.
The first attempt to overcome this
was to fill the furnace with an
inert gas; but it was difficult to
close the ends sufficiently tight,
and even then the water of crystal-
lization of the mica, upon which
the primary was wound, given up
on heating, produced considerable
oxidation. This difficulty was
finally met by plating the rings
electrolytically with copper. It
was found that with a plate .7
mm, in thickness, a ring could be
heated several times in perfect safety.

The electrical connections are shown in Fig. 2.

4 = ring under test.

RR = control rheostat for primary circuit.

SS = standard solenoid for calibrating galvanometer.

NS = magnet for galvanometer control.

B’ = battery for compensating thermals in galvanometer circuit.

The primary consisted usually of fifty turns of No. 18 copper wire,
while the secondary was a three strand cable of No. 40 platinum

Fig. 2.
Electrica connections.
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wire, from twelve to fifteen turns being used, depending upon the
cross-section of thering. The galvanometer was of the D’Arsonval
type, having a period of fifteen seconds, a resistance of seven ohms,
and when closed through the secondary circuit, was nearly aperiodic.
With a scale distance of two meters, its calibration curve, for deflec-
tions up to 20 cm., departed from a straight line by less than .5 per
cent. The resistance of the magnesium oxide being very high at
800° C.,, the low resistance of the secondary circuit rendered errors
due to leakage between turns extremely small.

REsuLTs.

Ten rings in all have been studied, being cut from two different
plates which I shall call 4 and B. The iron in these two plates
was quite different, 4 having a finer crystalline structure and being
much harder than B, both mechanically and magnetically. Rings
cut from the same plate were quite similar, the slight discrepancies
being doubtless due to the difference in depth in the plate from
which they were taken. Since the deposition of a single plate is a
matter of several weeks, the unavoidable changes in acidity of bath
and strength of current would necessarily result in non-uniformity
of deposit. The results obtained are summed up in the following
tables and curves.

TasLE L
Plate A—Us led. Permeability as a Function of the Temperature for Different
Fields.
| Field Strength.
Temp.; -
I-s!x]z|3|4|s!xo'»iso|4om
25 | 160 170' 200| 240| 295| 400| 638 540 440 | 360 | 174
97 | 200, 200| 250! 280| 338 430! 680 560 | 443 | 362|173
205 260 250 275| 326| 390 510| 740i 580 | 450 ‘ 358 | 172
295 340 350 380 433 500 640 790 | 590 | 448 358 | 172
400 | 370| 380 424| 500 638| 820 | 896 592 | 445 | 358|177
505 I 440 | 470 570| 756 |1,150: 1,340 ; 1,020i 650 | 470 375|170
595 | 700 780]1,050 (1,800 | 1,820 | 1,670 | 1,090 640 | 465 | 362 | 155
655 © 900 |1,180 | 2,500 ' 2,430 | 2,130 1,860 | 1,120 | 635 | 441 338 | 146
700 2,400 | 4,200 ' 3,500 | 2,690 | 2,200 ' 1,890 | 1,080 580 | 398 | 302 | 121
750 5,600 | 4,400 | 2,870 (2,130 | 1,700 1,420 | 760| 390 | 262 ;197 | 95
765 7,200 4,700;2,670 1,900 | 1,480 | 1,220 650 336 | 226 |170 ;| 70
780 4,80012,800/1,550,1,080 | 850 690 | 360 180 | 120 | 92 55
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TasLe II.
Plate A—Unannealed. Variation of Hysteresis Constants with Temperature.
Temperature. E"f;g‘_ ‘I:?” d‘::ag:“,’,“___l‘:; Retentivity. clgz‘l'_‘éi.‘:‘
25 41,400 18,200 9,560 7.53
97 37,200 18,100 9,300 7.30
205 32,700 18,100 8,700 6.50
295 27,700 18,050 8,050 5.55
400 20,600 17,800 7,800 5.00
505 14,800 17,600 7,050 3.20
595 8,800 15,700 7,030 2.04 :
655 5,180 13,900 6,040 1.42
700 3,590 12,300 4,600 1.01
750 1,980 9,000 2,700 .35
765 920 7,260 2,300 .22
TasLE III
Plate A—Annealed at 800° C.  Permeability as a Function of Temperature at Different
Fields.
Field Strength.
Temp. ;
a | .5 1 1.5 a | 3 o | 60
|
~190 60| 9 | 100| 140| 19 | 430 | 1,130 | 286
—121 65 [ 120 250 250 700 i 1,000 | 1,200 284
- 60 70 ' 190 400 400 | 1,100 I 1,800 | 1,300 283
23 80 260 500 870 | 1,900 | 2,600 | 1,400 281
102 100 400 800 | 2,200 | 3,150 ’ 3,130 | 1,420 280
203 160 600 | 1,200 4,000 | 4,350 | 3,630 ; 1,430 275
308 | 200, 800 | 1,90 | 5400 | 4,850 | 3,760 | 1,440 | 270
403 260 | 1,200 | 5,500 | 5,740 | 4,900 I 3,780 | 1,360 270
498 425 | 2,600 | 7,000 6,140 | 5,160 . 3,830 | 1,320 266
547 900 | 4,000 | 7,000 | 6,000 | 5050 | 3,710 | 1,290 | 265
596 1,200 | 4,400 | 6,800 | 5,300 | 4,950 | 3,610 | 1,290 255
642 1,800 | 5,600 | 6,600 | 5,740 | 4,800 | 3,500 | 1,240 242
688 2,600 | 6,400 & 6,300 ; 5,540 | 5,500 ' 3,230 | 1,170 220
724 3,200 | 8,400 | 6,100 . 4,800 | 4,050 \ 2,950 | 1,040 186
752 5,000 | 9,200 | 6,100 | 4,600 | 3,650 ' 2,600 880 153
_ 781 | 2,400 | 4,200 | 2,800 | 2,240 | 1,700 | 1260 | 430 | 78

In addition to those already given, permeability-field strength
curves at different temperatures were plotted for each sample, but
these have not been reproduced. The field which gives maximum
permeability was determined from them, and its variation with tem-
perature is given in Table VII. and plotted in Fig. 12.
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TasLe IV.

Plate A—Annealed at 800° C. Variation of Hysteresis Constants with Temperature.

Tempenmre.' Eé;:lg." llu‘t’;:";“}:,"al::“c‘i Retentivity. . Coercive Force.
| - - i
-190 ' 26,900 17,600 | 11300 |, 400
—-120 ;24,150 17,600 ' 12,300 3.55
- 60 | 21,200 17,500 13,200 2.97
23 | 17,49 17400 | 13,600 l 2.31
102 14,320 16,900 | 13440 1.93
203 | 9,670 16150 12,920 | 148
308 | 7,630 i 15,960 12,400 | 1.39
402 699 ' 15900 | 11400 132
498 | 5080 | 15840 | 9,930 | .87
550 | 4,260 15,640 _ 9,340 : .86
596 3,420 14,880 | 8,200 ! .83
640 3,040 14,390 | 7,860 .75
685 ‘ 2,640 13,050 | 6,800 .60
724 | 1610 11,090 5,280 ’ 44
752 1,020 | 8,760 3,470 .25
768 | s64 | 5140 1030 | 14
TaBLE V.

Plate B—Unannealed. Dermeability as a Function of Temperature for Different
Fields.

Field Strength.

Temp. T
a .5 : | a | 4 I 7 | 10 | 100
—~19 150| 200 | 300 | 350 550 | 760 | 750 | 177
—120 200 240 | 350 | 425 675 840 | 823 | 177
- 61 280| 360 | 400 | 520 | 850 | 960 | 885 | 177
23 350| 440 | 520 | 740 1,125 | 1,130 | 980 | 178
97 40| 480 | 640 | 850 1340 | 1185 | 98¢ | 177
195 550| 520 | 750 | 1,025 | 1,410 | 1200 | 984 | 176
297 600| 600 | 800 | 1,075 | 1,440 | 1,200 995 | 176
392 80| 700! 90 ! 1,050 | 1460 | 1,200 ! 1,000 | 176
496 900 800 | 1,000 | 1,350 ' 1,500 | 1.230 | 1,015 | 172
550 | 1,050| 1,100 | 1,260 | 1,650 | 1,700 | 1310 | 1,00 | 170
605 | 1,200| 1,300 | 1,500 | 2,200 | 1,770 | 1,340 | 1,070 | 156

—
B
[
&

’
655 | 1,500 | 2,000 | 2,900 | 3,325 | 2,450 | 1,610
704 | 2,500| 3,600 | 4,700 | 3,750 ‘ 2,370 | 1,550 |
740 | 8,500 7,200 | 5,800 | 3,750 2,170 | 1,340 955 102
762 | 10,000 | 7,600 | 4,300 | 3,150 1,740 | 1,020 716 72

775 110,500 | 6.200 | 4.000 | 2.400 | 1,340 810 | '560 58

&
o
B
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To study the effect of annealing at temperatures higher than
800° C,, the following method was used. A cylindrical box with

= -
g 0‘45/ /% m
W2 7wz P

/ /1 m

L L ™
MAGNETIZING FoRCE 1n ODynes

Fig. 3. Magnetization curves at various temperatures — Plate A — unannealed.

a tight fitting cover was turned from a bar of Swedish iron in which
the ring to be tested was packed in finely powdered electrolytic

|
i
iy

3

Y= ;;Z‘\l

° [ 00 300 400 0 00 [ 000
TEMPERATURE

FERMEABILITY

p—

Fig. 4. Variation of permeability with tempenture; Plate A —unannealed.

iron. The ring could then be heated to any desired temperature-
with practically no oxidation, and at the same time be free from
contamination with carbon. When the desired temperature was-
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TasLe VL
WPlate B—Unannealed. Variation of Hysteresis Constants with Temperature,
Temperature.| Ergs per Cycle. M.t’l‘:':‘l‘fm;:;'.m. R ivity. Coercive Force.

-190 24,800 17,700 7,000 5.16
—120 24,000 17,750 ' 7,350 4.58
- 61 l 22,90¢ 17,750 7,750 4.43
23 | 21,300 17,800 7,940 3.84

97 18,760 17,700 8,040 3.23

195 16,000 17,600 | 7,600 2.93
297 15,230 17,600 7,100 2.62
392 13,400 17,600 6,430 I 2.50
496 8,730 17,200 5,850 , 1.99
550 6,820 17,000 5,700 ‘ 1.60
605 5,660 15,600 5,400 1.29
655 3,190 14,300 5,100 .90
704 1,890 12,200 4,870 .53
740 \ 890 10,200 4,000 .29
762 i 413 7,200 , 2,580 .15

4

!

INDUCTION
/
p—

$
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- N \\ -
2500, ~ - \ \ ] L 10000

Fig. 5. Variation of hysteresis constants with temperature — Plate A — unannealed.
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reached, the heating current was gradually reduced, care being
taken that the rate of cooling should be, as nearly as possible, the
same in each case. The time of cooling was about twenty-four
hours. After each heating, the ring was unpacked, rewound, and
tested. The results are shown in Table VIII. For the sake of
comparison, I have added in the last line of this table some results
obtained on a sample of Swedish iron annealed at 1150° C. Experi-

TasLe VII.
Variation of the Field Strength for Maximum Permeability with Temperature.
Plate A. | Plate B.
Unannealed, Annealed at 8c0° C. Unannealed.
Temp. Field. Temp. Field. Temp. ' Field.
25 12.2 -190 6.9 -190 | 101
97 11.3 121 5.4 —121 7.7
205 10.3 - 60 4.2 -61 | 68
295 9.3 23 2.9 23 | 5.9
400 6.2 102 2.4 97 ) 4.8
505 5.0 203 : 1.8 195 I 4.7
595 2.9 308 I 1.45 297 | 4.1
655 2.2 403 1.25 392 | 3.7
700 L5 498 1.00 496 . 3.3
750 6 547 .90 50 | 26
765 .33 596 .85 605 | 2.4
642 .80 655 1.5
688 .75 704 ‘ 1.2
724 44 740 I .3

1T I —
L—— —
i 77 |l A o
i 7 =

N

/

/

Fig. 6. Maguetization curves at various temperatures — Plate A — annealed at 800° C.
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ments were performed on rings from plate B only, since it had pre-
viously been determined, that after annealing at 1000° C., all of the
iron prepared by this process becomes practically identical. The
field in these tests was carried to 80 dynes.

PermeaginiTy

AL

Esas

) <100 0 %0 %00 0 400 800 600 800
TEMPERATURE

Fig. 7. Variation of permeability with temperature — Plate A —annealed at 800° C
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Fig. 8. Variation of hysteresis constants with temperature — Plate A — annealed

at 800° C.
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TasLe VIII.

Hysteresis Constants after Annealing at Various Temperatures.

Temperature. i Energy Loss. | Retentivity. ' Clg::g’:.‘ }:::‘c':‘l‘;‘: P:‘r:::;‘:my.
23° C. ! 21,300 7,940 l 3.80 17,100 1,040
780 i 11,280 8,450 1.30 17,300 3,070
1000 I 5,060 14,100 .75 17,280 9,080
1100 I 4,900 12,800 | .53 17,600 11,000
1200 I 5,600 13,000 | .85 17,400 8,750
1300 | 7,160 13,800 | .97 17,400 7,120
150° C. | 3,060 9,000 | .54 17,160 8,500
e ==
/,——/““g;%ﬁé?f
Far = mll
g 7
i a7 e
[y P21
- i
- /%7 v
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Fig. 9. Magnetization curves at various temperatures — Plate B — unannealed.
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Fig. 10. Variation of permeability with temperature — Plate B— unannealed.




152 EARLE M. TERRY. (Vor. XXX.

In connection with these last experiments, an attempt was made
to study the relation between crystalline structure'and magnetic
properties. After each test, the ring was unwound and polished
on one face. This surface was then etched with picric acid and

18000 6300
* MAXINUM INOpeTio
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NEN

14900 _ ‘\k ~
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. ,,w:é-*& | [
-“ — \.\\\ B
- i \\ \'\ ~
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TrMPRRATURE
Fig. 11. Variation of hysteresis constants with temperature — Plate B — unannealed.
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Fig. 12. Field strength for maximum permeability.




No. 2.] MAGNETIC PROPERTIES OF IRON. 153

photographed microscopically, the magnification in each case being
60 diameters. The changes which were produced by the different
heat treatments in the size of the crystals are shown in Fig. 13.

DiscussioNn oF REsuLTs.

Before entering upon a discussion of these results, it will be well
to make a brief digression on the temperature changes in the
physical state of iron, upon which its magnetic properties so largely
depend. According to Osmond, iron presents itself in three allo-
" tropic phases: Alpha, Beta and Gamma. Alpha-iron is weak,
ductile, ferromagnetic, stable below 785° C., and is characteristic
of wrought iron and low carbon steels. It crystallizes in cubes.
Beta-iron is weakly paramagnetic, stable between 785° C. and
8§0° C., and is probably hard and brittle. It is characteristic of
certain self-hardening steels, also of normal carbon steel when hard-
ened by sudden cooling, and like Alpha-iron, crystallizes in the cubic
system. Gamma-iron is stable above 890° C., is paramagnetic, and
characteristic of nickel and manganese steels. It is probably hard,
but ductile, while its crystals are cubic with octahedral modification.

The relations between these
phases are best shown by means <
of the Roozeboom'® diagram of = ;} Lo
Fig. 14, where the lines separat- \ \\ JA.;,__
ing the different regions indicate M 5 - WT'"
the temperatures at which the ;™ / .
transformations take place, when
different amounts of carbon are
present. Although the signifi- romm
cance of this diagram is quite ap- (I
parent, perhaps the field 4aB
requires special explanation, since
it represents a mixture of the solid and liquid phases. The line 42
gives the greatest amount of carbon a solid solution may contain,
while AB shows the least amount for a liquid ; and any point, such
as K, representing a given carbon content at a particular temperature,
divides a horizontal line drawn through it into parts proportional to

o

Tempe maTUAR
PY

- af

Py
Pan canry Cangorn

Fig. 14.

1 Metallographist, Vol. I11., p. 293, 1900.
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the relative amounts of the liquid and solid phases. As a molten
mass of iron, containing one per cent. of carbon, for instance, is
cooled, the point p represents the composition of the first crystals
that are formed. As the temperature falls, the remaining liquid,
being enriched in carbon, follows along the line A4S until the tem-
perature » has been reached, when the whole mass is solidified, the
process having covered the temperature interval g». The point B
is called the eutectic point, and represents the combination which
gives an abrupt solidification to a mixture of pure iron and graphite
crystals.

The line SED represents the formation of a definite compound
Fe,C, called cementite, while /L gives the transformation known as
“recalescence ” which consists of two simultaneous changes, the
separation of the alloy of iron and carbon into alternate layers of
ferrite, or pure iron, and cementite, and the transformation of the
ferrite to alpha-iron. The magnitude of the recalescence increases
with the carbon content. The line #/OSE is of special interest in
this paper since it corresponds to the disappearance of ferro-mag-
netism.

Roberts-Austin ! has studied the transformation points of electro-
lytic iron deposited from a solution of ferrous chloride by heating
the specimen and determining its cooling curve. Besides the normal
transformation points at 895° C. and 785° C., he found three others,
namely, at 1130° C,, 475° C., and 270° C. The first of these had
already been noted by Ball, and is of no particular interest in con-
nection with this paper. The second and third points he attributed
to occluded hydrogen, and suggested that the one at 475° C. may
be due to the separation of a hydride of iron from the solid solu-
tion, while the one at 270° C. is the corresponding eutectic point.
He has further shown that by repeated heating in a vacuum, pump-
ing out the liberated hydrogen, these points vanish. By making
the iron the cathode of an electrolytic cell, it may again be partially
saturated with hydrogen, when the point at 475° C. will reappear.
These points are of special interest, for as will be pointed out later,
certain changes in the magnetic properties have been found to occur
near these temperatures. It is an interesting fact that the recales-

1 Metallographist, Vol. II., p. 187, 1899.
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cence point, which is due to the presence of carbon, was found to be
absent. Its absence in Burgess iron also has been shown in this
laboratory.

Returning now to a consideration of the results which I have
obtained, one of the first conclusions is that freshly deposited elec-
trolytic iron is very hard magnetically, which agrees with the work
of previous investigators. It is to be noted, however, that the mag-
netic properties of different samples are not at all uniform, as a glance
at any of the corresponding curves for rings from plates 4 and B
will show. In all respects, mechanically as well as magnetically,
B is much softer than 4, although they were prepared, as far as I
am aware, under exactly similar conditions. This is not in agree-
ment with the results of Leick, who found a marked uniformity in
all samples, whether deposited from a chloride, sulphate, or am-
monium sulphate solution. My results show, however, that these
differences exist for small fields only, vanishing for fields of 100
dynes. I have found that after annealing at 1000° C., they be
come practically identical for all fields. Some samples of single
refined iron were much harder than either of these, one having a
coercive force of 20 dynes. In this connection it would seem that
Schild’s criticism of Leick’s results is not entirely justified. As
pointed out previously, Leick obtained results consistently higher
than Schild’s, obtaining for a field of 125 dynes, an induction of
over 19,000, while Schild obtained only 15,770. I have obtained
18,600.

Plunging a ring in liquid air and leaving it for several hours pro-
duced no measureable permanent hardening. As the temperature
is reduced below that of the room, the permeability decreases for
small fields, but increases for large fields, this effect being greater
after annealing. The hysteresis loss continually increases as the
temperature is lowered, the rate of increase being greater after
annealing. This is entirely at variance with Fleming and Dewar’s
results on transformer iron, for they found no change in hysteresis
loss at the temperature of liquid air. They also found the perme-
ability to increase for all fields in the case of unannealed and
hardened iron, which is again contrary to my results. A very
curious effect is the decrease of the retentivity for low tempera-
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tures, giving a maximum atabout 50° C. A careful search through
the literature has revealed no mention of such a phenomenon, and
it does not exist for several samples of commercial iron which I
have tested. It is believed to be characteristic of electrolytic iron.

The temperature of transformation from the ferro- to the para-
magnetic state has been found to be 785° C,, which is in good agree-
ment with the best data available on the temperature of transition
from the alpha to the beta state. Hopkinson has obtained the fol-
lowing values :

Sample. Carbon Content. Temp. of Transf,
Soft iron, .01 per cent. 786° C.
Mild steel, 126 ¢ 734° C.
Hard steel, 962 ¢« 695° C.

Morris gives 780° C. for a sample containing .08 per cent. carbon.
Referring to the diagram of Fig. 14, these values are in accord with
what we should expect from metallurgical considerations. Other
experimenters have given values differing somewhat from the above,
but unfortunately they have not included chemical analyses, hence
their results are of little value for comparison. If the temperature
were raised a few degrees above this critical value and allowed to
fall slowly, magnetism always reappeared at the same temperature
at which it disappeared. This seems to be characteristic of the
purity of the metal. Hopkinson states that for his purest metal,
the difference in the temperatures corresponding to the disappearance
and reappearance of magnetism was about 3° C., while for hard
steel, containing a relatively large per cent. of carbon, it was about
30° C. Wills has also confirmed this point. The presence of an-
other metal increases this effect in a very marked degree. Osmond
has given the complete curves for nickel steels, an extraordinary
case being that of the eutectic alloy containing 23 per cent. nickel,
which remains non-magnetic until cooled to — 20° C.

The change in the hysteresis loss with temperature shows some
interesting variations. Kunz' concluded from his experiments on
soft iron that hysteresis loss is expressible as a linear function of
the temperature, while Morris’ curves show distinct departures from
a straight line. An inspection of curves §, 8 and 11, shows marked

! Electrotech. Zeitsch., p. 196, 1894.



No. 2.] MAGNETIC PROPERTIES OF IRON, 157

depressions just after the temperatures 300° C. and 500° C. have
been passed. These are in accord with the hydrogen points of
Roberts-Austin, already mentioned. It is worthy of note that
sample A, after annealing, shows this effect to a less extent than
before, a large portion of the occluded hydrogen having been driven
off in the process.

Perhaps a still more striking proof of the existence of these points
is given in the curves of Fig. 12, where the field which gives maxi-
mum permeability is shown as a function of the temperature. As
stated before, this point of maximum permeability was chosen by
Ewing to mark the change from the second to the third stages of
magnetization, and the field at which it occurs furnishes a conven-
ient index to the softness of the iron. It will be noticed that in
sample A, very marked depressions appear in this curve at the tem-
peratures in question before annealing, but that after annealing, they
can barely be detected. The changes in the magnetic properties
at these temperatures can also be traced in the curves for coercive
force and retentivity. Sample B, being much softer, and probably
containing less hydrogen, shows this effect less. The corresponding
curves of Wills for wrought iron and alloys show no such abrupt
changes.

The variation of permeability with temperature is shown in Figs.
4,7and 10. Probably the most striking effect here is the sudden rise
in permeability for low fields just before the transformation to beta
iron takes place. The highest value of permeability which I have
obtained is 11,000, occurring ata field of .5 dyne. Morris obtained
a maximum of 14,600 for // = .2 in the case of Swedish iron, while
Wills gives 17,200 for wrought iron for A/ = .172. Although this
last value seems large, the comparison shows that electrolytic iron
is not so soft as some commercial irons. The chief respect in
which my permeability curves differ from those of Morris is in the
matter of regularity. It will be noted that nowhere in my curves,
barring slight increases at the hydrogen points, do any irregularities
appear, and this is believed to be characteristic of the purity of the
metal. In marked contrast to this Morris found, for wrought iron,
a distinct depression in the temperature-permeability curves near
550° C., which could be traced in all except those for the largest
fields.
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It is well-known to metallurgists that the transition from alpha
to beta iron is not abrupt, but covers a considerable temperature
interval, the temperature at which the transition begins being greatly
lowered by the presence of impurities. This has been shown inde-
pendently by Amold' and Howe ? by experiments on the temper-
ing of steel. The depression in Morris’ permeability curves, which
has just been mentioned, has been interpreted by Osmond *® as mak-
ing the lower limit of this transition. In view of the fact that I
have found no indication of such an effect in electrolytic iron, it
would seem as though this depression cannot be characteristic of
iron itself in changing from the alpha to the beta state, but must be
due to the formation of a molecular combination of the iron with
some impurity.

The effects of annealing at low temperatures are clearly shown
by a comparison of Figs. 4 and 7, where it is seen that the maxi-
mum permeability is increased about 50 per cent. by heating to
800° C., while for small fields the increase is many fold. Table
VIIL shows the results of heating to higher temperatures. From
this it is seen that the iron is in its best state magnetically when
annealed at 1100° C. Further heating decreases the magnetic
quality very decidedly. Comparing electrolytic iron with Swedish
iron we see that while it has a slightly lower coercive force and a
higher maximum permeability, its high retentivity gives it an energy
loss nearly 60 per cent. greater.

Stansfield * has studied the physical changes that take place in
iron when heated to temperatures that are high but insufficient to
melt it. He recognizes two stages, (4) overheated, (4) burned.
The first refers to cases in which the temperature has not been
carried above the line Aa in the Roozeboom diagram. Although
the point of incipient fusion has not been reached, there has been
a marked diminution in the closeness with which the crystals are
held together. He has given no lower limit for this stage, but from
my results it would appear to be justabove 1100° C. The iron can

1 Engineering, July 9, 1897.

2 Journal of the Iron and Steel Inst., 1895, Part II., p. 256.
3 Metallographist, Vol. II., p. 187. 1897.

¢ Journ, of the Iron and Steel Inst., vol. 2, p. 433, 1903.
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practically be restored by annealing at a lower temperature. The
second stage refers to cases in which the temperature has been taken
above the line da. A highly carburized liquid is here formed
which accumulates in the intercrystalline joints, and if the metal is
held at this temperature too long this is forced out by the carbon-
monoxide gas which is formed, leaving interstices in which oxidation
may take place. If there has been no oxidation the metal may be
restored by reheating to a temperature a little above that repre-
sented by the line GOS, and cooling slowly, giving the carbon time
to diffuse through the mass of the metal.

SuMMARY.

The following are the principal characteristics of Burgess electro-
lytic iron which have been established by this investigation :

1. Freshly prepared iron is very hard magnetically.

2. Different samples show marked dissimilarities at low fields
which disappear upon annealing at 1000° C.

3. For large fields, all samples are quite similar, the values ob-
tained for susceptibility being intermediate between those of Leick
and Schild.

4. Plunging into liquid air produces no permanent hardening.

5. The retentivity has a maximum in the neighborhood of room
temperature.

6. Marked softening magnetically occurs at the hydrogen trans-
formation points.

7. Ferro-magnetism reappears on cooling at the same tempera-
ture at which it disappears on heating. This temperature is 785° C.

8. The depression in the permeability temperature curves obtained
by Morris does not exist for this iron.

9. The best temperature for annealing is 1100° C.

10. Although when properly annealed it has a lower coercive
force and a higher maximum permeability than Swedish iron, its high
retentivity causes a large hysteresis loss.

Thus far the iron has been studied up to 785° C. Owing to the
limitations of the method, it has not been possible to extend the
work up into the region of paramagnetism. It is my intention,
however, with differently designed apparatus, to investigate this
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hitherto little studied field, in which I think there is reason to expect
even more marked characteristics of this very pure iron.

In conclusion I wish to express my gratitude to Prof. C. E.
Mendenhall for many valuable suggestions throughout the progress
of this work, to Prof. C. F. Burgess for his generous supply of
electrolytic iron, and to Prof. O. P. Watts for assistance in making

the microphotographs.

PHYSICAL LABORATORY,
UNIVERSITY OF WISCONSIN,

August 7, 1909.
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A STUDY OF THE WEHNELT ELECTROLYTIC
INTERRUPTER.

By KARL TAYLOR COMPTON.

HE study of electrolysis has led to many unlooked for discov-
eries, but probably few if any of these were more strange than
when M. Violle passed a large current through an electrolytic cell
with small wire electrodes, for the purpose of studying their polari-
zation, and was startled by a regular succession of sharp explosions.
Although in reporting this he ascribes the noise to interruptions of
the current, the discovery was not put to practical use until seven
years later. In 1899 Dr. Wehnelt conceived the idea of utilizing this
remarkable phenomenon in an electrolytic device, to replace the
clumsy mechanical circuit breaker of the Ruhmkorff coil, and success-
fully used a coil so equipped in wireless telegraphy. The result of
his experimenting is the Wehnelt interrupter. It will be our purpose,
first to study the conditions which affect the action of this instrument ;
and second, to use the results of this investigation in formulating a
theory explaining its action.

Part I. THE AcCTION OF THE INTERRUPTER.

The interrupter consists essentially of a lead plate as the cathode,
and as the anode, a platinum wire sealed in a glass tube so as to
leave from .5 mm. to 2 cm. in contact with the H,SO, electrolyte.
Other materials may be used, but the above are probably the best.
" In the following pages the points designated as 1, 2 and 3 are .38
mm. in diameter, and 2.5, 5 and 9.5 mm. long respectively. Points
4 and 5 are 2.15 mm. in diameter and 3.5 and 7.5 mm. long.

If a gradually increasing battery current is sent through this ap-
paratus, the first effect is simply ordinary electrolysis, with unusually
high polarization of the wire anode. Then when the current reaches
a certain value, the polarization increases greatly and the current
almost ceases ; the wire becomes white hot and hisses in the liquid.

-Further increase of the applied E.M.F. only increases the polariza-
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tion. These two stages we shall call the electrolytic stage and the
fatigue stage, so called since it occurs when the instrument is over-
loaded. If a dynamo current is used, and better if an inductive coil
isintroduced into the circuit, these same two stages exist, but between
them is introduced a third stage, that in which the interruptions
occur, and which we shall call the interruption stage.

In the interruption stage, several noteworthy phenomena occur.
The strident thumping noise due to the explosive interruptions is
almost deafening, and the violence of the action may be felt by
putting a finger into the electrolyte. At each interruption a violet
light surrounds the anode, although the wire itself is not heated hot
enough to produce light. The bubbles of gas are thrown off
violently, and on bursting give off fumes of SO, and H,SO, together
with O, and ozone. During all this the electrolyte becomes warm.
If the current becomes too large, the interruptions become irregular
and soon the fatigue stage sets in. With but little trial, one finds
that the size of the current and of the anode point, the concentration
of the solution, the temperature and pressure, the inductance and
capacity in the circuit, all affect the interruptions. Their various
effects will be discussed in detail, and curves plotted toillustrate the
relations which exist. These curves will be only a few selected from
quite an extensive set of tables and curves, all agreeing in form and
significance.

To illustrate the change in conditions as we pass from the electro-
lytic to the interruption stage, an ammeter was placed in the circuit
with the interrupter and inductance coil, and a voltmeter, placed
across the interrupter, read the drop across the instrument. Of
course the readings in the interruption stage represent average values
— the square root of the mean square — and R is found by dividing
E by I. These specifications apply throughout the article. An
A.C. wattmeter was placed to read the power consumed in the inter-
rupter, and these readings were a constant check on the values of
Eand 7

Evidently a marked change occurs at the points marked with
circles. (See Fig. 1.) These are the points corresponding to the
instant when the interruptions first occur —and this point will be
called the lower limit. Below this point on curve 1, if we subtract
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from the total E.M.F. the drop due to polarization, which Koch and
Wiillner found to approach 3.79 volts in the electrolytic stage,' we
see that the remaining volts are proportional to the current, 7. e.,
the electrolyte obeys Ohm'’s law. Here too, on curve 2, the fact

R 11,
”,38 /

96

6,%%

3,22 ) 5

99,9 Z5 50 75 700 €
a“g'g 4 8 2 /6 R
3 o as S0 75 100 E

Fig. 1. 20 per cent. H;SO,. Z=.04 henry. Point 2. 20°C. Curve 1 shows
the variation of £ with 7; curve 2 shows the variation of & with 7, and curve 3 shows.
the variation of R with £ — all as the current is raised from a low to a high value.

that the resistance decreases with increasing current is due to the
fact that this counter E.M.F. becomes a less and less influential factor-
in the total resistance. Curve 3 shows that above the lower limit, the
potential drop is proportional to the resistance, minus a certain con-
stant resistance which is an inherent property of the electrolyteand the
electrodes. As the current is increased in the interruption stage, the
interruptions become more and more rapid and irregular. Curves
1 and 2 show that there is an upper, as well as a lower limit, and
if one exceeds this, the fatigue stage sets in. Having taken this
general survey of the action, we shall now look more closely at the-
conditions existing in particular stages of the interruption.

1. The Lower Limit.

The values of £, 7 and R in this section are those values at which
the interruption stage first begins. It is found that, for a given set
of conditions, this stage begins at a very definite point. From the
regularity of the curves in Fig. 2 it is evident that there are very
regular relations existing at the lower limit.

Plainly, the larger the point, the greater the voltage required to-

1 Polarization of Small Points, Annalen der Physik und Chemie, No. 3, p. 502,.

1892.
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produce interruptions. Each curve resembles an hyperbola and
has as asymptotes the X axis and a line A parallel to the
Y axis. We infer then that

207 Yo
b the total E.M.F. may be
w1 ' E resolved into three parts:
$ b (1) that necessary to over-
§10 ’ E come the counter EM.F.;
z : ! (2) that additional which
55; . E would be required to inter-
§£ A rupt in a 100 per cent. so-
ot | lution ; (3) that to over-
o S0 come the extra resistance

10 20 30
POTENTIAL._DROP
Fig. 2. L—.o4 henry. 20°C. Curves4-y 9ue to dilution. The first

show the total E.M.F. required to produce in- and second of these are

terruptions, each curve representing a given anode  .onstant for a given point
point used in electrolytes of different concentra-
tions. The curves are for points having surfaces and represent the values
of 3.26, 11.45, 30.12 and 54.02 mm.? respect- from the origin to the line

ively. Curve 8 is an equilateral hyperbola to .  The third part varies

show the departure of the curves from true hyper- .

bolic form. nearly inversely as the con-
centration, as we should

expect. It is in part (2) where the additional E.M.F. is required

for larger points.

The curves in Fig. 3 approximate sections of hyperbola®, and
indeed we should expect this, for as additional surface is equivalent
to other circuits in parallel, the resistance would vary inversely as
the surface, provided we can consider practically the total resistance
as very close to the anode point. This assumption is shown to be
true later. This interesting fact, however, is noticed. Whereas
points, 1, 2 and 3 lie on one cirve, points 4 and § in each case
seem to lie on another. The explanation suggests itself as follows :
Points 1, 2 and 3 are of wire .38 mm. in diameter, while points 4
and § are 2.15 mm. in diameter. Another point, 6, has the same
length as 4, and the same diameter as 1, 2 and 3.

Let the inner and outer circles represent cross sections of points
6 and 4 respectively. Then the difference in the resistance between
these two points is seen to be the resistance of the included electro-
lyte, which the current from 6 must traverse, but not that from 4.
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Then, by considering additional length as so much’ parallel circuit,
we can reduce the resistances of points 4 and § to that value which
they would have were they .38 mm. in diameter. Making these

“'1 5 5

g7

SURFACE IN Mmm*®

10 15 20
RESISTANCE

Fig. 3. 20°C. L =.04 henry. These curves show how the resistance of the
interrupter at the lowest current which will produce interruptions in each case, varies with
the surface of the anode point. Curves 9, 10, I1, 12, 13 and 14 show this for solutions
of 1, 2.5, 5, 10 and 20 per cent. concentration.

reductions and placing their values on the curves they are seen to
fall exactly in line with points I, 2 and 3, at the positions 4’ and s’.
By experiment it is found that the

. \ . PONT &
stronger the solution the larger the cur- INCLUDED
rent and the less the E.M.F. required = ELECTROLYTE
to interrupt. This is often of practical POINT 2
value, for the current may be cut down, Fig. 3a.

using the same anode point, by using a
weaker solution and a higher EM.F. The question as to whether
the product of volts x amperes remains a constant is answered by
Fig. 4.

Evidently slightly greater power is required to interrupt in weak
solutions. This is probably due to the greater amount of energy
required to overcome the electrolytic resistance outside the imme-
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diate vicinity of the anode point, leaving it possible that the energy
actually used in producing the interruption at the anode is constant

207 for agiven point. If the in-
terruptions are produced by
vaporization of the electro-
lyte touching the anode
point, the energy necessary
to interrupt in a given solu-
tion would be proportional
to the amount of electrolyte
to be vaporized, that is, to
° 0 arrd® 306~ the surface of the anode
Fig. 4. L —.04 henry. 20°C. Points 1, point. This view is borne

2, 3, 4 and5. Curves 15, 16, 17, 18 and 19 gyt by Fig. 5.

show the relation of the watts necessary to pro- .
duce interruptions to the strength of the electro- Although we m'ght €x-

lyte for points 1, 2, 3, 4 and 5. pect that the distance be-

tween the anode point and
the cathode plate would affect the resistance of the instrument, we
find that this has practically no influence ; and this still further
proves that almost the whole electrolytic resistance is due to’the
counter E.M.F. and the resist-
ance of those layers of liquid im-
mediately surrounding the anode,
where the current’s path is very
small. This, together with the fact

UrToNn
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SURFACE IN mm? .

o 25 S0
that the watts consumed are pro- wATTS

portional to the anode surface, has  Fig.5. 1 percent. H,SO,. 20°C.

75 00 72§

L =.04 henry. Curves 20 and 20%

important bearing on the theory of show that for 1 percent. and 20 per cent.

the interrupter. solutions, the watts consumed at the
lower limit are proportional to the sur-
2. The Upper Limit. faces of the anode points. This is found

to be true only when the anode points
are of the same cross-section.

A glance at Fig. 1 shows that
there is an upper limit, beyond
which further increase of E.M.F. produces no further increase of
current. This upper limit is found to be larger for larger anode
points and for more concentrated solutions. For a given solution,
the upper limiting current is proportional to the surfaces of the
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anode points. For instance, for a 20 per cent. H,SO, solution with
points 2 and 3 the surfaces are in the ratio of 4.3 to 6.7, or .63 ;
while the upper limiting currents are as 4 is to 6.4, or .63.

3. The Frequency of Interruption.

In the practical use of the interrupter, the two vital points to be
attained are high frequency and sharpness of interruption. The
ordinary hammer circuit breaker never produces more than 200
interruptions per second, and with a large coil does not make more
than 25 to 30. With the Wehnelt interrupter, the frequency with
very small points may reach 1,500 to 2,000, and as high as 200
with large currents. In the following measurements two methods
for determining the frequency were used: (1) determination by the
pitch of the sound produced by the interrupter ; and (2) calculation
by the three voltmeter method.! This latter method strictly applies
only to harmonic E.M.F.’s, but by comparison of the two methods
and by calculation of the resistance of the inductive coil, it was
proved to be quite accurate in measuring the frequency.

S

4
%)
W
§3 A -ms s ¥ a5, -
t —//-'
<
]
SJ,Q.---- -
W
g
N
©y

o 30 /720 150 /80

60 90
FREQUENCY

Fig. 6. 20° C. Point 2. These curves show the increase of frequency with in-
creasing current. Curves 21, 22, 23 and 24 are taken using a 10 per cent. H,SO, solu-
tion and with .01, .013, .023, .043 heary inductance in the circuit, respectively. Curve
25 is taken in a I per cent. solution with .043 henry.

1 Nichols’ Laboratory Manual of Paysics and Applied Electricity, Vol, II., p. 124.
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Low frequency readings were not taken owing to the increased
inaccuracy at low frequency in the methods employed. Apparently,
however, the first four curves produced meet at a common point
A, indicating that the lower limit is independent of the inductance,
provided there is enough inductance to produce interruptions, as is
found to be true. Furthermore, by referring to previous readings,
it is found that points 4 and B represent the lower limiting current
under the same conditions. The bend in each curve marks the
upper limiting current, which is larger for large inductances.
Curves 24 and 25 show that it takes more current to produce a
given frequency with strong than with weak solutions —a point of
practical value. The fre-

048
quency may also be varisd
§ o by varying the self-induc-
0y . 26 tion in the circuit —the
§ U larger the self-induction the
E'M : ‘lower the frequency.
? However, the self-induc-
° SO L9 nelP° 2% 2% tion must be of a sufficient

Fig. 7. 20°C. Point2. Curves 26,27 and Value or there will be no

28 show the variation of the frequency with the interruptions at all. There
self-induction — curve 26 with a I per cent. so- . . .
lution and a constant current of 2.7 amperes; is also an upper limit to
curve 27 with a 20 per cent. solution and a cur- the usable self-induction.

rent of 5.? amperes; curve 28 with a 20 per [ curve 27, when the in-
cent. solution and a current of §.0 amperes. .

ductance was made higher
than at point @, the fatigue stage set in.

Finally the greatest variation in frequency may be obtained by
regulating the size of the anode points. In using very small points
it was found best to bend the glass tube through 180° so that the
point might extend vertically upward into the solution. This par-
tially prevents the bubbles of gas liberated from catching at the
point and insulating it.

4. The Influence of Temperature on the Intervuptions.

The fact that heat influences the lower limit and the frequency
can be explained only by supposing that the resistance of the elec-
trolyte is changed, or that the electrolyte just surrounding the
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anode point is vaporized. By experiment,”however, it is proved at
the lower limit that although the required current and E.M.F.
decrease rapidly with increasing temperature of the electrolyte, as
shown by curves 29 and 30, yet their ratio and hence the resistance
remains practically constant. So we conclude that the reason that
it takes less energy to interrupt at high temperatures is that the
electrolyte is already partially heated toward vaporization.
Curves 31 and 32 illustrate

the increase of frequency pro-

duced by increasing the tem- §

perature of the electrolyte. In 5% y
this connection, and leading §

likewise to the conclusion that **] AnPeREs

liquid is vaporized during in- ‘s m,_,:” -""{%mémﬂ
terruptions, is the fact thatin-  pg 5, Point2. Z—.023henry. § per

crcasing the pressure on the cent. H,SO, solution. Curves 29 and 30 show

electrolyte increases the cur- the decrease in the number of volts and am-
y peres required to interrupt as the temperature

rent through the interrupter, rises, Curves 31 and 32 show the effect of
decreases the frequency, and temperatureon the frequency; curve 31 with a

. s see constant current of 4.4 amperes and curve 32
ur-

raises the lower lxmmng ¢ at a constant E.M.F, of 32 volts.

rent.

5. The Effect of Capacity on the Interruptions.

If a condenser is connected across an interrupter, as is done with
the hammer circuit breaker, instead of bettering its action, it softens

Ay it, and if the capacity is large, stops it
N entirely, bringing on the fatigue stage.
S Lol This effect is important in the theory of
\
N the interrupter and will be explained un-

der that head.

If the condenser is put in parallel with
the inductance, the sound is much less
violent, but the frequency is changed

Ic O ~ but slightly. This effect is explained

Fig. 9. thus :!
Let OA represent the impressed E.M.F. The current in the

1Bedell and Crehore's Alternating Currents, p. 309.
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condenser branch /¢ is go° in advance of OA and is small, equal
to CEw. The current in the inductive branch 7, lags behind 04
by an angle tan~! Lw/R and is equal to £/LZw. The actual current
is their geometric sum /. Thus the effect is to diminish both the
current and the effect of the inductance. As the former of these
tends to lower the frequency and the latter toincrease it, we see why
the frequency suffers but little change ; but both tend to soften the
sound.
6. Interrupters in Parallel.

If two anode points are connected in parallel as in Fig. ga rather
surprising results are obtained. Instead of the smaller interrupting
first and more rapidly than the large one, we find that the two act
simultaneously as a unit. As to
the lower limit, the watts con-
] sumed, the frequency, and in every
/ other respect, any number of points

Fig. %a. connected thus act precisely like a

single point with a surface equal

to the sum of the surfaces of the points used. Moreover the

watts consumed in each branch are such as would make it inter-

rupt by itself, proving again that the watts consumed are propor-
tional to the surfaces of the points.

If, however, an additional inductance is introduced in one branch,
and another in the other, in general the points do not act in unison,
and the interruptions are very irregular. By adjusting the induc-
tances the points may be made to act with the same frequency, and
may even be made to act in unison when one lags a whole inter-
ruption behind the other. The following table shows the watts
required to work points 1 and 2 simultaneously, and those required
to work the same points with the same frequency, but not in unison.

L /

_,
Y A

Case 1, Points 1 and 2. Case 3.
. | E | w. | st L ! E. | w
7.2 { 16 115.2 1 14 8 | 12
' l 2 5 ! 12 | 60
| | Total watts, 71.2
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Evidently in case 2 when one point interrupts the other gets the
whole current and so these points will act on less power than in case
I, where the current is always divided between the two.

7. The Action of the Interrupter with Alternating Currents.

Thus far we have considered only the use of direct currents, and
in that direction which makes the wire points the anode. If the
current is reversed there are no interruptions at all, the electrolytic
stage passing directly into the fatigue stage as the current is in-
creased. Thus it seems necessary that O and H both be liberated
at the point, — a fact made use of later.

Using an alternating current through an interrupter, we find as
before a lower and an upper limit. Temperature, the size of the
point, and the concentration of the solution all affect the lower limit
as in the case of the direct currents. But there is this important
difference that none of these quantities nor the self-induction nor
the capacity affects the frequency. This depends only on, and is
constantly equal to, the frequency of the alternating current.” This

Janwo E

Fig. 10.

phenomenon was investigated by Professor Bailey, of the University
of Michigan, and he obtained the following curves for the current
and voltage cycles.

In Fig. 10 the current and voltage curves are purposely placed
on opposite sides of the z-axis. Plainly in one half of the cycle
there is a very slight interruption, while there is a complete inter-
ruption in the other half, which is that half making the wire point
the anode. Although it might be expected that in some cases two
interruptions would occur in the same half cycle, this has never been
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found to be true. This being so, we should not expect the inter-
rupter to be as effective on A.C. as on D.C. circuits, and this is
true. For instance, with a current of four amperes through the in-
terrupter, an induction coil gave a 4 %4-inch spark on the A.C. cir-
cuit, and a 634 -inch spark on the D.C. circuit. Mr. Waggoner, of
Case School of Applied Science,
has shown that by using wire
points for both anode and cath-
" ode, two interruptions a cycle
may be obtained. It was found
that if a D.C. ammeter is placed
on an A.C. circuit in which an
interrupter is working, a slight
deflection occurs in the direction making the wire point the cath-
ode. This is due to the partial breaking down of the opposite half
cycle by the interruption.

Another very important curve by Professor Bailey is shown in
Fig. 11.

In this figure it is plainly shown that the current lags behind the
impressed E.M.F. as we should expect from the self-induction of
the circuit. But at the instant of the interruption the current surges
ahead so that at this point the two are in phase. The only thing
that can produce this neutralization of the self-induction is a capacity,
manifesting itself at the instant of interruption. As the capacity
just neutralizes the self-induction it must adapt itself to the value
C = 1/Le? from the equation

Tanvoe

Fig. 11.

L S
JR’+(c—w-L‘”)

The important thing to be noted is that at the instant of interruption,
and then only, there is a capacity effect in the interrupter.

8. Nature of the Light Surrounding the Anode.

The light seems to be of the nature of a discharge of electricity
through gases, and this is rendered more probable by the fact that
the gases will be present partly in an ionized condition, owing to
dissociation and electrolysis, and possible heat developed at the
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anode. The spectrum of the light is, as we should suppose from the
above, a line spectrum. The positions of the lines are marked by
their positions on the scale, and their intensity by their relative
lengths. The shading represents a glow as from a continuous
spectrum.

From this we learn that O and H are both involved in the forma-
tion of light. There is also evidence of a spark, since we have
plainly the sodium spectrum from the glass, and also a faint glow

reinforced in the neighborhood . "
. [-]
of the platinum lines. This must . T I 'I' ° o'l'
be due to the spark from the ;— I ¥ 3 L :,-l 20 25
platinum, since Professor Mc- Fig. 12

Clenahan proved, by using fus-
ible alloys for points, that in the interruption stage the temperature
never rose above 168° C., and hence not high enough to produce
incandescence. Thus we learn that there is a spark discharge
through O and H in the gaseous condition at the instant of inter-
ruption. )
9. Nature of the Interruptions.
In this section we shall go more fully than we have gone so far

into several points concerning the nature of the interruptions. We
have seen that the inter-

ruptions meet the require-

o 1 I I ments of {requency and
H suddenness. It is still a
~ £E_ £ £ question whether the make
or break is the more sud-

’:1:73 den. The fact that an in-

duction coil used with the
Wehnelt interrupter gives definitely directional sparks, and that an
X-ray tube shows very little back action proves that the make and
break are not of equal suddenness; while by examining the wind-
ings of the coil, it is evident that the break is more sudden than the
make.

This conclusion is verified by curves taken on the oscillograph.
The curve shown in Fig. 13 was taken by Professor Blondel.

The next three curves, Fig. 132, were taken by the writer.
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These curves show the wonderful regularity of action of the inter-
rupter under good conditions, and render it very evident that the

s YYY LY,
wd VYV VYV

Fig. 13a.

break is more sudden than the make. The significance of these
curves will be discussed in Part II.

Part II. THE THEORY OF THE INTERRUPTER.

We now have material enough collected to formulate a theory ex-
plaining the action of the interrupter, and to test this theory in
explaining phenomena hitherto left unexplained. Concerning the
cause of the interruption opinion has been very much divided. An
article in the Scientific American Supplement, No. 1223, says:

“ We shall not undertake to give an explanation of the theoreti-
cal operation of this curious apparatus, a point on which opinions
are as yet much divided. . . . We have here therefore a very com-
plex phenomenon in which the condenser of variable capacity and
the self induction of the circuit play the leading parts. The heat-
ing of the wire has no direct action, as was at first thought.”

Professor Thompson says : * The cause of this remarkable phe-
nomenon is the rhythmic sealing and unsealing of the anode by the
liberated gas.”

Elihu Thompson considers that the current across the gas film
is like an electric arc, and that the heat of the arc decomposes the
OH and this insulating layer stops the current. Then these gases
reunite with an explosion, and the current is again made.

Armagnat proposes the theory that the variable high resistance
at the points liberates energy which vaporizes the adjacent liquid
and thus insulates the point. Then the vapor condenses and the
current is once more set up.

Hill gives the theory that the function of the self-induction is to
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set up a back action liberating H, and that thus an explosive mix-
ture is formed.

Professor Blondel says: ¢ The energy of the inductance coil
charges the variable capacity to a high potential. When this dis-
charges, it drives the gas away and again lets the liquid back to
the wire.”

Many writers consider the cause to be intimately connected with
resonance effects, since, as we have seen, there seem to be certain
relations between the self-induction and the capacity.

This last is, we believe, an unnecessary complication, and not borne
out by the facts. For instance it cannot explain the fact that tem-
perature, pressure, current or applied E.M.F. affect the frequency
and the limiting current. Moreover it is difficult to see how the
resonance effect and the electrical oscillations can occur consistently,
since it is possible to obtain a wide range of frequency with the
same value of inductance. Even granting all this, resonance cannot
explain the violence of the interruption action.

Hill’s theory of back action is also rather far fetched, we believe.
The oscillograph records show no indication whatever of any reverse
current. Besides, if the current is already broken, no back current
can flow, and if it is not already broken, there is no tendency for it
to flow. Thompson and Armagnat in their theories leave no place
for the action of the self-induction, which is certainly a factor.
Blondel does not refer to any explosion, but simply to the electrical
discharge, as the thing which drives the gas away from the point ;
neither does he explain the action of temperature. None of these
theories, we believe, presents the whole truth.

We wish to propose the following theory of the action of the
Wehnelt interrupter.

The electrolyte immediately surrounding the wire anode is
vaporized not by the heat developed in overcoming the ohmic
resistance of the platinum, but in overcoming the transitional
resistance between the wire and the liquid, and the resistance of the
electrolyte very close to the point. As to the former, it is well
known that high resistance is offered to the passage of electricity
from a smooth metal surface to a fluid ; and as to the latter, we saw,
in sec. 1, that almost the whole electrolytic resistance is in the imme-
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diate neighborhood of the point. As this greatly increased resist-
ance increases the amount of heat evolved for the instant, a portion
of the vapor is dissociated into O and H and thus an insulating
sheath of an explosive mixture is formed around the point, stopping
the current. This gaseous sheath is the dielectric and the point and
the liquid are the plates of an electrolytic condenser. This con-
denser is charged with the electricity given back to the circuit at
the break by the inductive coil, and, as its capacity is small, its
potential will be high enough to break down the dielectric by a
spark, thus exploding the gaseous mixture and driving away the
remaining gas from around the point and permitting the liquid again
to make contact. This theory does not interfere with the prog-
ress of ordinary electrolytic action, which takes place between the
make and break of the circuit. We will now proceed to make a
series of deductions from the above theory, and test our own con-
clusions by fact.

There will be a definite amount of liquid around a given point,
and a definite amount of current will be required to vaporize it.
Also the larger the point, the greater the amount of liquid to be
vaporized, and the energy required to vaporize it will be propor-
tionally greater. This explains the fact that under definite condi-
tions there is a definite lower limiting current, and that the watts
consumed at this limiting point are proportional to the surface of the
anode point.

The function of the self-induction in the circuit is to charge the
electrolytic condenser at the break. Without it the circuit remains
permanently broken, which means that the fatigue stage sets in.
Why is not the make instantaneous, and does not the current rise
at once toits full value? Because of the self-induction in the circuit,
and the greater the self-induction the more slowly will the current
rise to its maximum value. The times required to make or break
will be proportional to the times required for the current to rise and
fall to the maximum and minimum values, and these times will be
proportional to the time constants of the circuits, 7. e., to L/R.
Thus the frequency will vary inversely as the self-induction, pro-
vided the interruption takes place by the time the current reaches
its maximum. If this condition is not fulfilled, the relation will not
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be exact. The first statement agrees with the facts previously stated
in sec. 3. Furthérmore, since the time required for the make is
proportional to L/R, and as R is comparatively small, being the
resistance of the circuit, the time required for the make is com-
paratively large. But at the break R includes the exceedingly
large resistance of the insulating gas sheath, and hence the break is
almost instantaneous. These facts agree with those noted in sec. 9.
As the time of interruption is proportional to L/R, we should get a
higher frequency with a high resistance in a 220-volt circuit than
with a low resistance and a 110-volt circuit. This isfound to be true.

We have seen that enough energy must be given off to
vaporize the liquid around the wire point. If the liquid is already
hot, less current will be required and the speed with which the
vaporization can take place will be increased. This corresponds to
the facts that the lower limiting current decreases and the frequency
increases with the rise of temperature.

If the self-induction has a value of .02 henry and the resistance
is 10 ohms, the time constant is .002. That is, in .002 second the
current will rise to 1/2.718 of its maximum value. It would,
therefore, reach nearly its maximum value in .005 second. The
break is instantaneous. Why then is not the frequency 5,000 as
soon as the lower limit is reached? Because, al\lthough the maximum
current is large enough to vaporize the liquid, it is not large enough
to do it instantaneously. Some time is required to vaporize it,
although, as we said before, this time is less if the liquid is already
hot. These statements receive additional proof from two observa-
tions. First, solutions of low specific heat give a higher frequency
than those of a high specific heat. Second, stirring the electrolyte
decreases the frequency, and may even stop the interruptions
entirely by sweeping away all the liquid before it has had time to
vaporize. Thus the fact that time is required to vaporize the liquid
accounts for the fact that the interval between the interruptions is
greater than the sum of the times required for the make and break.
This explains also the fact stated above that the frequency does not
always vary exactly inversely as the self-induction. The time
required for the make does vary as the self-induction, but any
additional time required to vaporize the liquid is independent of the
self-induction.
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If we place a condenser in parallel with the interrupter, as in
sec. 5, we have the following explanation of the facts noted there.
The extra current due to the self-induction, which charges the
electrolytic condenser at the break, is now split up and part of it
flows into the parallel condenser. This is equivalent to increasing
the capacity of the electrolytic condenser, and consequently lower-
ing the potential. Thus the potential may be so lowered as to pre-
vent the spark. Then the point would remain insulated, and the
fatigue stage would setin. This is exactly what happens.

Why is it not possible, by decreasing the self-induction or the size
of the point, or by increasing the current indefinitely, to produce an
infinitely high frequency? The self-induction cannot be made less
than the amount necessary to charge the electrolytic condenser to

. the sparking point, and as long as that much is present, the fre-
quency is limited. The current cannot be increased indefinitely
because if it becomes too large
it heats the anode point above
200° C. and then the spheroidal
state causes the fatigue stage to
set in. Even below this value,
the workable size of the current
is limited by the fact that when
gas is evolved in too large quantities it interferes with the liquid
coming back to the anode point after interruption, and thus the in-
terruptions are irregular. This is shown by oscillograph record
no. 34 in sec. 9, which was put in partially to illustrate this fact.
Lastly the point cannot be made indefinitely small since with very
small points, the surface tension of the tiny bubbles prevents their
escape from the point, although this defect may be partially rem-
edied by bending the glass tube so that the wire tip extends up-
ward instead of downward from the glass.
In conclusion, further to establish this theory, we shall construct
a current curve to fit the theory and compare it with the oscillo-
graph records in sec. 9. See Fig. 14. The curves are logarithmic,
due to the inductance of the circuit. The section a4 represents the
make, the section &c represents the nearly constant current, while
the liquid is vaporizing ; and the section ca represents the break.

CURRENT

TIME
Fig. 14.
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Following out the theory we make the following observations : (a)
The higher the temperature of the electrolyte the shorter b, %)
The greater the self-induction, the longer and less erect the part aé.
(¢) The larger the point, the larger the dimensions of the whole
figure. (d) At excessive current, the portion éc may entirely dis-
appear, and the break even occur before 4 is reached. The figures.
become irregular, and some sections may be skipped. (¢) The
higher the conductivity of the solution, the larger the whole figure
and the more erect ab. (f) The greater the specific heat of the
solution, the longer éc. (g) The greater the self-induction in the
circuit, the more regular the interruptions.

The majority of these deductions are borne out by the oscillo-
graph records in sec. 9. Thus while the above theory is simple,
we believe it is adequate to explain the main features of the action
of the Wehnelt interrupter.

In closing we wish to express our thanks to Professor Henry
Dates, of Case School of Applied Science, for the use of the oscil-
lograph of that institution, and to Dr. John Whitmore, of the Uni-
versity of Wooster, for his suggestion and direction throughout the
investigation.

PHYSICAL LABORATORY,
UNIVERSITY OF WOOSTER.
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MAGNETIZATION CURVES FOR A SAMPLE OF IRON
WIRE ONE MIL IN DIAMETER.

By J. A. VEazey.

HE following experiment was suggested by Professor W. S.
Franklin ; and to him the authoris greatly indebted for many
valuable ideas, and to Professor J. H. Wily for assistance in work-
ing out details of mechanical construction. The object of the ex-
periment was to obtain a number of magnetization curves for a
sample of mil iron wire, and from the curves to determine something
in regard to the relative magnitude of the molecules, or groups of
molecules constituting the elementary magnets of which a large
magnet has been thought to consist. If the magnetization curves
show changes indicative of sudden changes of magnetic flux in the
wire, the inference is that the groups are of the order of one mil in
magnitude. If the magnetization curves are smooth, the inference
is that the groups are less than one mil in order of magnitude.

The method of testing the iron wire is a modification of what
Ewing calls the magnetometric method. The changes of magnetic
flux in a mil iron wire are so small with magnetizing fields of
moderate intensity that the ballistic method of detecting them was
not practicable.

The apparatus used is a modification of that employed by Ewing.
Referring to the drawings, Fig. 1 is a front elevation of the special
form of magnetometer used in the test, one half of the iron shield
a being cut away. Fig. 2 is a section -of the suspension case ¢
taken onthe line 1-1, Fig. 1. Fig. 3 is a rear view of the suspension
case ¢ showing the coil /2 and the lead wires used in determining the
strength of the controlling field at the small magnet 7,. Fig. 4 is
a view of wooden slide / which carries the magnetizing coil £z The
glass tube g carrying the sample of wire to be tested is also shown
in this figure. The tube g is small enough to slide into the coil 2.
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Fig. 5 is a horizontal section of the case ¢ taken on the line 2-2,
Fig. 1. Fig. 6 is a general view of the electrical connections used
during the test. The letter B refers to a 120-volt storage battery,

4

W to a water rheostat, G to a galvanometer standardized to read
values of current, f to special form of magnetometer, X to a large
steel magnet producing a directing field at the small magnet 7,,
and R to a telescope and scale.

Referring to the apparatus in detail, like letters of reference refer
to like parts in the several figures. The letter & refers to a well-
annealed iron spool 20 cm. outside diameter, 10 cm. inside diam-
eter, and 30 cm. high wound full of well-annealed iron wire. The
spool is used as a magnetic shield to shield the suspended magnets
m, and m, as far as possible from the effects of a fluctuating earth
field. The letter 4 refers to a wooden bench which has a large hole
in it to permit of the free adjustment of the apparatus suspended in
the shield 2. The letter ¢ designates a glass tube containing an
astatic system of magnets 2, and m, fastened to a long, fine glass*
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rod ¢ carrying the mirror 7 at one end and a thin mica vane ¢ at the
other end. The function of the mica vane was to help make the
suspended system ‘‘dead beat.” The rod ¢ was suspended from
the brass pin p by a single fiber of silk. A cork was fitted into the
lower end of the tube, and through it extended a copper rod / to
the upper end of which a thin copper disk was soldered. When
the magnetometer was not in use, the copper rod was pushed up
until the disk at its end formed a support for the delicate glass rod o.
One silk fiber was used to suspend the magnetometer needle. The
first fiber used lasted during the subsequent trials. The letter &
refers to a wooden disk through the center of which passes the glass
tube ¢. This tube is wedged fast and the wedges are glued in place.
The disk 4 is fitted with leveling screws 7r. The letter ¢ designates
a yoke which passes across the top of the disk & and supports the
weights zw. The object of the yoke is to keep the delicate sus-
pension inside the case ¢ from being too much shaken while the disk

'
Y
6 "

Fig. 7

T : REEE Y Y
Cb f' 7)'}; X a--
Fig. 8. Fig. 9.

d is being leveled. The letter /, Fig. 4 and Fig. 2, is a wooden slide
which slides with sufficient friction to hold it where put in groove s.
This wooden slide carries the magnetizing coil 2 The letter g
represents a fine glass tube containing the sample of annealed mil
iron wire to be tested. This tube is small enough to slide into the
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magnetizing coil # whose inside diameter is .05 cm. The letter %
refers to a coil of wire consisting of a single turn 2 cm. in diameter
and whose plane was 2.5 cm. from the center of the magnet .
This coil was used to measure the value of the directing field at the
small magnet 7,. The letter £ refers to a piece of wood bound to
the glass tube ¢ which contains the groove s. The letters », and
m, refer to two small magnets, each .3 cm. long, made of glass
hardened hair spring. They form an astatic system and are fixed
to the glass rod o, 8 cm. apart. The magnetizing coil # was made
of silk insulated copper wire No. 36 wound 50 turns per centimeter
on a glass tube of .05 cm. bore.

CALCULATIONS.

Let Fig. 7 be a view of a horizontal section through the standard-
izing coil %, the small magnet ,, and the upper end £ of the
sample of mil wire under test.

Let M equal the strength of the induced pole at £.

Let / equal the length of the sample of iron wire.

Let f (Fig. 8) equal the field at 7, produced by current 7 in coil 4.

wa‘ni
I=5@ ¥

where 7 is expressed in amperes and # equals one turn in coil 4.
Let /7 (Fig. 9) equal the field produced at », by the induced
pole M.

, 1 X
qrzl
(3) A==

where A is the magnetizing field in the coil 7 of 2z turns per centi-
meter produced by the current 7 expressed in amperes.
@ =

~tan o

where /A’ is the directing field produced at the magnet s, by the
permanent magnet X, Fig. 6.
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14
(s) }7=tan8’, or f'=H’ tand’.

Substituting the value of /' from (5) in (2)

H tan &’
6) M= - -
2 (2 + o)

Let s = section of mil iron wire, or I circularmil, or §.07x 10~%cm.?

qn M

%) B=¥"4H

where B is the flux density, in lines per square centimeter.

From (6)
rH' tan &'
(8) B= _ 4zl tand” + A,

I x
[? @ty ]‘
OBSERVATIONS.

The following observations were taken to determine the value of
the directing field /7’ at the magnet .

Current in Coil 4, | Scale of Magnet- : Current in Coil 4, | Scale of Magnet-
Amperes. ometer. | Amperes. ometer,
0.125 | 13.25 —.0125 ! 18.90
0.312 | 9.80 ' —.0312 23.96

The distance from the scale of the magnetometer to the mirror of the

magnetometer SUSPENSion . . . . . . . . . . . e a4 0 e s e e e =95 cm.
Radiusaof coil 4. . . . . . . . ... .. ... .. .. .... = lcm.
Tumsz incoil A. . . . . . . . .. . o o000 = 1turn,
Distance 4 from plane of coil #to magnet m, . . . . . . . . . . .. = 2.5 cm.
Distance x from end £ of iron sample to magnets, . . . . . . . . . = L7 cm.
Length / of sample of mil iron wire undertest . . . . . . . . . . .. = 6.0 cm.
Number of turns per centimeter s of magnetizing coilz. . . . . . . . =50 turns.

Using the first set of observed values :
From (4)
S

r—
H—tan(?'
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From (1) by substitution f = .0322 X .0I125 = .0004 gauss.

diff. scale readings
95 ’

18.9 —13.25
95 - °05951

490 = 3° 24/,
tan ¢ = .0148,

tan 40 =

4 = .02 72 gauss.

.000
,=
q .0148

Substituting in equation (8)
B = 198,600 tan ¢’ + 62.83/.

Using the second set of observed.values and employing the same
method of finding the constant multiplier of tan ¢’ we have

B = 196,000 tan &' + 62.83/.
Taking the average of the constant multipliers of tan ¢’ we have
B = 197,000 tan &’ + 62.83/.

This is the form of equation used in determining the values of B the
flux density in the sample of mil iron wire. /A is determined from
equation (3) and equals 62.837, where 7 is the current in the coil
¢, expressed in amperes.

ERrRoRs.

1. The magnetizing field /& is somewhat less than 47z//10 be-
cause of the demagnetizing action of the rod upon itself. Ewing
has shown that this error is negligibly small when the rod is six
hundred diameters long. The specimen used was six centimeters
long and one thousandth of an inch in diameter. Hence the error
in this experiment due to the demagnetizing action of the induced
poles may be neglected.

2. The field due to the current in the magnetizing coil acts directly
upon the suspended magnet and produces some deflection, whereas
equation (5) assumes that the deflection is due entirely to the field
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which emanates from the magnet poles of the rod. Referring to
Figs. 2 and 4 it will be seen that by means of the slide f the end of
the magnetizing coil # can be pushed up or down until the magnetic
field produced by a current in the coil has an effect upon 72, equal
and opposite to its effect upon 7,. Before sliding the glass rod
with the sample of iron wire into the magnetizing coil #, the zero
reading of the magnetometer was taken. A current was sent
through the coil # and the slide / was moved to such a position as
gave no deflection of the magnetometer needle when the current was
reversed in direction.

No attempt was made to compensate for errors due to the distri-
bution of the induced poles at the ends of the sample. Extreme
accuracy was not attempted and the calculations were all made with
the slide-rule where possible. The form of the magnetization curve
was the thing sought for rather than the actual values of the flux in
the wire. The readings were taken after the glass tube g had been
slid into the magnetizing coil # until the upper end of the sample
of iron wire was opposite the magnet . The effect of the
induced poles in the iron sample would be small at the magnet .,
and the effect upon the two magnets was considered as a single
effect at the magnet 7. This would not alter the smoothness
or jaggedness of the magnetization curve, but would change the
numerical value of the flux density.

H B [ H ! B
8.1 14,458 . —2.80 | 13,093
7.6 14,657 5 -3.10 : 12,803
7.1 14,907 | —3.45 f 12,403
6.3 14,655 ; -3.70 i 11,354
5.5 14,655 l —4.00 ; 5,864
4.6 24,655 | -4.30 ! 867
3.9 1554 | —a0 | —325
3.1 14,643 ' -5.10 | — 5,685
2.4 62 | -540 | - 6306
157 13,772 , —5.66 | — 6,885
0.50 14,300 ' —5.96 ! — 8,436
0.00 14,200 —6.28 | — 9,816
—0.50 14,000 -7.10 —10,807
—1.63 13,500 } —8.63 —13,550
-2.39 13,252 '
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The apparatus was found so delicate that the pounding of steam
pipes, walking on floors overhead, or the moving of machinery in
distant parts of the building caused the magnetometer to be in a
state of constant vibration through small limits.

The night was found the best time for taking observations, and
the following values of B and /A were calculated from a set of read-
ing taken between the hours of eleven and twelve co’clock P. M.

By placing a light supplied with alternating current under the glass
tube ¢, the position of the astatic system of magnets 7, and », could
be directly observed by looking in at the top of the tube ¢, which
was left open for this purpose.

(ot Iexid
S e
i Q08 ; ‘

H

H

Fig. 10.

Curve number I, in Fig. 10, is that which corresponds to this
series of values of B and A.

The last trial was begun at two o’clock A. M. At this time the
vibrations of the building were reduced to a minimum and the fol-
lowing values of B and /A were calculated from a set of readings
taken between the hours of two and four o’clock A. M.
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H | B H B
7.86 13,538 0.31 12,340
7.73 13,628 0.00 12,230
7.42 13,387 —0.31 12,230
7.10 13,387 —0.69 12,050
6.66 13,207 -1.57 11,690
6.28 13,206 -1.95 11,458
6.03 13,146 -2.39 11,248
5.66 13,146 —-2.70 11,007
5.28 13,145 —3.08 10,757
4.90 13,145 —3.26 10,377
4.65 13,145 -3.70 9,566
4.14 13,084 —-3.84 7,406
3.89 13,029 —4.14 2,399
3.70 13,029 —4.65 — 3,767
3.26 12,873 —4.90 — 5,655
3.08 12,873 —5.28 — 8,145
2.70 12,872 —6.03 —10,226
2.39 12,732 —6.34 —10,996
1.95 12,702 —6.91 -—11,007
1.57 12,625 —7.42 —12,692
0.88 12,341 —7.73 —13,498
0.57 12,340 —7.86 —13,498

Curve number 2 is the curve corresponding to this set of values
of B and A.

The last set of observations was taken under the most favorable
conditions and were in sufficient number to locate the B and A
curve with greater certainty than in any previous trial. The sus-
pension system in the glass tube ¢ was observed at frequent intervals
during the test, and moved without constraint due to floating hairs
or interfering dust particles.

The points locating the last curve are distributed in such a man-
ner as to force the conclusion that the curve is perfectly smooth and
that the elementary magnets of whatever kind they may be are less
than one mil in order of magnitude.

PHysICAL LABORATORY,
LEHIGH UNIVERSITY.
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AN IMPROVED FORM OF VOLUMENOMETER.

By JoHN ZELENY AND L. W, MCKEEHAN,

N the usual form of volumenometer,! one of the mercury
columns is open to the atmosphere, and the pressure of the air
inside the instrument is obtained from simultaneous readings of
the barometer and the difference in the height of the two mercury
columns. Determinations of volume, and more especially those
where the volume of the substance is only a minor fraction of its
exterior bulk, are subject to a considerable error caused by the
fluctuations in the atmospheric pressure, owing to the attendant
variations in the volume of the enclosed air and the changes occur- -
ring in the relative states of the two mercury meniscuses.

Moreover, with substances in the form of extremely fine powders,
the canals between the particles are so minute that the gas passes
through them but slowly when the differences in pressure are small.
An equilibrium of pressure between the air among the particles and
that outside is established, therefore, only after an appreciable time,
and when the outside pressure is undergoing variations a complete
equilibrium is never attained.

These difficulties are obviated very simply by replacing the open
tube of the instrument with a baromanometer, thus making the
pressure readings independent of the pressure of the atmosphere.

The accompanying figure gives a diagram of a form of such an
improved volumenometer which has been found very serviceable in
making a number of density determinations, for which it was spe-
cially devised.

The cylindrical brass vessel A, used for holding the substance
whose volume is to be determined, is shown enlarged at the side of
the figure. This vessel screws into the brass piece B, which is
rigidly attached to the frame supporting the instrument. The sur-
faces of contact between 4 and B were turned true in a lathe, and

1 Regnault, Ann. de Chem. et Phys. (3), XIV., 1845.
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the thinnest coating of vacuum wax is sufficient to ensure a per-
fectly air-tight joint. The hole at C permits the use of a lever bar
for tightening and loosening the cylinder. A groove D was cut
1 across the threads at one place to serve as an
outlet for the air while the cylinder is being
screwed into position.

The glass tube £ leads from A to the
cylindrical vessel F, in which the two pro-
jecting points G and A mark off a definite
volume. The baromanometer X, which is the
new feature of the apparatus, is of the same
diameter (18 mm.) as the tube F. The air
had been removed from the portion of K above
the air trap Z, by boiling the mercury, so that
the difference between the two surfaces in
and K gives the true pressure in # and 4.

The level of the mercury in F can be
L changed by opening the stop-cock M and
raising or lowering the mercury reservoir V.
The trap O catches any air-bubble that may be
carried in by the flowing mercury. The tak-
ing of readings was facilitated by etching the
ends of the points G and A to prevent trouble-
some reflections, and by placing a paper with
inclined lines ruled on it, back of the tubes to
establish better the top outlines of the mer-
cury meniscuses. The mercury was not
brought into actual contact with the points,
as even a light contact is sufficient to produce
an appreciable depression. A small gap was
left and measured and a correction applied to
the volume involved.

Fig. 1. The volumenometer was used in a constant

temperature room and an accuracy of one

half of one per cent. was obtained even when the volume measured
was less than one fifth of the volume of the cylinder 4.

The essential parts of the apparatus should be screened against
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the radiation from lights and the observer, and if used in an ordi-
nary room the whole should be enclosed in a tight box with a stirrer
working inside to equalize the temperature between the top and
bottom.
By unscrewing the cylinder 4, the instrument is always available
for use as a barometer.
PHYSICAL LABORATORY,

UNIVERSITY OF MINNESOTA,
October 21, 1909.
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ELECTRIC WAVE RECEIVERS.

By HAroLD W. WEBB AND L. E. WOODMAN.

HE study of short electric waves has been difficult because of

the small and variable emission of the vibrators employed

and the lack of sufficiently sensitive receivers. The improvement

of the latter, together with the construction and tests of new forms,

was made the object of extended study, the results of which are
briefly described in this paper.

As will be shown later, the quantitative measurement of the
currents set up in a resonator by incident waves, less than 10 cm.
in length, can be best made by using the heat effects. Hence, in
any method employed we should have a resonator of the constricted
type, that is, one at the center of which is a large resistance with a
small heat capacity. For the determination of the temperature
increase, all of the methods well known in the study of thermal
radiation have been employed. The familiar Klemencic receiver!
and the bolometric receiver? depend upon the thermo-electric effect
and the temperature coefficient of resistance, respectively. The
Boy’s radiomicrometer was adapted to the study of electric waves
by G. W. Pierce,? in his combined Klemencic receiver and D’ Arsonval
galvanometer, while the “ radiometer receiver ”’ of G. F. Hull,* who
placed the vane of a radiometer opposite the gap of a Righi reso-
nator, corresponds to the Nichols’ radiometer.®

The Klemencic receiver has already been treated in an earlier
paper,® in which a method for greatly increasing its sensitiveness
was described. The bolometric receiver was not studied at any
great length, as its high resistance and the indirect methods of
determining the changes of resistance were very inconvenient. The

1]1. Klemencic, Wied. Ann., 45, 78, 1892,

2 Rubens and Ritter, Wied. Ann., 40, 58, 1890.

8G. W. Pierce, Phil. Mag., 1, 179, 1901,

¢G. F. Hull, Science, N, S., 16, p. 175, 1902.

8 E. F. Nichols, Pays., REv., IV., 298, 1897.

¢ Webb and Woodman, Puvs. Rev., XXIX,, No. 2, 94, 1909.
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use of a differential galvanometer seems to be the best method with
this receiver. For long waves the bolometer has the advantage of
great sensitiveness.

The receiver devised by Hull * was experimented with at great
length in this investigation. By the introduction of different con-
strictions, the attempt was made to increase its sensitiveness, but it
was not found possible to exceed that of an ordinary Klemencic
receiver (thermo-couple .025 mm. in diameter, with galvanometer,
sensitiveness 4 X 10~°volt). Furthermore, the unavoidable dissym-
metry of the apparatus caused great unsteadiness, which with the
lack of proportionality between the deflections and the incident
energy made this construction very unsatisfactory.

A new form of receiver depending upon ‘‘ radiometric” action
was therefore devised, which took full advantage of the heat devel-
oped. The improvement consisted in making the resonator a part
of the suspended system, and heating a metal radiometer vane
directly by the current. The construction shown in Fig. 1 (4, 4, ¢)
was adopted, in order to reduce the moment of inertia as much as

J l
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Fig. 1. Fig. 2. Fig. 3.

'W. P. White, Puys. REv., XXV, 138, 1907.
2G. F. Hull, Z <.
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possible, its value in a well built receiver being less than 4 x 107*
gr. cm.? The straight resonator antenna A are of wire, 0.12 mm.
in diameter, each 2.6 cm. in length. A small glass rod 7, cemented
with shellac, holds them rigid in almost perfect alignment, with their
inner ends o.15 cm. apart. The two cross wires R are .037
mm. in diameter and 6 mm. in length, soldered at right angles
to the inner ends of the antennz. Metallic connection is made be-
tween the two parts of the resonator by a strip of gold foil &, 0.7
mm. in width and .0001 mm. in thickness (the thinnest commercial
foil), soldered to the ends of the cross wires with soft solder. The
system was suspended by a fine quartz fiber F, in a closed vessel
(2.5 cm. in diameter), connected with a vacuum pump. The gas
pressure in the surrounding vessel was varied from .04 to .07 mm.
of mercury during the experiments.

The current flow in the resonator during one half of the oscil-
lation is shown in the figure by arrows. The effect of the current
is to heat the gold, and the consequent gas force, which is
cut off on one side by the light mica shield S, supported within a
few tenths of a millimeter of the foil by the glass whip I, causes
a rotation of the system, measured by the image of an illuminated
scale in the small plane mirror M. For the sake of symmetry, a
similar strip of gold foil, D, not soldered to the cross wires but in-
sulated with shellac, and a second mica shield 7, similar to S, was
fixed to the opposite side of the suspension. Thus, the system was
indifferent to ordinary heat radiation and perfectly steady. To
avoid the effects of jarring, the apparatus was set upon a heavy
block of stone resting on rubber stoppers.

The sensitiveness of the receiver was increased about six times
by the use in place of the gold foil of a platinum strip, .0004 mm.
in thickness and .01 mm. in width, obtained by rolling out a silver
wire with a platinum core (.002 mm. in diameter) to a width equal
to five times its initial diameter, the silver being later dissolved off
with nitric acid. This also increased the resistance of the con-
striction from four to thirty ohms. This receiver was compared
with a Klemencic having a soldered iron-constantan thermo-element
(.025 mm. in diameter — galvanometer sensitiveness 4 x 10~° volt).
The radiometric was approximately forty times as sensitive as the
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thermo-electric receiver, as measured in mm. deflection. While
this advantage is reduced to approximately two times, if we con-
sider the improved Klemencics already referred to,' the actual gain
in sensitiveness is much larger. For the true test depends not only
upon the ratio of the actual deflections, but also upon the inverse
ratio of the variations of the zero reading. A deflection of 10 divi-
sions, which, on account of a steady zero, can be read accurately to-
one tenth of a division, is equivalent to a deflection of 100 divisions,
in which the error due to a shifting zero is one division. Now the
galvanometers used with the Klemencic receiver, even though they
be carefully shielded, vary in their zero reading by at least one half"
of a division, while a carefully constructed radiometer suspension is
steady within one tenth of a division. Again the *line effect,” as
we shall call the disturbances in the receivers, resulting from the
currents set up in the lead wires by the varying static charges on
the induction coil and vibrator system, causes a zero error in the
Klemencic (also in the bolometric type), which in some cases is
very large. This further reduces its true sensitiveness. From these
considerations we may conclude that the new radiometric receiver-
is more than ten times as sensitive as the best thermo-electric couple.

The effect of varying the gas pressure was investigated.? The
sensitiveness was a maximum for pressures between .04 and .07 mm.
of mercury. No advantage could be observed in the use of a mica
wall placed 1 mm. from the vane, and as it tended to make the sus-
pension unsteady it was removed.

The advantages of the radiometric receiver are :

1. Increased sensitiveness.

2. Steady zero reading.

3. Freedom from “line effect” and similar disturbances.

4. Simplicity : it is self-contained, having no lead wires or other-
metallic connections. Being independent of very sensitive galva--
nometers, its use is possible where such instruments are not readily
available.

On the other hand, its disadvantages are such that it is not con-
venient for many kinds of measurements. The difficulty of altering:

1Webb and Woodman, /. c.
2E. F. Nichols, Z ¢.
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its length and of adjusting its period,'! the necessity of using the
receiver in a vertical position, and of supporting it so as to be free
from jarring, and the increased difficulty of construction, make it
impossible to use in many cases. The peculiar form of the constric-
tion affects the period in an unknown way, but this difficulty can be
avoided by an alteration in the construction.

For very short waves the radiometric receiver, while less sensitive
(in divisions deflection) than the thermo-electric,’ is of great advan-
tage. The form which is then used is very simple and easy to
construct. It consists (Fig. 2, &, 4) in a resonator formed by a strip
of very thin gold leaf G, stretched between two glass whips W,
cemented at right angles to the glass suspension axis 4. Behind
the gold leaf, attached to the opposite side of the whips, is a mica
shield S (Fig. 2, 8), cutting off the gas action on the rear. A similar
mica vane on the opposite side of the system is used to balance the
resonator. The zero reading of this receiver was very steady, and
the small deflections obtained with the short waves could be read
to one tenth of a division. On the other hand the thermo-electric
receiver with which it was compared, was subject to large disturb-
ances,® which could not be entirely eliminated. The resulting error
was considerable and hence the less sensitive radiometric receiver
was of great advantage. The absence of lead wires is also an ad-
vantage with the short wave-lengths.

Two other types of receiver have been used for measuring the
energy in electric wave experiments, the coherer and the mechanical
receivers. The coherer, with* or without ® resonating antennz, has
already been considered.® It has the advantage of great sensitive-
ness, but its variableness and the impossibility of using it for accu-
rate quantitative measurements makes its usefulness very limited.
The mechanical receivers, depending upon the electrostatic and
electrodynamic forces produced by the currents in resonators, were

first used by Hertz? with waves on wires, and by Bjerknes ® for free
! Willard and Woodman, Puys. Rev., XVIII., 5, 1904.
3P, Lebedew, Wied. Ann., 56, 3, 1895.
3P. Lebedew, /. c.
¢G. V. Maclean, Phil. Mag., 48, 115, 1899.
5]. G. Bose, Phil. Mag., 43, 60, 1897.
6 Webb and Woodman, /. ¢.
TH. Hertz, Wied. Ann., 42, 411, 1891.
8V. Bjerknes, Wied. Ann., 44, 76, 1891.
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radiation of wave-length 50 cm. Their use has also been suggested’
for very short waves, and some experiments were tried with them
during these investigations. Fig. 3 (a4, 4) shows an apparatus
which was constructed to measure the attractive forces between the
opposite charges on the opposite ends of two similar resonators,
due to the currents set up by an incident wave-train. Each of the
ten dumb-bell resonators, £ and S, consisted of a fine wire, .037
mm. in diameter and 6 mm. in length, connecting the centers of
two parallel circular tin-foil disks, radius 1 mm., in the manner
shown. One pair S was fastened by the glass cross-arm V to the
glass suspension axis 7, which was hung on a fine quartz fiber, so
that these resonators swung in a horizontal plane between the
stationary resonators £, with a clearance of only 0.5 mm. By
means of the magnet X, on the torsion head, the suspended reso-
nators were displaced 0.8 mm. from their symmetrical position
between the others (see Fig. 3, 8), and the electrostatic force acting
to draw them back, when they were set into electric oscillation by
the electric waves, was observed by means of the mirror /. Al-
though energy, sufficient to give several thousand divisions deflec-
tion with a similarly placed Klemencic receiver, was incident upon
this system, the force was too small for detection.

This was due largely to the size of the resonators, which were
too small to take up sufficient energy. Furthermore, it can be
shown that the efficiency of this mechanical receiver decreases much
more rapidly, with decreasing wave-length, than that of a receiver
depending upon the heat developed, of a Klemencic, for example.
This is due to the high frequency of the oscillations, which corre-
spond to a wave-length of about 10 cm. If the varying charge
on the end of a resonator is £ sin ¢ (n = 27 x frequency), the
current between the ends is given by

C= (27 x 3 X 10" +2) E cos nt.

Now the force acting on the system is intermittent, being produced
by about 150 wave-trains per second, each approximately equiva-
lent to three undamped oscillations. The average value of the force
is therefore equal to the sum of these impulses for one second; or

2w
F=150{(3 x 1) + (3 x 100} K %f‘ (E sin nd)ds
(]

1E. F. Nichols, paper read before the International Electrical Congress of St. Louis,
1904.
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2
=150{(3 x 4) + (3 x 1010)}-](;i= 7.5 X 107°KE?),

where K is a constant depending on the dimensions of the system.
The current for a given force is, therefore, C = const. = A}, so that
for the same deflection the current in the resonators, the constants
of the system remaining the same, must increase as the wave-length
is diminished according to this relation.

On the other hand, in the case of the temperature receivers, the
current necessary for a given deflection is C = M + v/7, where M
is a constant depending upon the resistance and other constants
of the system (the same for all sizes of receiver of the same type),
and ¢, the time during which the current is actually flowing in an
interval of one second, given, as above, by

t=(3x 150 X 4) +(3 x 10").

Hence C = const. -+ A3, so that for a given deflection the current in
the resonator is inversely proportional to the square root of the
wave-length. Thus as the wave-length is decreased the temperature
receivers decrease in sensitiveness much more slowly than the me-
chanical system, the ratio of the deflection given by the former to
that given by the latter for constant current varying inversely as the
square of the wave-length; 7. ¢,

Deflection : temperature receiver  constant

Deflection : mechanical receiver 22 °

Hence we find that for short waves the former are still very sensitive
while the latter are not available. An approximate computation
showed that a current of at least .04 ampere would have been neces-
sary in the mechanical system described to obtain an observable
effect. With much longer waves and more suitable resonators the
effect should be measurable, and this type of receiver capable of
being used to measure the incident energy.

In conclusion, we wish to thank Professor G. F. Hull for his
kindness in loaning us apparatus, and especially to acknowledge
our indebtedness to Professor E. F. Nichols, at whose suggestion
and under whose guidance this work was done.

PHENIX PHYSICAL LABORATORY,
CoLUMBIA UNIVERSITY,
December, 1908.
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THE WAVE-LENGTH AND OVERTONES OF A
LINEAR ELECTRICAL OSCILLATOR.

By James E. Ives.

HE experiments described in this paper were undertaken to
determine the wave-length of the electric waves emitted by
linear oscillators. By a linear oscillator is meant an oscillator of
cylindrical form, the diameter being small compared with the length,
Two theories exist to-day as to the wave-length of such an
oscillator. One theory, due to Abraham,' reaches the conclusion
that the wave-length is equal to about twice the length, and the
other, due to Macdonald,? that it is equal to about two and a half
times the length of the linear oscillator. The first theory is sup-
ported by Rayleigh,® Kiebitz * and others ; the second by Pollock,*
Cole® and others. The subject is one of great theoretical interest,
and of practical importance.

The oscillator used in these experiments consisted of two cylinders
of brass supported by a hollow cylinder of hard rubber. The
arrangement is shown in Fig. 1. In the fig-
ure, »7 is the cross-section of the hard rub- A
ber cylinder; 66, of the brass cylinders,
and ¢ the cross-section of a cork. Three
oscillators were used having total lengths
of 5, 7.5 and 10 cm. respectively. The
diameter was the same in each case, and
equal to .25 cm. The error in the meas-
urement of the dimensions in any case was less than 2 per cent.
The hard rubber cylinder was 3.85 cm. (114 inches) long, and had an

Fig. 1.

1 Ann. Phys., 66, 1898, pp. 435-472.
2 Electric Waves, p. III.

3 Phil. Mag., 8, 1904, pp. 105-107.

¢ Ann. Phys., 5, 1901, pp. 872-904.

¢ Phil. Mag., 7, 1904, pp. 635-655.
$PHYs. REV., 20, 1905,"pp. 268-272.
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outer diameter of 2.26 cm. (74 inch) and an inner diameter of 1.26
cm. (%4 inch). The lower end of the cylinder was plugged with a
cork ¢, and it was filled to two thirds of its depth with kerosene oil.

The oscillator was charged with an induction coil operated by a
rotating mercury interrupter. The charge was led to the brass
cylinders by two brass wires bent at their ends into elbows. The
lead sparks were about 3 mm. long. The length of the spark gap
between the brass cylinders was about .015 cm.

The receiver was made of two No. 29 (Brown and Sharpe gauge)
copper wires, .0285 cm. in diameter, connected by a thermo-electric
junction of iron and constantan wires .00208 cm. in diameter. The
portion of the receiver consisting of the fine wire was about 4 mm.
long, and had a resistance of about 6 ohms. The receiver and its

lead wires were fastened with sealing wax to a
small wooden board, 4 cm. long by 1 cm. wide.
The receiver is shown in Fig. 2. In the figure, R,

R, R, and R, are the receiver wires, and Z, and Z,, the
lead wires. The lead wires passed through two
holes in the board and were led straight back
horizontally through two small glass tubes which
supported the board.

Both oscillator and receiver were usually placed in the foci of
cylindrical parabolic mirrors made of sheet zinc. The mirrors had
a focal length of 7.5 cm.; were 60 cm. long, 64 cm. high and 31
cm. deep. The oscillator and receiver were used in a horizontal
position, and the measurements made when they were about a meter
apart, and 154 cm. above the floor of the room. The room was 6
meters long, 3.5 meters wide and 3.75 meters high.

The galvanometer used to detect the thermo-electric current was
constructed in the shop of the Physical Laboratory of the Univer-
sity of Cincinnati, from specifications given by Coblentz in the Bul-
letin of the Bureau of Standards (vol. 4, pp. 424—435, Figs. 5 and
6). Itis a four-coil Thomson galvanometer with small coils, and
a very light astatic suspension made of ten magnets each 1.1 mm,
long, five above and five below. The whole suspension weighed
only about 7 milligrams. The resistance of each coil was about
18.3 ohms. Since it was used with all four coils in parallel the

Fig. 2.
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resultant resistance was about 4.7 ohms. As used in these experi-
ments it had a sensitiveness (figure of merit) of about 2.5 x 10~®
amperes for 1 mm. of deflection at a scale distance of 1 meter, with
a period of about 4 seconds. It was calibrated, and the deflec-
tions were found to be proportional to the current.

The resonant length of the receiver was found by cutting off the
No. 29 copper wire of which it was made, piece by piece, with a pair
of scissors, and noting the corresponding galvanometer readings.
These readings when plotted gave a resonance curve from which
the resonance length could be obtained. Taking the receiver of this.
length, the common wave-length of both was found by the inter-
ferometer method used by Hull,' Williard and Woodman,? Blake
and Fountain,® and others.

The results obtained may be grouped under the following heads.

1. Harmonic overtones in the receiver.

2. Sources of error in the interferometer method.

3. Effect of the medium surrounding the spark gap.

4. Influence of the diameter of the receiver upon its resonant
length.

5. The resonant length of a linear receiver with a thermo-elec-
tric junction.

6. The most probable value of the wave-length of the linear
oscillator.

1. Harmonic Qvertones in the Receiver.— Fig. 3 shows the res-
onance curve for the 5 cm. oscillator. This experiment was repeated
a number of times, and all the curves agree closely, so that there
can be no question as to their accuracy. They were made with the
sender and receiver in the foci of the parabolic mirrors. The curve
shows three well-marked maxima for lengths of 4.4, 13.8 and
25.7 cm., respectively. The 4.4 cm. maximum shows what the
length of the receiver must be in order that its natural period shall
be the same as that of the sender. The 13.8 cm. maximum gives
its length when its natural period is three times, and the 25.7 cm,
maximum when its natural period is five times that of the sender.

1Puvs. REv,, 5, 1897, pp. 231-246.

2 PHys. REv., 18, 1904, pp. 1-22,
3 Puys. Rev., 23, 1906, pp. 258-264.
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Abraham'! states that a linear conductor may vibrate in a free
manner with its fundamental frequency or with any whole multiple
of this frequency. The fundamental vibration is said to be of the
first order; a vibration having twice the frequency of the funda-
mental, of the second order; three times that of the fundamental,
of the third order, and so on. A first order vibration is the funda-
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Fig. 3. Resonance curve for the 5 cm. oscillator.

mental vibration ; second order, the first overtone; third order, the
second overtone, and so on. In general, for any linear oscillator
of circular cross-section, the wave-length 4 for an oscillation of the
nth order, is given according to Abraham’s theory, by

(1) ln=—2’;l(l+cne’),

where
/ = length of the oscillator,

n = order of the oscillation,

. 4.8+ 2log, 7

n n ’

I

E=-—,
4log,y

and
b = radius of the cross-section of the oscillator.

As the order of the overtone increases, the correction to be applied
to determine the wave-length of this overtone decreases. From

2. ¢., pp. 433-472.
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Fig. 3 it is evident that when the receiver is 25.7 cm. long, it is
vibrating with an overtone of the fifth order, and that this overtone
has the same frequency as the oscillator. The wave-length of the
oscillator is then given by formula (1). For this case 7 = 35, and
¢, is equal to .00178. This is a small quantity with respect to I,
and may be neglected. We then have, for our experiment,

_2Xx257X1
" 5

Of course the accuracy of this result is diminished by the fact that
the receiver is not made of wire of the same diameter throughout
its length, since it has the fine wire forming the thermal junction
at its middle portion. This part of the receiver has a greater re-
sistance than the rest of it, and this will tend to make its length
less than it would be if it were constructed entirely of the copper
wire. This agrees with the fact that the first maximum occurs at
4.4 cm. instead of at 5.1 cm. The higher, however, the order of
the overtone used, the smaller will be the error due to this source.
In this particular case the wave-length obtained in this way agrees
very closely with that obtained by the interferometer method. It
also agrees with that calculated from Abraham’s formula given by
equation (1). This experiment, assuming that Abraham’s theory
is correct, suggests a method of determining the wave-length of an
oscillator from the overtones set up by it in a linear receiver. Such
a determination would not depend, in any way, upon the phenomena
of interference in free space, as do most of the methods now in use.
This method might appropriately be called the method of harmonic
overtones.

2. Sources of Error in the Interferometer Method of Determining
the Wave-length. — The plane mirrors of the interferometer were
made of well-seasoned wooden boards, 122 cm. wide by 121 cm.
high, covered with tin foil. The grating was composed of No. 32
(Brown and Sharp gauge) copper wires (.020 cm. in diameter) spaced
5 cm. apart, supported by a wooden frame 100 cm. X 100 cm.

Fig. 4 shows the interference curve obtained for the 5 cm. sender
when the receiver was tuned to it, namely, when it was 4.4 cm. long.
The mirrors, in this case, were probably equidistant from the grating

2 =10.3 cm.



204 JAMES E. IVES. [Vor. XXX.

r"ilirhchms
H s.

in mill
n
o

Salvanomete

10 15 20 25 30
Readings on slide in centimelers.

Fig. 4. Interferometer curve for the 5 cm. oscillator.

when the reading on the slide was 27 cm. This curve gives a mean
wave-length of 10.2 cm,

Curves a and 4 of Fig. 5 show the interference curves for the same
oscillator when the receiver was 10 and 30 cm. long, respectively.
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Fig. 5.

They show that if the receiver is not tuned to the sender, the
maxima and minima become indistinct, and the determination of the
wave-length of the sender becomes indefinite.

To investigate this effect of the length of the receiver upon the
apparent wave-length of the sender, I made a series of determina-
tions of the wave-length of the § cm. sender, using receivers of dif-
ferent lengths. As in the preceding experiments both the sender
and receiver were placed in the foci of the parabolic mirrors. The
results are shown in Fig. 6. It will be seen that the apparent wave-
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length varies all the way
from 4.3 cm. to 10 cm. R eV
The fact the position of the

principal maximum varies 1. mdem 4o (1) =

3
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onator will respond most strongly to those of its own frequency.
This theory does not appear to me to be admissible in the present
case, since all experimental evidence goes to show that a /Jinear
oscillator has a definite period and frequency for its fundamental
vibration.! Also if the linear oscillator emitted a radiation that
was sufficiently complex to account for the curves of Fig. 6, it
would not be possible to obtain the sharp tuning for the fundamental
shown in Fig 3. Also such a phenomenon, even if it exists, must
have a very limited range of frequencies.

It appears to me that the results may be explained if we assume
that the receiver, being itself a linear oscillator, radiates energy in
the form of waves. These secondary waves will, of course, have
the wave-length of the receiver. They will go from the receiver to
the grating, where the energy will divide, part of it going through
the grating to the fixed mirror and part of it being reflected
from the grating to the movable mirror. These two wave trains
will be reflected from the mirrors and come together again at the
receiver, and there will be produced maxima and minima for these
secondary waves of the same nature as those produced by the
primary waves coming direct from the sender. Each set of maxima
and minima will produce its own effect upon the receiver. If the
secondary waves got back to the receiver before the primary waves
ceased to excite it, we would have to take into account the differ-
ence in phase of those two sets of impulses. But since, in these
experiments, the distance from the receiver to the fixed mirror and
back again was about 260 cm., the wave-length was about 10 cm.,
and the sender was strongly damped, it is probable that the oscilla-
tions in the receiver due to the primary waves had entirely died out
before the secondary wave arrived. Lindman? found for a linear
oscillator, geometrically similar to mine (25.1 cm. long, and 1.5
cm. in diameter), a logarithmic decrement of 1.4, which means that
the waves had fallen to about one sixteenth of their original strength
in three oscillations. If the effect upon the galvanometer of each
train of waves could be plotted separately we should have, for each,

! See Bjerknes, Ann. Phys., 44, 1891, pp. 92-101, and 54, 1895, pp.58-63; Kiebitz,

/. ¢.; also Winkelmann’s Handbuch, 2d edition, Bd.V., p. 662.
3 Ann. Phys., 7, 1902, p. 842.
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a damped harmonic curve. What we actually get is a curve which is
the sum of two harmonic curves of different frequencies. Both curves
must have a maximum value for that reading on the slide when the
mirrors are equidistant from the grating. When the receiver is
exactly in tune with the sender, the two curves will coincide, and we
get a harmonic curve for the sum of the two. Inthe present experi-
ment when the receiver is 10 cm. long its wave-length is about twice
that of the sender, and the maxima due to it should occur about 10
cm. apart, and would therefore coincide with alternate primary
maxima. This is what is actually shown in curve a of Fig. 5.- The
evident fact that curve 2 is made up of two harmonic curves having
maxima § and 10 cm. apart,
respectively, could not be ex-
plained by the hypothesis of ] \//\/
multiple resonance. 4- ‘

That a linear receiver does
send out waves of its own has | 2 \/’\//\
been proved by Lindman! in 37
his experiments on the sta-
tionary waves produced by /\ /\ /\
reflection from a plane mirror. | 3

To test the reasonableness
of my theory, and to see if
two harmonic curves of such . /\ /\/\
wave-lengths as those of my 4=(6+)
experiment, when added to-
gether would give the sort of | ¢ _/\-/\_ /\
curve that I had obtained, I 4=(5+) %L
plotted three harmonic curves * i
of wave-lengths 8, 7 and 5
cm., respectively, and then added together the ordinates of the 8
and 5 cm. curves. I thus obtained a resultant curve which should
be approximately of the same form as I should expect to get with
a sender giving out a wave-length of 5 cm,, and a receiver giving
out a wave-length of 8 cm. The same thing was done for the 7
and § cm. curves. All five curves are shown in Fig. 7. It was

assumed that the maxima of the two component curves, in each
1/, ¢., pp. 824-850.

™
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S

Fig. 7. Calculated curves.



208 JAMES E. IVES. [VoL. XXX.

case, coincided at 27.5 cm. It will be seen that curves 4 and 5 of
Fig. 7 correspond fairly well to curves 4 and 5 of Fig. 6, if allow-
ance is made for the decrease in amplitude as the slide readings
increase, and for other disturbing causes which undoubtedly exist.
Since curves 4 and § of Fig. 6 were made with receivers 7 and 6
cm, long, respectively, I should expect the length of the waves
given out by these receivers to be about 8 and 7 cm., respectively,
or of the same magnitude as those of the calculated curves.

3. The Effect of the Medium Surrounding the Spark Gap. — As
already stated, I used a hard rubber cylinder to support the oscil-
lator. Since the inductivity of hard rubber is much greater than
that of air, and the hard rubber formed a closed circuit for some of
the lines of electric force, the question arose as to the effect of the
hard rubber support upon the wave-length.

To determine this I supported the cylinders as shown in Fig. 8
by two thin pieces of cork inserted in the ends of a glass tube. In

- the figure, 66 are the cylinders; cc, the
cork, and gg, the glass tube. The glass
tube was, of course, filled with kerosene
oil. The tuning curve was then obtained,
giving the maxima for the fundamental

zig' 6. and the first overtone. This curve did not

differ appreciably from that shown in Fig.

3. We may therefore assume that the hard rubber support has

no more effect upon the wave-length than that exerted by a support

made of a piece of thin glass tubing with cork ends. As there is

no closed circuit through the glass in this case, and it is thin, the
results show that the effect of the hard rubber can be neglected.

The effect of the kerosene oil surrounding the spark gap still
remains undetermined. This can only be found conclusively by
measuring the wave-length of a linear oscillator, first sparking in
air and then in oil. Since, however, the inductivity of kerosene oil
is only a little over 2, the wave-length varies as the square root of
the inductivity, and the kerosene oil is only present around the middle
portion of the oscillator, while the potential loops are at its ends, we
may I think assume that the effect of the kerosene oil upon the
wave-length must be small.
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4. The Influence of the Diameter of the Linear Receiver upon its
Resonant Length. — The measurements of wave-length described in
this paper were finally performed with a receiver made of No. 29
copper wire, but a tuning curve was also obtained, with the 5 cm.
sender, for a receiver constructed of two brass cylinders having the
same diameter as those of the sender. The length of this receiver
was varied by slipping over the cylinders sleeves of brass or tin
foil. In this way the resonance curve shown in Fig. 9 was ob-
tained. From the curve,
we see that the receiver
was in resonance with the
fundamental of the sender
when it was 3.5 cm. long,
and with the first overtone
when 12.2 cm. long. We
must conclude, therefore,
that if the receiver is made
of brass cylinders .25 cm. .rm.,m‘ p i in :nz;mh:
in diameter, its resonant Fig. 9.
length will be less than if it
is made of copperwires .0285 cm. in diameter.

5. The Resonant Length of a Linear Recerver with a Thermo-
electric Junction. — The results described above seem to show that
for a linear thermo-electric receiver the tuned length of the receiver
will be Zess than one half of the wave-length. This is probably due
to the constriction at its middle portion through the use of the
fine wire for the thermo-electric junction. The fine wire will in-
crease the ohmic resistance of the receiver very considerably. It
will also increase its inductance, perhaps faster than its capacity de-
creases. If the ohmic resistance or the impedance of an oscillating
system is increased, its period will be increased.

My results are not in accordance with those obtained by Cole'
who used a linear sender of the same dimensions as those of my 5
cm. sender, and a linear receiver having the same diameter as the
sender. He found the resonant length to be 6.2 cm., whereas I
found a value of 3.5 cm., under the same conditions (see Fig. 9).

1/ ¢., p. 269.
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He finds the resonant length of the receiver to be considerably
greater than that of the 5 cm. sender (20 per cent. greater), whereas
I find it to be considerably less. On the other hand, my results
agree with those obtained by Blake and Fountain.! They found for
a wave-length of 9.9 cm., and a receiver made of two strips of
copper 2 mm. broad, a resonant length of 4 cm.

My results as to resonance length and wave-length are also in
good general agreement with those obtained by Lindman? for his
oscillators and linear receivers.

6. The Most Probable Value of the Wave-length of the Linear
Oscillator. — The experiments described, so far, were all made with
the 5 cm. sender. As already stated, three senders were used, s,
7.5 and 10 cm. long, respectively. The interferometer curve shown
in Fig. 4 gives a wave-length of 10.2 cm. for the § cm. oscillator.
There is no reason to doubt the accuracy of this value. The
receiver was placed in the focal line of the large parabolic mirror
whose focal length was 7.5 cm., and was therefore in the neighbor-
hood of a loop of electric force if stationary waves were formed in
front of the mirror. The measurements shown in Figs. 5 and 6
also point to a wave-length for the 5 cm. sender approximately
equal to 10.2 cm. My results, however, do not agree with those
of Cole,® who has obtained a wave-length of 15 cm. for an oscillator
of the same dimensions.

The measurement of the wave-length of the 10 cm. oscillator
presented the same difficulties as that of the 5 cm. oscillator, the
apparent wave-length depending upon the length of the receiver.
In this case, also, for some unknown reason, it was more difficult
to get a definite value for the resonant length of the recciver.
Thinking that the parabolic mirrors might, in some way, influence
the resonance curve, they were removed and both the resonant
length, and the wave-length, determined without them. Seven
values for the resonant length were obtained in this way, namely,
9.8, 10.6, 9.7, 9.1, 9.4, 9.4 and 10.2 cm. The fourth, fifth and
sixth of these values I consider to be the most reliable. The

17, c., pp. 258, 261.
2/ ¢, p. 833
$PHYs. REV., 23, 1906, p. 243.
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mean of these three values gives 9.3 cm. for the resonant length.
Using a receiver of this length I obtained two interference curves
which gave a mean value for the wave-length of 20.8 cm. One of
these is curve 4 of Fig. 10. When the mirrors were not used, a
cylindrical lens of kerosene,

in a glass bottle 12.7 cm. in \

diameter, was placed in front / )

of the sender to concen- 1 (\/ J/
trate the energy upon the

receiver. Interferometer . [bembem| Akfern|  axdh |rmirrors.

measurements made both
with and without the mirrors
seemed to show that the pres- é
ence of the mirrors did not
affect the value of the wave-
length. The interference %
curves obtained for the 10 H
cm. oscillator, using a linear

La8gem 4-[03«; With urrers.

receiver of different lengths,

both with and without the 3 \ /\\/
parabolic mirrors are shown . - -

in Fig. 10. Calculating the LetoSc| faligem) wilhod] murrors.
wave-length of the 10 cm.

. 4
oscillator from Abraham’s ;_\‘"\/\‘/Dw

.q.!cm .}-/o.u. W MurTors.
formula we get 20.36 cm.; o . 20 % 40
which differs from the value Readings o slide in canlimelers
btained b . t b Fig. 10. Interferometer curves for 10 cm. os-
obtained by expeniment by cillator with linear receiver.
about 2 per cent.

As it was found that the apparent wave-length depended upon
the length of the receiver, and as it was believed that this was due,
as explained above, to secondary radiation from the receiver itself,
I sought, when measuring the wave-length of the 10 cm. oscillator,
to construct a receiver which would not itself radiate waves, by
making it of a closed loop of No. 29 wire. One of these loops is
shownin Fig. 11. In the figure, abcd is the rectangular loop of No.
29 wire, and ¢is the thermo-electric junction. These loops con-
sisted of from 1 to 10 turns, were of dimensions varying from 4 cm.




x
¢
| — e b

Fig. 11

in width and § cm. in length to
I cm. in width and 11 cm. in
length, and were placed either
horizontally or vertically, usu-
ally horizontally.

In all cases it was found that
the apparent wave-length as
measured with these loops de-
pended upon their dimensions,
and particularly upon their
length, that is, upon that dimen-
sion which was parallel to the
electric force.

The interference curves ob-
tained when the loops were
used in the focus of the para-
bolic mirror are shown in Fig.
12. Unless otherwise stated
the loop consisted of a single
turn, and was placed in a hori-
zontal plane. The dimensions
of the loop are given for each
curve. 11 X I means that the
loop was 11 cm. long and 1 cm.
wide. For instance curve 3
was obtained with a loop g cm.
long and 1 cm. wide, which is
the loop shown in Fig. 11.
The remarkable distortion of
these curves led me to obtain
curves for the same loops with-

out the mirrors. The results

E. IVES. [VoL. XXX.
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are shown in Fig. 13. The distortion has disappeared, but the
effect of the dimensions of the loop still remains. The distortion
of the curves of Fig. 12 must therefore be due in some way to the

presence of one or both s

of the parabolic mirrors, %wv 4.-: .3 cm

probably to that of the 2

receiving mirror. ’\(/\f\w 1en9
If my theory as to the bxa

cause of the influence of i Sl i e S

Galvanomeler deflections.

the length of the receiver : x3
upon the apparent wave- i e ??r' e
length of the sender is 623, 6 luns
correct,these curves show e S i Yool TR
that a closed loop, under §xky lirns
8RR VO O %_ .

proper conditions, is a & r = -
good radiator of electric Readings on slids in cenlimebars.
waves. This is opposed Fig. 13. !nterferomete'r curves for lq cm. oscillator
with loop receiver without mirrors.
to the view put forward
by Fleming' in his theory of the closed circuit oscillator, for
he says in his paper entitled ‘“ On the Elementary Theory of
Electric Oscillators,” that * the closed circuit is an exceedingly
poor radiator compared with the open oscillator.” It is, however,
I think, evident that if the length of the loop receiver is great with
respect to its breadth, if the electric force is parallel to its length,
and if its own natural period does not differ greatly from that of
the sender, it will be set into electric oscillation with loops of elec-
tric force at its ends, and nodes at its two middle points as shown
by the dotted lines in Fig. 10. Each half of the loop will then
radiate waves as though the other half did not exist. If the loop
is long and narrow the two waves will be practically in the same
phase, and will reinforce each other. This is the same thing as the
loop antenna, which is now sometimes used in wireless telegraphy,
taken together with its image in the earth. It is to be observed
that the amount of energy that will be radiated from a closed circuit
will depend upon the manner in which the circuit is constructed,
and upon the way in which it is excited. Fleming in his original

! Electrician, 59, 1907, pp. 978, 979.
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derivation of the theory of the closed oscillator assumes that it is
rectangular and made up of four Hertz oscillators. In this case
there will be four loops of electric force in the circuit. But this is
only a special case of a closed circuit. A closed circuit can be
constructed in an infinite number of ways. It can, for instance, be
built up of zwo Hertz oscillators, or it can contain a condenser.
The last case has been experimented upon by Fleming,' and he
finds that the radiation is extremely small. The first case is the
one occurring in my experiment, and in this case there is undoubt-
edly a large radiation. Again, the manner in which any circuit
will vibrate will depend upon the manner in which it is excited.
For instance, a square rectangular circuit if excited by waves whose
electric field is parallel to one of its sides, will under proper con-
ditions vibrate so that there will be only two loops of electric force
present in the circuit. In this case it will radiate much energy.
A nearly closed circuit is yet another type. It has been found by
Lindman ? and others to radiate very little energy. In this type
there are still free ends, but they are bent together so that they
nearly touch each other.

An attempt was made to determine the wave-length of the 7.5
cm. oscillator, but for some unknown reason it was found to be
very difficult to determine what was the proper resonant length of
the receiver. Several sets of resonance readings were taken both
with and without the parabolic mirrors, but no definite value was
obtained. The wave-length of the 7.5 cm. oscillator was conse-
quently not determined.

SUMMARY.

1. By shortening the length of a linear receiver a few millimeters
at a time harmonic overtones are made apparent. The overtones
of the highest order can be used to determine the wave-length of
the sender.

2. The interferometer method can only be used with a linear
receiver, which is not dead-beat, when it is closely tuned to the
sender.

3. A hard rubber cylinder supporting a linear oscillator at its
middle portion does not appreciably affect its wave-length.

1Phil. Mag., 14, 1907, pp. 677-697.

2 Loc. cit.
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4. If the diameter of a linear receiver is considerably increased its
length must be decreased in order that it may remain in tune with
the sender.

5. The resonant length of a linear thermo-electric receiver is less
than that of the oscillator if the oscillator is linear.

6. The wave-length of a linear oscillator 5§ cm. long and .25 cm.
in diameter, sparking in kerosene oil, and supported by a hard
rubber cylinder was found to be 10.2 cm.; that of an oscillator 10
cm. long and of the same diameter, under the same conditions,
20.8 cm. These results agree with Abraham’s theory rather than
with Macdonald’s.

7. Under proper conditions a closed circuit may radiate as much
energy as an open circuit of the same linear dimensions. This is
opposed to the general proposition made by Fleming.

In conclusion I wish to express my indebtedness to Mr. W. W.
Coblentz, of the Bureau of Standards in Washington, for his kind
advice in the construction of my galvanometer; and to acknowl-
edge the aid received from apparatus and supplies purchased out of
a grant from the Bache Fund of the National Academy of Sciences.

UNIVERSITY OF CINCINNATI,
June, 1909.
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THE EXPANSION OF FUSED QUARTZ AT HIGH
TEMPERATURES.

By H. M. RANDALL.

UARTZ glass is being used at a rapidly increasing rate in
many lines of scientific work and, as its low rate of expan-
sion is the property, in many cases, which especially recommends
its use, an exact knowledge of its coefficient of expansion is highly
to be desired. Scheel' and Chappuis? have determined the
expansion of fused quartz from 0° to 100° C. While Scheel and
Dorsey 3 have extended the investigation in the direction of low
temperatures to approximately that of liquid air. In the region of
high temperatures the results of Le Chatelier and Callendar ® cannot
be considered very accurate. This is especially true in regard to
the result of Le Chatelier. Holborn and Henning,® using the
method developed by Holborn and Day 7 in their work on the high
temperature gas thermometer, have made what appears to be as
careful a study of the expansion of fused quartz as that method will
permit.

In 1906 H. D. Minchin,® working in this laboratory, obtained
and published a value for the mean coefficient of expansion of fused
quartz between room temperatures and 1000° C. Certain errors
have since been found in his work and as the methods now available
insure more accurate results than those employed by him it has
seemed advisable to repeat the entire work, using the same speci-
men of fused quartz.

The general method is that employed by Minchin and first de-

1Scheel, Wiss. Abhand. d. Phys.-Tech. Reich., Band 1V., s. 54, 1904.
3 Chappuis, Verh. Naturf. ges. Basel., 16, s. 173, 1903.

3 Dorsey, Puvs. REv., p. 101, Aug., 1907.

¢ Le Chatelier, Comp. Rend., 130, p. 1703, 1900.

5 Callendar, Chemical News, 83, p. 151, 1901.

¢ Holborn and Henning, Ann. der Phys., p. 446, 1903.

7 Holborn and Day, Ann. der Phys., p. 505, 1900.
8 Minchin, PHYs. REvV., p. 1, Jan., 1906.
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veloped by Fizeau' in which the expansion of quite small objects
can be accurately measured by the shift of a set of interference
fringes. This method has been very frequently used, generally for
but moderate ranges of temperature, but work in this laboratory has
shown that it is equally applicable to ranges of 500° or 1000° C.
In the work on fused quartz at low temperatures by Scheel, Chap-
puis and Dorsey this method was adopted. The general nature of
the interference system employed in this method has been so fre-
quently described ? that the briefest description of the particular
system here used will be quite ample. Upon a bed plate of fused
quartz, 34 mm. in diameter and 15 mm. thick, with the upper sur-
face plane polished and the lower ground rough, there is placed a
fused quartz ring, 9.901 mm. long and 25 mm. internal and 30 mm.
external diameter. Upon the ring rests a second fused quartz plate,
the cover plate, 1 cm. thick and 34 mm. in diameter with both faces
plane polished and inclined to one another at an angle of about 1/,
At the center of the under surface of the cover plate is cut a fine
circle 2 mm. in diameter to act as a fixed reference point. The ring,
which is the piece of quartz whose coefficient of expansion is to be
determined, was cut from a plate of quartz whose surfaces were ac-
curately plane polished and slightly inclined to one another. Each
end of this ring is so ground away as to leave three equidistant feet,
the surfaces of these feet being thus parts of the original plane sur-
faces of the plate from which the ring was cut. The inclination of
these surfaces was such that, with this ring mounted between the
cover and bed plates, and with the proper illumination, there is pro-
duced a set of interference fringes due to the combination of the
light reflected from the upper surface of the bed plate and the lower
surface of the cover plate. All three pieces of this interference system
are beautiful specimens of Herzus fused quartz, very clear and quite
free from bubbles; they were obtained through the agency of Carl
Zeiss, Jena.

The coefficient of expansion of the ring is expressed by the

relation

1 Fizeau, Ann. de Chem. et de Phys., 2, p. 143, 1864 ; 8, p. 335, 1866.

2 Pulfrich, Zeitschr. fir Krystall., 31, p. 372, 1899. Randall, PHys. REv., p. 10.
Jan., 1905. Ayres, PHYs. REV., p. 38. Jan., 1905, Scheel, Ann. der Phys., p. 837,
1902. Dorsey, PHYs, REV., Aug., 1907.
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A
oy
= Gy

where f is the number of the bands of the interference system pass-
ing the reference circle on the cover plate during the temperature
interval (2, — 7)), 4 the wave-length of the light used and L the
length of the ring. As the value of 2, .54623 u for the Hg green,
has been determined with great accuracy by Fabry and Perot and Z
is easily measured to approximately .0o1 mm. by a Geneva society
spherometer reading directly to .001 mm., it becomes evident that
the exact determination of / and (7, — ¢,) present the chief experi-
mental difficulties. With a Pulfrich interferometer! the proper
illumination of the quartz interference system by a mercury vapor
lamp is readily obtained and the measurement of the shift of the
interference fringes easily possible to 0.02 of a band width, corre-
sponding to a separation of the cover and bed plates of 0.01 of a
wave-length.

With this instrument available the problem is largely reduced to
the designing of an oven which will uniformly heat the entire quartz
system for any length of time at any temperature under such con-
ditions that the system and the thermo-couple used to measure the
temperature be at the same temperature. Also the oven must per-
mit the quartz system to be so mounted that no part of the shift of
the interference fringes measured by the interferometer be due to
other cause than the expansion of the ring separating the reflecting
surfaces of the cover and bed plates. With these aims in view the
oven and high temperature regulator to be described in the following
pages have been constructed.

TuE HicH TEMPERATURE OVEN.

The quartz system, shown in Fig. 1, at 4, has been mounted
upon an earthenware platform securely adjusted to the upper end of
a vertical tube of Berlin porcelain B, 100 cm. long and 2 cm. in
diameter. With this length of tube enough projects from the oven
to permit clamping the tube very rigidly by wooden blocks w, and

! Pulfrich, Zeitschrift fir Instrumentenkunde, 1893, p. 365; 1898, p. 261; Randall,
Puys. REv., p. 10, 1905.
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bolts, not shown in Fig. I, to a well dried pine plank, 2 by 10
inches, which in turn is very
firmly clamped to a stone pier.
Throughout the length of this
porcelain tube runs an exhaust
tube X, 3 mm. in bore, the pur-
pose of which is to connect the
interior of the oven with the air
pump. The upper end of this
tube is of fused quartz and is
surrounded by asbestos wool to
prevent direct radiation to the
lower end of tube B. Holes not
shown in the figure are bored
through the earthenware plat-
form in such a way as to connect
freely the end of the exhaust
tube with the interior of the
oven. The lower end of the ex-
haust tube is of glass and passes
through a rubber stopper fitting
tightly into the end of the porce-
lain tube, bends upward and is
sealed to the tube coming from a
Geryk oil pump; a McLeod
gauge is also connected to this
same pump tube. [This latter
tube is so long and slender that
no vibrations are communicated
to the oven from the pump,
which is motor driven.] The
rubber joint at the end of the
porcelain tube is made air tight
by being immersed in a mercury
bath.

Over this tube B is slipped
the larger porcelain tube C, 6
cm. in external diameter and s Fig. 1.
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cm. internal. Its length, 70 cm., is again sufficient for a very rigid
clamping of the lower end, which remains cool, to the pine plank.
When adjusted and clamped this tube is without points of contact
with tube B except at the rubber stopper . The heating coil,
consisting of heavy platinum ribbon,
is not wound directly on the outside
of this larger tube C but upon eight
porcelain rods, .5 cm. in diameter
and 20 cm. long, mounted sym-
metrically around the tube at a dis-
tance of 1.5 cm. from it. This
method of mounting is better shown
in Fig. 2 where the rods are shown
at £ and the ribbon at F, Fig. 2
being a horizontal cross-section of
the oven through its center, the
outer insulation being omitted. The ribbon is also shown in Fig.
I by the heavy dots. Around the outside of these rods is wound
sheet asbestos, the outer layers being soaked with sodium silicate ;
a firm cylindrical casing is thus formed around the heating coil but
not touching it except at the contact with the rods. An outer cas-
ing H, Fig. 1, of sheet iron, at a uniform distance of § cm. from
the inner one encloses a space which is filled with infusorial earth
as an insulating material. The upper end of tube C is provided
with a water cooling jacket /.
To prevent direct radiation from the quartz system, mounted at
the center of the heating chamber, to the colder parts of the tube
C, porcelain diaphragms 7 are mounted upon the tube B below the
systems ; these just escape contact with the tube C. Above, an
observational porcelain tube X is fitted at its lower end with two
similar diaphragms and above these the space between tubes X and
C'is filled with asbestos wool. There is a mica disk mounted in X
at about the level of the top of the heating coil and the entire upper
end of Cis closed with a circular plate glass disk. To render the
joints at the ends of the tubes air tight they are painted with alter-
" nate layers of Le Page glue and beeswax. The hot wax being
applied when the outer surface of the glue has just ceased being

Fig. 2.
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sticky. With the occasional addition of a coat of glue and wax this
has been very effective, and vacua of a pressure, on the average, of
.05 mm. have been maintained.

TEMPERATURE REGULATION.

Automatic devices are now almost universally used to maintain
at constant temperatures baths whose temperatures do not differ-
much from room temperatures. For high temperatures, constancy
of current or hand regulation has generally sufficed. In this work,
as the voltage of the power circuit from which the heating current
was drawn fluctuated considerably, the first method was impossible
and the second so tedious that some automatic regulator seemed
necessary. Any self-registering temperature devise could be readily
converted into an automatic temperature regulator. An arrange-
ment due to Darwin' for use at ordinary temperature would be
equally effective at high temperatures. The regulator used in this.
work has already been briefly described.? Its principal recommen-
dation is its simplicity though it possesses other points of some
merit. In Fig. .2 the heating coil Fis shown suspended in air and
any change in the current through it will very quickly make itself felt
in the 1.5 cm. air layer surrounding the tube C, 7. e., the tube to be
heated is surrounded by a bath of very small thermal capacity, as
but a thin outer layer of the tube can follow the temperature changes,
its thermal conductivity being poor. The scheme of the regulation
consists in keeping the temperature of this air bath fluctuating about
some definite temperature so rapidly that no changes are trans-
mitted through the thick-walled tube C. To detect the changes
in the temperature of the air bath a fine platinum wire p, Fig. 1
(not shown in Fig. 2), is wound non-inductively on the outside of"
tube C, and forms one arm of a Wheatstone bridge. The bridge
having been adjusted for equilibrium for a given resistance of the
coil p, the galvanometer in the bridge circuit stands at its zero
position when the temperature of the oven is such as to give the
coil p this resistance and any variation in temperature of the air bath
surrounding the tube C will be indicated by the movement from its.

1 Astrophys. Jour., 20, p. 347, 1904.
2PHvys. REv., p. 142, Feb., 1909.
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position of rest of a light aluminum boom S, Fig. 3, with which
the galvanometer coil is provided. This boom moves between two
spring jaws 7, 10 cm. long and 1 cm. wide, which open and close

yil
J S @Z/T
|7
W

Fig. 3.

regularly ; this motion being caused by the slow rotation of the
drum V, driven by a motor at low speed, a reducing gear being
employed. This drum is provided with small elevations Z, which
cause the periodic separation of the jaws. In Fig. 3 the upper
figure shows the jaws closed and the lower the
same jaws opened by the elevations Z. The ends
=" of the jaws are furnished with platinum contact
Fig. 4. strips mounted in hard rubber blocks, the lower

jaw having a single strip whose length is the en-

tire width of the jaw and the upper jaw two strips, in line with one
another, separated by a small space. A side view of this arrange-
ment is shown in Fig. 3, and an end view in Fig. 4. Lead wires sol-
dered to each of these strips connect with a cell and a modified re-
lay. If, for example, with the cooling of the oven, the boom S moves
to the left of its position of equilibrium at the center of the jaws, as
shown in Fig. 4, the relay operates to short circuit part of the resist-
ance inthe heating circuit, aud this resistance remains cut out, though
the jaws may open and close any number of times, until the larger
current heats the air bath above the desired temperature and the boom
moves to the right side of the center when the relay throws the
resistance into circuit again. Thus, though, with the motor speed
usually adopted, the jaws open and close regularly every ten seconds,
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the relay so works that the regulating resistance in the heating coil is
thrown out or in only with the movement of the boom from one
side of the zero position to the other. This method of regulating
has maintained the temperature of the interior of the oven when the
quartz is mounted constant for periods as long as eight hours and
at temperatures lying between room temperature and 1000° C.;
no changes occurring which a Pt, Pt-Rh couple connected to a
potentiometer of the Lindeck and Rothe type would detect.

Some points in favor of this regulator may be enumerated :
(1) It is mechanically very simple. (2) Contact with the moving
boom is very sure, the pressure of the jaws on the boom being gov-
erned by the stiffness of the springs. (3) When the jaws close upon
the boom it is neither lifted nor lowered, drawn in or out, 7. ¢,, it
suffers no displacement with accompanying strain upon the suspen-
sions and therefore much lighter suspensions can be used than where
the boom is depressed to make contact. There is thus a gain in
sensitiveness. (4) No great care has to be exercised in determining
the size of the heating and cooling currents. As a matter of fact
the heating current has usually been about double the cooling cur-
rent. The ratio of the heating effects, 4 to I, is sufficiently large
to take care of any change in room temperature or any change in
heat absorption of the insulation as equilibrium is established. This
advantage is due more properly to the small heat capacity of the air
layer surrounding the tube C, within which the temperature is to be
maintained constant and to the non-conducting nature of the walls
of the tube, as wide variations in the temperature outside the latter,
if sufficiently frequent, produced no variation within. (5) The
scheme is quite pliable. A thermo-junction with the galvanometer
in circuit may be used in place of the platinum coil, its voltage being
balanced against the fall of potential due to a constant current over
a fixed resistance, or a couple in a vapor bath balanced against the
couple in the oven, the galvanometer of the regulating device being
in circuit.

To work satisfactorily the galvanometer must maintain a fixed
zero. The lack of strain upon the suspensions when contact is
made with the boom is a great aid to this. As a further protection
against shift the supports of the suspensions are borne by two
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phosphor bronze rods ; thus no strain is put on the suspensions with
change in room temperature.

TEMPERATURE M EASUREMENTS.

A platinum, platinum-rhodium couple was used to measure the
temperature. This couple, made of Herzus wire, was provided
with a Reichsanstalt certificate. It was mounted so as to encircle
the quartz ring at its mid-height, the couple being about 2 mm.
from the ring. This method of mounting is shown in Fig. 2, where
L is the bead of the couple and 2 the cross-section of the quartz
ring, while the circle # represents the outer edge of the circular
quartz bed plate upon which the ring rests. The cover plate, not
shown, which is mounted on top of the ring, extends beyond the
ring in a similar way so that the couple encircling the ring is mid-
way between the two plates. The couple, bending downward over
the edge of the bed plate, on the opposite side of the ring from the
bead, runs down the tube B, and the wires pass through the rubber
stopper D at points about 1 cm. apart. Asthe Le Page's glue used
at this point was found to be somewhat conducting, beeswax alone
was used around the wires. Careful testing showed that the wires
were insulated from each other at this place. The ends of the
couple, soldered to copper leads, were immersed in a suitable ice
bath and the voltage measured by means of a Siemens and Halske
potentiometer after the design of Lindeck and Rothe.!

The method suffices for temperatures above 300° C., but for
lower temperatures is not sufficiently accurate. To determine the
initial temperature, which results from allowing the oven to stand
over night, the cold junctions of the couple are placed in an oil bath
at or very near the temperature of the oven; a galvanometer in
the circuit gives deflections very approximately proportional to the
difference in temperature between the oven and oil bath whose tem-
perature is determined by a mercury thermometer. The deflection
denoting this temperature difference is but a few mm. at the most.
The cold junctions are then placed in another oil bath whose tem-
perature is a degree or so different from the first one and the galva-
- nometer deflection noted. The oven being at a very constant tem-

1 Zeitschr. fiir Instr., 20, p. 285, 1900.
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perature the data thus obtained are sufficient to determine the
temperature of the oven with an accuracy considerably beyond that
required, as the DD’ Arsonval galvanometer used gave a deflection of
30 mm. per degree.

To determine the temperature of the oven in the neighborhood of
80° C., the oven was maintained at a constant temperature for about
two hours by means of the regulator just described and then the
cold junctions, in a tube filled with oil, were placed in a water bath
whose temperature was adjusted to very nearly equal that of the
oven, this temperature being maintained by the usual mercury
thermostat and stirrer. When a condition of constancy had been
‘attained the deflection of the galvanometer, a few mm., divided by
the deflection per degree, gave the difference in temperature of the
oven and water bath ; this latter being again determined by a cali-
brated thermometer in the same oil tube as the cold junctions.

For temperatures near 200° C., naphthalin was boiled in a closed
tube, the pressure within which could be varied at will. The cold
junctions, fastened to the bulb of a standard mercury thermometer,
were mounted in a thin glass tube extending into this vapor bath.
After the oven had been kept at a constant temperature for a suffi-
cient time the pressure on the boiling naphthalin was varied till the
galvanometer in circuit showed no deflection or but a few mm.
The deflection translated into degrees gave the difference in tem-
perature between the oven and the vapor bath. This latter as before
was given by the standard thermometer, the stem of which was com-
pletely immersed in the vapor. For temperatures in the neighbor-
hood of 400° a sulphur vapor bath under variable pressures was used
in place of the naphthalin bath. The standard thermometer used
in the vapor baths read to 550° in degrees and was calibrated at the
Reichsanstalt in 1897 and at the Bureau of Standards in 1g06, the
thermometer not having been used since the latter calibration.

It has been shown ! that couples used above 1000° C. very readily
become contaminated under certain conditions with resulting change
in their calibration. The couple employed has been heated only a
few times above 1000° and then in an electrically heated furnace

1PHYs. REV., XXIII., p. 449, 1906. Am. Jour. Sci., Vol. XXVI., p. 405, 1908.
Ann. der Phys., p. 538, 1900.
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with no known source of contamination present. While there was
good reason to think therefore that the original Reichsanstalt calibra-
tion still held yet as White has shown that the iridium contained as
an impurity in the platinum coils of the furnace is sometimes suffi-
cient to cause an appreciable contamination, certain tests were made
with the couple still undisturbed in its original mounting immediately
at the close of the expansion measurements. These tests involved
adirect comparison of the couple with a standand couple of the Depart-
ment of Chemistry kindly loaned by Professor Campbell, a determi-
nation of the melting point of gold by the wire method, the pure gold
wire having been made for the Department of Chemistry by Prof.
G. A. Hulett, and finally a comparison with the high temperature
mercury standard, making use of the sulphur vapor bath previously
described. The temperatures determined by the three methods dit-
fered but little from those registered by the couple employed and as
these differences were both positive and negative there seemed every
reason for considering the original calibration still correct. It was
accordingly used.

The potentiometer was itself tested for any changes resulting
from aging or usage but none were found. If it be assumed then
that the measurements made upon the couple correctly determine
its temperature, there still remains the question as to whether the
quartz ring is of the same temperature as the encircling couple.
Their nearness together would favor such an equality of tempera-
ture, and, moreover, the design of the oven is such that, when a
state of equilibrium has been attained after an hour's maintenance
at a constant temperature, the inner chamber containing the quartz
system must approximate rather closely a black body chamber.

MEASUREMENT OF EXPANSION.

As has been said earlier, the shift of the fringe system can be
measured, with the aid of the Pulfrich interferometer, with an
accuracy to .02 of a band width, corresponding to an expansion of
the ring of .01 of the wave-length of the light used. It is essential
to ascertain if any of this fringe displacement is due to any other
cause than the expansion of the ring. With crystalline or fused quartz
rings, one would have the right to expect that the forward shift of the
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fringes resulting from a rise in temperature would be exactly
equalled by the return shift when the system cools to the initial
temperature, as quartz shows practically no “after-effect.”” Scheel!
has found that the two shifts are frequently not the same and has
overcome the difficulty by weighting the cover plate by a heavy
ring, having attributed the slight irregularity which occasionally
occurs in the shifts to the presence of an air film remaining between
the points of contact. Moreover it has been the general experience
of those who have worked with these interference systems at high
temperatures that, when first put together with all surfaces carefully
cleaned, they slide easily upon each other while, after a heating to
a high temperature, the surfaces cling and grate as they are made
to slide upon one another ; the clinging sometimes being so marked
that it is possible to lift the entire interference system by the cover
plate alone. If clinging air films are largely responsible for these
effects then the mounting of the quartz system in a high vacuum
accompanied by heating to a high temperature should largely
remove all such irregularities of shift as have been observed. This
treatment will also obviate making a correction to the observed
shift of fringes resulting from a change in the index of refraction of
air with change in temperature and pressure. This is an important
consideration in the present instance, as the correction would be of
the same order of magnitude as the shift due to expansion. This
is due to the extreme smallness of the expansion of the fused quartz
and the thickness of the air layer, between the reflecting surfaces.
The effectiveness of thus working in a vacuum is clearly shown by
the data collected in Table 1., where the forward shift of fringes on
heating as shown in the second column is practically equalled by the
return shift on cooling as shown by column three. The difference
between these two shifts, contained in the fourth column, is in only
one instance larger than what was to be expected from the accuracy
with which the shift could be measured, 7. ¢., .02 of a band width.
While in each case the shift between room temperature and the
upper temperature was the one observed it was corrected to cor-
respond to the shift between an initial temperature of 16° C., and
the upper temperature, use being made of the value found by

1Wiss. Abhand. der Phys.-Tech. Reich., Band IV., Heft 1, 1904, s. 41.
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Scheel for the coefficient of expansion of fused quartz between 16°
C. and 100° C. Twenty-four hours were generally required by
the oven to cool to room temperature after a heating, and during
this time things occasionally happened to the oven which made a
-determination of the return shift of questionable value, and in such
.cases no attempt was made to determine it; if, for example, it was
found that the oven had lost its vacuum appreciably on standing it
was necessary to apply a coating of wax and glue before pumping
.out. It was not thought advisable to connect the readings on the
fringe system made after such an operation with those made before
it. This and similar causes resulted in cutting down the observa-
tions on the return shift to about half those made upon heating.
When, however, there was no known disturbance of the oven during
cooling a determination of the return shift was always made and all
such values are found in Table I.

TaBLE L.
Initial and Final Temperature 16° C.

Upper Temperature. | Shift on Heating. R“‘é‘;“olsigg‘ on Difference.

81° 1.002 1.010 —.008
300 5.602 5.627 -.025
304 5.659 5.658 +.001
425 8.385 8.410 —.025
467 9.416 9.442 —.026
533 10.699 10.694 +.005
539 10.668 10.731 —.063

702 13.978 13.973 +.005

The shifts between room temperature and 16° are computed by means of Scheel’s
values, and are combined with the observed shifts to give the shifts of the above table.

While the close agreement between the forward and backward
shifts may be fairly taken to indicate that small erratic changes in
the fringe shift have been avoided there still remains a possible
source of error in the tilting of the interference system arising from
unequal expansions in its supports. When only moderate tempera-
ture ranges are employed this is not a serious matter but with the
- large ranges here used the unequal expansions of the different parts
of the system supporting the quartz interference system may be so
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great that the light reflected from the interference surfaces no longer
returns to the interferometer; and a readjustment of the interferom-
eter by means of its leveling screws becomes necessary. It has
been noticed however that tilting the interferometer when the inter-
fering surfaces are a cm. or so apart produces a slight shift of the
fringe system with respect to the reference circle; the same shift
being observed also when the interference system is tilted and the
interferometer is stationary. The tilting, to produce measurable
effects, has to be such that the brilliancy of the fringe system changes
appreciably. By mounting the interference system on top of a
single porcelain tube, 7. ¢., tube B, this source of error seems to
have been avoided, as the fringe system maintained a very constant
brilliancy and no adjustment of the interferometer was ever neces-
sary, except in the neighborhood of 1100° C., which latter fact will
be considered more fully later.

METHOD OF PROCEDURE.

The entire apparatus having been put in adjustment the oven was
evacuated and the temperature raised to 700° C. approximately.
Having been maintained at this temperature an hour or so, the
pump working during a larger part of the time, the oven was allowed
to cool over night and the work taken up the following day when
it had cooled to room temperature, as at this time the pressure in
the oven was apt to be a few centimeters due to a slight leakage, the
pump was run till the pressure was reduced to about .05 mm. and
it was maintained at this value during the subsequent measure-
ments. The temperature of the oven was determined, by the
methods already described, both before and after the positions of
the bands of the fringe system with respect to the reference circle
were measured by means of the micrometer eye-piece of the inter-
ferometer. The initial temperature and fringe position having been
determined the pump is stopped and the heating current applied.
As the temperature rises the passages of the bands of the fringe
system past the reference circle are counted and their times of
passage recorded. These periods are so regular that there is prac-
tically no opportunity for error in the count. When the desired
temperature, as shown by the thermo-couple, has been attained, the
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Wheatstone bridge in the automatic temperature regulating devise
is balanced and the oven maintained at a constant temperature for
an hour or so. When trials, separated by suitable time intervals,
show that the fringe system has also become stationary, the pump
is set in action and the pressure reduced to its initial value in case
there has been a slight leakage. Temperature measurements and
readings upon the fringe system are again made. By combining
the results of the initial and final readings on the fringe system with
the number of bands counted as passing the reference circle, the
shift may be measured with an accuracy of .02 of a band width as
before mentioned. When time permitted the temperature of the
oven was increased by several successive steps of about 100° C.
each, the foregoing operations being repeated in each case.

THE REesurLts OBTAINED.

In all, thirty-six separate determinations of the coefficient of expan-
sion of the fused quartz were obtained. In Table II. the entire num-
ber of determinations will be found, arranged according to increasing
temperatures, the values of a are the mean coefficients of expansion
between 16° C. and the upper temperature opposite which they
stand in the table. These values have been multiplied by 105
These same results are shown graphically in Fig. 5, where the
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abscissz are the upper temperatures and the ordinates the values
of a x 10% Circles crossed by bars indicate two identical values.
Very few values lie off a regular curve by amounts larger than
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were to be expected from the accuracy with which the measure-
ments of temperature and fringe shift could be made ; most of the
values lie well within the limits set by these measurements.
Considering the small value of the coefficient, it increases rapidly
with rise in temperature, up to about 350° C. From this point the
increase is slower to a rather well defined maximum value of
56.8 x 10~ in the neighborhood of 500°; the values then decrease

TasLe I
Initial Temperature in Eack Case 16° C.

High
'reﬁ‘:p:;. aX10-* Date.
ature.

Higher
Ten‘)p:r- a X10°* Date.
ature.

78.93° | 42.78 January 16, 1909 487.0° | 56.87 | January 28, 1909
"

|
!
8166 | 42.10 18, « 533.0 | s.11 “« g o«
8166 | 42.42 « 19 « | 330 | 5709 “ g
2009 | 5L62 « o4 « | 5385 | 5631 | Sept. 19,1908
229.4 53.17 « 24, « |l 5385 | 56.64 “ 20, ¢
| [
W00 | sads | Sepi 16,2908 | 200 | soss | o« 21w
) 4.64 w.oqg, e | O :
3037 | 5425 « 18, « || 6183 | 56.70 « 18, “
303.7 54.25 “ 19, 618.8 56.22 “ 2, ¢
3620 | 5561 | Jauaryle, 1009 || 2020 | 3619 | Jumary 190
3658 | 56.13 “ g4, w - . )
- ' 708.4 | 5611 | Sept. 21,1908
4253 | 5653 | Sept. 16,1908 | 7089 | 56.38 «“ 18, «
posa il Bl B | 8026 | seo1 | Fen. 4,199
- : ' 808.0 | 54.20 | Sept. 21,1908
434.0 56.77 January 30, 1909
4350 | 5679 « 30, « || 939.0 | 53.74 | Feb. 4,1909
476.5 56.51 “on, 1100.0 58.5 “« 4
4765 | 56.9 w“ o1z, o« |

to a minimum of §3.6 X 10~% at 950°, this low value being followed
by a marked increase to §8.107% at 1100° C. It is quite unfortu-
nate that more determinations could not be made in this neighbor-
hood. The phenomena attending the determination at 939° were
normal in all respects, and from this temperature a regular heating
to 1100° produced a very regular shift of fringes which was counted
and timed with extreme care. The temperature was then main-
tained constant and the customary drawing made of the fringe
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system with respect to the reference circle, when the shift had prac-
tically stopped. As has been previously mentioned it was cus-
tomary to hold the temperature constant for from one to two
hours till all change in length of the quartz had ceased. As time
passed in this case the fringe gradually faded out and within half
an hour had disappeared. There was therefore no opportunity to
take readings upon the fringe system with the micrometer but the
drawing just mentioned showed that the line of the system nearest
the reference circle, whose position is determined by the microm-
eter readings, was very accurately tangent to the circle. As it
happened several preceding determinations had just this position of
the fringe system, and in assuming that the values there obtained
would apply in this case an error larger than one tenth of a band
width would be quite impossible. As the total shift from 16° to
1100° is 22.9 bands the value of the coefficient obtained may claim
a considerable degree of accuracy. It should be regarded as a
small value if anything, as maintenance at a constant temperature
generally results in a slight increase in shift.

Cooling to 950° did not cause a return of the interference fringes
but a readjustment of the interferometer by means of its leveling
screws did, showing that there had been, between 939° and 1100°,
such an irregular expansion either in the porcelain tube B or the
earthenware plate upon which the interference system rested, that
the light, reflected from the interfering surface, no longer returned
to the interferometer. Upon reheating to 1100° the fringe system
was maintained as sharp and distinct as at lower temperatures by
occasional adjustment of the interferometer. No accurate deter-
mination of @ was now possible as the position of the bands had been
lost during the disappearance of the fringes, but two interesting phe-
nomena manifested themselves. One was that there was a continu-
ous though slow shift of the fringes, at constant temperature, in a
direction to indicate a lengthening of the quartz ring. This shift
was observed for an hour after the shift would normally have
stopped and it had shown no signs of being completed when
the second phenomenon made further observations impossible.
This effect was the unequal expansions of the fused quartz cover
and bed plates by which the reflecting surfaces ceased to be plane.
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The interference bands became very distorted being no longer
parallel to one another or equidistant. At the same time the mica
disk mounted in the viewing tube at the top of the oven became
completely opaque over half its surface and further work had to be
abandoned. When cool the quartz plates showed the same distorted
fringes. This property of the fused quartz, manifesting itself at
1100°, seems to mark the upper limit to which this method is
applicable unless some other transparent substance, capable of with-
standing higher temperatures without showing this unequal expan-
sion, is found. It is possible that fused quartz plates having once
experienced this effect would not again show it after repolishing.

CoMPARISON OF RESULTS WITH THOSE OF OTHER OBSERVERS.

While the apparatus here employed has been designed for work
at high temperatures and therefore many refinements of method
available at lower temperatures not possible here, it still seemed
desirable to make a determination of the value of the coefficient in
the region covered by Chappuis and Scheel. The three values,
42.78 x 107% 42.10 x 107% and 42.42 x 107® obtained for the
temperature range 16° to 80° agree very satisfactorily with one
another. Their meanis 42.43 x 1078. The formula of Chappuis,
/=1[(1 4 0.385 x 107% + 0.00115 x 107%?), gives as the mean
coefficient between 0° and 80°, 47.7 x 107%, while that of Scheel,
/=1[,(1 4+ 0.322 x 107% + 0.00147 x 107°F), gives 43.9 x 1075
The value here obtained, when reduced to the same temperature in-
terval as those of Chappuis and Scheel, possesses a value which is
about as much smaller than Scheel’s as Chappuis’s is larger. More-
over the very rapid increase in the rate of expansion between 16°
and 350° is in agreement with the results of Scheel and Dorsey for
low temperatures.

Callendar states that the rate of expansion of fused quartz is quite
regular to 1000° C., that above this temperature there is a marked
increase in the rate of expansion and that if the temperature be held
constant at any temperature above 1000° the quartz continues to
slowly expand and that upon cooling after such an expansion it
does not recover its initial length but remains somewhat longer.

The results here obtained show that the rate of expansion is not
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quite regular up to 1000° C. but in other respects there is an entire
agreement and the value found by Callendar for the mean coeffi-
cient of expansion between 0° and 1000° C,, . e., 59 X 1078, is not
greatly different from §8.5 x 107%, the value obtained at 1100° in
this work, the difference possibly arising from the different methods
of measuring temperature, Callander using for this purpose the ex-
pansion of the platinum tube containing the quartz rod.

To facilitate comparison with results of Holborn and Henning a
table of their results is here given.

.l o' N ' .l .' AI
17° 250 54 500° 750 68
57.5 62
54 60

52 [ 62.5

25 500 79.5 16 ) 750 192.5
74 750 1000 66
77 61

The numbers in column A4, measure the expansion of the quartz
rod in ¢ [.0o1 mm.] for the temperature intervals §, — 6,. A com-
parison of the results for any temperature range shows quite marked
variations in the measured expansions, amounting to 10 per cent. in
two cases. As the corresponding variations in the present method
are generally but a fraction of 1 per cent. the superiority of the in-
terference method becomes manifest especially where the expansions
to be measured are small as in this instance. The data contained
in the above table give, as the mean expansion of the rod between
0° and 1000°, .262 mm. This value in connection with the length,
486.9 mm., gives 0.00000054 as the mean coefficient between 0°
and 1000° C. This value falls directly upon the curve here obtained
and shows a very remarkable agreement between the results ob-
tained in the two investigations. This close agreement is still more
strikingly shown when use is made of the data contained in the sec-
ond table given by Holborn and Henning. In this table the ex-
pansions of the rod, computed by means of the mean coefficient,
54 x 1078 are compared with the measured expansions for given
temperature intervals ; Table II. is as follows :
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‘. o |OweratExea| Conp Expen- | pim
0 250 59 65.5 —6.5
500 136 131 +5.0
750 198 196.5 +1.5

1,000 262 262 0

If the mean coefficient of expansion between 16° and the tempera-
tures of the above table be computed, using Scheel’s value to change
from 0° to 16°, the results obtained, shown by the crosses on the
plot, again lie very near the curve, the value at 250° being the only
exception. This remarkably close agreement of the mean values
obtained in the two investigations strongly indicates that the varia-
tions occurring in each method are due to accidental errors of
observation and not to systematic errors, and that an average of
several determinations may be assumed to give the correct value
quite closely. Confidence in the result is certainly increased when
such radically different methods yield such concordant values.

SUMMARY.

1. Description of an oven and regulator for maintaining constant,
temperatures lying between room temperature and 1000° C.

2. The interferometer method has been shown applicable to
1100° C. and to yield much more concordant results than any other
method hitherto used. It can be used at still higher temperature
if suitable reflecting surfaces can be found. ’

3. The mean coefficient of expansion between 0° and 1000° of
Holborn and Henning has been confirmed and in addition an ac-
curate statement of the mean coefficient between 16° and any tem-
perature to 1000° is now possible. These values are contained in
the following table and were read directly off the curve.

o, | o, . ax10® |~ o, . 0, a X 10°
16 200 | 518 .| 16 700 56.0
00 | s46 | 800 54.6
40 | s64 | 900 53.8
s0 | s68 | 1,000 54.3
600 | 566 | 1,100 58.5
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EXPERIMENTS ON THE POULSEN ARC.

By WiLLiam E. STory, Jr.

INTRODUCTION.
UDDELL' gives as the condition for the existence of an oscil-
latory current in a condenser circuit shunting an arc

av avi
dA<° and dA > R,

where dA4 is the change of current between the terminals in an in-
finitesimal time, 4V the corresponding change in potential and R
the resistance of the shunt gircuit.

The analytical deduction of these conditions has been carried out
by M. Janet? on the supposition that (1) the current in the conden-
ser circuit is of the sine form, that (2) the resistance of the main
circuit is large as compared to that of the shunt circuit, and that (3)
the frequency of the oscillating current is

1
"= VIC
depending only on the capacity and inductance.
The more accurate formula is

JI R
Nz
=7 o

Corbino ? says the current in the capacity circuit is not sinusoidal
and he gives the equation for it

di, 1
La "‘( z,)z &dtc=o

1W. Duddell, ¢“On Rapid Vibrations in the Current through the Direct Current Arc,’’
Journ. Inst. Elect. Eng., Vol. 30, p. 232, 1900, '

2 P. Janet, ¢ Duddell’s Musical Arc.’”’ Comptes Rendus, Vol. 134, p. 821, 1902.

3 Corbino, Atti dell’ Assoc. Elletr. Ital., Vol. 7, pp. 369 and 597; or Sci. Abstr.,

1904, Vol. 7A, p. §37.
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7, being the current in the shunt and 7 the current in the main
circuit. ’

The preliminary experiments in the present work gave rise to
resonance curves so similar to those obtained in the case of sinusoidal
vibrations, that an effort has been made to show that the oscillations.
in the Poulsen arc are of the sine form, at least for the potentials
and currents considered.

In the present experiments the variable inductance and capacity
were connected to the arc terminals by heavy copper wires. The
antenna when directly coupled was attached to the same terminal
of the inductance as the
capacity, and when it was x=1 xel
magnetically coupled the
primary was inserted be-
tween the inductance and
capacity, as usual. The
resistance of the leads was
.038 ohm and that of the
variable inductance .028
ohm for each turn. A hot
wire galvanometer cali-

X
DX

brated by a steady current ‘__v Aly.0 X=O:
was inserted at 4 (Fig. 1). | Kol I Kil 1AL
LSl
APPARATUS. R
. L
T.he main current was ——fﬂlﬁ‘l-"—?-" L

obtained from a storage

battery of slig.htly over L £ b £

120 volts. This current Fig. 1.

was regulated by 5 rhe-

- ostats and a variable graphite resistance in series,—in all about 35.

ohms.

The inductance was one made by Dr. R. A. Fessenden, consist-
ing of two cylinders side by side, one ebonite and the other metal,.
which revolving together by a connecting cog-wheel wound a .5
mm. wire from a spiral cut in the metal cylinder in a corresponding
spiral on the ebonite to increase the inductance. The pitch of the-
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spiral was .79 mm., and its external diameter 10.17 cm. The
inductance for various numbers of turns of wire was calculated from
a formula given by J. G. Coffin,!

Lguau={(1v—§)+3zaz( + ) 1olz4a‘( ‘g)

10 b’( 109 }

* o724 120

where a is the radius and 4 the length of the winding, 7 the whole
number of turns of wire and NV = log 8a/é.
Coffin shows ? that for any frequency the inductance is

2d (3 sinh x — sin x)]L

L
zxcoshx—cosx =Jla

L= [1 + 1.2 5
where L_ is the inductance for an infinite frequency, 7, the inner
radius of the coil, 4 the diameter of the wire and x = 47ndvVion, o
being the specific conductivity and # the frequency. The values of
y for the variable inductance and for the long coil are shown in the
accompanying table :

Frequency. Coil. y
370 X 108 Variable inductance. 1.0027
370 Long coil. 1.0064
137 Variable inductance. 1.0044
137 Long coil. 1.0105

The condenser was made in the workshop at Clark University.
It consisted of 16 brass semicircular plates 19.§ cm. in diameter,
fastened rigidly one above another 1.8 cm. apart by a brass rod at
the center of the circular edge. Half way between each pair of
these plates a plate 15.5 cm. in diameter of a similar tier, fastened
together by a rod at the center of the circle, could be introduced by
turning the rod. These rods projected through the top of a glass
jar filled with kerosene and served as terminals. The angle of the
plates was measured on a circular scale fastened to the top of the jar.

The condenser was standardized by running an alternating

1]. G. Coffin, ¢ Absolute Standards of Inductance,’’ Bull. Bureau of Standards, Vol.

2, No. 1, p. 136, 1906.
$J. G. Coffin, “ The Influence of Frequency upon the Self-Inductance of Coils,”’
Proc. Amer. Acad., Vol. 41, p. 789, 1906.
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current of frequency 1,000 through it shunted with a standard and

with variable resistances in series with each. The terminals of a

telephone receiver were connected to the two points between the

resistances and capacities, forming a modified Wheatstone bridge.
If there is no current through the telephone, then

R _C R,C,
R; = —C.—l and C= *—R’—-

If R, and R, were large, the capacity could be determined to within
14 per cent.

The standard capacity was the one used by Professor Webster!
in his measurement of electrical oscillations, consisting of two cir-
cular steel plates §0.0 cm. in diameter and 1.69 cm. in thickness,
held apart by glass cylinders. From the formula given by Kirchhoff
gﬂ:;" %) ‘%log.bib{},
the capacity is found to be 494.4 cm. if 4 is .332 cm.

The graph of the capacity of the variable condenser in centimeters
per degree from the zero position proved an approximately straight
line passing through the point 150°, 916 cm. and meeting the axis
of capacities at 4+ 100 cm.

In order to determine what effect the frequency had on the capa-
city of the condenser, it was also measured by a potentiometer
method at a frequency of 50. Under this condition the capacity was
found to be 708 cm. at 0 and 1,696 cm. at 180 degrees of the scale,
Since the slope of the line is approximately the same by both
methods, the excessive value obtained with a low period is probably
due to an absorption in the dielectric.

Accordingly, a third determination was made at the actual period
of most of the experiments. The standard capacity was inserted in
the oscillating system alone and the inductance changed till the
system was in resonance with the long coil. The standard was
then replaced by the variable condenser and the position of this ad-
justed until resonance was obtained. Positions of the variable capa-
city were thus compared with the standard plates held apart by five

1 A. G. Webster, ‘“ An Experimental Determination of the Period of Electrical Oscil-
lations,”” PHys. REv., Vol. V1., p. 297, 1898,

K==—;—;+4Lz{l+log.
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sets of cylinders, the lengths in cm. (@) of which are given below with
the corresponding capacity in centimeters as calculated.

T 2 3 4 5
d .195 .332 .486 .623 1.000
V'g 827.0 494.4 343.9 272.2 175.9

As the arc could not be satisfactorily maintained with a capacity
as low as 272.2 cm. only the first three of these values could be
directly transferred to the variable capacity. To these values cor-
responded scale readings of 128.4, 69.0, and 43.1.

To obtain other values, the standards with their equivalent known
values of the variable condenser in parallel, were balanced in the
same way against the variable alone, and in this way the following
table obtained :

K Degrees Added. Total Cap. Degrees to Balance.
1 494.4 69.0 988.8 155.7
2 343.9 43.1 687.8 104.6
3 343.9 104.6 1,031.7 164.2
4 175.9 32.8 475 64.0
S 175.9 64.0 651 96.3
6 175.9 96.3 827 128.4
7 175.9 128.4 1,003 i 160.5

Of these 4, § and 6 were found by the reverse process.
In addition to these, and as a test of them, balance points were
similarly obtained as follows :

K Degrees Added. Degrees to Balance.
1 494.4 0 87.0
2 494.4 30 117.7
3 494.4 60 148.6
4 494.4 90 about 180
5 343.9 0 63.0
6 343.9 30 91.0
7 343.9 60 121.1
8 343.9 90 152.3
9 272.2 0 51.0
10 272.2 30 78.8
11 272.2 60 110
12 272.2 90 138
13 272.2 120 165
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From these three sets of values the final plot of the capacity was
obtained as shown in Fig. 2.

From the shape of the variable condenser we should expect the
plot of its capacity to be very nearly a straight line, and as the

§

CAPACITY IN CENTIMETERS

¥ 3

1 1 DIEGREEIS [l N - | 2
20 40 80 80 m Ko mo /so /80
Fig. 2.

readings all lie near such a line the points of this line were taken as
the true values of the capacity.

Fleming ! has given a formula for the velocity of electric waves
along a close wire helix whose diameter is small in comparison
with its length, and the resistance and dielectric conductance small
in comparison with its inductance :

W 3% 1"
vLC'’
where L and C are the inductance and capacity in centimeters per
unit length of the coil.
" The approximate formula for the inductance for low frequencies
in centimeters of a coil of great length as compared to its diameter

1S
L, =mD*n,

where D is the mean diameter of the spiral, / the length and » the
number of turns per centimeter.
In the present case the coil or imitation antenna consisted of
enameled wire on a wooden core made of four strips fastened together
1]. A. Fleming, *‘Electric Waves along Spiral Wires,’’ Phil. Mag., Vol. 8, 1904.
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to prevent warping. The dimensions were as follows : D = 4.28s5,
!/=199.7, m = 14.94. From these values L = 8.078 x 10* and
for infinite frequencies, since the diameter of the wire is .067 cm.,
L, =7828 x 10°. From this we get the inductance at the
actual frequencies 370,000 and 137,000 as L, = 7.878 x 10° and
L.,= 7.910 x 10%

With an earth wire 5 cm. from this coil its capacity C,, as deter-
mined by an electrometer method described in a paper by J. C.
Hubbard,' was 43.5 cm.

From these values of the capacity and inductance, W, =3.237 x 10°
and W, = 3.229 x 10° centimeters per second.

Now, since = W/i, to find » we have to measure the wave-
length 2 along the coil. Fleming shows (Joc. ciz.) that in the case
of the fundamental the true quarter wave-length is given by 34,/2,
where 4, is the half wave-length of the first harmonic. This 2, was
determined with the aid of a Geissler tube filled with rarefied alcohol
vapor and presented to the coil at a node, to be 134 cm., therefore
A =804 cm.and accordingly 7. = 4.03 X 10°and 7, = 4.02x 10°.
The difference between these is beyond the limit of accuracy in the
measurement of 4, so a common value 4.03 X 10® was used in both
cases and will be designated by #,.

The arc (Fig. 3) was a modified form of that used by Poulsen.
The anode A4 was a copper plug .5 cm. long and .5 cm. in diameter
screwed into the cap of a brass tube 7 1.2 cm. in diameter into
which water was slowly flowing. The kathode X was carbon 1.6
cm. in diameter and was slowly revolved by a small motor. The
carbon made one revolution in about two minutes. The arc
proper was surrounded by a brass box B fitting between the mag-
netizing coils J, insulated by a wood fiber plug P from the anode
and made tight around the kathode with a stuffing box S. A
highly tempered steel knife V was fastened rigidly to the interior
of this gas box in such a way that a spiral spring behind the kathode
pressed it firmly against the knife. A tube 3.7 cm. in diameter
and 10 cm. long screwed into a hole in the front of the box ended
in a glass window which allowed the light egress. A current of

1]. C. Hubbard, “On the Conditions for Sparking at the Break of an Inductive
Circuit,” Puys. Rev., Vol. XXII., p. 129, 1906.
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ordinary illuminating gas was passed through the box continually
during the experiment and a water jacket prevented excessive
heating. The coils consisted of 1,500 turns of heavily insulated

H e
_Jl
J‘—‘

[ =

Fig. 3.

wire giving a field sufficiently strong to localize the arc. This
apparatus also was constructed in the shop.

In making the photographs the light from the arc passed through
the window in the case, through a photographic lens of focal length
24 cm., and was reflected by a Foucault revolving mirror! to a
focus on the plate. The air blast was furnished by a fan blower
driven by a three quarter horse power electric motor. In the pres-

1C. A. Saunders, PHvs. REv., 1896, p. 81.
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-ent experiments the mirror was run up to a maximum speed of a
little over 100 turns a second. The speed was regulated by chang-
ing the blast from the fan until the image in the mirror of an elec-
trically driven tuning fork of frequency approximately 100, vibrating
parallel to the axis of the mirror, appeared stationary. This state
is reached whenever the time of rotation of the mirror is commen-
surate with the time of vibration of the tuning fork, at least for
rapid vibrations ; but the images for rotations of 100, 50, 334, 25,
20, 1624 were so much stronger that there was no difficulty in dis-
tinguishing these from the others. To determine which velocity
any of these stationary positions of the fork represented, an ex-
posure of the plate was made for the next above and the next below.
Then the ratios of the distances between scintillations determined
the actual speed of the mirror. When compared with a standard,
the fork’s frequency was found to be gg.0.

It was found that dropping the plate past the flash would not
give a sufficiently long exposure to affect the plate appreciably.
Accordingly it was put into an ordinary camera having the lens,
shutter and lens carrier replaced by a shutter so arranged that a
long slit in the plane of the reflected light could be opened and
closed by pulling and releasing a string. This exposed the sta-
tionary plate for perhaps a fifth of a second. Of course, if the total
distance traversed by the image in a half revolution of the mirror
were an integral multiple of the distance between two successive
scintillations, the shutter could be kept open any length of time
without the markings overlapping. As a matter of fact, however,
an exposure of from 5 to 1 second generally gave a measurable
plate. The shutter was held rigidly but the back of the camera
could be raised and lowered, thus allowing several photographs to
be made on the same plate.

The formula for the frequency is

4rrt

="
where 7 is the frequency, ¢ the number of turns per second, 7 the
-distance of the plate from the mirror and & the length of the
markings.
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THEORY OF THE EXPERIMENT.

The theory for the current in two directly coupled systems has
been given by Abraham.! The theory as here presented is that
given by Professor Webster in his lectures on electricity during the
present year,

If R, L, K, are the resistance, inductance and capacity of the
shunt across the arc and if 7 is the current through the inductance,
we have the well-known equations

dl,

(1) L"dt + R/, + V,=o0,
av,
’
(2) )= Kdt

where /)’ is the current through the capacity.

If 7, (Fig. 1, a) is the current in any uniform conductor or antenna
of length /, capacity X, inductance L and resistance R (all for one
centimeter of length along the axis) at the end joined to the arc
circuit, then

(3) : L=5L+1/;
that is,

dl, a'[ d? v,
) z=atE g

If x is the distance along the conductor from the same end,

(5) od‘;l./ ( or2 )z—o

where V is the potential at the point x corresponding to a current
A
We have then, as the end conditions for the conductor,

dl, av, dv,
(6) L°dz+LK dt""R["'RK dt+V=°
for x =0, and
(7) ]z=°
for xr =/ »

1M. Abraham, *¢ Zur drahtosen Telegraphie,’’ Phys. Zeitschr., Bd. §, p. 174, 1904.
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If in the telegrapher’s equation

a3V b7} V a2V
®) Kl gm+ KR 5r =
we put
©) V=—2'uz)
and divide through by ¢, we have
(10) (KL + KRVu(z) = % "(”) = — Fu(x),
where
(11) — B =KL+ KRA,
or

d*u(x

(12) d’;(,)+k'u(x)= o;
that is,
(13) u= A cos kx 4+ B sin kx,

where A4 and B are arbitrary constants. Now, along any such

conductor we have

o7/ ov
(14) L6—t+R[=—6_x;

and, if we put
I = &Mu(x),

we get, by substituting the value of V from (g) and (13),

_ KA ssin kx — B cos k1)

When =/,

I, = Pu(l) = o,
or
(16) §=tan.él.

When x = 0, by substituting V7 and /| in (6), we have
(17)  (LEA + R KA+ 1)0(0) + (LA + R)w(0) =0;
so that, by (13) for x = o and (16),

(LA + RYL KM + RKA + 1)

(18) IAF R, = ktan £/
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So far the solution is entirely general. Now neglect the resistances
R and R, since they are very small as compared with L4 and L2
(1/10%.

Then we get from (11)
(19) — B = KL,

so that 1is a pure imaginary ; that is, there is no damping factor.
If we put

(20) P2,
we get from (18), (19) and (29)

(21) ZL;(I — KL p") = vKLptan (VKLpl);
or, if we let
(22) 2 = vKLpl,

we get finally
IL (1 KLz IL K,

(23) ane=7 \;~ XL B)=I; " Ik*
and

KL®
(24) L= 2(Kgz + K/ tan z)

In Fig. 4, L, is plotted as ordinate and 2 as abscissa in the neighbor-
hood of z=7x/2. K, being = 1122, K/ =43.5 and L/= 7.878
x 10°,

Since, for the fundamental of the long coil alone

2z W " within 4 of 1 per cent
4 T avEKL ?

from (22) the period of the whole systein will be equal to the funda-
mental of the coil alone, if z=7/2; and thenby (24) L, =0. We
should then have complete resonance and a correspondingly enor-
mous amount of energy taken from the capacity circuit. In like
manner we get complete resonance if z= 37/2, 57/2, etc., corre-
sponding to the first, second, etc., harmonics of the coil; and in
these cases L will be o.

Now since for changes of L, » = p/2x is by (22) a constant mul-
tiple C, of z,the graph of L, # is similar to Fig. 4. So that theo-
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retically for every value of Z, we have an infinite number of dif-
ferent frequencies — for the fundamental and harmonics. Also, any
frequency once obtained cannot by any change of L, be continuously
changed by an amount greater than 7, nor can we find more than
one resonance point, though we may with a large value of Z, obtain

110t

~2x105-

10x10°

8x10°F

Lo

6 x10%

2x10%}

2x0°t

- 1 1
(Z 13 714 i5 Fie 7 IA i§ 20 2/ 22
Fig. 4.

a frequency near a second resonance. For z < 7/2, # decreases as
L, increases and the curve approaches z = 0 as an asymptote : that
is, we have a steady falling off of the frequency with an increase of
inductance.

As a matter of fact, if the inductance is decreased from a large
value (say 2 x 10°), the current into the antenna increases until a
point corresponding to a value of z a little less than 7/2 is reached.
So much energy is then taken out of the arc that it is momentarily
extinguished ; but the point on the neighboring branch of the curve
having the same inductance corresponds to a value of z far from =/2.
Accordingly the frequency springs over to this branch of the curve,
so to speak. This change is of course accompanied by a sudden
drop in the current entering the coil. If the inductance is still
further decreased the frequency travels down this second branch to

‘a point near the next point of resonance, that is, near the period
corresponding to the first harmonic of the coil, and then goes through
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the same procedure as before. If, however, we increase the induc-
tance when the first point of discontinuity is reached, the frequency
3ox10° -
asx0’
20x0°
15 x10°

10x10°

sx10°

18

Fig. 4a.

will not jump back to the first branch directly, but will remain on
the second branch until such a value of £ is reached that the energy
given the coil is approximately the same as at the first break. The

sure.
4 9
450 ::L
2x107% -
t )
1 1 1 P Z 1 1
2 13 14 15 T 17 ig
Fig. 4b. °*

breaking inductance will accordingly be higher for the increasing
inductance than for the decreasing.

InpucTIVE COUPLING.

If 7, is the current, R, the resistance, Z, the inductance, X the
capacity and ¥, the potential difference between the condenser
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plates,—all in the condenser circuit; if 7, is the current, R, the
resistance, L, the self-inductance of the coil at the bottom of the
antenna and V] the potential at the upper end of this coil ; and if M
is the mutual inductance between the two circuits ; then

(25) =52

(26) L.,‘Z +M‘Z + R, + V=

(27) M%+LI‘Z+R1+P—O,
from which are obtained

(28) (°d;g RG) + MG+ V=0,
(20) kSl 1%y Rt Vo,

If L, K and R are the inductance, capacity and resistance per unit
length of the antenna, and ¥ and 7 the potential and current at the
point whose distance from the lower end is z,

of ov
(30) L +RI.- -3
of oV
(31) —a=far
from which follows
B’V R ov 1V
(32) Lot R = xa

Assuming the oscillations-to be sinusoidal, that is,
(33) V=uwu, I=we,
(34) #u = A cos kx + B sin kz,
and, from (30), (33) and (34),

(35) Ll'-éi-R(A sin £z — B cos k1),
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we have, for x = o, from (28) and (29),

Mk
(36) BELA + KRA+ 1) = o pB=0,
LA+ R)k
37) EXK M + A — (L4 4 }.l +——R') =o,

where E is the constant factor of V,, and, for x =/, because then
I= o,

(38) §=tan k.

Let 2 = #/; then, from (36), (37) and (38),

(L2 + RYKLFE + KR + 1)
Ta+ RYRLF + KR + 1) — KR

(39) #tans=

where L = /L and R,=/R. Since R is small in comparison with
LA (1/1000), we may neglect it and obtain, from (11),

(40) —B=KL2E.

Let

(41) p=—1,

then

(42) KLp =B,
L{1— E‘é"z’)

° KL
(43) ztan z = <

ye :
L= 5% (LL, — I

With the present coupling, #72 is only about 1 per cent. of L L,
and K /KL, -(LL,— M*)2* only 4 per cent. of L, ; so we may
neglect A in determining z and get

c

(44) ztanz=£—

and since L, = 7.86 x 10%, 2= 1.429, or 4.307, etc. A variation

of 10 per cent. in the value of Z /L, will make a difference of less

than 1 per cent. in the value of 2. The frequency is given by (42)
z

(45) n= 27”/7(:7“'
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REsuLTts.

To determine whether the quantity X, is or is not a constant for
a fixed value of the frequency, the condenser was set at a series of
values and the values of the inductance that gave resonance with
the long coil attached inductively were observed. This inductance
could be easily determined to one part in three hundred. From
these values the quantities C and L’ in the equation

Ly + LYK, = C

were determined by the method of least squares for the least mean
error of K L, to be
C=1.445 x 10%,

L' = 4.1 x 10%

This L’ is the inductance in the primary outside of the variable in-
ductance Z,. Even the second figure of this quantity is doubtful,
but as L’ is less than one per cent. of L this inaccuracy is of no
consequence. A (Fig. 5) is a graph of the curve L and XK. The
points from which it was calculated are shown.

aﬂT

/500

CAPACITY IN-CENTIMETERS

| INDUCTANCE IN CENTIMETERS + 1000

1 -J

700 200 300 400 300 600

Fig. S.

A similar curve B (Fig. 5) was plotted for the capacity circuit
tuned to an antenna, about 81 meters long fastened to the upper
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end of the inductance L. This antenna consisted of a single cop-
per wire run out through the window to the top of a neighboring
building where it was connected to a porcelain insulator strung on
a loop of wire about a meter long. In this case

C = 3.364 x 10°
L' = 3.4 x 10%,

where again the value of L’ is very uncertain on account of the
method of calculating the curve.

In both of these cases the slight variations from the curve seem
due to momentary conditions rather than to any tendency to depart
from the hyperbolic form.

During the experiments the main current varied from 1.5 to 2.5
amperes and the potential drop across the arc from 35 to 60 volts.
Neither of these variations appreciably affected the value of Z, for
resonance with the long coil. Accordingly, the variable capacity
was set at its largest value (1,122 cm.) and photographs were made
for known inductances. The results are tabulated below. The arc
length was about 1.5 mm. during all the experiments.

| | » as Determined by |
[ Coup- Induc- i 10
“ Coil _8X10 R .
i Tuned to ling l 2‘,“: >, s Me:u. ‘Theory, oV EL Mirror. emarks
| l », ) »3 | n,
—l R _l - | .
1 'y Funda- | Induc- ) 445 1os 1429 4osooo 367,000 376,000 | 357,000, Ocisler tube
2 ! ) mental. | tive. | | | attached.
12, « “ | 1411 « |1429 403,000 367,000 372,000 | 342,000 “
2, « “ | 1290 “ 1429 403,000 367,000 397,000 376,000
232 “ | 1276« 1429 403,000 367,000 399,000 381,000
235 — « | 1276 | — - - ! 399,000 389.000;
[ Funda . L
! Direct. 0 14 3 76, 427,000 | 381,000
18 | meotal. irec | 1140108 65 403000 3 6000 |
24 | ¢ ¢ 11130 |1, 753| 403,000‘ 450, 000 424,000 | 454,000
6 |y 3Xfund. ’ !
|} wave- L I10.50 ‘“ 535 403,000 137000 139,000 ' 136,000 L
length. | ‘ |
2 | None. 1.336 « | 390,000 | 396,000
27 !} — one. 1. | l A

The frequency is given as calculated from the dimensions of the
capacity circuit (n,) as well as from the above theory. The value
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n, under “theory” is obtained by multiplying the natural period
(»,) by 2z/x. If the quarter wave-length were just the length of
the coil, we could calculate #, directly from (22), page 247, and
(45), page 251. =n, is the frequency as measured by the mirror.
All the inductances have been corrected for the frequency.

In plates 1, 2 and 12 a Geissler tube at the upper end of the long
coil added a capacity sufficient to change the period quite decidedly.
Naturally then, #, is much less than #,,and 7, is below its value for
resonance with the long coil alone. The low values in 12 are prob-
ably due to a change in the position of the tube.

In plates 22 and 23a the Geissler tube was moved about 2 mm.
away from the coil, where it did not appreciably affect the frequency,
but where it still glowed for inductances near resonance. 7, and 7,
have risen about § per cent. 7, and #, are both greater than 7, and
n,, that is, the period of the system is less than the period of either
part, in spite of the looseness of the coupling.

Plates 18 and 24 show the different frequencies that may be ob-
tained with the same value of the inductance in the case of direct
coupling ; the one for decreasing inductance and the other for in-
creasing. In this case the values of z were taken directly from the
L, — = curve (Fig. 4) and #, differs from #, by less than 1 per cent.
These two values of 7, for nearly the same value of #, differ widely
from each other. This difference is perhaps the cause of the change
often observed in the product KL, for the same frequency.

It was found that if, when the long coil was directly coupled to
the arc circuit, the inductance L, was increased to about g times its
value for resonance, the Geissler tube glowed for this region also,
though not as brightly as before. The coil then responds to an
oscillation having a quarter wave-length equal to three times the
length of the coil : that is, the wave would receive the negative pulse
only upon its second arrival at the capacity circuit. Since there is
a large change of inductance at the circuit end of the coil we might
expect a sufficiently strong reflection there to make it respond to a
wave-length of about twelve times its own length. Of course this
response cannot be nearly as large as in the case of the fundamental.

“Plates 6 and 7 were made for the inductance that gave the largest
galvanometer reading. The value of z < 7/2 which corresponds to
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this value of Z; in Fig. 4 is given under . Of course », should be
smaller than 7, because of the capacity added by the Geissler tube
and not considered in the theory.

Plates 26 and 27 were made with no coupling. Here the value
of the frequency as calculated from the formula

3 x 10"
ny = ——==
2nv K L,
agrees with the observed value within 1.5 per cent. These two
plates were made to determine the effect of the potential drop over
the arc. For differences of potential from 35 to 60 volts no appre-
ciable change took place.

In every case (except those with the Geissler tube attached) the
theoretical frequency was a little less than that observed by the
mirror. This seems to show that either the mirror was not spin-
ning as fast as supposed — that is, that the standard tuning fork
was a little under pitch—or else that the frequency #, as calcu-
lated from the coil was really greater than 403,000. This latter
seems the more probable source of error, since a difference of 2 cm.
in the position of the node of potential as determined by the Geissler
tube would be more than enough to account for this discrepancy.
This undervaluation of W might account for the difference between
n,and #,. Accordingly it seems reasonable to regard the discrepancy
as due to errors in the measurements rather than to a fault in the
theoretical assumptions.

The measurements of plate No. 26 are given below as a specimen.

PLATE 26.
Exposure 2, 33 volts drop, length of 70 oscillations 5.115 cm., 4 = .0745
“ 10, 60 ¢« ¢« o 20 ¢ 1.491 ¢ 4 —=.0745
€ 11’ 85 ¢ . « 4 30 6 2.206 ¢ 4= .073%

1=49.5, r—=45.3.

Below are given some specimen resonance curves. In Fig. 6
inductance in centimeters is plotted against current in amperes, and
in the others the galvanometer deflections in centimeters are plotted
as ordinates and the turns of the variable inductance in the con-
denser circuit as abscissa, the capacity being 1,122 cm.

When the coil is directly coupled as in Fig. 6, the small rise cor-
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responding to the first harmonic is noticeably double pointed only
when the arc is running its best, as the energy of the vibrations at
this period is very small. The fundamental, however, shows the
effect of the double branch very strikingly. As the inductance Z,
was increased from o the galvanometer deflection increased rapidly
near the resonance point and then suddenly dropped to a smaller
value. If the inductance was decreased at the point C, instead of
being increased, the deflection rose along the line CD to approxi-

D, B8
3t N
© H /7
.&‘ ! N/ H
Py !
2 -s .
2 '
~ H
Jb- H
L, , §
510 70570 % 75 %/0°* 20x/10~* AUIx0"*
Flg. 6.

mately the same height as before, then again dropped and a decrease
of inductance then caused the curve to travel back along its former
path. These two branches were nearly symmetrical with respect
to an ordinate drawn through 2. The portions PB and PD exhibited
all the properties of unstable motion. That is, if in any way the
capacity of the coil was momentarily increased — by a person passing
close to it, for example — the reading of the galvanometer, if on
PD, would rise to D, fall to 4 and rise again, but on the lower
branch AP. These points B and D evidently represented those values
of the current in the coil that drew out enough energy from the cir-
cuit to destroy the arc momentarily. For if the energy in the
arc circuit was decreased, the heights of these maxima were
diminished. A Geissler tube held at the end of the coil became
warm, and in this case also the maxima were lessened. Continuing
on out we get another rise in the curve at 112 turns, shown at the
right in Fig. 6. As might be expected this curve has a simple
- rounded top and no double values.
If we equate the expression for », to that for #, that is, if we
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neglect the effect of the coil on the frequency of the primary, we get
the equation

KL
Lg = —l}f = 3.054 X 10°,

the same equation as obtained from (24) by considering X7=o0:
that is, by regarding the coil as unable to take any current from the
circuit. This is then the equation of the primary alone for changes
of L,and 2. The plot of this equation has been drawn in in Fig. 4,
and the corresponding points of Fig. 6 designated.

The difference between the value of z for this curve & and for
the actual curve, for the same value of Z; is proportional to the
effect of the antenna on the frequency in the primary. We should
then naturally expect the values of 2 for the breaking points 2 and B
to differ from the values of z at the points 2’ and B’ where these
inductances are cut by the NV, curve, by approximately the same
amount. As, however, the arc persists longer at some times than
at others, we cannot expect the break to come always at the same
value of the current entering the coil. But at the point p there is.
the same tendency to stay on one branch as on the other. Accord-
ingly, that point of the curve &V, having the inductance of the point
2 should have a value of # half way between those of the two
branches of the true curve. As measured from Fig. 4 the value of

2shy 1.07.

200
This is as close to unity as we could expect, considering the changes.
in the strength of the oscillations as mentioned above.

Since in Fig. 4 the slope of the curve is approximately the same
at p, and p,, and, since the slope of the left branch immediately
below p, increases with decrease of L about as fast as the slope of
the other branch just above p, increases with increase of L, we
should expect the two branches of Fig. 6 to be nearly symmetrical
just above the point . This proves to be the case. The graph of
the tangent is shown in Fig. 4.

From equation (24) we see that z for the branch 4B (Fig. 4) must
always be greater than the resonance point 7 /2 by a finite quantity
g =— K | K -tan £ — |2, depending only on the capacities. That
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is, the current into the antenna will never become infinite for the
fundamental on this branch, but will approach a finite value as the
inductance is increased. Instead then of the two branches of Fig.
6 rising symmetrically, we should expect the branch CD to run up
asymptotically to the axis of ordinates as L, decreases to o, and
as L increases indefinitely, the branch 4B to turn after a time and
approach a large value of the current as an asymptote. In order
to show this property of the AB branch we must make 2z’ + 7 / 2
greater than z at the breaking point B—in this case 1.687; or
the value of X /K would have to be as great as 1/5.084. As this
ratio could not be obtained in the case in hand without diminishing
K, to 220 cm. — below the amount necessary to maintain the arc
—no such asymptote could be found. The smaller X /X, the
nearer the curve approaches the curve /V; except at the resonance
points, and when K /K = o0 the curve coincides with ‘&, as
already stated.

The region of the first harmonic is shown in Fig. 42 on a different
scale. Here the curvature is much sharper than before, and since the
curve is also a great deal flatter, a small change of inductance near
the first harmonic will make a very much larger change in 2. That
is, the resonance curve should be steeper for the first harmonic
than for the fundamental. Fig. 6 shows this to be so. In this
case also the point of intersection of the two branches should have
a value of z about half way between those of the curve for like
inductance. Here ,

’
ﬁ—:,ﬁ—;, = I.0.
The branches above p’ are as before.

If we start with a very large value of L, the coil decreases the
natural period of the condenser circuit by a greater and greater
amount as we decrease L, until the curve breaks, and from the
break to the point £ = & the cail accelerates the primary. When
£ == the curve N, crosses the actual curve. This corresponds to
a wave-length of twice the coil length and in such a case the
current into the coil (7)) is zero. For decrease of L, this pro-
cedure is duplicated again and again for each addition of 7 to the
value of z.
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Fig. 7 shows the resonance curve for the coil coupled inductively
—the maxima being very sharply defined because of the loose

| |

DEFLECTION AT 82. OM.
»
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(] 10 20 80 ©
INDUCTANGE TURNS

Fig. 7.

couplings. The second harmonic was detected but not measured.
No maxima beyond the fundamental were observed in this case.
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Fig. 8.

Fig. 8 is the resonance curve for the long wire antenna fastened
to the upper end of L. No maxima could be detected excepting
for the fundamental.

Fig. g is the plot of the inductance and current when a small
capacity is inserted between the galvanometer and the condenser
circuit, thus constituting electrostatic instead of electromagnetic
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couplings, the distance between plates being 0.5, 1, 2, 4 and 8 cm.,
respectively, for curves 7, 7/, I7], IVand V. The double maxima
are very strongly brought out in this case.
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Fig. 9.
SuMMARY.

First, the curves between L, + L’ and X for resonance with the
coil and antenna seem to show definitely that, for these frequen-
cies and currents, the product of the inductance and capacity is a
constant.

Second, within the limits of error of the experiment, the current
in the Poulsen arc as here used is of the sine form ,— a simple har-
monic vibration, otherwise the above theory would not have been
confirmed.

Third, there is good reason to believe that, in a Poulsen arc circuit
unattached to any other system, the frequency is given by the ordi-
nary formula

. 3 x 10" '
27V KL

In conclusion, I wish to thank Professor Webster for great kind-
ness and assistance during the course of the work, and the Trustees
of Clark University for the means of carrying it out.

NortE.
The above experiments were completed over a year ago, but
owing to the author’s absence in Europe the publication of the
results has been delayed. Meanwhile a paper by Mr. G. W. Nas-
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myth ! has appeared, in which he gives a formula for the frequency
of the oscillating arc

S E)

where 4 is the current through the arc, / the arc length and ¢ and
d constants depending on the electrodes used. When /= o the
second term under the radical is supposed negligible in comparison
with the first and we get the equation used in the present work.
Since / is never o, n will be less than the frequency given by the
simple formula

1)1
%= 2aNIC
This probably accounts for the difference between 7, and #, in the

inductively coupled cases.

1George W, Nasmyth, ¢ The Frequency of the Singing Arc,” Puvs. REv., 27, p,
117, 1908.



262 THE AMERICAN PHYSICAL SOCIETY. [VorL. XXX.

PROCEEDINGS

OF THE

AMERICAN PHYSICAL SOCIETY.

MINUTES OF THE FIFTIETH MEETING.

HE annual meeting of the Physical Society was held in Boston,
Mass., beginning on Tuesday morning, December 28, 1909, and
ending Thursday evening, December 30, 1909. The sessions were held
in Room 22, Walker Building, Massachusetts Institute of Technology,
except on Wednesday, December 29, when the society met at Cambridge
in the Jefferson Physical Laboratory of Harvard University.

All the sessions were joint sessions with Section B of the American
Association for the Advancement of Science, and during the afternoon
session of Tuesday, December 28, Section A of the American Associa-
tion also met with these two organizations. On this occasion the presiding
officers were Vice-President L. A. Bauer of Section B and Vice-President
E. W. Brown of Section B. For the other sessions either President
Crew of the Physical Society or Vice-President Bauer of Section B acted
as presiding officer.

On Wednesday, December 29, tellers being duly appointed, the ballots
for the annual election of officers were counted. The vote resulted in
the election of the following officers for the year 1910:

President, Henry Crew ; Vice-President, W. F. Magie ; Secretary,
Ernest Merritt ; Zreasurer, J. S. Ames ; Members of the Council, Kar)
E. Guthe, C. A. Skinner.

At the joint session Tuesday afternoon, January 28, the program was
as follows :

Address of the retiring Vice-President of Section B, Karl Guthe :

‘¢ Some Reforms needed in the Teaching of Physics.”’

On the Determination of Latitude and Longitude in a Balloon. C.
RUNGE.

The Ruling of Diffraction Gratings. A. A. MICHELSON.

On Certain Physical Hypotheses Sufficient to Explain an Anomaly in
the Moon’s Motion. E. W. Brown.

Following is a list of the other papers presented at the meeting :

1. Temperature Coefficient of Electrical Resistance. Tungsten, Molyb-
denum, Nickel and Nichrome. A. A. SOMERVILLE.
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2. The Flow of a Gas through a Capillary Tube. WILLARD J. FISHER.

3. Effect of Surface Tension upon a Falling Jet of Water. F. R.
WATSON.

4. The Variation of the Hall Effect in Metals with Change of Tem-
perature. ALPHEUS W. SMITH.

5. The Effect of Pressure on the Electrolytic Rectifier. ~ A. P. Car-
MAN and G. J. BALZER.

6. The Analysis of the Principal Mercury Lines by Diffraction Grat-
ings, and a Comparison with the Results Obtained by Other Methods.
Henry G. GALE and HarvEy B. LEMON.

7. The Spectra of Some Gases in the Region of Extremely Short
Wave-length. THEODORE LyMAN.

8. The Variation of the Hall Effect with the Temperature in the Case
of the Principal Magnetic Metals. Taomas C. McKay.

9. The Rectifying Effect in Point and Plane Discharge. RoOBERT F.
EarHART and CHas. H. LakE.

1o. Photographic Photometry, and Some Interesting Photographic
Phenomena. CHARLEs F. BrusH.

11. Note on ‘‘Changes in Density of the Ether, and Some Optical
Effects of Changes in Ether Density.’’ CHARLES F. BRrusH.

12. The Tone Quality of the Flute. D. C. MILLER.

13. An Instrument for Projecting and Recording Sound Waves. D.
C. MILLER.

14. The Magnetic Measurements on Board the ¢¢ Carnegie '’ in 1909.
L. A. BaUER.

15. The Relativity Dilemma. D. F. CoMsTOCK.

16. ‘“Bound Mass’’ and the Fitzgerald-Lorentz Contraction. WiLL
C. BAKER.

17. Physical Properties of Binary Liquid Mixtures. J. C. HuBBARD.

18. On the Use of Polar Cotrdinates in Thermodynamics. J. C.
HuBBARD.

19. The Theory of the Vibration Galvanometer. F. WENNER.

20. Coefficients of Linear Expansion at Low Temperatures. H. G.
Dorskey.

21. The Freezing of Mercury at High Pressures. P. W. BRIDGEMAN.

22. Phenomena of Spark Discharge through Wire Conductors. FRAN-
cis E. NIPHER.

23. Some Minute Phenomena of Electrolysis. H. W. MoORSE.

24. A New Method of Measurement of Small Angles. C. W. CHAM-
BERLAIN.

25. The Photographic Evidence for Dispersion of Light in Space: —
Is it a purely Photographic Phenomenon? H. E. Ives.

26. On the Secondary 8 Radiation from Solids, Solutions, and Liquids.
S. J. ALLEN.
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27. The Effect of Filter Paper upon the Mass and Form of the Deposit
in the Silver Coulometer. E. B. Rosa, G. V. VinaL, and A. S. Mc-
DANIEL.

28. Experiments in Impact Excitation with the Lepel Singing Arc.
GEORGE NASMYTH.

29. On the Coefficients of Diffusion of the Emanation and the Active
Deposit Particles of Actinium. J. C. MCLENNAN.

30. On the Relative Numbers of Positive and Negative Ions present
in Atmospheric Air. A. THOMSON.

31. Note on the Cause of the Discrepancy between the Observed and
Calculated Temperatures after Expansion in the Space between the Plates
of a Wilson Expansion Apparatus. R. A. MiLLIkaN, E. K. CHAPMAN,
and H. W. Moobpv.

32. Some New Values of the Positive Potentials assumed by Metals
under the Influence of Ultra-violet Light. R. A. MILLIKAN.

33. The Second Order Effect of Ether Drift on the Intensity of
Radiation. A. TROWBRIDGE and C. E. MENDENHALL.

34. The Rotary Dispersion of Quartz at — 190° C. and Observations
at other Temperatures. F. A. MoLsy.

35. The Pyrheliometric Scale and the Solar Constant. C. G. ABBoOT.

36. Single-line Series in the Spectra of Ca and Sr. F. A. SAUNDERs.

36. The Relative Motion of the Earth and the Ether. H. A. WiLson.

37. A Study of the Multiple Reflection of Short Electric Waves be-
tween two Reflecting Surfaces. L. E. Woobpman .anp H. W. Wess.

38. A Hot Air Engine Indicator Diagram. A. G. WEBSTER.

39. The Nitrogen Thermometer from Zinc to Palladium. A. L. Day
and R. R. SosMaN.

40. On Calcium Clouds in Space. DRr. STIFER (presented by Perci-
val Lowell).

41. The Second Postulate of Relativity. R. C. TorLman.

42. The Terminal Velocity of Fall of Small Spheres in Air. (By
title.) JoHN ZELENY and L. W. McKEEHAN.

43. The Present State of our Knowledge concerning Permanent
Magnetism. (By title.) A. A. Knowlton.

44. The Heat of Dilution of Aqueous Salt Solution. (By title.) F.
L. BisHOP.

45. Uranous and Uranyl Bands. A Very Fine Band Absorption
Solution Spectrum. (By title.) W. W. StronG.

46. Insulation of Observatory Domes for Protecting Telescopes and
other Apparatus against Extremes of Heat and Cold. (By title.)
Davip Topp.

47. On the Free Vibrations of a Lecher System. (By title.) F. C.
BLAKE and CHAS. SHEARD.
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48. Thunderstorm Electricity. (By title.) W. W. StroNG. °

ERNEST MERRITT,
Secretary.
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THE Porous-PLuc AND FREE-ExpansioN EFFECTS IN AIR AT
VARYING PRESSURES.!

By A. G. WORTHING.

STUDY of the high values of the ratio of the two heat capacities of
air obtained by Witkowski and by Koch has led to the derivation
of the formula

ﬂaP
Pov 20
1) T_l+;;_35+ ﬁﬁ,

where % is the free-expansion effect. This differs from the common
expression for y derived for a perfect gas by the addition of the last
term of the right-hand member of the equation. The above expression
combined with another thermodynamic formula gives

94— p 20
P
(II-) 1)=—-7 ——
r %2 _p
r—1 a0

(III..) p=—
o6

where « is the porous-plug effect. Witkowski’s values for the product
Py for air at various pressures and temperatures and Koch’'s data on y
when combined by means of (II.) and (III.) give values of u and 5 for
varying pressures at o°® C. and at — 79.4° C. The maximum value of p
obtained thus for air at o° C. is about .85 of the value obtained from the
experimental results of Joule and Kelvin. The curves obtained show
that 2 and 7 decrease with increasing pressure after a certain pressure is
reached, a result which is to be expected from a consideration of (II.)
and (III.). Theoretically, (II.) and (III.) also shows that, beginning
with small pressures, z and 7 approach zero as the pressure approaches
zero. This fact should have an important bearing on the determination
of the relations existing between gaseous thermometric scales and the
absolute scale of temperature.

1 Abstract of a paper presented at the Urbana meeting of the Physical Society,
November 27, 1909.
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A NEecLEcTED TyPE OF RELATIVITY.!
By D. F. CoMsTock,

HE negative result of all experiments to detect the earth’s motion
through space by its effect on terrestrial phenomena positively
requires explanation, and the modern principle of relativity is generally
conceded to be the most successful attempt to explain so far made. The
principle has, however, led to great complexity in detail and its implica-
tions have not yet been completely worked out.

It does not seem to have been generally noticed in this connection
that if the velocity of light is assumed to depend on the velocity of the
source, in the same way in which the velocity of a bullet depends upon
the velocity of the gun, then we have a simple type of relativity which
in many ways presents a striking contrast to the principle now in vogue.

Such a light-velocity is not obviously consistent with the conception
of light as a wave motion in a semi-material medium, but if there is
anything that modern discoveries in fundamental physics have shown, it
is that we must not reason too much from analogy or expect to find the
most fundamental of all transformations of energy to resemble those
transformations which we are familiar with in complex material systems.

The assumption that the velocity of light depends on that of the source
has, so far as the author is aware, never been properly examined. This
is strange, but is probably explainable as a natural result of the complete
trust which has been put for years in the conception of an ether.

In the paper of which this is an abstract, the astronomical conse-
quences of the assumption that the velocity of light depends on the
source-velocity, in the same way that the velocity of a bullet depends on
that of the gun, has been partially developed. It is found that a change
in the line-of-sight-component of a star’s velocity causes the time inter-
val between any two events which happen on the star to be different from
the apparent time interval between the same events as observed from the
earth. If the star is very distant and changes its velocity as in the case
of a binary star, it is even possible that two events may appear to happen
in their reverse order. ‘

In the case of spectroscopic binaries certain characteristic peculiarities
should appear in the spectrum, peculiarities which apparently do not ex-
ist. The investigation is only just begun but so far the indications are
rather against the existence of the effect.

1 Abstract of a paper presented at the Princeton meeting of the Physical Society,
October 23, 1909.
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TeMPERATURE COEFFICIENTS OF ELECTRICAL RESISTANCE.!
By A. A. SOMERVILLE.

HE range of temperature through which the work extends is from

o® C. to about 1060° C.; limits well within the range of the
platinum resistance thermometer. The temperatures are determined by
means of such a thermometer calibrated at melting ice, steam and the
melting points of copper in air and in nitrogen. It is believed that at
points near 1000° C. readings are correct to within one or two degrees.
Temperatures are automatically recorded by a Callendar recorder and
Callendar’s platinum resistance curve is taken as a standard and the
coefficients of other metals referred to that as a standard.

Specimens are placed in a quartz tube similar to the thermometer
container and the two placed inside a porcelain tube which is the core
of a resistance furnace. Using a dial bridge the resistance of the un-
known is measured to the fourth decimal place.

Four materials have been studied : nickel and nichrome, two good fur-
nace wires inasmuch as they do not oxidize readily and tungsten and molyb-
denum, which must be protected from oxygen when heated. The nickel
and nichrome curves are very similar in shape, but the coefficient of the
former is twenty times that of the latter. The coefficients in either case
are relatively small between 400° C. and 1000° C. as compared with the
coefficients outside these limits. The tungsten and molybdenum curves
are slightly convex toward the temperature axis. The coefficients are
large : 1 ohm of molybdenum at o° C. measuring 5.7 ohms at 1000° C.
and 1 ohm of tungsten at 0° C. measuring 6.9 ohms at 1000° C.

It is intended to extend the work to a large number of substances.

THE SPECTRA OF SOME GASES IN THE REGION oF EXTREMELY
SHORT WAVE-LENGTH.!

By THEODORE LyMmaN.

HE paper deals with experiments on the spectra of oxygen, nitrogen,
carbon monoxide, carbon dioxide, helium and argon. The re-
sults confirm the statements which the writer has already made on this
subject : Oxygen, nitrogen and helium give no spectra in the region be-
tween 41850 and i1250 of sufficient strength to be observed with the
writer's spectroscope.
Carbon monoxide and carbon dioxide give the same spectrum. The
greater part of the present paper is devoted to the measurement of the
bands of this spectrum. The laws of Deslandres are applied to the data

! Abstract of a paper presented at the Boston meeting of the Physical Society, De-
cember 28-31, 1909.
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with the result that the carbon bands in the region of the extreme
ultra-violet appear to form a continuation of the scheme proposed by
Deslandres for the bands between Azoo00 and 13000.

It is hoped that the values of the wave-lengths given in this paper may
prove of use to those working in this region.

THE Frow oF A GAs THROUGH A CapiLrArRY Tuse!
By WILLARD ], FisHiR.
N a previous article? there was proposed as a second approximation

for the equation representing the flow of a gas in a capillary tube

the equation
4

na
F= —_l—-l—(x + )(P|l+_ _},’H—)
&@%:+;)
which is based upon the equation of expansion

p=k";
and it was shown that #» must lie between the limits 1 and T= GG,
If » = 1, the equation reduces to the well-known form of O. E. Meyer.
Assuming that all the quantities entering into the equation have been
experimentally determined, with the exception of 7 and 7, then 7 is a
function of 7, and

Z—Z=const. X g I)’[(l’) (I+I‘/‘ﬂl’:+1’1)-1’,]

if p is taken equal to p,. This is negative for all the possible values of
n, hence 7 diminishes with increasing #, and vice versa.

In the use of O. E. Meyer’s equation # is taken equal to 1, while its
true value is certainly greater. Hence the deduced values of 7 are cer-
tainly too large, and the value of C/X too small.

Further, gases with large values of y, like helium or air, allow ~ a
wider range of variation than those with a small value, like CH,Cl;
hence it is probable that » — 1 is actually larger for high values of y than
for small; and the computed values of C/X based upon n = 1 would
then be progressively too small as y increases — which is apparently the
fact.

It is not probable that 7 is actually constant throughout a capillary
tube. The expansion is probably nearly isothermal in the neighborhood
of the walls, and less so in the central stream, so that # is a function of
position.

1 Abstract of a paper presented at the Boston meeting of the Physical Society,
December 28-31, 1909.
? PHYs. REV., 29, p. 147, 1909.
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ErrFecT OF SURFACE TENSION UPON A FALLING JET oF WATER.!
By F. R. WATsoON.

F a stream of water flows from the lower end of a vertical tube the
cross-section of the stream gets less and less due to the contractive
force of surface tension until finally the stream is broken into drops. If,
however, an obstacle is placed in the path of the water near its exit from
the tube the form of the stream is changed. It now appears as a series
of beads of water connected together, the size of the beads diminishing
from the top down.

Although no mathematical solution is offered at this time, a simple
explanation may not be out of place. The obstacle may be thought of
as sending a train of waves wpward along the surface of the jet, in the
same way that a vertical fishline in a moving stream sends ripple waves
against the current. The wave form is stationary, and indicates that the
velocity of the ripple wave is equal and opposite to that of the current
at every point. In the case of the vertical jet the velocity of the water
increases as it falls, so that the wave-length gets shorter and shorter the
further the stream falls.

The jets were produced by allowing water to fall from the end of
a siphon on to a glass sphere. It is necessary that the flow be symmetrical
on the sphere, otherwise the jet will be pulled away from the vertical.
The head of water pressure is kept constant by having the water supply
in a dish of large diameter which is continuously replenished by a regu-
lated stream of water. The difference in levels between the water in the
supply dish and the end of the siphon was less than a centimeter.

SINGLE-LINE SERIES IN THE SPECTRA OF CA AND Sr.!
By F. A. SAUNDERS.

HE ¢¢ combination principle '’ discovered by Ritz leads us to expect

to find single-line series in the spectra of Ca and Sr, related to the
strong ultra-violet series announced a year ago.’ If we take the number
of waves per cm. in vacuo for each line of the two ultra-violet series and
subtract from each value a constant (21849 for Ca, zo149 for Sr), we
obtain the wave-numbers of two new series, whose approximate wave-
lengths are: Ca, 5042, 4527, 4240, 4059, 3946; Sr, 4755, 44871,
4313, 4203. These lines are all faint and hazy; the last ones are
particularly difficult objects, and were found only by reducing the pres-
sure about the arc. The aspect of the lines leads one to classify these
1 Abstract of a paper presented at the Boston meeting of the Physical Society,

December 28-31, 1909.
2 Pays. REv., XXVIII., 152, 1909.
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series as of the ¢‘second subordinate'’ type. The agreement between
calculated and observed wave-lengths is within 0.1 A.U. for the first two
lines; o.5 A.U. for all.

The blue and violet regions of these spectra contain other single lines,
most of which are seen to belong to companion series, running to the
same end as the above. The approximate wave-lengths are: Ca, 4878,
4355, 4109, [3973], 3890; Sr, 5156, 4678, 4406, 4254. The Ca
line at 3973 was not observed on account of the nearness of the very
much stronger triplet-line 3973.89. According to the aspect of the
lines, these series are of the ¢¢first subordinate’’ type. They are very
diffuse unless the pressure about the arc is greatly reduced. They show
a large ‘¢ pressure shift ’’; that is, their density maximum with arc in air
is not in the same place as when the arc is under reduced pressure (meas-
ured with reference to unaffected lines). All these series are ‘“arc’’
lines, diminished in strength by reduction of pressure and appearing with
reduced intensity in the spark.

The new ¢ first subordinate’’ series can be satisfactorily represented
by three constant formule almost of the Ritz type. The ultra-violet
series and the ¢‘second subordinate’’ series (which have the same
formula except for the end-constant) are more difficult, but can be repre-
sented by four-constant formule. The two latter might, perhaps, at
first sight be regarded as a single series of very wide pairs; this seems
impossible, however, when the utterly different appearance of the lines
is considered, the ultra-violet ones being strong and heavily reversed ;
the others weak and not reversed. Their relations, doubtless very
intimate, will be shown by means of their formule.

CoEeFFICIENTS OF LINEAR ExpansioN AT Low TEMPERATURES.'

By HERBERT G. DORSEY.

HIS is a continuation of work already published.? The specimen

to be examined is in the form of a hollow cylinder and its changes

in length are measured while in vacuo by means of interference bands of

green mercury light. The coefficients are measured for 40° intervals
between + 20° and — 180° C.

Curves were given for eight specimens of iron-carbon alloys ranging
from o0.058 per cent. carbon to 1.38 per cent. At o° C. the coefficient
decreases steadily from 1150 X 1072 for 0.058 per cent. carbon to a min-
imum of 1055 X 10~° forabout 1.25 per cent. carbon and then increases.
At lower temperatures no such regularity exists but at — 140° the coeffi-

1 Abstract of a paper presented at the Boston meeting of the Physical Society,

December 28-31, 1909.
2 PHYs. REv., Vol. XXV., p. 88, 1907, and Vol. XXVII,, p. 1, 1908.
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cients have decreased to 6oo X 10~® or less. The average coefficient
between + 20° and — 180° is nearly a straight line between 930 X 10~*
for carbonless iron and 840 X 107 for 1.4 per cent. carbon, by extra-
polation.

Curves and data were also given for fused silica. Besides the many
remarkable properties of this material, a thick rod of it if not annealed
is in a state of strain and a diamond scratch will produce a crack clear
around the rod. Three specimens were tested, both in the annealed con-
dition and after being quenched in water from a yellow heat. Curves
plotted from the average values in the two states are nearly parallel, the
curve of the quenched values being about 6o X 107~° below that of the
annealed. The actual values of the coefficients being + 393 X 10~ at
o° and — 661 x 10~* at — 160° for the annealed while corresponding
values for the quenched are 4+ 297 x 10 and — 715 X 107°.

. SoME MINUTE PHENOMENA OF ELECTROLYSIS.!

By H. W. MORSE.

F pure water is electrolyzed between silver electrodes of small area at
a voltage of 1.5 to 2.5 volts no gas appears at the electrodes.
Instead a cloud is sent out from the anode and this moves along the cur-
rent lines to the kathode, where metallic silver begins to separate. Very
slight quantities of electrolytes prevent the phenomenon completely, as
low as 0.0003 normal for some salts. The cloud appears under higher
power as made up of approximately spherical particles, probably of silver
oxide, in rapid Brownian motion. On coagulation, the particles collect
in bunches which are frequently symmetric along three axes.

THE PHoTOGRAPHIC EVIDENCE FOR DISPERSION OF LIGHT IN
SpPACE — Is 1T A PURELY PHOTOGRAPHIC PHENOMENON ?!

By HerBERT E. Ives.

TIKHOFF * found on star photographs taken through colored

o glasses that the faint stars were more distinct on the negatives

taken with light of longer wave-length. He argued that this proved dis-
persion or scattering of light in space. The faint stars are presumably,
on the whole, more distant, and their light would be more subject to
scattering. The scattering would be greater the shorter the wave-length.
There is involved in this argument the assumption that the scale of
gradation of the photographic plate is the same for all wave-lengths.
- 1Abstract of a paper presented at the Boston meeting of the Physical Society,

December 28-31, 1609.
2 Comptes Rendus, 148, p. 267, 1909.
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According to Abney and Eder this is not true. According to Leimbach
it is true for normal exposure and the one mode of development used in
his investigation.

Two phenomena of the photographic plate have been investigated with
this particular question (space dispersion) in view. First, is the fact
that a “‘red’’ image has been observed to develop up more slowly than
a ‘“blue,” though giving the same final density. Second, in a plate
sensitized by bathing the sensitive layer is very thin. Either of these
conditions might result in ‘“‘red '’ and ¢‘blue’’ plates being exposed in
different parts of their characteristic curves, or having different charac-
teristic curves, although developed in the same way to the same density.

Simultaneous red and blue exposures of gradually increasing length
were made on three types of plates. First, an isochromatic plate, not
very sensitive to red, in which the sensitizer was incorporated in the
emulsion. Second, a plate sensitized to red by bathing with pinacyanol.
Third, a Cramer ¢‘ spectrum ’’ plate, sensitizer in the emulsion, quite sen-
sitive to red. Long and short development were tried with all.

The results demonstrated that under laboratory conditions, where there
is no question of space dispersion, either one of three conditions may be
exhibited by the photographic plate. The scale of gradation may be
steeper for red, for blue, or the same for each. The determining factor
is apparently the relative thickness of sensitive film. Where it is neces-
sary to depend on long development to obtain the full density of the red
image a thicker layer of emulsion is used than for the blue, owing to the
opacity of the silver bromide to blue light. Hence, it is possible to
have a longer range of gradation in the red image. When the red sensitive
layer is thin, as in the bathed plate, the blue image is thicker and pos-
sesses (on long development) a greater range of densities. When the
red sensitive layer is thick, and its effective sensitiveness near that of the
blue, both images may be of nearly the same thickness and gradation.

It is, therefore, possible to obtain, on bathed plates, from purely pho-
tographic causes, the phenomenon observed by Tikhof. The photo-
graphic evidence for dispersion in space is, therefore, inconclusive, unless
it be first proved by laboratory test that the plates as used cannot them-
selves be responsible for the effect observed.

THE RoTATORY DISPERSION OF QUARTZ AT — 1Q0° AND
OBSERVATIONS AT OTHER TEMPERATURES.’

By F. A. MoLsy.
HE work described inthis paper is an extension of the work with
rotatory quartz at low temperature, the method of which was

1 Abstract of a paper presented at the Boston meeting of the Physical Society,
December 28-31, 1909.
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described in the PHvsicaL REVIEwW, January, 1909. An effort has been
made to obtain direct measurements with accuracy ; the Lippich polari-
scope has been used, with several light sources covering the range of the
visible spectrum. Two plates of L and two of R quartz, aggregating
13.258 mm. have been studied by the writer. The measurements made
at room temperature agree closely with the published values for the
specific rotation of quartz, the L quartz also agreeing with the R quartz
to one part in 2,000 at all temperatures used. The writer finds that on
reducing the temperature of the quartz from 24° to — 188° the rotation
is diminished by the proportionate parts, 10/400, 10/427, 10/424, 10/427,
10/429 and 10/429 respectively for the wave-lengths 435.9, 491.6, 546.1,
579, 589.25 and 670.8 nx. Becquerel reports! that by a photographic
method he found a decrease on cooling from room to liquid air tempera-
ture, of approximately 1/43 for various wave-lengths. Curves showing
the way in which the rotation depends upon temperature over the range
of 212° C. were shown. Curves showing the relation of rotatory power
to temperature for the volatile oil, limonene, were also shown. Simi-
larities are noted in the effect of temperature upon the rotatory power of
the two substances, though cooling has the effect of increasing, not
diminishing, the rotatory power of the limonene.

THE THEORY OF THE VIBRATION GALVANOMETER.?
By F. WENNER,

SOLUTION of the fundamental galvanometer equation is obtained
giving the amplitude of the vibration in terms of the amplitude
and frequency of the current and the intrinsic constant of the instrument.
Attention is called to the electromotive force developed by the relative
motion between the magnet and winding of a galvanometer, and it is
pointed out that the energy available for producing a deflection is the
time integral of the product of the current and the generated or back
electromotive force. In the vibration galvanometer the power available
for maintaining the vibration is the product of the current and back
electromotive force into the cosine of their phase angle. This back
electromotive force is expressed in terms of the amplitude and frequency
of the vibration and one of the intrinsic constants.
Taking for the current the vector sum of the impressed and back elec-
tromotive forces divided by the resistance of the galvanometer circuit, a
relation is obtained giving the amplitude of the vibration in terms of

1Comptes Rendus, December 14, 1908.
2 Abstract of a paper presented at the Boston meeting of the Physical Society, December
28-31, 1909.
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the effective value and frequency of the impressed electromotive force and
the intrinsic constants of the instrument.!

THE REcTIFYING EFrFecT IN POINT AND PLANE DISCHARGE.?

By ROBT. F. EARHART AND CHAs. H. LAKE.

HE authors have sought to make quantitative measurements on the
rectifying effect produced in the point to plane discharge.

A discharge chamber into which various gases could be introduced
was used. Suitable connections with air-pump and McLeod gauge per-
mitted accurate measurements of pressure within the chamber.

The electrodes consisted of a pointed Pt wire and a brass disk 3.8 cm.
in diameter. The distance between the electrodes was varied from 2.5
mm. to 2 cm.

With point negative a lower potential difference sufficed to produce a
discharge than when the point was made positive.

Families of curves show graphically the discharge potential under
various conditions of distance, pressure and polarity.

Measurements of the potential difference to produce discharge were
made with a Weston voltmeter. The results show that within the limits
of the experiment the most favorable conditions for rectification in air-
occurs at a pressure of about 1 mm. Hg and a distance of 2 cm. between
the electrodes. ‘

THE FREEzING OF MERCURY AT HiGH PRESSURES.?
By P. W. BRIDGMAN.

HEN a metal solidifies it suffers in general a discontinuous change-
in its electrical resistance. Mercury is enclosed in a fine glass
capillary and the resistance measured at various temperatures as a func-
tion of the pressure. Freezing is indicated by a sudden decrease in the-
resistance to about one quarter of its value for the liquid. In this way
the freezing curve has been followed from — 15° C. to + 21.5° C., the-
pressure required to produce solidification at 21.5° being almost exactly
12,000 kgm. per cm®. Furthermore, over this range the curve is linear
with a probable error of less than 4% per cent., the line passing through
the freezing point at atmospheric pressure. The increment of pressure
per degree rise of the freezing point is 198.7 kgm./cm®. The value:
calculated from Clapeyron’s equation is 197, taking as the heat of freez-
1 The theory of the vibration galvanometer is discussed fully in a paper being pub-
lished in Vol. 6 of the Bulletin of the Bureau of Standards.

? Abstract of a paper presented at the Boston meeting of the Physical Societys-
December 28-31, 1909.



276 THE AMERICAN PHYSICAL SOCIETY. [VoL. XXX,

ing 2.82 cal., and as the change of volume on freezing o.00260. The
agreement is within the errors of the determination of these last two
quantities.

THE JEFFERSON PHYSICAL LABORATORY,
HARVARD UNIVERSITY.

THE EFFECT OF PRESSURE ON THE ELECTROLYTIC RECTIFIER.!
By A. P. CARMAN AND G. J. BALzER.

LARGE number of oscillograph curves were photographed of the
alternating current through different electrolytic rectifiers at pres-
sures from 15 centimeters of mercury up to 21 atmospheres and at different
temperatures. These curves show that at the higher pressures the recti-
fying property decreased so that at 21 atmospheres a cell with aluminum-
carbon electrodes and alum for electrolyte showed about half rectifi-
cation. The property of rectification was regained when the pressure
was reduced. Increase of temperature is also shown to act similarly to
increase of pressure, but the cell does not recover its rectifying properties
when the temperature is lowered again. Observations were also made on
the deposits formed on the electrode. The bearings on the theories
advanced were briefly discussed. Slides of the oscillograms and readings
of currents and electromotive forces were shown.

ON THE SECONDARY 8 RADIATION FROM SOLIDS, SOLUTIONS AND
Liguips.!

By S. J. ALLEN.

HIS paper is a continuation of the work published under the same
title in the PuvsicaL REviEw for September, 19o9. The main
facts brought out in that research may be summarized as follows :

1. Solids. — The results obtained for the pure elements agree in
general with those obtained by other investigators, and show that the
secondary radiation is some function of the atomic weights, increasing
with increase of atomic weight. The penetrating power of the rays does
not differ very much for the different atoms, but was nearly a constant
for the angle of incidence used (about 70°).

The secondary rays from salts, and compound substances, such as sugar,
do not in general bear any definite relation to the sum of the atomic
weights (molecular weights), but the presence of an atom of high atomic
weight can always be seen by an increase in the radiation.

- 1 Abstract of a paper presented at the Boston meeting of the Physical Society,
December 28-31, 1909,
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2. Agueous Solutions. — The secondary rays from solutions increase
with the concentration of the solute and for light atoms and small con-
centration the increase is nearly proportional to the concentration, but
for high concentrations there is a tendency towards saturation. If several
solutions of equal concentrations and containing a common constituent
(e. &, the chlorides) are taken then the radiation increases very rapidly
with the atomic weight of the other constituent. If substances such as
sugar, tartaric acid, acetic acid, which have the same intrinsic radiation
as the solvent, are dissolved, the radiation keeps constant for any con-
centration.

3. Pure Liguids. — The secondary radiations from pure liquids are in
general very complex and surprising. No prediction can be made
beforehand from a knowledge of the secondary radiation of the constitu-
ents just what the radiation from the compound will prove to be. It
certainly is not a function of the molecular weight. The various com-
pounds of C, H and O differ considerably in radiating power. There is
a large group of liquids having a radiation about equal to that of alcohol,
and a group like the esters and amylene which has a much lower radiation.

The presence of an atom of high atomic weight generally manifests
itself by an increase of radiation though there are several remarkable
exceptions. The group of halides (compounds of Cl, Br and I) show
the greatest effects. Propyl bromide hasa radiation of 230, while propyl
chloride only has a radiation of 8o. On the other hand, ethylene
bromide has a radiation of 245, while ethylene chloride jumps to 284.
Here the substitution of ethylene for the propyl constituent causes an
enormous increase for the chloride but not for the bromide, which is
certainly not due to the atoms alone. This phenomenon is character-
istic of all the results, though not to such a great extent.

It seems very evident from this research that in a compound containing
several atoms the secondary radiation is not a function of the molecular
weight, but that there are in many cases other effects entering which
may be so great as to almost entirely dominate the final result. It may
be that the way in which the atoms are bound together to form molecules
or the aggregation of the molecules themselves may have large influences .
on the radiation.

The results obtained by the author in the paper referred to above were
only for one angle of incidence. Since McClelland has shown that the
angle of incidence has a large effect in determining the amount of sec-
ondary radiation the author has made a fresh set of observations at dif-
ferent angles which are given in the present paper. Also at the same
time the decrease of radiation caused by passing through a definite thick-
ness of tinfoil was measured.

The apparatus used and the methods employed are the same as before.
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The radium was placed in a block of lead which could be placed so that
the primary g rays fell upon the substance to be tested at any desired
angle.

Only those substances were tested which gave marked effects, viz. :
water, alcohol, esters, the halides, saturated solutions of KI, CdI,,
Pb(NO;,), and CuCl,, and some of the metals. A few of the results for
solids, liquids and solutions are expressed in the following table. The
figures there given are in arbitrary units ; (@) representing those without,
and (4) those through .ocor mm. of tinfoil.

| Radiation. % Unabsorbed Rays.
Substance.

| e | & | @ | e | »

| @ | B | @] @& (@] ©®
Lead. 600 | 400 ' 665 | 440 | 688 . 490 | 66.7 | 66.2 | 71.0
Aluminum. {zos 115 | 260 ' 153 | 370 . 248 | 56.1 | 58.8 | 67.2
Paper. 1134 64180 ‘ 100 202 203 | 47.7 | 555 | 69.5
Potassium iodide. 1 315 I 192,381 231471 ' 312 610 | 60.7 | 66.4
Copper chloride. |190' 114 : 259 ' 133 | 357 ' 229| 60.0 | 53.2 | 65.0
Ethyl iodide. 481307 541 — | 600 397 640 | — | 66.2
Tetra brom. acetylene. | 388 | 257 | 481 281|530 347 | 66.0 | 58.6 | 65.8
Ethylene chloride. 358 | 228 | 441 | 258 | 503 | 333 | 63.7 | 58.5 | 66.2
Ethylene bromide. 323|207 ! 3821223493 | — | 64.0 | 58.4 | —
Chloroform. 262 | 154 | 304 | 182 | 419 | 273 | 58.6 | 60.2 | 65.9
Water. 114’ 69170 | 96 | 280 | 182 | 60.5 | 56.5 | 67.5
Esters. 74| 46150 771235 '154, 62.0 | 51.0 | 65.6

We see at once from an examination of these results that the radiation
from the heavy atoms does not increase very much with the angle of
incidence. Lead only increases by about 15 per cent. when the angle is
changed from 0° to 50°. On the other hand the radiation from the
light atoms increases very rapidly when the angle is increased. From
0° to 50° paper increases by 118 per cent. The same is true for the
solutions and liquids. The esters, from o° to 50° increase by about
217 per cent.

These results agree with those obtained by McClelland for solids. It
is also seen that the relative order of the substances at one angle of inci-
dence is the same as at any other angle. Any two substances which have
the same radiation at one angle will have an equal radiation at any other
angle of incidence. Ethylene chloride shows anomalous results at all
angles of incidence. The angle of incidence does not change the rela-
tive order of the radiating power but only the magnitude.
~ The penetrating power of the rays from heavy atoms at normal inci-
dence is greater than for the light atoms, but at a large angle of incidence
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the penetrating power of the rays is practically independent of the atomic
weight. It seems almost certain that the secondary rays are due to a
scattering of the primary rays and not to a disintegration of the atom.
Also, no simple hypothesis, which assumes that the radiation is a function
of the atomic weights is alone sufficient to account for the observed
effects in the case of compounds.

UNIVERSITY OF CINCINNATI.

UranNous AND URaNyL Banps. A Very FINE BAND ABSORPTION
SoLUTION SPECTRUM.!

By W. W. STRONG.

P to the present time practically no work has been done upon the
absorption spectra of uranous salts. A great many of the uran-
ous salts in solution show the uranyl bands much more sharply defined
than corresponding uranyl solutions. Besides these uranyl bands there
are several other bands in the green, yellow and red which never appear
in uranyl solutions. Whether the uranyl bands come from any unreduced
uranyl salts or from the uranous salt is uncertain. In general all uranous
salts show bands very similiar to the uranyl bands and in the same region
of the spectrum. These bands are affected in the same way by chemical
reagents as the uranyl bands.

Uranous acetate, bromide, chloride and sulphate have been investi-
gated spectroscopically in various solvents. The spectra are very much
affected by the solvents and by the presence of free acid and the salts of
other eleuients than uranium. The absorption spectra of various salts in
the same solvent are in general very much the same, but the absorption
spectra of the same salt in different solvents is very different. In many
cases there are distinct water, glycerol, alcohol or acetone bandsand
these bands coexist in mixtures of these solvents. A change of percentage
of any solvent causes the characteristic bands of that solvent to change in
intensity. Usually this change in intensity is not accompanied by any
change in wave-length. On the other hand the general effect of the
presence of free acid or of foreign salts is to change the wave-length of
the bands as well as their intensities. Quite a large number of new bands
have been discovered.

When a uranous or uranyl salt is changed to another salt there is
usually a very marked change in the positions and relative intensities of
the uranyl bands. A very fine example is the case of uranyl nitrate in
water to which hydrochloric acid is gradually added. The change of

1 Abstract of a paper presented at the Boston meeting of the Physical Society, De-
cember 28-31, 1909.



280 THE AMERICAN PHYSICAL SOC/ETY. [VoL. XXX.

wave-length of the & nitrate band is quite large and the change of wave-
length is a gradual one. This is an interesting example where chemical
changes in solution can be followed spectroscopically and this method
opens up a new field for studying these changes.

Accidentally it was found that by adding sulphuric acid to a nitric acid
solution, the absorption spectra of the solution consisted of large numbers
of very fine bands. These bands appear to be exactly the same as the
absorption bands of gaseous nitrous oxide.

By the study of the uranyl bands when a solvent is gradually replaced
by another solvent or when a salt is gradually changed into another salt
some very interesting relationships have been discovered between the
uranyl bands. These will be published in detail.

New and quite fine bands have been discovered in the absorption spec-
trum of uranous chloride in acetone to which some free HCl has been
added. The uranyl bands are broken into several components —e. g.,
¢ A 4605, 2 4550; 4 A 4470 (weak), 44430 (strong), A 4385 (weak);
e A 4340 (weak), 4 4290 (strong), 4 4250 (weak) ; f4 4205 (weak), 2
4160 (strong), and 2 4120 (weak). For the uranous chloride solution
in acetone the uranyl bands are affected in the same way by the addition
of HCI as are the uranyl bands of uranyl chloride. Very fine acetone
bands (from 10 to 20 4.ii. wide) are at 22 6780, 6740, 6690, 6625, 6600,
6555, 6490, 6470, 6040, 6000, 5960, 5910, 5220, 5210 and §5I95.

The effect of free HCI, ZnCl,, AICI, and CaCl, is to cause the uranyl
and uranous bands to shift towards the red. Free nitric acid causes the
uranyl nitrate bands to shift towards the violet.

The various uranous salts in water show a wide absorption band at
about 2 6500 and one at 1 6750 about 3o d.ii. wide. As the amount of
uranous chloride is increased these bands broaden into a single band.
Glycerol solutions give a strong diffuse band in this region but in no case
do two bands ever appear. In marked contrast to these solvents, methyl
and ethyl alcohols and acetone give transmission throughout this region.
Similar changes occur in other parts of the spectrum. In general the
glycerol and water spectra are much alike, as are the methyl and ethyl
alcohol spectra. But these two types of spectra differ much from each
other, and differ very markedly from the absorption spectra of an acetone
solution. The absorption bands of an acetone solution are usually much
sharper than that of any other solvent.

(A report upon the work on absorption spectra being continued by
Professor Jones and myself with the aid of a grant from the Carnegie
Institution of Washington.)
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Tue HeaT oF DiLuTION OF AQUEOUS SALT SOLUTION.!
By F. L. BisHor.

HIS is a continuation of the work discussed in a previous paper.*

The same apparatus was used, but certain modifications were neces-

sary because the substances used in the present research, . e., zinc sul-

phate, copper sulphate, cadmium sulphate and zinc chloride evolve heat
upon dilution.

These modifications were as follows :

1. The calorimeter was surrounded by a single coil of iron pipe about
0.8 cm. in diameter. This coil was perforated with a large number of
holes 1 mm. in diameter. Connection was made to a supply of com-
pressed air which could be maintained at any desired temperature.

2. A Beckmann thermometer was used which read directly to 1/500
degree C.

3. The surface of the calorimeter in contact with the solutions was.
gold plated. This was in turn covered with a thin coating of wax before
each run.

The procedure in making a set of readings was as follows :

The water was placed in the outer calorimeter and the solution in the
inner. The solution was then run until a state of constant temperature
was reached when the liquids were mixed and the resulting temperature
observed. The cold air was then turned into the cooling coil and the
temperature of the solution reduced to that of the liquids before mixing.
The apparatus was then run until the temperature remained constant
when the electric current was turned into the heating coil and the
change in temperature resulting from diluting the solution was reproduced.

This method of determining the heat of dilution entirely eliminates
the errors due to radiation and to thermometers. It avoids among
other things the determination of the specific heat of the solutions.

The results indicate that with certain exceptions the heat of dilution

- is a linear function of the concentration.

ExPERIMENTS IN IMPacT ExcITATION wWITH THE LEPEL
SINGING ARc.!

By G. W. NASMYTH.

HE Lepel singing arc, which differs from the Duddell and Poulsen

arcs chiefly in the use of very short arc lengths, obtained by placing

a few sheets of paper between flat metal electrodes, affords a means of pro-
1 Abstract of a paper presented at the Boston meeting of the Physical Society,

December 28-31, 1909.
tPHYs. REV., 26, 169, 1908.
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ducing high frequency oscillations of considerable power which are only
slightly damped. Its origin goes back to the discovery by Wien in 1906
that for small spark-lengths of about 0.15 mm. a third maximum appears
between the two resonance frequencies usually met with in coupled cir-
cuits. This third maximum is higher than the other two, and its fre-
quency corresponds to the natural frequency of the antenna, or secondary
of the coupled circuits. According to the theory of impact excitation
(¢‘ Stosserregung ’’) the third wave is explained by the rapid recovery of
the resistance of short gaps, so that the oscillations in the primary are
extinguished after they have given up the greater part of their energy to
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Fig. 1.

the secondary circuit. The oscillations in the secondary then continue
as if it were an isolated circuit, with its own natural frequency and
damping factor.

The author’s experiments indicate that the phenomena cannot be com-
pletely explained by the rapid recovery of resistance in the arc due to its
short length alone. The form of the curves shown in Fig. 1, which give
the potential difference indicated by a d.c. voltmeter across the arc when
the current is kept constant and the arc length varied, demonstrates the
presence of a resonance effect. The capacity of the arc, which at short
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lengths is about equal to that of a Leyden jar, makes it possible to have
oscillations set up through the choke coils and dynamo in the main cir-
cuit, and the relation,of the frequency of these oscillations to that of the
oscillation circuit determines the number and character of the discharges
through the arc. Curves similar to those of Fig. 1 can be obtained at
longer arc lengths if a variable capacity is placed in parallel with the arc,
and it may be possible in this way to obtain impact excitation effects with
spark gaps of the usual lengths, and with the Duddell singing arc.

ool W VIV 1Y
kil
[ /

/

N

/
Ve

500,000

450,000

/
/
'/
/

\o\

—~—

400,000 l

/
ssa000 14| ¥

/

7

ot
306000 iAo
Vi
]
250,000 ,1 //
4
[l A
: |7 ]
204000

0.5 1.0 15 2.0 as 3.0 as
ARC CURRENT IN AMPERES.

Fig. 2.

Although the Lepel arc is in some respects similar to a spark gap, it
resembles the singing arc.more closely in the large number of harmonics
present, and in its frequency characteristics. Fig. 2 shows that the fre-
quency, as determined by a loosely coupled resonance circuit, increases
with the arc current; it also decreases with increasing arc length, in
accordance with the equation for the frequency of the singing arc.?
The arc length was o.15 mm. using three sheets of W. S. & B, Paragon
paper, and the electrodes were copper plates six inches in diameter. The
primary capacity was o.co94 m.f., inductance 14,100 cm. and the
applied E.M.F. 500 volts d.c.

2 Pays. REv,, 37, 2, p. 139, 1908.
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PHysicaL PROPERTIES OF BiNary Liguip MIXTUREs.!
By J. C. HUBBARD.

EASUREMENTS have been made of the densities and indices of
refraction of six binary mixtures with, in each case, from ten to
twenty different percentages of composition. The densities have been
measured at two temperatures ; the indices of refraction for one tempera-
ture and for four wave-lengths (lines C, D, F, G’). For the purpose of
securing a broader basis of comparison mixtures were chosen for which
the vapor pressures had already been carefully studied by Zawidzki,’ viz.,
carbon disulphide and acetone, carbon disulphide and methylal, acetone
and chloroform, ethyl iodide and ethyl acetate, carbon tetrachloride and
benzol, acetic acid and benzol. The substances were purified by Mr. C.
W. Bacon, of the Department of Chemistry of Clark University.
The following are some of the conclusions resulting from the work :
1. The deviations of specific volume from the additive law are greater
in absolute value at the higher temperature.
2. Deviations from the additive law for specific volumes and for vapor
pressures are of the same sign.
3. Deviations of the refractivity are of either sign, and may increase
or decrease with the wave-length.
4. The Pulfrich ® ¢“ constant ’’ ¢ in the equation

(V= N)[N=c(D=D)|D

may vary within wide limits.

5. There is evidence supporting the hypothesis of Dolezalek ¢ that the
deviation may be explained by the dissociation in the mixture of mole-
cules which are associated in the pure state.

CLARK COLLEGE.

ON THE UsiE oF PoLAR COORDINATES IN THERMODYNAMICS.!
By J. C. HuBBARD.

ET the absolute temperature 7" be plotted as radius vector and let

the entropy S— S, of the system with respect to that of the

standard state be represented by the angular displacement of the radius
vector from its position of reference S,.

! Abstract of a paper presented at the Boston meeting of the Physical Society, De-
cember 28-31, 1909.
2 Zawidzki, Zs. Phys. Chem., 35, p. 129, 1900.
"3 Pulfrich, Zs. Phys. Chem,, 4, p. 561, 1889.
¢ Dolezalek, Zs. Phys. Chem., 64, p. 727, 1908.
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In a reversible transformation
dQ = T-4dS.

Quantity of heat is therefore represented by an arc. In the transforma-
tion 4 C (see figure)

_ — [Tas
Q= [T-dS=T(S—S,), where T=_3_So .

It is clear that the value of the integral depends upon the path and that.
dQ is not a perfect differential.

In a reversible isothermal transformation we have Q/7'=S—S,.
Arc divided by the radius is an angle.
In a positive transformation the entropy
increases, the radius vector turning in
the anti-clockwise direction. The rever-
sible adiabatic transformation is isen-
tropic.  Adiabatic lines are therefore
radii. The Carnot cycle is therefore
represented by 4 8CDA and it is visually
evident that, since Q,/7,= Q,/7,=
Q,/ T, as the temperature of the refriger-
ator is made lower and lower the quan-
tity of heat given to it is less and less
and at the absolute zero the heat would
all be converted into work.

The unavailable energy at 7, with
reference to the auxiliary medium at 7,
is, in a reversible process, represented
by the line 4F = Q,= (7,/7,)0Q,
As 7, is lowered Q, and 4F diminish.

The available energy is represented by /5, or

- -
-

7N

Qx—Q:':Qx(I_%):

which is greater as 7, becomes less.

As an example of an irreversible process we may consider heat conduc--
tion, in which Q, remains constant and is completely unavailable. As.
the radius is diminished the arc remains constant, the entropy increasing
without limit as 7, approaches zero. The path of the transformation is
the hyperbolic spiral Q = S7 = const.

In any irreversible process the increase of unavailable energy calls for-
an increase of entropy with respect to the auxiliary medium at 7;.
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The main advantage of the use of polar codrdinates in thermodynamics
lies in the fact that work and heat may be represented by lines and the
results of a process are more easy of comprehension than when they are
represented by areas.

CLARK COLLEGE.

NoTe oN THE CAUSE OF THE DISCREPANCY BETWEEN THE OBSERVED
AND THE CALCULATED TEMPERATURES AFTER EXPANSION
IN THE SPACE BETWEEN THE PLATES OF A
WiLsoN EXPANSION APPARATUs.!

By R. A. MiLLIKAN, E. K. CHAPMAN AND H, W, MoobY.

N a paper presented to the Physical Society at Princeton on October
23, one of the authors showed that the actual fall of temperature
between electrodes 5§ mm. apart in a Wilson expansion apparatus was not
more than 0.8° C. under conditions in which the calculated equilibrium
temperature after condensation was more than 12° below the initial
temperature.
The cause of this discrepancy has been definitely located in the very
rapid inflow of heat from the metal electrodes into the space between them.
In the middle of a two-liter flask one third full of water was placed
a thermo couple made of iron and copper wires, 1 mil. (.025 mm.) in
diameter. Metal plates 3 cm. in diameter were placed on either side of
this copper-iron junction and were so supported that their distances from
the couple might be increased or decreased at will. When the distance
from each plate to the couple was 3 cm. the thermal current through the
galvanometer produced by an expansion of 25 cm. of mercury was suffi-
cient to cause a galvanometer deflection of go scale divisions. As the
distance from the couple to the plates was decreased this deflection, under
otherwise identical conditions, gradually diminished until, when the dis-
tance from each plate to the couple was 3 mm., the deflection had fallen
to only 10 mm. In other words the fall in temperature as measured by
the couple had been reduced by the approach of the metal plates to one
ninth its original value. When the plates were again removed the
deflections increased regularly and at the original distance had regained
their original value. These observations were repeated a large number of
times with uniformly consistent results. It is perhaps worthy of note
that when a water surface was made to approach the couple under condi-
tions essentially the same as those used in the approach of the metal sur-
faces, the diminution in the deflection of the galvanometer was very

1 Abstract of a paper presented at the Boston Meeting of the Physical Society, De-
cember 28-31, 1909.
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slight. In one experiment the level of the water in the jar was raised
from a distance of 10 cm. below the couple to a distance of only 2 mm.
below the couple without causing a change in the galvanometer deflec-
tion of more than 15 mm. out of a total of g5 mm.

SoME NEw VALUES OF THE PosITIVE POTENTIALS ASSUMED BY
MEeTALs IN A HiGH VAcuuM UNDER THE INFLUENCE OF
ULtra-VioLET LiGHT.!

By R. A. MILLIKAN,

LL previous observations upon the positive potentials assumed by
metals under the influence of ultra-violet light have given values
falling between o and 5 volts. The observations herewith reported were
made upon five different metals, four of which had been kept for three years
in the best possible vacuum obtainable with a mercury pump without the
aid of a charcoal bulb and liquid air. The average pressure within the
vacuum chamber, as measured by a McLeod gauge, was between .oooo1
and .coooo1 mm. of mercury. Observations taken upon these same four
metals three years ago when they were first inserted in the vacuum cham-
ber gave values of the positive potentials varying between o and 1.34
volts. The values now obtained with the same source as that originally
used are from ten to thirty times larger. Thus, the original value
observed in the case of silver was 1.34 volts; the largest value observed
in these later experiments is 10.5 volts. The original value in the case
of zinc was .2 volt; a value 30 times larger, namely, 6.6 volts has
recently been obtained. The original value in the case of iron was 1.2
volts ; it is now 15.4 volts. Copper showed at first a potential of 1.1
volts ; it now shows a potential of more than 20 volts. '

These increases have been brought about in part, at least, if not wholly,
by prolonged and powerful illumination of the surfaces of the metals with
ultra-violet light.

The fifth metal experimented upon has been aluminum. It was placed
six months ago in the best vacuum obtainable by Dewar’s method. Under
powerful illumination continued intermittently for three weeks its posi-
tive potential has gradually been pushed up from an initial value of .25
volt to a present value of 12.5 volts. The increase pertains not merely
to the maximum value of the positive potential but also to the rate at
which positive potential is gained at any potential between zero and the
maximum. Curves showing the distribution of the velocities of the
escaping electrons will be published later.

1 Abstract of a paper presented at the Boston meeting of the Physical Society, Decem-
ber 28-31, 1909.
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A plausible explanation of this change in the apparent velocity of pro-
ection of electrons from metals is found in the assumption that there
exists at the surface of every imetal, even in a good vacuum, a gaseous film
which gives rise to an electrical double layer of negative sign on the out-
side, positive on the inside. Electrons liberated by the ultra-violet light
are retarded in passing out through this film and escape with a velocity
of but 2 or 3 volts at most. Prolonged illumination with ultra-violet
light drives out this gas and breaks up the double layer. The electrons
then escape with their initial velocities of projection. Experiments are
in progress to test more fully this hypothesis, and in particular to deter-
mine the effect of wave-length including those of the Schumann region
upon these high positive potentials.

The phenomena herewith reported were first observed in the case of
silver in January, 1908, and publication until they could be checked with
other metals and in other tubes.

UNIVERSITY OF CHICAGO.

Ox THE RELATIVE NUMBERS OF PosITIVE AND NEGATIVE IoNs
PRESENT IN ATMOSPHERIC AIR.!

By Mr. A. THomsoN, B.A.
(PrESENTED BY ProF. J. C. McLENNAN.)

N this paper the author gave an account of a series of observations on
the electrical conductivity of atmospheric air under electrical fields
similar to those which obtain under natural conditions. The measure-
ments were carried out with a Wilson electrometer, the use of which
rendered it possible to study the conductivity of the air in its undisturbed
state.

Observations were made with positive and negative fields on the natural
conductivity of the air and also on atmospheric air ionized by gamma rays
from radium of varying intensities.

In these experiments it was found that the positive current was gener-
ally greater than the negative one. Variations in the size of the plate
electrode in the Wilson instrument did not appear to exert any marked
effect on the ratio of the two current intensities. With high fields, how-
ever, the positive and negative currents more nearly approached equality
than when lower ones were used.

Measurements made when slight air currents such as draughts existed
in the observation room always showed an increase in ratio of the positive
to the negative current. In some cases the ratio of the two currents in
the presence of air currents was as high as 1.3 to 1.

1 Abstract of a paper presented at the Boston meeting of the Physical Society,
December 28-31, 19og.
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A lighted Bunsen flame placed in the neighborhood of the air ionized
by gamma rays always produced a marked diminution in both the positive
and the negative currents. The presence of such a flame in the room
was also found to increase the ratio of the positive to the negative current.

Differences in the positive and negative currents such as those noted
above when observed in connection with measurements on the conductivity
of air under natural conditions have in the past been taken as indicating
an excess of positive ions in the atmosphere but since in the experiments
described above equal quantities of positive and negative ions were pro-
duced by the gamma rays it is clear that the difference in the two currents
must be ascribed not so much to differences in the number of ions of each
kind present, but rather to differences in the mobilities of the positive
and negative ions, and to differences in their rates of diffusion.

The results confirm the observations made by Eve'! with an Ebert
apparatus, and they indicate that the readings of the Wilson type of elec
trometer as well as those of the Ebert apparatus may be misleading if they
are taken as indicating a large excess of positive over negative ions in
the air.

UraNous AND UranyL Banps. A FINE BAND SoLUTION SPECTRA.Z
By W, W. STRrONG.

P to the present very little spectroscopic work has been done with
uranous salts. In the present work uranous acetate, bromide,
chloride and sulphate have been studied in various solvents and the ab-
sorption spectra photographed. Most of the uranous salts show the
uranyl bands. The spectra of the different salts in the same solvent are
very similar whereas the spectra of the same salt in different solvents is
entirely different. In many cases there are distinct water, glycerol,
alcohol or acetone bands and these bands coexist in mixtures of the sol-
vents. These solvent bands do not shift as the amount of the particular
solvent is changed but only change in intensity. For example the vari-
ous uranous salts in water show a wide band at A 6500 and a characteristic
water band at A 6750, 30 a.u. wide. Glycerol solutions give a wide
band in this region but in no case do two bands appear. Alcohol and
acetone solutions do not have any bands at all in this region. There are
probably no other salts whose spectra are more affected by physical and
chemical conditions than those of the uranous salts. )
Characteristic solvent bands indicate a very definite relationship be-
tween salt and solvent.
! Nature, March 11, 1909.
? Abstract of a paper presented at the Boston meeting of the Physical Society, Decem-
ber 28-31, 1909.
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On the other hand there are bands that gradually shift in position as
the solvent is changed. The shifts are usually very different for neigh-
boring bands. The effect of the solvent is probably very different here
from what it is in the case of characteristic solvent bands.

A large number of new bands and new groups of bands have been
discovered. In some cases these bands are quite fine, and by using cer-
tain acids the uranyl bands have been broken up into narrow component
bands, a resolution that has heretofore only been accomplished by very
low temperatures.

Free HCI, ZnCl,, AICl; and CaCl, cause the uranous and uranyl
bands (in general) to shift to the red. Nitric acid on the other hand
causes a shift towards the violet. )

A change of a uranous or uranyl salt to another salt is usually accom-
panied by a very marked change in the positions and intensities of the
uranyl bands. A good example is the change of uranyl nitrate to uranyl
chloride in aqueous solution. The & nitrate band is shifted many Ang-
strom units while the neighboring ¢ band is but very slightly changed.
This spectroscopic method opens up a new method of studying such
changes.

Accidentally it was found that by adding sulphuric acid to nitric acid,
the absorption spectra of the solution consisted of hundreds of fine lines.
This spectrum is probably that of nitrous oxide.

By the study of the uranyl and uranous bands when a solvent is replaced
by another solvent or when a salt is transformed into another salt very
interesting relationships between the bands are brought out. A detailed
study of these relations has teen made.

THUNDERSTORM ELECTRICITY.!
By W. W. STRrRONG,

N a recent discussion Simpson*® has shown that for three reasons the
Wilson-Gerdien theory isincapable of explaining the origin of thunder-
storm electricity. The most important difficulty is that the rate of ioniza-
tion of the air is not great enough to account for the rapid production of
lightning flashes.

During the past summer it was found that the rate of leak of closed
electroscopes was increased many times by removing them from the warm
surface of the ground to a cool cave. This effect took place only when
the weather was very warm.

1 Abstract of a paper presented at the Boston meeting of the Physical Society, De-
cember 28-31, 1909.
2 Phil. Mag., April, 1909.
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The effect was found for some eight electroscopes, one of which was
arranged so that the electrode above the sulphur insulation was at a higher
potential than the gold leaf. This insured that the effect was not due to
a leak over the insulation. The effect was not due to a penetrating radia-
tion and can hardly have been due to the formation of an active deposit
on the walls of the electroscopes. '

If this increased rate of leak was due to an increased ionization in the
electroscopes, then this change is very similar to that which would take
place when surface air is rapidly carried into upper regions of the atmos-
phere during thunderstorms. Such a large increase in ionization would
remove one of the serious difficulties of the Wilson-Gerdien theory.

Recent work by Simpson indicates that the breaking of rain drops
probably causes a considerable part of the separation of positive and
negative electricity during thunderstorms. But it also seems possible
that the condensation upon negative ions may also cause some separation
of electricity. These ions may carry several charges and thus cause a
greater separation. Simpson only considers negative ions to carry a
single charge. It would be interesting to know whether the supersatura-
tion necessary for condensation on negative ions is dependent on the size
of the charge they carry.

THE SeEcoND PosTULATE oF RELATIVITY.!
- BY RICHARD C. TOLMAN.

HE remarkable conclusions drawn from the theory of relativity are

caused by the peculiar nature of the second postulate of relativity.

This postulate may be derived, by combining the hitherto unquestioned

first postulate of relativity with the principle that the velocity of light is
independent of its source.

The alternative hypothesis, that the velocity of light and its source
are additive, would lead to none of the complications of the theory of
relativity. It is shown, however, that this new hypothesis as to the
velocity of light would not lead to exactly the same results for the Dop-
pler effect as the older and more usual hypothesis as to the velocity of
light. An experiment is also described which indicated that the velocity
of light from the approaching and receding limbs of the sun was the
same.

Finally, a method is developed for obtaining all the more important
conclusions of the theory of relativity based merely on the first postulate
of relativity and the results of Kauffmann-Bucherer experiment without
making any use of the second postulate of relativity.

! Abstract of a paper presented at the Boston meeting of the Physical Society, Decem-
ber 28-31, 1909,
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IONIZATION PRODUCED BY ENTLADUNGSSTRAHLEN
AND EXPERIMENTS BEARING ON THE NATURE
OF THE RADIATION.

By ELizABETH R. LAIRD.

SHORT time ago the author reported some experiments on
Entladungsstrahlen ! which were largely confirmatory of work
done by Wiedemann ? and by Hoffmann.® The results showed that
a solid salt solution, CaSO, + 2 per cent. MnSO,, is made thermo-
luminescent by the action of a radiation from the spark of a Wims-
hurst machine or induction coil, that the effect increases with
increased capacity or potential difference, that the radiation is propa-
gated in straight lines, as evidenced by shadows, that it is stopped
by quartz and other solid substances, that it is not affected by a strong
air blast, that it is somewhat more absorbed by carbon dioxide than
by air. These experiments have been carried further and experi-
ments have also been made showing that the same agent produces
marked ionization in the air, and in other gases and vapors. For
convenience’ sake the experiments have been grouped in sections.

I.” EXPERIMENTS ON THE THERMOLUMINESCENT EFFECT.

The general method was the same as that described previously.
1. By using a spark 1.5 cm. long and placing pieces of mica as
indicated in the diagram (Fig. 1), and the salt below, it was shown
1PHYs. REv., March, 1909, p. 225.

3 Zeitschr. f. Electrochem, p. 159, 1895.
3 Wiedemann, Annalen, LX., p. 269, 1897.
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that the radiation comes from the whole length of the spark and
cannot be due to metallic dust driven from the electrodes, again
confirming Hoffmann’s work.

2. The spark arranged vertically produced a very sharp shadow

j - of the low.er electrode on a plate of salt placed
=——— ———  some centimeters below.

I 3. The effect was not cut off if the salt was
placed in a metal box with a metal gauze
cover, all of which is earth connected. Hence
the effect is not due to direct electrical induction.

4. Aluminum .0004 cm. thick, very thin glass, very thin mica cut
off the effect completely.

5. The only solid substance thus far found which transmits the
effect is thin celluloid in the form of films made by letting fall a
drop of a solution of celluloid in amyl acetate on water. These
films when dry transmit the radiation. Placed under the spark of a
Wimshurst machine they are easily broken, and in breaking become
thicker, so that with this arrangement it appeared as if they too cut
off the effect. When however the spark A
B obtained from Leyden jars arranged as
in the diagram (Fig. 2), where the spark
gap 4 is connected to an induction coil,
is used as source of radiation, it is found B
that one half, or one third, or sometimes Fig. 2.

a smaller fraction of the effect is transmitted. The length of the
spark gap B was usually 1 mm.

6. As these films were so easily broken by the spark, it seemed
possible that the thermoluminescent effect might be due to a
mechanical pressure wave. It was found however that thin paper
or goldbeater’s skin stretched over a frame did not transmit the
effect. Also if the spark gap was placed around the bend of a tube,
the ends of which were closed as indicated in Fig. 3 no effect was
produced in 15 minutes exposure on salt placed at the lower open-
ing, although 1 minute direct radiation at the same distance pro-
duced some effect. It appeared also that direct mechanical tapping
on the salt did not produce thermoluminescence.

Fig. 1.
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II. GENERAL OBSERVATIONS ON THE IONIZATION EFFECT.

The ionization produced by this radiation from the spark was ob-
served with the apparatus which is illustrated in Fig. 4. An ioniza-
tion chamber § cm. deep, 8 cm. in diameter, with a window 3.2 cm.
in diameter, was provided with a wire électrode connected directly
to an ordinary type gold-leaf electroscope. The window was
covered with a celluloid film and protected by metal gauze. The

= e —=

11

Fig. 3. Fig. 4.

gauze and vessel were earthed and the electroscope charged. The
leak was observed through a reading microscope. The rate of leak
varied under different conditions from 5 to 2,000 scale divisions per
minute. At a window distance of 2 cm. from the spark the leak in
air was about 20 scale divisions in 20 seconds. It varied with
the film used and the functioning of the interrupter. The in-
sulation leak was usually not greater than 0.2 scale division per
minute, in some instances it was I scale division a minute, only on
two or three occasions did it rise higher. To aid in estimating the
sensitiveness of the apparatus and magnitude of the results, a thick
layer of uranium oxide 9 cm.? in extent, was placed on the bottom
of the chamber ; the rate of leak was 25 scale divisions f:er minute.

I1II. EXPERIMENTS SHOWING THAT THE THERMOLUMINESCENCE AND
IoNizaTiON ARE DUE TO THE SAME CAUSE.

1. As already mentioned, it is known that increasing the capacity
parallel to the spark gap increases the thermoluminescent effect.
An experiment was made in which one half of a salt plate was
exposed to the spark and the rate of leak in the ionization chamber
was simultaneously observed when the source of radiation was the
spark of the induction coil used without capacity. Then the other
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half of the salt was exposed, and the leak observed when the source
was the secondary spark from the Leyden jars. The rates of leak
were in the ratio of 1:8, the times of exposure 2 minutes and 30
seconds respectively. The half of the salt given the shorter exposure
gave a brighter luminescence when heated. If the luminescence
had been exactly proportional to the ionization it should have been
twice as bright.

2. Both effects are stopped by thin mica, and aluminum, but are
transmitted considerable distances through air, and as already stated
are transmitted by celluloid films.

3. Both effects are stopped by quartz. In the case of thermo-
luminescence under conditions when an exposure of 30 seconds
gave quite appreciable thermoluminescence, an exposure up to I§
minutes gave no effect when the salts were well heated previously
and covered with quartz 0.6 mm. thick. With longer exposures
of 25 or 30 minutes some slight thermoluminescence was difficult
to avoid, but it seems probable that the slight effect sometimes pro-
duced is caused by known light and not by Entladungsstrahlen.
In the case of ionization when the bottom of the chamber was not
cleaned, results such as follow were obtained, the leak per minute
being given.

TasBLE L.
Insulation Leak (Computed) Leak with
Leak. with Film. Quarts.
0 100 1
.8 75 .8
.5 1600 1

4. Both effects are produced by a radiation travelling in straight
lines from the spark. The existence of distinct shadows cast on
the thermoluminescent salts has already been referred to. To test
the same for the ionization effect the apparatus was arranged so that
the spark was 2 cm. above the window of the ionization chamber, and
a piece of mica of such a size as just to place the window in
shadow was put 1 cm. above it. There was no film over the
window. The following results were obtained.

Insulationleak . . . . . ... .. ... 8 in 1 minute.
Leak, mica in position , . . . . . . S LD B

2 [ 1 ¢
Leak, mica moved slightly . . . . . .41

Leak, mica carefully replaced . . . . . . . 1¢¢1 s
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5. Neither effect is altered by changing from brass to aluminum
electrodes at the spark gap.

In the case of thermoluminescence, one half of a salt plate was
exposed to the spark between brass electrodes, the other half to the
same between aluminum electrodes for the same time. The times
used varied from 20 seconds to 15 minutes. No perceptible differ-
ence was seen in the luminiscence of the two halves.

In the case of ionization the average of a number of experiments
witn brass wire electrodes was a leak of 18 scale divisions a minute,
with aluminum 17 scale divisions a minute. The difference is not
as great as between individual experiments with the same electrodes.

6. Neither effect is altered by a strong air blast placed between
the spark and the salt or ionization chamber. In the actual experi-
ment on ionization a slight increase was observed, probably due to
the blowing away of absorbing vapors.

7. The cause of both effects is absorbed at least approximately
in the same degree by air.

In one experiment on thermoluminescence it appeared that about
one half the radiation was absorbed by 6 cm. of air, since at a dis-
tance of g cm. with nine times the exposure the luminescence ap-
peared only about half as bright as at 3 cm. In another case it
appeared as if 2 cm. absorbed a large proportion.

Experiments on ionization gave the leak at a window distance ot
2.9 cm. as 50 scale divisions in 6 seconds, and at 6.5 cm. as 50
scale divisions in 70 seconds, indicating an absorption of some-
what over 50 per cent. in 3.6 cm. The absorbing air in this case
may have had a trace of turpentine vapor in it.

8. The celluloid films absorb approximately the same proportion
whether estimated by the thermoluminescent or the ionization
effect. In the first case it was attempted to estimate the proportion
directly, also by observing the times during which the thermo-
luminescence under the film and outside lasted, also by trying to
expose one part of the salt plate directly for a time which would
give about the same luminosity as a longer exposure through the
film. In various cases it was estimated that the film transmitted
one fourth to one half the effect.

On a number of different occasions during the experiments on
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ionization the electroscope leak was observed with the window
covered and uncovered. The times given for the gold-leaf to pass
over the same number of scale divisions are given below.

TasLe II.
With Film. Without Film.
70 seconds. 25 seconds.
3 o« 10 «
28 € 15 [
35« 10 «
w [ 10 [

It will be seen that the ratios vary from } to } approximately.

9. Neither effect is produced largely by the radiation from the
carbon arc.

A salt plate exposed 10 minutes at 6.5 cm. distance was not
made thermoluminescent. When the window of the ionization
chamber was placed 5 cm. from the arc the known effect of ultra-
violet light outbalanced any other, as shown by observing the leaks
with a piece of quartz 1 mm. thick, and a celluloid film placed
alternately over the window. The ratios were as follows in different

experiments 3§, §3, 2§, 13.

IV. EXPERIMENTS SHOWING THAT THE IoNizaTioN TAKEs PLACE
IN THE AIR OR Gas IN THE CHAMBER, AND IS NOT AN EFFECT
OF THE METAL ELECTRODE OR WALLS OF THE CHAMBER, NOR
oF THE DIFFusioN INTO THE CHAMBER OF IoNs FroM OUTSIDE.

1. The leaks whether the electrode is positively or negatively
charged are approximately equal if the bottom of the ionization
chamber is oxidized, or in such condition that no leak is observed
when the window is covered by quartz. The time to pass over 20
scale divisions from 50-30 is given in a variety of cases taken on
different days in different conditions, sometimes, with vapors in the
chamber. The last two numbers are times taken to pass over 50
divisions.

When, as happened in some later experiments, the bottom of the
vessel was cleaned, the leak with the electrode positively charged
was greater, but the ratios became appreciably equal if the amount
through quartz was subtracted. For example in one case the in-
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sulation leak, also the leak through quartz, with the electrode
negatively charged was 1 scale division in 60 seconds; the leak
through a film was 47—30 divisions in 9o seconds, but with the wire
positively charged the same leak occurred in 72 seconds, and the
leak through quartz was 4 divisions in 60 seconds. Subtracting the
rate of leak through quartz from that through the film it becomes
10.1 and 10.3 scale divisions a minute in the two cases.

TasLe III.
N ivel Positivel N tivel,
Aot SEy || ey it
18 seconds 16 seconds ' 15 seconds 15 seconds
10« 10 « 4« 15«
3 € 3.2 « 3.5 « 3.5 «
16« 14 « 14 « ' 13«

2. No difference was observed whether a copper gauze electrode
or a brass plate electrode of the same size was used. The same
leak was obtained when the electrode was placed so as to be entirely
shielded from the light of the spark.

3. The films used as windows are not specially photoelectric.
Quartz placed over the film cut off ____ .~
the effect just as it did when the
film was not there. A film spread T
over the bottom of the vessels did __Jj ______ % &
not increase the effect. A film
attached to the electrode, and so —r
to the electroscope, so that the
light of the spark would fall on it,
acquired no charge when the win-
dow was shielded in the usual way,
and if initially charged either positively or negatively lost the charge
completely.

4. As already described in III., 6, air blown across the top of the
window does not diminish the effect, also the ionization remains as
large if the ions are removed above the window in the following
way.

The main ionization chamber was placed with its window 6.5 cm.

Fig. 5.
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from the spark. Above it was placed a second similar to the first
but smaller, with a window protected by gauze, and an insulated
wire electrode connected to a small additional capacity (Fig. 5).

The leak in the lower chamber was then observed when the upper
electrode was charged and uncharged. Since the current in the
gas appeared to be a saturation current, stopping abruptly when
the coil was stopped, the same would be true in the upper chamber.
The upper electrode was also connected directly to the electroscope
to make sure that the capacity used was such as to keep the elec-
trode charged during the course of an experiment. Below are
some of the results.

TaBLE IV.
Insulation Leak. Leuk;Upper Electrodo Uncbarged. ;| Leak, Upper Electrode Charged.
Scale Divisions. Time. | Scale Divisions. Time.
.5 50-43 60 seconds 4941 60 seconds
5043 | 60 <
! .5 5041 115« | 50-41 120 «
49.5-39 125 ¢ | 49.5-39 120 ¢«

The rate of leak is the same in the two cases, hence the ionization
observed in the lower chamber is produced there.

5. The same result follows from the fact that the ionization ob-
served depends very largely on the vapor or gas in the ionization
chamber. It is difficult to obtain accurate values of the relative
ionization produced in different cases, as the celluloid films permit
some vapors to pass through, and the effects are greatly influenced
by this fact. The substances that show a large ionization in most
cases appear also to absorb strongly, and so the actual ionization
observed would not be that produced by an incident radiation equal
to that in case the air were the only absorbing medium. Another
factor rendering difficult the comparison is that very small amounts
of vapor change appreciably the ionization, and it was difficult to
know when all traces of other vapors were removed. Although
the results can be regarded as at most approximations, they are
nevertheless given as being interesting.

llluminating Gas (Coal Gas). — Without moving the ionization
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chamber gas was led in to fill it, and the window was covered with
a film. The smell of the gas could be detected above the chamber.
The leak changed from 40 scale divisions in 18 seconds to 10
sc. div. in 30 secs., but it was found that fanning above the window
increased the leak, and putting in less gas to begin with, and fan-
ning the top, the leak rose to 50 sc. div. in 5 secs., 4} times as large
as the leak in air, repeating this several times the largest ratio ob-
tained was 12 times the leak in air. These results are explained if
one supposes that the gas absorbs the radiation strongly so that
when there is some gas between the window of the chamber and
the spark, the radiation entering the chamber is much less intense
than when air is the medium, but at the same time the radiation
produces more ions in coal gas than in air. It is hoped to repeat
these and other similar experiments using a current of air to keep
the upper space fairly free of foreign vapors and gases.

Carbon Dioxide. — Solid carbon dioxide was put into the chamber
and allowed to partly evaporate before readings were taken. The
reading fell at first from 20 sc. div. in 20 secs. to 4 in 60. Fanning
the top it rose to 10 sc. div. in 25 secs., and in no case wasa value
greater than one half that in air obtained.

Turpentine. — It was found incidentally that the presence in the
ionization chamber of soft wax, that had been worked by the hands,
increased appreciably the leak. This led to trying the effect of
placing a few drops of turpentinein the chamber. Very small glass
receptacles which could be introduced without disturbing the ap-
paratus appreciably were used for this and other liquids. From 20
sc. div. in 20 secs. the leak rose to 50 in 1.6 secs., making the rate
about 30 times that in air. In one case a ratio considerably higher
was obtained but more frequently a ratio of about 30.

Ether.— A small amount of ether increased the leak from 30 sc.
div. in 30 secs. to 50 sc. div. in 3 secs. or 16 times. Letting a
drop fall on top of the chamber the effect diminished to 5 in 25 secs.

Ammonia. — With liquid in the chamber the leak rose from 20
sc. div. in §I secs. to 20 sc. div. in g secs. Removing the liquid,
and introducing fresh air above the window, it rose to 43 sc. div. in
5 secs., or 22 times that in air.

Alcokol. — It was very difficult to remove the traces of ammonia
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in the chamber, but with the introduction of alcohol the leak rose
from 30 sc. div. in 37 secs. to 30 sc. div. in 12} secs. or increased
three times.

Methy! Iodide.— When some drops were put in the chamber the
leak increased from 30 sc. div. in 17 secs. to 30 in 7 secs. It was
observed however that there was a distinct smell of the vapor above
the window. Taking the liquid out of the chamber, leaving vapor in,
and fanning fresh air on top, the leak rose to 50 sc. div. in 1.8 secs. or
16 times that in air, which is probably still less than the true value.

Hydrogen Peroxide. — A few drops of a 20 per cent. solution of
hydrogen peroxide were placed in the chamber. The window being
6 cm. from the spark the leak rose from 3 sc. div. in 60 secs. to 7
sc. div. in 60 secs.

It seems rather evident from the experiments that the amount of
ionization is not directly proportional to the absorption by the vapor
or gas of the radiation, as for instance a larger ionization could not
be obtained with carbon dioxide than with air. It is evident also
that it is not at all proportional to the density. Itis hoped to make
experiments on the absorption of vapors for this radiation.

V. EXPERIMENTS INDICATING THAT THE loNIZATION OBSERVED
ORDINARILY IN THE NEIGHBORHOOD OF A SPARK IS
ArmosT ENTIRELY DUE TO THIs RADIATION.

Experiments have already been described (IV., 4) showing that
the ionization observed in the chamber when the window is covered
with a film is not due to any diffusion of ions through the film, but
that the ions are produced in the chamber itself. Also the experi-
ment showing that a piece of mica casts a shadow in which few ions
are found, would show that the ions ordinarily found in an air space
some distance from a spark do not reach there by slow diffusion.
The following experiment makes the point more clear. The ratio
of the leak in the ionization chamber with the window film covered,
to that with the window uncovered, varied from one sixth to one
half. Putting first one film, then two, then three over the window,
readings such as the following were obtained.

1 film 10 scale divisions in 60 seconds.

2 films 5.6 ¢¢ “ “ 120 ¢
3 films 3.5 ¢ ¢ “ 120 ¢



No. 3.] ENTLADUNGSSTRAHLEN. 303

This shows that the ratio of the effect traversing three films to
that through two, likewise that through two to that through one, is
of the same order as the ratio of that through one film to that
through the uncovered window. This is most simply explained if
-one supposes that each film absorbs a certain fraction of the incident
radiation which without any film would therefore produce in the
-chamber the ionization observed.

V1. EXPERIMENTS ON REFLECTION.

Since the radiation producing the two effects studied travels in
straight lines from all parts of the spark, casting shadows identical
in position with those cast by the light of the spark, and since ultra-
violet light is known to produce special luminescent effects and ac-
cording to Lenard® to ionize a gas, it was sought to determine if
this particular radiation were a kind of light by seeing if it could be
reflected. That it is not light of wave-length greater than 1,000
Angstrom units seems plain from the fact that it is transmitted
through at least 10 cm. of air. Such a layer of air would not be
much more transparent than quartz in any region above 4 1750, and
.absorbs completely in the region below that photographed by
Lyman.

Hoffmann tried to reflect the Entladungsstrahlen but obtained no
result, although at the same distance bright luminescence, he states,
would have been produced by direct radiation. It
seemed quite possible however that there might be
reflection, and yet that the amount reflected would be
-only a fraction of the incident radiation. Using ther- 4
moluminescence as a detector of the radiation, a pol-
ished silver surface, made by polishing the back of a =~ s
plate glass mirror from which the shellac had been  Fig. 6.
removed, was used as a reflector. The first arrange-
ment was as indicated in Fig. 6, where B is the spark gap, M the
‘mirror, S the salt, and 4 a piece of mica placed to shield the salt
from direct radiation. When one minute would have produced some
luminescence for the same direct distance through air, in a large
number of trials only once did there seem to be any reflection for

1 Annalen der Physik, IV, 1, p. 486, 1900.
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15 minutes exposure. Putting a willemite screen in the same posi-
tion as the salt, however, it was apparent that the fluorescence was
much less than would have been produced at the same distance with-
out reflection.

Another arrangement of the apparatus was then made, which
permitted the distances used to be made smaller. The salt was
placed at one side a few millimeters above the spark, thus placing it
in shadow with respect to the direct light. The mirror was placed
above and as close as possible.  Still up to twelve minutes exposure
no effect was observed, at fifteen minutes in one case a faint light
lasting about one second was seen, while the luminescence pro-
duced by direct radiation of five minutes lasted during one hundred
seconds. In the hope of making it easier to detect any faint reflec-
tion a piece of paper with a rectangular hole in it was placed over
the mirror, so that the more intense patch of light reflected, as indi-
cated by the effect on a willemite screen, was sharply bounded.
Exposures of twenty-five to thirty minutes were given. Unfortu-
nately it was found that in several of the experiments made in this
way the salts used were more than ordinarily affected by light.
In the other trials either there was no certainty of any thermo-
luminescence, or the faint luminescence seen had not the shape of
the rectangular patch as expected. In the cases where more light
was seen and an effect could also be seen under quartz, the light
patch was fairly rectangular. On account of the difficulty in keep-
ing salts that would not be affected by light in this long exposure
so near to the spark, this particular method was abandoned for the
time being in the hope that more would be obtained by the ioniza-
tion method.

To test for reflection by this method the ionization chamber was

"placed somewhat to one side of the spark, and the window was
screened from direct radiation by a piece of mica. The mirror was
placed above the spark, with its reflecting surface downwards and
slightly slanted so as to throw a good light on the window. The in-
sulation leak was taken, then the leak with the coil working with-
out mirror, and with mirror alternately. A steady leak of .4 or .5
scale division per minute was obtained with the mirror in position,
when the leak without the mirror but with the coil working, measured
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over 4 or §5 minute intervals was not greater than .1 scale division
per minute, It was found, however, that as nearly as could be esti-
mated the same leak was obtained if the shellacked end of the
mirror was used or if the glass surface was used as reflector. It
was not easy to measure the distance through air which the
radiation had to travel, but at approximately the same distance the
leak was 20 scale divisions a minute. Leaving the chamber in
position and removing the mica screen the leak was 46 scale divi-
sions a minute. This would mean that a fraction not greater than
one fortieth of the radiation was being reflected. The amount was
so small absolutely, that although the leak was regular it seemed
not quite evident that it was due to a special sort of Entladungs-
strahlen. When, however, the effect of vapors on the amount ot
ionization was discovered, it seemed easy to test, as the presence
of these vapors did not increase any leak due to ordinary light, and
would not increase a leak due to the diffusion of ions.

Accordingly an experiment was made in which the leak without
mirror was first taken, which was small as before, then with mirror
in position, when a leak of 1.8 scale divisions per minute was ob-
tained. Then turpentine was put in and the leak went up to 30
scale divisions a minute at once, and later, with some rearrangement,
to 150 scale divisions. This seemed to make it clear that the leak
observed was due to a special radiation, and again quartz cut off the
leak.

To find the approximate ratio between the amount of ionization
obtained in this way and from the direct radiation an experiment
was made with considerably less turpentine vapor present. The
leak with current and without mirror was 1 scale division per minute,
with mirror 22 scale divisions per minute, and at the same distance
through air the rate was 500 scale divisions per minute. This would
indicate the fraction reflected as about one twenty-fifth. With the
same arrangement the angle of the mirror was altered to throw less
light on the window of the ionization chamber. The leak fell to
6 scale divisions per minute. This appeared to indicate that the
ionization was due to a direct reflection.

In order to test this further, experiments were made as follows,
The mirror placed horizontally, was moved from a position where



306 ELIZABETH R. LAIRD. [VoL. XXX.

no light was reflected, to one where the window was partly in light,
and then in full light. The movement was through 1 cm. each
time. The insulation and direct leak being 1.4 scale divisions
per minute, the readings were 1.4, 7.8 and 29 scale divisions per
minute. Again with positions of the mirror edge o cm., .5 cm.,
1.3 cm.,, 1.5 cm., from the spark, the following rates of leak were
obtained, 102, 107, 15, 10 scale divisions per minute. In this case
the film was found broken, and the direct leak without mirror was
5 scale divisions per minute. At the position 1.5 cm. the window
appeared in shadow, and at .5 cm. in full light. In another experi-
ment the mirror was slanted so that a smaller motion would change
from the position of full illumination of the window to that of little
or none. In this case with a motion of a few millimeters each time
towards a position of no reflection, the rates of leak were as follows :
11, 6, 0, 2 scale divisions per minute. The leak did not fall to zero
at exactly the point expected but did so nearly so, that the radiation
appeared as if directly reflected.

On the other hand it has been already mentioned that different
surfaces reflect about equally well. With the mirror horizontal a
number of different surfaces were placed on it, and the rates of leak
were observed as follows.

Glass .. . . ... .... 18 scale divisions per minute.
Cardboard . . . .. ... 12 ¢ . @ ‘
Paper . . . . ... ... 20 sc. “ “ “
Copper, unpolished .. . . .20 ¢ “ ¢ m
Lead. . .. ... .. © 223 ¢ “« “« m

These results are rather remarkable, and the writer hopes to
experiment further to test if the apparently reflected radiation is of
the same quality as the incident or if it is a kind of secondary radia-
tion. These experiments explain the difficulty experienced in obtain-
ing a reflection when the thermoluminescent method was used, as
the paper used to cover all but a portion of the mirror would reflect
almost equally with the mirror itself. A general luminescence
should have been looked for and not one bearing a resemblance to
the rectangular patch of light seen on the salt. It is worth while,
perhaps, to note that the light producing fluorescence in willemite
is reflected quite differently from paper and silver, as in the above
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case the fluorescence on the willemite screen was rectangular, corre-
sponding to reflection from the mirror itself.

V1. SoME ADDITIONAL EXPERIMENTS ON IONIZATION.

The effect of turpentine vapor on the ionization was so great, that
it was thought it might be due to some chemical action and be con-
nected with the action of turpentine vapor on ozone. That the
ionization is not directly due to the formation of ozone was shown
by the following experiment. A piece of potassium iodide starch
paper was placed in the chamber rather close to the film and
exposed to the spark a certain time. Then another piece was
exposed in the same position but with quartz over the window
instead of the celluloid film. The paper showed slightly more
darkening under the quartz than under the film.

It was found also that whether an appreciable leak was observed
with a quartz window, or not, it was not increased by the presence
of vapors. Thus on one occasion the leak through quartz was 5
scale divisions in 60 seconds, adding turpentine the leak was 50
scale divisions in 314 seconds through a film, but 4 scale divisions
in 60 seconds through quartz. With methyl iodide vapor, when
the leak with a film window was 50 scale divisions in 1.8 seconds,
with a quartz window it was 1 scale division per minute.

It was further found that with a stream of coal gas flowing
through the chamber, in which was a little turpentine, an ionization
effect was still observed, the leak being 8 scale divisions in 60 sec-
onds. That it was not larger is evidently due to the fact that the
air above the film was so impregnated with coal gas that a large
portion of the radiation was absorbed before reaching the chamber.

Attempts were made to see if soap films could be made which
would transmit this radiation. A leak of from .5 to 1 scale division
per minute was obtained with the window covered with a film show-
ing colors, made from a solution to which a little glycerine had
been added, but this leak was not increased by the presence of
turpentine vapor.

From the preceding experiments it is evident that there is a
radiation from the spark in air, at atmospheric pressure, which pro-
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duces thermoluminescence in certain salts, and ionizes the gas
through which it passes, and that it is not mechanical in its nature
such as particles driven from the electrodes or a pressure wave.
That it is not of the nature of a or j rays, or neutral pairs shot off
from the spark appears evident when it is considered that this radia-
tion passes through 10 cm. of air, and yet is stopped by very thin
aluminum. This is quite contrary to the behavior of material
particles moving with high velocities. It is evidently not light of
wave-length greater than 1,000 Angstrom units, the limit of the
spectrum photographed by Lyman, since in the known regions
quartz is everywhere comparable in transparency with air.

The question whether this radiation may be light of extremely
short wave-length, or soft Rontgen rays, is exceedingly interesting.
Lenard found that ultra-violet light in the region studied by Schu-
mann and by Lyman would produce ionization in a gas, and it
would seem plausible that light of still shorter wave-length should
act more vigorously. Since in the known region of the spectrum
small amounts of substances sometimes affect the transmission
enormously, one need not be surprised at the large effect of various
vapors on the ionization if light were the cause. The existence of
shadows and of reflection would also be directly explained. On
the other hand, the fact that the results are independent of the
material of the electrodes, when all known light effects, including
the ionization observed by Lenard, vary greatly with different
materials is a reason for thinking the effect more electrical in its
origin, in the sense of being independent of the particular atom.
Theory leads one to expect a sort of soft Rontgen radiation from a
spark due to the accelerated or retarded motions of ions, and this
explanation of Entladungsstrahlen has already been given.! Such
radiation would probably be increased in intensity by additional
capacity, it also would travel in straight lines, one would expect it
to produce ionization. It might seem remarkable that the ioniza-
tion produced by such a radiation should vary so greatly with dif-
ferent vapors. Experiments show, however, that the ionization
produced by X-rays from a soft tube is not at all proportional to
the density. Strutt? gives the ionization in methyl iodide as 72

1]. J. Thomson, Conduction of Electricity through Gases, p. 603.
t Proc. Roy. Soc., 72, p. 209, 1903.
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times that in air at the same pressure. The radiation in question
would be softer than that from any tube; it is probably absorbed
80 per cent. by 10 cm. of air, as compared with one per cent. for
radiation from a tube ; and it might reasonably be concluded that
the ionization produced by it would bear little relation to the density
of the substance traversed. If the penetrating power and lack of
reflection in X-rays is due to the thinness of the pulse, here, where
the change in the motion of the ions is less rapid, the pulse would
be less thin, the properties would be somewhat altered, and an ex-
planation of the apparent reflection and the absorption by thin
aluminum and other substances might be found.

Facts bearing on the penetrating power of the radiation might
enable one to distinguish between the hypothesis of a light radiation
and a soft Rontgen radiation, as the cause of the effects noted.
Light of a given wave-length would have a constant coefficient of
absorption whatever its source, whereas Rontgen rays produced
under various conditions, have different penetrating powers. Sir J.
-J. Thomson® found some years ago that ionization was produced
near the spark, but since at atmospheric pressure the ionization
chamber had to be placed within 1 cm. of the spark for an effect, it
did not seem clear that the ionization observed was due to a special
radiation, and there seemed a possibility that the same observed
at lower pressures was due to known ultra-violet light. When
one adds however to these experiments the writer's observation
that with a small induction coil a layer of 2 cm. of air produced a
large absorption, and that using a larger coil with capacity, 5 cm.
produced perhaps no more, and when one notes that Hoffmann
with a very large Wimshurst machine observed still less absorption,
one is led to think that there is a radiation here of different penetrat-
ing power depending on the circumstances of production. To these
facts relating to penetrating power should be added the observation
o Hoffmann, confirmed at a pressure of about 2 mm. by the writer,
that with diminishing pressure the radiation gains the power of
penetrating and affecting a photographic plate. Itisnot yet proved
beyond doubt that it is the same quality of radiation in the two
cases, but that seems most probable. In that case the properties

1 Proc, Camb. Phil. Soc., X., p. 74, 1899.
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of “ Entladungsstrahlen’ would ally them very closely to soft
Rontgen rays.

In conclusion the writer desires to express her thanks to Prof.
Sir J. J. Thomson who made it possible for her to carry out this
investigation at the Cavendish Laboratory.

MouNT HOLYOKE COLLEGE.
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RELATION BETWEEN TEMPERATURE OF
ELECTRODES AND VOLTAGE OF
THE ELECTRIC ARC.

By C, D. CHILD,

HE theory of the electric arc, as at present held, leads us

to expect that with cooled electrodes a higher potential differ-

ence will be needed to maintain the arc than with electrodes not

cooled, but the experimental evidence to a large extent favors the

opposite view. It, therefore, seemed worth the trouble to review

what has been done on the subject and to repeat some of the
experiments.

Résumé of Previous Experiments. — It may first of all be stated
that phenomena which bear indirectly on this subject lead us to
expect that the arc will be maintained more easily when the ter-
minals are hot than when they are cooled. For example, if the ter-
minals of the arc are separated for some distance when it is first
started, the arc is more apt to go out, than it is, if the terminals are
allowed to become hot before being separated, as if heating the
terminals allows the current to flow more easily.

Again it is much more difficult to maintain an arc in hydrogen
than in air, and this has generally been explained as being due to
the fact that hydrogen cools the electrodes more rapidly than air,
as if cooling the electrodes made necessary a greater potential
difference.

When we come to the more direct evidence we find that many of
the earlier experiments are of little value.

Such for example as that of de la Rive! who attempted to heat
the arc by placing an alcohol lamp under it. There would be three
results produced by this experiment other than the one which he
had in mind. First, the flame would probably cool the carbons of
the arc instead of heating them. Secondly, the flame would blow

1 Archives de I’ Electricité, 1, 262, 1841.
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the arc out of its original shape, and thus cause a greater drop in
potential through it. Lastly, the gases of the flame would change
the character of the arc and this might have a very appreciable effect
on the voltage.

Tommasi® formed an arc between copper tubes, and found that
when they were cooled by passing water through them, the arc was
very unsteady and the luminosity became less. This is one of the
most satisfactory methods of examining the question, but his results
are not as definite as is desired.

Cross and Shepard? endeavored to heat the electrodes by pro-
tecting them from convection currents. This method is more satis-
factory than some, and yet it is conceivable that the protection would
alter the character of the gas sufficiently to change the potential
difference.

They cooled the anode by surrounding it with a water jacket.
This method would be entirely satisfactory providing no water vapor
was allowed to pass into the arc. This experiment has been repeated
by myself and will be discussed further in connection with that work.

Lecher® used three methods for changing the temperature of the
electrodes. The first was to warm the electrode with a gas lamp,
which we have already seen is open to serious objection. The
second method was to wrap fine copper wire about the electrodes,
his idea being that the wire would cool the carbon, since it had
greater thermal conductivity. It is not, however, self evident that
it would do this, for even if the copper had infinite conductivity, it
would not cool the carbon unless it was able to get rid of the heat
at the surface faster than the carbon docs, and one cannot be certain
that it would do this. There is also the possibility that the copper
would be heated sufficiently to send some of its vapor into the arc,
and this would, no doubt, decrease the resistance of the arc.

The third method which he used was to cool the electrode by
immersing it in a mercury bath, which was in turn kept cool by
running water. This would apparently be a suitable method, pro-
viding that the mercury vapor did not pass into the arc. If it
should, it would be expected to lower the resistance of the arc.

1C. R,, 93, 716, 1881.

? Proc. Amer. Acad. Sc., 22, 227, 1885.
3 Wien. Ber., 95, II., 992, 1887.
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This experiment was also repeated by myself and will be further
considered in connection with the account of that work.

The experiment of Hertzfeld' where he blew cold CO, into the
arc was valueless, for the reason that the change in the character
of the gases and the distortion of the arc by blowing into it would
produce far greater effects than those produced by cooling the
electrodes.

Schultze ? used the same method as that of Tommasi. He experi-
mented with the arc between copper electrodes which could be
cooled by passing water through them. He found that cooling the
cathode raised the potential difference about one volt, cooling the
anode raised it about four volts, and cooling both electrodes about
six volts. Where an oxide is formed by the action of the arc this
effect was not found. Even with iron the effect could not be shown.
This was partly due to the smaller heat conductivity of the iron.

Mitkiewitz * found that a current of 2 amperes could be passed
through an arc with a potential difference of only 2 volts if the
anode was heated in an oxy-hydrogen flame. But it is a question
whether this is an arc at all and not merely the discharge produced
by a hot flame.

Stark and Cassuto* cooled the electrodes by placing a small
quantity of the substance to be examined on the top of a water
cooled jacket. They were unable to determine with certainty any
change when carbon electrodes were used. With copper elec-
trodes they found the voltage much lower when the arc was several
millimeters long and no change when it was 2 mm. long. From
this they concluded that with still shorter lengths the voltage would
be higher with hot electrodes and that the sum of the anode and
cathode drops is greater with hot electrodes than with cold ones.

Malcolm and Simon ® using copper electrodes and small currents
with arcs 4 mm. long found that the cooled electrodes required
higher voltages. With currents varying from .4 to 1 ampere the
voltage was from 20 to 5 volts higher when the anode was cool

! Wied. Ann., 62, 442, 1897.
? Ann. d. Phys,, 12, 837, 1903.
3 Beib., 29, 739, 1904.

¢ Phys, Z. S., 5, 267, 1904.
3 Phys. Z. S., 8, 478, 1907.
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than when both electrodes were hot, and 40 to 10 volts higher
when the cathode was cooled.

- Of the experiments, therefore, which are least open to objection
there are two sets, and these two arrive at directly opposite conclu-
sions. Cross and Shepard using carbon electrodes came to the
conclusion that cooling the electrodes lowered the required voltage,
while Schultze, Stark and Cassuto, and Simon and Malcolm using
copper electrodes reached the conclusion that cooling the electrodes
raises the required voltage. It therefore seemed worth while to
repeat some of these experiments and to find the cause of the
discrepancy.

Electrodes Cooled by Water-jacket. — The experiment of Cross and
Shepard was first repeated. One of the electrodes was surrounded
by a copper jacket through which water could be passed. This
was made to fit tightly around the carbon, so that no steam could
get into the arc. The top of the carbon extended between 1 and
2 mm. above the top of the jacket which was made out of sheet
copper, so that the water would come as near as possible to the top
of anode. The carbon was 12 mm. in diameter.

The arc was started without any water in the jacket and allowed
to run as long as possible without overheating the apparatus. It
was then cooled by passing water through the jacket. The poten-
tial difference at the terminals of the arc was taken before the anode
was cooled and again immediately afterwards. The water was then
allowed to flow out of the jacket and the potential difference again
noted.

When the cathode was thus cooled there was an increase in the
potential difference of 2 or 3 volts. When the temperature increased
on drawing off the water there was a decrease in voltage of about 1
volt. It was to be expected that the decrease would not be as large
as the increase, since the potential difference would gradually increase
due to the burning away of the electrodes.

This change was found to be practically the same for currents
varying from 8 to 20 amperes and for lengths varying from 1 to §
mm., as long as the arc was quiet. With the hissing arc it was
difficult to detect any change when the jacket was filled with water.

When the anode was cooled, no definite change could be detected,
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but this may have been due to the difficulty of performing the ex-
periment properly. The anode was so hot that it began to melt
the jacket if the arc ran for more than a few seconds without being
cooled. This may be remedied by raising the carbons further above
the jacket, but then the water has no effect on the temperature of
the carbon.

Practically the same effects were observed with solid and with
cored carbons, but with a mineralized carbon, such as is used in the
“flaming arc,” no effect could be definitely determined.

These results are opposite to those found by Cross and Shepard,
and to find the cause of the difference the experiment was again per-
formed, but with the water vapor passing freely into the arc. For
this purpose the electrode was placed in a water jacket having no
top, the arc being just above the surface of the water when the
jacket was filled. Under these conditions it was found that filling
the jacket with water always caused the arc to go into the hissing
form, and with this change there was, of course, a large decrease
in the voltage. If the arc was hissing before the water was passed
into the jacket, cooling the anode apparently had no effect. Itis
possible that the decrease in voltage which Cross and Shepard found
was due to the change to the hissing form of the arc and not to the
change in the temperature of the electrodes.

This same experiment was then repeated, using mercury instead
of water to cool the electrode as was done by Lecher. A jacket
with open top was used so that the vaporof the mercury could pass
into the arc freely. It was found that there was a decrease in the
potential difference of 10 or 15 volts, when the mercury reached
the hot part of the anode.

That this was due to the passing into the arc of mercury
fumes was shown by the fact that the mercury lines began to
appear in the spectrum of the arc even before the decrease in
the potential difference, and became very prominent at the time
of this decrease. It was also shown by placing a jacket about
the lower carbon which was covered with sheet iron. The car-
bon was fitted tightly into the opening in the sheet iron. With
this arrangement the effect was the same as when the carbon had
been cooled with the water jacket, namely, there was a slight
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increase in voltage when the arc was cooled and a slight decrease
when it was allowed to rise in temperature.

Hollow Carbons Cooled by Flow of Water.— As far as I have
been able to learn, the method employed by Tommasi and by

Schultze with copper electrodes has

7777777777777 T not been used with carbon elec-

17T 17T IITIIIN trodes. It therefore, seemed worth
while to try their method with such
B electrodes. The arrangement of
apparatus is shown in Fig. 1. The
arc is formed between a cored or
solid carbon B and a hollow car-
bon C which was connected to a
water faucet so that it could be
cooled by running water through
it. V7 is a Weston voltmeter for measuring the potential difference
between the carbons. A is a Weston ammeter for measuring the
current. D is a 110-volt dynamo. R is a variable resistance.

Effect of Cooling Cathode. — In the first experiments the hollow
carbon was used as cathode. It was found that the voltage always
rose when the cathode was cooled. On stopping the flow of
water the voltage diminished, but did not come entirely back to its
original value, due to the burning away of the carbons. The
change in voltage occurred, as nearly as one could tell, at the same
time as the change in the luminosity of the cathode.

In the first experiments the outer diameter of C was 12.5 mm.,
the inner 4 mm. The diameter of carbon 4 was 10 mm. The
potential difference was approximately 55 volts and the current 8
amperes. In this case the increase in potential difference varied from
3 to 6 volts. The average of ten readings was 4.5 volts. The
average of ten readings for the decrease when the flow of water had
stopped was 1.8 volts.

The change in the voltage appeared to be the same for currents
varying from 6 to 15 amperes, but increased somewhat as the length
of the arc was increased from 2 to 10 mm.

Effect of Cooling Anode.— The change in potential difference is
not so great when C is used for the anode. It is also more difficult
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in that case to make satisfactory readings. The arc does not become
steady until a crater is formed on the anode and by the time this is
done a hole is apt to be burnt through the carbon, so that water
flows directly into thearc. But as near as could be determined the
potential difference increased about 2 volts on cooling the anode,
decreasing nearly the same amount on allowing it again to become
heated.

The variation in the voltage appeared to be the same for currents
varying from 6 to 15 amperes, but increased somewhat as the
length of the arc was increased from 2 to 10 mm.

With the hissing arc the effect was much smaller and so irregular
as to make accurate measurements impossible. There was ap-
parently an increase of I or 2 volts on cooling the cathode and a de-
crease of something less than 1 volt on allowing it to again become
heated.

With thicker carbons the effect was, of course, smaller. Thus
with carbons having an outside diameter of 16 mm. and an inside
diameter of 4 mm. the largest increase was 2 volts. With an out-
side diameter of only 10 mm. and the same inside diameter the
effect was somewhat greater than that given above.

Objection may perhaps be raised against this method due to the
fact that the carbon was porous. It is conceivable that steam passes
through the carbon and changes the arc by the introduction of a
different gas. To test this, steam instead of water was passed
through the hollow carbon. This was under a pressure of 5 cm.
of water, and might have been expected to have a greater effect than
the water, if the effect was due to the passing of the steam through
the carbon ; first, because the steam was under pressure, while the
water was not, and secondly, because the carbon was red hot with
the steam and it is more porous when Hot than when cold. But it
was found that the passing of the steam had no appreciable effect on
the arc.

The second test was made by inserting a hollow copper tube
within the carbon rod. This would keep any water vapor from
coming into contact with the carbon, but it also protected the carbon
from the cooling effect of the water. However, there was an in-
crease in voltage each time that the carbon was cooled. This was
approximately 2 volts.
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Effect of Heating Electyodes. — A second method of studying this
problem is to heat the electrode C by passing an electric current
through it. For this purpose a small carbon 3.3 mm. in diameter
was used. It was found, however, that when the current was sent
through this carbon, the magnetic field about it deflected the arc.
This caused the voltage to be higher and also made the arc unstable,
so that any effect produced by heating the carbon was masked by
the other change.

Pressures of the surrounding gas as low as .1 mm. were also tried
with this method, and while the magnetic effect was then less trouble-
some, it was still impossible to determine whether there was any
effect due to the heating of the electrode or not.

Change in the Cathode and Anode Drops. — In the explanation of
the arc commonly given today! it is claimed that the fundamental
difference between the arc and other forms of discharge through
gases is that in the arc the hot cathode allows the electricity to pass
from it with great ease. To do this the cathode must have a high
temperature and to produce the high temperature there must be
an expenditure of electrical energy in its neighborhood. The rate
at which this is done equals the cathode drop times the current. It
is natural to expect that if the cathode is cooled artificially, it will
require a greater expenditure of energy to maintain the needed
temperature, and to do this with a given current the cathode drop
must be greater. Similarly with any method of heating we should
expect the cathode drop to be less.

To test this view, the cathode drop was examined by inserting a
carbon pencil 1.7 mm. in diameter between the electrodes of the
arc and connecting this through a voltmeter to the cathode. The
arc was approximately 4 mm. long and the exploring electrode was
placed as near the middle of the arc as possible. The potential
difference measured in this way included both the cathode drop and
half of the fall of potential through the vapor of the arc, but the
method answers for getting an approximation to the cathode drop.
Contrary to what had been expected, it was found that there was
but a small change in the value of the cathode drop when the
cathode was cooled. The anode drop was then examined and it was

1PHYS. REV,, 19, 126, 1904.
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found that there was here a large change. In one case the total
potential difference changed from 41 to 47 volts, the cathode drop
from 6 to 7 volts and the anode drop from 35 to 40 volts. Itis
evident from this that the change in potential produced by cooling
the cathode does not all occur near the cathode. On the contrary
it would appear that the change in different parts of the arc is roughly
proportional to the potential existing before the cathode was cooled.

In order to test this view a shunt was placed about the arc and
a point on this which had the same potential as that of the explor-
ing pencil was connected to it through a voltmeter. While this
connection was made, the cathode was again cooled. At times when
this was done the voltmeter would give no reading. At other times
there was a small reading in a direction indicating that the ratio of
the increase to the original value was slightly greater in the cathode
drop than in the remaining part of the arc, but it could be said that
the change in the different parts of the arc is nearly proportional to
the original potential.

While this was contrary to what I had expected, it is not difficult
to explain the phenomena observed. It was thought that extra
energy would be ‘developed near the cathode, so that the tempera-
ture in its immediate neighborhood would be the same as before.
It would appear that what really happens is that the bright spot on
the cathode is not as hot as before and that fewer ions pass into the
vapor of the arc and consequently its conductivity is less.

This view is also in agreement with the fact mentioned above that
the change in potential was found to be greater when the arc was
long than when it was short. It apparently follows from this that
the anode drop itself depends on the ions produced at some distance
from it. There are other facts which would indicate the same.
For example the anode drop becomes very much smaller when a
salt is placed in the cathode, or when the cathode is a metal instead
of a carbon.

Effect of Heating Anode in Mercury Are. — Stark, Retchinsky,
and Schaposnikoff' found that with a carbon anode in a mercury
arc the anode drop was much smaller when the anode was cold
than when hot. It varied in their experiment from 12.4 volts when

! Ann. d. Phys. 18, 247, 1905.
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the carbon was bright red to 4.7 volts, when it was non-luminous.
In the experiment described above there was but a very small
change produced by cooling the anode. Because of the difference in
these results, their experiment was repeated with the conditions as
nearly as possible the same as those described by them.

While a small increase in the anode drop was at times found to
accompany a rise in temperature of the anode, it was one of only
two or three volts, and it was not possible to show definitely that it
was due to the increase in temperature and not to an increase in the
pressure of the gas. Ordinarily a carbon rod when heated in a
vacuum gives out a large quantity of gas and absorbs some of this
again on cooling. Under certain conditions a slight change in the
pressure of the gas will produce a large change in the value of the
anode drop, and I was not able to find any change in the anode
drop when there was no change in the pressure.

This, however, would not explain the results of Stark, Retchinsky
and Schaposnikoff for in their experiments the tube containing the
arc was not connected to the pump after the arc was started. There
was a rise in the pressure of the mercury vapor and the increased
amount of vapor cooled off the anode so that it became non-lumi-
nous. So that with the increase in the amount of pressure there
was a decrease in the temperature of the electrode and a decrease
in the anode drop. As far as the relations between the pressure
and the anode drop, and between the pressure and the temperature
of the anode are concerned, this was exactly opposite to that found
by myself. I cannot but feel that it would be well if their experi-
ment could be again repeated and more exact measurements made
of the various related quantities.

Summary. — A few of the experiments which have been tried by
others for the purpose of finding the effect on the electric arc pro-
duced by cooling the electrodes were repeated with some modifica-
tions and it was shown that cooling the cathode of a carbon arc
raised the voltage several volts. There was a smaller increase in
the voltage when the anode was cooled.

The anode and cathode drops were measured and both were
found to increase when the cathode was cooled, the principal in-
crease being in the anode drop. The increase in the potential in

PRSI
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different parts of the arc was approximately proportional to the
potential existing before the cathode was cooled.

Part of this work was done in the physical laboratory of Cornell
University, and I desire to express my thanks to Professor Nichols
for the privilege which was given me of working in that laboratory.

CoLcATe. UNIVERSITY,
October, 1909.
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NOTE ON WATER OF CRYSTALLIZATION.
By W. W. COBLENTZ.

N previous papers' on this subject the writer has shown that in
substances containing ““ water of crystallization,” or “ water of
solid solution” the absorption bands coincide with those of water in
its free, liquid state. On the other hand, substances which contain
“water of constitution’ (i. e., the constituents which form water when
the substance is heated to a high temperature) do not show absorp-
tion bands of water, except hydroxyl groups, which show a band
at 3 p.

The spectroradiometric analysis does not appear to distinguish
between water of crystallization and water of solid solution. The
absorption bands are identical in position and perhaps in intensity.
There are, however, other physical and chemical tests which show
a marked distinction between these two forms.

In the process of crystallizing water may enter the substance in
varying proportions ; but there is a fixed proportion corresponding
to a definite compound that is homogeneous and has definite physi-
cal properties.? On dehydration, the substance becomes inhomo-
geneous— copper sulphate being a good example. The water
escapes at one or more fixed temperature points (and continues to
go off at such fixed temperatures until all water is given off) with
a sudden change in its properties. On the other hand, in a sub-
stance containing water of solid solution or dissolved water, the
water is given off gradually throughout a range of temperatures,
the physical properties varying with the change in composition.
Since there is no lossin homogeneity, and since the water is lost
gradually throughout a range of temperatures it cannot be chemically
combined. The phenomenon is supposed to be molecular, while in

1Coblentz, PHYs. REv., Vol. 20, p. 252, 1905 ; Vol. 23, p. 125, 1906. Jahrbuch
der Radioaktivitat und Elektronik, 111 Band, Heft 4. Camegie Publication, No. 65.

2See a clear and concise summary of a recent paper on this subject by Zambonini,
given by Professor Hillebrand in Chemical Abstracts, 3, p. 412, 1909.

T
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the crystallization process the behavior would be atomic in its action in
order to form a true compound. This leaves an outstanding differ-
ence in the interpretation of the various observations which remains
unexplained ; for the spectroradiometric observations indicate that,
both in compounds with water of crystallization and in those of solid
solution, the water is present (7. ¢., has the same physical properties
to heat waves) in the same condition as water in its free, liquid state.
Selenite, for example, shows the composite spectra of anhydrite
(CaSO,) and of water (H,0); similarly for opal (quartz 4 water)
which is a solid solution. It has been found that the absorption
spectrum of a compound is not the composite of the spectra of the
constituent elements (¢. g., the spectrum of HCI is not the composite
of the absorption spectra of H and of Cl, etc.). How then are we
to interpret observations on crystallization products? These differ-
ences need not disconcert us, for the spectroradiometric test is con-
tinually finding new phenomena needing explanation, the most im-
portant, perhaps, being the question of density. ;\ngstrém‘ has
shown that water vapor is more transparent than the liquid phase,
when in such layers that the thickness is inversely proportional to
the density of the existing phase. A familiar example is (atmos-
pheric) water vapor which transmits the sun’s radiation?® to 11 g
while a layer of water about two centimeters thick, which is equivalent
to the water vapor in the atmosphere, absorbs everything beyond
1.2 2. Recently he has shown?® that the absorption of the same
quantity of CO, varies with the pressure, and that if, when under
reduced pressure, an inert gas (e. g., hydrogen) is introduced in
such quantities that the original pressure is restored, then the
absorption bands of the CO, increase to their original intensity.
These facts are of interest in connection with the experimental data
on tremolite given on a subsequent page. In previous work the
writer failed to detect water in amphiboles which generally contain
a few per cent. of dissolved water. Through the kindness of Dr.
E. T. Allen, of the Geophysical Laboratory, an opportunity was
granted to examine several samples of tremolites in which he found

! Angstrdm, Ann. der Phys. (3), 39, p. 267, 1890; (4), 6, p. 163, 1901,

2 See Carnegie Publication, No. 97, p. 143.

3 Angstrdm, Arkiv for Matematik Astronomi och Fysik, 4, No. 3, 1908. Eva von
Babr, Ann. der Phys. (4), 29, p. 780, 1909.
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about 2 per cent. of water! which is present in solid solution. The
sections of the mineral were chosen of sufficient thickness to insure
detecting the water, provided its absorption is as great as in the free
liquid phase, but as will be noticed presently no water bands could
be detected. Its behavior is therefore somewhat like the highly
attenuated water vapor in our atmosphere. The bolographs made
by Langley ? show these water bands to be complex and probably
shifted slightly towards the short wave-lengths. They show wide
absorption bands of water at .92 ¢ and 1.1 ¢ which in the liquid are
not measurable until the layer has attained a length of about a
meter, as shown by Abney and by Julius.

In the present spectroradiometric examination of minerals, a
bolometer and fluorite prism were used. The dispersion is much
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Fig. 2. Water. Curvea; /= .014 mm, Curveb; 7/—=.038 mm. Curvec; /=
.31 mm.

larger than in previous work, so that the absorption bands are much
wider than previously found. (See selenite, Fig. 2, and the same
specimen described in Carnegie Publication 65, Fig. 2.)

~ 1Allen and Clement, Amer. Jour. of Sci., Vol. 26, p. 101, 1908.
% Annals Astrophys. Obs., Vol. 1.
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In Fig. 1 are given the transmission spectra of pure distilled
water, held between two clear plates of fluorite. The thicknesses
of the layers of water (accurately determined by placing different
thicknesses of tinfoil between the plates) was as follows, viz: Curve
a = .014 mm., curve =038 mm. and curve ¢ = .31 mm. of water.
For thinner layers see Carnegie Publication No. 65 and the PrysicaL
Review. The important absorption bands occur at 1.48, 1.95, 3.0,
4.7 and 6.1 ¢ respectively.
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Fig. 2. Selenite. ¢—.648 mm.; water — .318 mm.

The transmission spectrum of a specimen of selenite 0.648 mm.
in thickness, is given in Fig. 2. Since 21 per cent. of selenite is
water, the thickness of the water if free would be 0.318 mm. (sp.
gr. of selenite is 2.33). The specimen is transparent to 6 p, while
a layer of water 0.31 mm. is already opaque at 2.5 #. The density
of the water in selenite is so reduced that the absorption is only
about one sixth to one tenth as great, see Fig. 1, curve 4. For
other thinner specimens see previous papers just quoted.
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TreMorITE, CaMg(SiOy,),.

The specimen of tremolite was quite transparent. The trans-
mission of a section 0.23 mm. in thickness is given in curve a, Fig.
3. The equivalent layer of water would be 0.0138 mm. It is
evident from this and from the transmission of a layer of water
014 mm. (Fig. 1), that the water in this mineral behaves like a

Transmission
w
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/ Z 3 % % ¢ T7a

Fig. 3. Tremolite. 7/=.23 mm. Curve b, dehydrated specimen, #=.015 mm.
highly attenuated vapor. No absorption bands of water are visible,
the small bands which are present being common to silicates. In
curve 4 is shown the transmission of a dehydrated specimen of
tremolite .015 mm. in thickness. It was an opaque white mass and
the increase in transmission with wave-length is no doubt due to the
decrease in the scattering of the incident energy.

Muscovite Mica, H,KAI(SiO,),.

The transmission spectra are given in Fig. 4. Curve a was ob-
tained with a rock salt prism, while curves 4 and ¢ were observed
with a fluorite prism. The thickness was .04 mm. Curve 4 shows
the transmission of the specimen after dehydration. The absorption
bands are common to silicates ; and none are in common with those
of water. The band of selective reflection beyond g u does not seem
to be affected by the constitutional water. The other bands disap-
pear on dehydration, as they should, since on dehydration a new
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compound is formed — or rather, as in this case, only the constitu-
ent oxides remain. The layer of mica is too thin to show the weak
absorption band of silica at 2.9 u.

In conclusion it may be added that in substances (whether solid
solutions or crystals) containing 7 per cent. of water the water
bands were easily detected spectroradiometrically. But when the
water content falls as low as 2 to 3 per cent. of the total weight
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Fig. 4. Muscovite mica. Curveb, the same after dehydration ; 7= .04 mm.

of the substance, then the conditions which obtain in water vapor
are found, and in the thin sections investigated the water bands
are not detectable. The question then remains unexplained why
a crystal containing water, and a solid solution of the same, show
the absorption bands of water when other tests indicate that the
crystal is a definite compound instead of discrete molecules of
the substance cemented together with a definite amount of water.

WasHINGTON, D. C,,
August 21, 1909.
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STUDIES IN LUMINESCENCE.
By E. L. NicHOLS AND ERNEST MERRITT.

XI. THE DisTRIBUTION OF ENERGY IN FLUORESCENCE
SPECTRA.

HE energy of most continuous spectra is too feeble to permit
of accurate measurements excepting in the infra-red and the
longer wave-lengths of the visible spectrum, although we have a
few determinations of the energy of the visible spectrum of the
acetylene flame by G. W. Stewart? and by Coblentz that extend
beyond the green. The direct measurement of the energy of even
the brightest of fluorescence spectra, whichare very small in intensity
as compared with those of our ordinary artificial light sources, is
therefore impracticable. We have shown however in previous
papers of this series that it is possible to make quantitative spectro-
photometric comparisons between fluorescence spectra and the spec-
trum of a standard such as the acetylene flame. If the distribution
of energy of the source used for comparison be known, it is there-
fore easy to compute that of the fluorescence spectrum.

We have adopted this method in determining the energy distribu-
tion in the fluorescence spectra of fluorescein, eosin, and resorufin,
with the results recorded below. The experimental work naturally
falls under three heads: (1) The determination of the energy dis-
tribution in the standard source; (2) the spectrophotometric com-
parison of the fluorescence spectrum with the standard; (3) the
measurement of the absorption of the fluorescent liquid, in order
that the observed curve of fluorescence may be used to compute
the typical curve.

Determination of the Distribution of Energy in the Spectrum of the
Comparison Flame.

The comparison source used in the experiments to be described
in this paper was an ordinary flat flame from an acetylene burner,

'A portion of the apparatus used in this investigation was purchased under a grant
from the Carnegie Institution.
£G, W. Stewart, PHYs. Rev., XVIL., p. 123.
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in front of which, at a distance of 1.4 cm., was mounted a metal
screen having a circular hole 0.6 cm. in diameter, so as to cut off
the light from all but the brighter central portions of the flame.
This flame with its diaphragm was mounted in a metal box having
a circular window opposite the diaphragm. The box was fastened
to a base fitted to slide along a straight metal track. This track was
mounted horizontally in the same vertical plane as the axis of one
of the collimators of a Lummer-Brodhun spectrophotometer, and at
such a height that the axis of the collimator extended would pass
through the window in the box and through the center of the dia-
phragm to the flame itself.

In front of the slit of the collimator was mounted a sheet of clear
white glass, the surface of which had been sufficiently roughened
by grinding with powdered carborundum so that at whatever distance
the flame might be placed the contrast field of the spectrophotometer
would be of uniform brightness throughout. The loss of light by
the interposition of the ground glass was found to be about 40
per cent. Its transmission throughout the range of wave-lengths
used in our measurements was not measurably selective.

To determine the distribution of energy in the spectrum of the
- light received from the comparison flame after passing through the
ground glass and the optical parts of the spectrophotometer, this.
spectrum was carefully compared wave-length by wave-length
with the light received through the other collimator of the instru-
ment from a black body of known temperature.

——

Fig. 78.

The black body, Fig. 78, consisted of a tube of Acheson graphite
about 50 cm. long, of 1.7 cm. bore and 4.0 cm. external diameter.
In the middle this tube was turned down for about 20 cm. until
the thickness of the walls was reduced to about 0.4 cm. and the
thin-walled cylindrical chamber thus formed was heated by means
of an alternating electric current furnished by a step-down trans-
former, of whose secondary circuit it formed the principal part.

The ends of the cylindrical body were graphite plugs, each with
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an axial hole one cm. in diameter. Through one of these passed
a tube of fused quartz containing a platinum-rhodium-platinum
thermo-junction of wires which had been calibrated at the Bureau
of Standards. This junction received radiation from the surround-
ing walls and could be pushed in and out at will so as to ascertain
the range of temperatures within the black body. Through the
opening in the other plug and through corresponding openings in dia-
phragms located nearer the ends of the graphite tube, light from the
incandescent top of the quartz tube reached the spectrophotometer.

To reduce heat losses and prevent the too rapid oxidation of the
graphite, the tube was embedded to a depth of about 8 cm. in a
mass of powdered magnesite, which was contained in a hollow
cylinder of magnesium oxide and asbestos such as is used for the
packing of large steam pipes.

When the primary circuit was supplied with 80 amperes at 110
volts the temperature of this improvised furnace, as indicated by the
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Fig. 79.

thermo-junction, rose slowly to nearly 1500° C. at which temperature
it remained with little change for a considerable time. Temperatures
were determined in the usual way by means of a potentiometer and
cadmium cell. .

The arrangement of the apparatus is shown in Fig. 79, in which
R is an adjustable resistance, 4 is an a.c. ammeter, P is the primary
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coil of transformer, S is the secondary coil, D is a Dewar flask with
the cold junction in ice, 2 and 4 are the collimator slits of the spec-
trophotometer, L is the Lummer-Brodhun prism of the spectro-
photometer, O is the observing telescope of the spectrophotometer,
£ is the ground glass in front of slit 4.

The slits 2 and 4 were set once for all to convenient widths, & being
30 divisions = 0.6 mm. in width, and 2 0.06 mm. The adjustable
diaphragm in O was of the same width as slit 4.

In this determination one observer made settings for wave-length
and watched the contrast fields of the spectrophotometer, while
another recorded the positions of the comparison flame when, for
each region of the spectrum, equality had been reached. In the
meantime a third observer followed the changes of temperature with
the potentiometer and reported the E.M.F. of the thermo-junction
for each setting of the spectrophotometer. Readings were begun
when a temperature of 1410° (absolute) was reached. Subsequently
the current was slightly reduced and further sets of readings were
made throughout the spectrum.

From these data the distribution of energy in the spectrum of the
comparison flame was computed.

Wien’s equation

I = Ca-ent

was taken as giving the energy in the region of the spectrum at
which measurements were made. The accepted value, for an ideal
black body, of the constant C, (i. ¢., C;, = 14,500) was assumed to
be applicable to the present case, and the quantity C, /A7 was calcu-
lated from the readings of wave-length and temperature. Since
relative values only were desired, the constant €, was given a value
convenient for purposes of computation.

The two slits of the spectrophotometer were maintained at a con-
stant width throughout, and the distance (4) of the comparison
flame was varied until the intensities of the spectra were equal
The energy of any given region of wave-length 4 was therefore
proportional to the ratio /,/(1/d*), where /, was the energy of the
corresponding region of spectrum of the light from the black body,
computed as above.
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Observations were made for twelve regions lying between .477 u
and .656 4, and in the course of the determination the spectrum
was traversed four times. Good agreement existed between the

|
|
|

The points’marked S correspond to Stewarts’

The points marked A are derived from Angstrom’s measurements of the Hefner

Fig. 80. Distribution of energy in the spectrum of the acetylene flame.
Lamp. The dotted line is computed from Wien’s equation.

direct measurements with the radiometer.

various readings in each region with the exception of the observa-
tions immediately following changes made in the resistance of the
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primary circuit. These were rejected and all other readings were
‘used in the computations and averaged for each wave-length sepa-
rately. The results are given in Table I. and are shown graphically
in Fig. 8o.

TaBLE I
-—-V\;n:o.-le—ngt; - l _—IA/(—IIJ-’_)_— o I_- Wave-length, 1)\l(1]d?)
.656 248.0 58.70
.628 189.0 521 48.50
.604 149.2 .508 42.50
.583 H 112.9 .497 37.73
.565 l 87.0 .486 29.33
.548 | 69.2 .477 21.25

Wien'’s equation has been employed, although in quite a different
way, by Knut Angstrém ! for the determination of the distribution of
energy in the spectrum of the flame of the Hefner lamp and it is of
considerable interest to compare his determination, which involved
neither the direct measurement of temperatures nor observations
upon a black body, with the results of the experiment just

described.
TasLe II.

Spectrophotometric comparison of the acetylene comparison flame viewed through the
circular diaphragm and ground glass, with flame of a Hefner standard lamp.

A CyHy/Hefner. A CyHg/Hefner.
.656 4 .916 5344 1.32
.628 .950 521 1.43
.604 .990 .508 1.53
.590 1.00 .495 1.69
.583 1.04 .487 1.83
.565 1.11, 1.15 | 477 1.90
.548 | 1.28 '

For this purpose we made a careful spectrophotometric compari-
son between our acetylene standard and a Hefner flame (see Table
IL and Fig. 81). From Angstrom’s curve of the distribution of
energy in the spectrum of the Hefner standard we then computed
the relative intensities of our comparison flame for several regions
lying between .656 2 and .483 . The points so determined are
shown in Fig. 80 by crosses marked “ A.”

1 Angstrdm, Nova Acta Upsaliensis, 111., Vol. XXIL., 1904.



334 E. L. NICHOLS AND ERNEST MERRITT. [VoL XXX.

Several points determined by Stewart by direct measurement with
the radiometer are also shown in Fig. 80, being marked «“ S.”

It is a matter of some interest to determine to what extent the
visible radiation from the acetylene flame corresponds to the visible
radiation from a black body. We find that the curve computed
from Wien's equation is practically identical with our experimental

Ratio of Acetylene to Hefner,

o.50 0.54 0.58 0.62 0.66 u.
Fig. 81.

curve from 0.56 ¢ to 0.65 .  But for wave-lengths less than 0.56 p
the curve based upon Wien’s equation (shown by the broken line in
Fig. 80) deviates considerably from that determined by experiment.
The acetylene flame appears to possess a band of abnormally high
radiating power in the region lying between .55 ¢ and the violet end
of the spectrum.

Comparison of the Fluovescence Spectra with the Spectrum of the
Standard Acetylene Flame.

Before making the final spectrophotometric determinations from
which the distribution of energy in the spectrum of various fluo-
rescence spectra were to be computed, a careful study was made of
the effect of slit-width upon the form of the observed curves.

In the ordinary use of the Lummer-Brodhun spectrophotometer
slit @ (Fig. 79) would be of constant width and slit 4 would be varied.
The accuracy of the screw of the latter was therefore tested by
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mounting the slit, which had been removed from the instrument, in
the field of a projecting lantern and measuring the width of the slit-
image, focused upon a horizontal millimeter scale at a distance of
about eight meters. Variations from constancy of the ratio of
widths to micrometer readings were found negligible for a range of
two turns of the screw. Studies of the brightness of the spectrum
obtained when this slit was used showed, however, marked deviations
from the expected proportionality between slit-width and intensity,
especially for widths of less than .01 cm.

It was therefore decided to avoid changesin slit width by using
the method of comparison used in determining the distribution of
energy in the spectrum of the comparison flame.

In this method the two slits of the spectrophotometer remain
unchanged in width, and equality of brightness is obtained for each
region of the spectrum by moving the comparison flame along a
bar or track parallel to the axis of the collimator. With the system
of screens which we employed to exclude stray light, the law of
inverse squares was found to hold for the entire range of distances
used in our experiments.

The three substances selected for measurement were fluorescein
in aqueous solution slightly alkaline, eosine in alcohol, and reso-
rufin in alcohol. :

The solutions in each case were as dilute as was found practicable
so as to reduce the correction for absorption to a minimum,

In the determination of the fluorescence curves the solution was
placed in rectangular cell of white glass ( f, Fig. 82) and was ex-

——
‘1Ilj _//

f_—_

Flg. 82.

cited by the light from a Cooper-Hewitt mercury lamp, C. /1. The
tube of this lamp was vertical and mounted at a distance of about
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30 cm. from the wall of the cell. Only those portions of the tube
were used which were nearly in the same horizontal plane as the
cell. The beam of exciting light entered the cell, £, Fig. 82, in
the direction of the arrow at right angles to the axis of the colli-
mator.

The cell was enclosed within a metal box with black, matte, oxi-
dized surfaces, and having only the broad rectangular opening de
for the admission of the exciting light and a narrow, vertical slit-
like aperture opposite the slit 4 through which the fluorescence was
viewed.

The selection of the mercury arc, with its almost complete absence
of light in the region occupied by the fluorescence bands to be
measured, afforded further protection against stray light. In the
study of the fluorescein solution the additional precaution was taken
of inserting a cell of ammonio-sulphate of copper in water between
the lamp and the fluorescent liquid, thus cutting off the yellow and
green lines of the arc almost completely. The mercury lamp
was fed from a storage battery of 120 volts with suitable resistance
in series, and under these conditions it furnished an exciting light
of unexpected constancy — surpassing in this respect any other
source of suitable character and sufficient intensity with which we
have had experience.

The arrangement of the apparatus for determining the fluorescence
spectra is shown in Fig. 82. The plan is similar to that used in
comparing the acetylene flame with the black body. But the pho-
tometer track carrying the flame was mounted in line with collimator
a, while the fluorescence cell was placed in front of slit 5. In the
figure, 4 is the comparison flame ; s, and s, are screens to prevent
stray light from entering slit @; fis the cell of fluorescent liquid,
and C. A. is the Cooper-Hewitt mercury arc lamp.

The procedure was as follows :

Slits @ and & were set at equal widths of 50 divisions = .05 cm.
The comparison flame was then moved up to a point on the track just
in front of the aperture in screen s, The observing telescope
was set for that region of the spectrum corresponding with the
maximum of the fluorescence band to be measured. The fluores-
cent solution in cell £ was diluted until its spectrum for that region




No. 3.] STUDIES IN LUMINESCENCE. 337

was slightly stronger than the corresponding region in the spectrum
of the comparison flame. By slightly shifting the observing tele-
scope in either direction two places could now be found, lying a

Fig. 83. Eosin (to the left) and Resorufin. The observed points are marked by circles.

short distance from the crest of the fluorescence band, at which the
two spectra were of equal brightness. The circle readings of these
positions were noted, and the position of the comparison flame was
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read upon the scale of the photometer track. The flame was then
moved to a slightly greater distance from slit -2, and two new posi-
tions were formed for the observing telescope, corresponding to

Fig. 84.- Fluorescein. The observed points are marked by circles,
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points of equal brightness of the band further from the crest. In
this way the entire band was explored several times, and from these
sets of readings the intensity of the band at various wave-lengths
was computed in terms of the corresponding intensities of the spec-
trum of the acetylene flame.

From these values the observed curves in Figs. 83 and 84
were plotted. The observed points are indicated by circles. In
the case of eosin the wave-length of the crest is nearly the same as
that of the green mercury line. Measurements in the region of the
crest were therefore rendered uncertain by the presence of stray
light from the greenline. For this reason all the measurements in
this region have been discarded. Observations near the crest of the
fluorescein curve were also somewhat discordant, so that we do not
regard this part of the curve as determined with much accuracy.

To obtain from the observed curves the distribution of energy in
the fluorescence spectra it was necessary to make corrections for
slit-width and absorption, and to multiply the ordinates of each cor-
rected curve by the ordinates of the same wave-length in the curve
giving the distribution of energy in the spectrum of the acetylene
flame.

The Correction for Slit-width.

In the spectrophotometric comparison of sources of light having
continuous spectra and nearly the same luminosity curves the cor-
rection for slit-width disappears; but in the case of spectra consist-
ing of narrow bands this is far from being the case. The slit-width
correction used in the determination of the energy curves of in-
candescent solids does not apply, partly because it is the luminosity
of the rays rather than their energy that is important, and partly be-
cause the distribution of luminosity in fwo sources has to be con-
sidered. The slit correction applicable to the Lummer-Brodhun
spectrophotometer may be derived as follows: Let the luminosity
curve of the source S,, in front of the slit 4, have the equation

L =14
when the distance of the source is such as to give the standard inten-

sity, which we shall call unity. If the distance is varied so that the
intensity becomes 7, then
= )

A being the wave-length.
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The luminosity of the source S, in front of the slit B will then
be given by the equation

L= ),

where 7 is the ratio of the energy.of S, at the wave-length 2 to the
energy of S, at the same wave-length. 7 is itself a function of 1
unless two sources are identical in quality.

Images of the slit 4 are found in the focal plane of the telescope
for each wave-length of the spectrum of S,. If the spectrum is
continuous, we therefore have a series of overlapping images, form-
ing a spectrum of greater or less impurity according to the width
of the slit 4.

The light reaching the eye from the slit 4 will depend upon the
width of A, being proportional to this width if other conditions
remain constant. But it will also depend upon the width of the
aperture, C, at the principal focus of the telescope, through which
aperture the light used in making settings must pass. If the spec-
trophotometer is used without an eye-piece, so as to ohtain the
benefit of the contrast field formed by the Lummer-Brodhun cube,
all the light passing through C is used in illuminating the field, and
the color is that resulting from mixing all the wave-lengths present.
When the instrument is set to a match we therefore have equality
between the total luminosity of the rays passing through C from 4,
and the total luminosity of the rays passing through C from 5.

An expression for the total luminosity of the
M @ P RNQ rays from A may be found as follows :
: i Let MV be the aperture at the focus of the

';:"t’ : telescope. It will be convenient to express the

i 1| width 2cof this aperture in terms of wave-length.

o & L R’N’b’ 2¢ is therefore not a constant, even if the actual
Fig. 85. width of the aperture is invariable, but depends

upon the dispersion in the region of the spectrum

where the observations are made. The widths of the slits 4 and B,

denoted by 2a and 24 respectively, will also be expressed in terms
of wave-length. We shall consider first the case were ¢ < c.

Let the center of C (00’ in the diagram) correspond to the wave-

length A. That image of the slit 4 which is formed by light of
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wave-length A will have its center coincident with the center of the
aperture. The image formed by light of wave-length A 4 x will be
displaced by the distance %, so that its central line falls at RR’.
For values of x lying between + (¢ — a) and — (¢ — a) all of the
light forming the image of & will pass through the aperture. The
total luminosity reaching the eye from such images will therefore be

(c—a) —a
L= [ s+ =28 [T U0+ 5 + 50— ),
1 ~{(0—a) 1 o

where 4, is the distance of the source S, from the slit. misa
factor, depending upon the dispersion of the prism, such that ma is
proportional to the width of the slit in scale divisions. It is clear
that 2am [d* measures the intensity of the light entering the slit, the
intensity being unity when the source is at unit distance and the slit
width one division.

For values of x lying between ¢ — 2 and ¢ + a only a part of the
image will be transmitted, the transmitted fraction being

x+a—c
2a

The total transmitted luminosity from these images that are
partially transmitted will therefore be

e e [ R

o {f’:—a’ - ;’;} (A + 2) +f0h — #)}dx.

Upon expanding f{A + #) and f{A — %) we have

fa+2) +fu—x>=m>+»f'(z>+‘—’—"(z> oo

+/0) — 2"
= o) + D) + -

For any ordinary case the terms in higher powers of x may be
neglected.




342 E. L. NICHOLS AND ERNEST MERRITT. [Vor XXX.

The two integrals therefore become
[Tt D+ 0= de= [T + Ar@ar

= 2(c—a)f+ (‘—_S—a—)'-f"

f [0 2] ooty dem 2 aar s CHP

— (- ‘Il
4: a)f]'

where £ and /' are written for f(4) and f//(2) respectively.
Upon adding the two integrals and introducing the factor am/d,*

we have .
Ll=_d_’_[2f+L%+2‘i) II].

— L[ tetar—e—apy s+ CE2

In case 2@ > ¢ the corresponding expression is found to be
L, =__[2¢+ c(a’+r’)f,,]
In any case therefore we have
L =77 af + ks
where £, takes the value ¢(c* + 4%)/3 when a> ¢, a(m’ + 28%)/[3

when a <¢, and 243 when c=a.
Similarly for that portion of the field which is illuminated by S,

2mb 0\?
L= T [wr+a(5) on]
When the two fields are set to equality we have therefore
[2‘-7"" klf”]= 7‘[ 2cf + és o )]

Expanding a’(q") /02* and remembering that the second term in the
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bracket is in each case small we have:

43l em].
d,’ af h—Ak f” IR "’]-

Gol't T FT e T

An approximate value of 7, usually a close approximation, is
obtained by neglecting all terms after the first. This approximate
value having been plotted as a function of 4, 7’ and 7/ may be deter-
mined ; and since f/ and f’’ may be obtained from the luminosity
curve of the source A4, the correction terms in the above expression
can readily be computed.

In the experiments described in this paper the conditions were
so chosen as to make a =4 =c¢. In this case the expression for »
becomes

- d.’[ @ r_z2@rmn
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