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¢¢ ASSUREDLY there is something in the phenomena of Light; in its
universality ; in the high office it performs in Creation; in the very
hypotheses which have been advanced as to its natare ; which power-
fully suggests the idea of the fundamental, the primeval, the antecedent
in point of rank and conception to all other products or results of

. creative power in the physical werld. It is LIGHT, and the free com-

: munlcalxon of it from the remotest regions of the Umverse, which alone

can give, and ddes' folly give us, the assurance of a'umform and all-
pervading Energy—a MECHANISM almost beyond conceptlon complex,
mmute, and powerful, by which that mﬂuence, or rather that move-
ment, is propagated. Our evidence of the'existence of gravitation fails
us beyond the region of the double stars, or leaves us at best only a
presumption amounting to moral conviction in its favour. But the
argument for a unity of design and action afforded by Light, stands
unweakened by distance, and is co-extensive with the Universe itself.”
—SIR JOHN. HERSCHEL. , &7



PREFACE

VERY recently, at the Annual Meeting (1882) of the
Teachers’ Training and Education Society, Prof. Huxley
reiterated, in his capacity of an Examiner in the Science
and Art Department, a complaint well known at South
Kensington as to the great difference between two kinds
of “what persons called knowledge.” He remarked for the
hundredth time, how “ Fhat which they had constantly to
contend against.jn the teaching of science in; tlns country
was, that many teachers had no conception ,of, that distinc-
tion ; for they thought it quite; suﬂimen; tQ be,alg_le to repeat
a number, of, scientific proposngons and to getxt,heu: _pupils
to repeatithem as apcurat:ly as they. themselves did. .., s
‘The: teacher, should be ipstructed, that, his' business in
teaching;was to.convey clear.and vivid. imprﬁssjpéto& the
body of fa¢tssupon which the conclusions dr_awg;#m; those
factsawere Based.” To do,this in some degmg«@r ofie branch
of Physics is the .sol_.ek iobjeet of tl}lgsmpge;eadmg little
work ; ‘which hopes to ibe ratlier a, handbook, companion,
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and supplement to the excellent existing text-books, than
anything else. With perhaps one exception in a short
explanation of the law of sines, no set formulee whatever
will be found in it; but I have merely tried to place clearly
befo/re the mind of the reader, though something like a
complete course of actual experiments, the physical realities
which underlie the pheénomena of Light and Colour.  As
helps, there are solely employed simple mechanical ana-
logies and a few diagrams, explained in language which
it is hoped may be found in reality simple and clear, though
not intended to be childish, or to debar any private student
from the healthful exercise of now and then considering
what the writer means.

\Now in carrying out a course of experiments in Physical
Optics, projection upon a screen is not only far superior in
general effect to any other method of demonstration, besides
having the advantage of exhibiting the phenomena to the
whole of a class or audience at the same time, but has
another recommendation of primary importance. The
trained physicist well understands the meaning of the rays
which enter his eye, and are visible to him solely, direct
from his lens, prism, or other apparatus; but the scholar
new to the subject finds it very difficult to- interpret in
terms of physical kpheqomena what thus appeals merely
to his own visual impressions. When he looks through a

prism, for instance, it is difficult for him to get rid of the
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vague notion that “something in the prism” colours what
he sees. But when actual rays of light are projected through
the prism, and the colours appear on the screen apar? from
kimself, as it were, he cannot help understanding that what
thus appears to others at the same moment as to him is a
physical reality which he has to trace out, and which he
must reduce to physical terms. What is meant will be
readily understood by any science-teacher. :
Hence the method of experiment chiefly adopted here,
for which all science-teachers and students are deeply
indebted to Professor Tyndall, who carried lantern demon-
stration to an extent and perfection never before attained.
The magnificent apparatus of the Royal Institution, however,
appears to have created an impression that electric cameras
and other very costly appliancestare necessary for effective
work of this class ; whereas the greater number of experi-
ments can be shown satisfactorily to at least a science class
with even a good gas-burner ; while any good lantern can
be made at small expense a very eflicient piece of apparatus.
To make this also clear, and thus induce many teachers to
substitute the most perfect kind of demonstration for far
less striking methods, or for mere diagrams, is a second
object of these pages. At the same time I have tried not
to forget the private student, and not only to give sufficient
hints for him to make most of the experiments without

lantern or other bulky apparstus, but espec.ially to find
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abundant manual wor% for him, more particularly in the
fascinating domain of polariscope phenomena.

I cannot but hope room may be found for such a work as
this, when I recall how much my own delight in the experi-
mental study of Optics has been increased by the individual
help and teaching of a few friends. It is never easy, and
but seldom possible, to acknowledge all such obligations ;
but mine have been very special in two directions. To, the
Rev. Philip R. Sleeman, F.R.A.S., F.R.M.S., I was not
only indebted before this little book was thought of, but
have been since, for many references to foreign papers and
memoirs, and other “detached ” information which only his
wide and general acquaintance with the whole range of
Physical Optics could have supplied. And to Mr. C. J.
Fox, F.R.M.S., I owe my entire practical education in that
mica-film work, which I hope others may find as attractive
as I have done, and which so admirably illustrates the
phenomena of polarised light. But for these two friends,
some of what are likely to be the most acceptable among
the following pages would never have been written.

In regard to the experiments described, there are two
things to be said. It would have been desirable, if possible,
to have stated the originator of every experiment; but it
was not possible. Attempt has been made to indicate,
as far as known, the first to employ any striking very recent

experiment: but many of great beauty seem now such
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common property, that it is difficult to ascertain who first
made them, or first adapted them for projection. I strongly
suspect that we owe to Professor Tyndall many more than
it has been possible categorically to ascribe to him ; and am
the more anxious to state this, because his just claims in
higher matters appear to me almost studiously ignored by
certain Continental physicists. Some arrangements are, to
the best of msr belief, original; but none are put forth as
such except one or two expressly stated, and it should be
perfectly understood that no personal claim is implied re-
garding any other experiments because no credit is given
to some one else : the absence of such credit is simply due
to sheer ignorance and the difficulty of acquiring knowledge
concerning such matters.

The other remark is, that the order of the experiments
differs considerably in some cases from that usually adopted.
All that can be said on that point is, that such is the result
of considerable reflection, and in the belief that the order
chosen is, upon the whole, best adapted to the primary
end of assisting vivid conception of the physical realities
considered, and #ze relation of the phénomena to one another.
Also, while no attempt is made to arrange the experimentsin
set “ Lectures,” the order followed is believed to lend itself
best to such a connected course of experimental lectures
as a teacher would desire to give to his class, extended or

abridged as the case may require. I am not*without hope
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that in such an extended course of experiments as are here
collected for his choice, some hard-worked teacher may
find real help in this respect. The same may be said as to
the‘brief references made to the connection between the
phenomena of Light and the problems of Molecular Physics.
Brief as they are, it is hoped they may in some minds excite
a real interest in those problems, and deepen that sense of
the 7eality of the phenomena which is so desirable.

It is right to say, that a large number of the experi-
ments here described appeared originally as a series of
articles in Z%e English Mechanic. 'The cordial welcome of
these articles, and requests from all quarters couched in
unusually flattering terms, did in fact lead to their extension
—for the additions are very large indeed—into the present
work ; and are chiefly responsible for its being attempted
by one who has no claim to be considered anything but an
amateur, chiefly desirous of showing others what can be
accomplished with only small means. I am indebted to
the proprietors of the journal above named for their free
permission not only to use the text of the articles in any
way thought best, but also the diagrams by which they
were illustrated.

Some may think that apology might be offered for the
concluding chapter. None such will be, or ought to be
offered. The irresistible propensity to go beneath the

surface and search for the hidden essence of things, has
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been felt and manifested not only by all our leading
physicists, but by all who have had any vivid impressions
concerning the mysteries surrounding them ; and “a man’s
thoughts are as children born to him, which he may not
carelessly let die.”” No one is bound to accept my thoughts ;
and since there is no danger that my name will give any
factitious weight to them, I have a right to utter them as
well'as another, provided it be done without dogmatism or
offence. If neither of these can be charged to me, the rest
may take care of itself ; and I shall only frankly confess that
it is largely such thoughts as these—thoughts which have
led me to regard Light as a possible Revealer of much
more than many think—which have for years made its

phenomena, to me, such a profoundly interesting study.

LEWIS WRIGHT.

LonpoN, May 1, 1882.
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CHAPTER L
THE LANTERN AND ACCESSORY APPARATUS.

Tke Lantern—The Optical Objective—Gas Burners—Mineral Oil
Burners—The Lime-light—Advantages of ‘‘Regulators”’—Centering
the Light—Mounting the Lantern—Focusing Lens—Prism—Plane
Reflector—Other A pparatus—Screens—Diagrams— Vertical Lantern.

1. The Lantern.—Any fairly good lantern will serve to
perform the following experiments, provided the “ front ” is
so made as to slide on and off a flange-nozzle. This is
usual with the better brass fronts made with lengthening
tubes, but not with fronts half brass and half tin ; and in the
latter case the alteration should be made, so that either the
ordinary objective, or the optical objective to be presently
described, or any other apparatus, will slide on and off at
pleasure. The ordinary objective will be occasionally
wanted to exhibit diagrams, while the other will be placed
on the nozzle for experiments: the lantern will also be
available for all ordinary purposes. A bi-unial is exceed-
ingly convenient, as the top lantern may be used for
diagrams, while the lower nozzle carries the optical objective.
The usual forms of condensers are, either 4 pair of plano-
convex lenses with convex sides turned towards each other ;
or a meniscus with the concave side towards the light and a

(= B
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double-convex lens in front. Either, or any form if good,
will answer fairly well; and a little deficiency round the
edges of the screen disc matters little for most experiments,
if the centre be well illuminated.

2. Optical Objective.—The ordinary objective used for
exhibiting slides would suffice more or less perfectly for
many experiments ; but a special optical objective is almost
necessary for many, and preferable for nearly all. It is,
moreover, absolutely necessary for the polariscope to be
hereafter described ; and, as the same lenses and fittings
answer for both, and are of a very inexpensive character,
it is more satisfactory to provide for efficiency at the outset.
The ordinary slide-stage is also unduly large for the inser-
tion of the necessary apertures, slits, or other apparatus,
besides being inconveniently situated for manipulation ;
and the large field is a great waste of light for many
experiments which need all we can use. Supposing, for
instance, a rather small aperture has to be diffracted, we
can condense no light upon it in the ordinary slide-stage ;
whereas by bringing it a few inches out in front, we can
insert an additional convex lens, mounted in a wooden
frame as a skide, in the ordinary stage, and so condense a
very large portion of the full beam upon the aperture.

The arrangement recommended for the optical objective
is shown in Fig. 1. A Bis a nozzle (of japanned tin or
brass, according to the style of the lantern), which slides
tightly on the lantern nozzle, and is kept from rotating by a
slot and pin. We will suppose it 3% inches diameter, for

l.inch condensers. B C is a 3-inch brass tube 3 inches
long, which should screw into a collar at B, as it will be
required to unscrew from this into the polariscope elbow,
to be hereafter described. Near the bottom or nozzle end
a square aperture, K, is cut through both sides to form a
slide stage, which should ¢“take” slides an inch thick, and



9

&5 .2
1.] THE LANTERN. \ '{j S 3n
2} inches wide. The slides are kept down to the nozzleos("
end by a circular L-shaped collar, L, operated by studs o
working in longitudinal slits as usual, and forced against the
slides by a spiral wire spring M, abutting against the collar
at ¢, which screws into the other end of the tube, and has
screwed into it the jacket D of the focusing tube, with its
rack and pinion E. The focusing or lens tube F will be
about 22 inches in diameter, and has screwed into it at the
back end the cell of the plano-convex lens ¢ of 5 inches
focus, with the plane side towards thé slide-stage. At the
other end screws on a collar in which is fixed the nozzle N,
projecting outwards from the front flange or collar a clear |
halfinch, and which callipers 1} inches exactly. Into the

A B c

{eno® 0 0N oo

FiG. 1.

back end of this screws the lens H of 8 inches focus, which
may either be a plano-convex, or of a slightly meniscus form,
the whole being arranged so that the lenses are 23 inches
apart. The focusing jacket should be so adjusted that when
the tube is run right out the lens ¢ is about 3 inches from
the bottom of the slide-stage (which will focus a very small
disc), and have a backward travel of about 1} inches; and
this should be finally done by making the jacket D rather
longer than necessary, so as to adjust by experiment before
fitting the pinion.

It will be seen that the lenses are of a very inexpensive
character; but such an arrangement is as good as can be
adopted, and loses little light. It is the proper arrangement

B 2
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for the polariscope, for which it answers admirably ; and it
gives a very fat field with but little colour. A rack and
pinion is by no means essential : indeed, if the sliding tubes
are accurately circular and fit well, a plain sliding tube is
preferable, in order that the lenses may be removed at
pleasure and slits used with parallel light only, or other
appliances (such as an adjustable slit or revolving diaphragm)
slid into the tube. I have, however, found a really well-fitted
plain ¢ draw-tube ” by no means so common among ordinary
opticians, on this scale, as a fair rack movement. If the
nozzle A B is well fitted, the objective will rarely need
support ; but if it does, a loose semi-circular crutch should
be fitted for it, out of a thin slab of wood or otherwise. A
1} inch nozzle is advised because it is the recognised gauge
of nearly all the polariscopes made by, or made for, the
London opticians, and to which accessories and objects are
adapted. Itis a very great convenience to be able to obtain
any such articles “to fit,” and it is therefore strongly re-
commended that the size be, if possible, actually callipered
from such an instrument. Such a polariscope can now be
purchased for a very few guineas, complete, as described in
a future chapter; and in that case nothing more will be
necessary than to provide the additional tin or brass nozzle
A B, into which the objective of the polariscope, when
unscrewed from its elbow, will fit, and make the objective
for straight work. The equivalent focus of the two lenses
is about 3} inches, and this will give suitable discs for any
screen distance ranging from 5 to 2o feet. If the general
working distance is longer, say from 2o to 25 feet, or more,
a somewhat longer focus may be preferable, making the back
lens say 7 inches focal length, and giving more space between
the two lenses, and between the back lens and the stage.

3. Light.—Sufficient effects for a class-room or moderate-
sized drawing-room may be obtained in nearly all the
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following experiments® from a good Argand gas-burner. A
class or a few spectators do not need to see the phenomena
on a very large scale, and by employing a small disc at a
screen distance of 5 or 6 feet, very good results may be
got in this way. The lantern becomes hot with such a
light ; but the convenience of being able to get it into work
at a moment’s notice, and without any apparatus, is very
great. Nearly all the experiments in this work have been
first ““roughed out” with a gas-burner; and though more
brilliancy may often be felt desirable, what there is will still
be found more interesting and attractive than any other
mode of demonstration, besides being visible to a whole
class at once. A good ¢Silber” or one of Sugg’s best
“London” patterns may be cmployed, and either gives
a very white light of from 22 to 28 candles. MTr. Sugg lent
me for trial a gas-burner superior to either, such as are
supplied by him to the Trinity House Board for lighthouse
purposes ; but it is more costly, being 25s. to 3os., nickel-
plated, whilst the plain Silber or London costs about 6s. 64.
In the Trinity House burner a platinum plug or button
spreads the circular flame, which'is again curled inwards by
the throat of a contracting glass chimney ; the result being a
very white light of about 30 candles compressed into a space
of about an inch square. Such a short flame of course
focuses better than a tall one, the rays being less divergent ;
and with this burner excellent work may be done. It might
probably be made in a cheaper form, the general construction
being a very old one. Any gas-burner is best fixed in a
lantern by having a slide-tray with an upright pin at the
back end, as for the lime-light. Over this pin should slide
a socket brazed on a tube, with tap and nozzle on the back
end as usual, while a plain elbow at the ether end carries the

1 The exceptions are chiefly such as require a parallel beam, and are
for the most part noted specially.
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burner. The lime-light or plain gas can then be used as con-
venient, gas sufficing to “ work out ” privately, at a minimum
cost and trouble, almost any desired experiment, even when
a more brilliant light is required for public repetition of it.
The brilliant mineral oil lamps give better effects than
gas, ranging in power from 50 to as high as go candles
—that is, standard or “gas”’ candles, there being a looseness
about some opticians’ estimates (due to taking any candles
as tests) which is not desirable. The #iple forms of wick, of
which there are several, are much to be preferred for optical
work : the doublé wicks are apt to give a comparatively
darkish streak up the centre of the screen. This is little
observable in exhibiting painted slides; but in optical ex-
- periments is just where we can least afford any deficiency.’
4. The Lime-light.—The lime-light is, however,
strongly to be preferred if possible, the effect being so
infinitely superior, not only in brilliancy, but in whsteness, or
completeness in the spectral colours. It is not an expensive
light either, after the first purchase of the apparatus. Potassic
chlorate is now cheaper than formerly, and can be purchased
in most large towns at from 74. to 9. per pound; black
oxide of manganese at about 24. per pound. At these prices
the lime-light for two hours will only cost about 2s. 64.
besides wear and tear; which is very little for the effect
produced. The ordinary details of lime-light lantern
1 Since the above was in type, Mr. Hughes, of 151, Hoxton Street,
has brought out a mineral-oil lamp with foxr flat wicks, stated to give
a light of 200 candles. I have not been able actually to measure its
power before this work goes to press ; but I have satisfied myself that
it exhibits three-inch painted slides on a full twelve-feet digc, well illu-
minated to the edges; and—what is more to the purpose of these pages
—that, with the elbow-form of lantern polariscope hereafter described, it
will project either slides or crystals on a disc five feet in diameter, in a
very satisfactory manner. I never expected to see this accomplished by

an oil-light ; and the fact that it can be will be a great aid to many
country teachers and students. The heat is of course great.
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management can be learnt in hand-books obtainable from
any optician ; but it may be well to add a few hints which
are not found in any such I have seen, as well as to
lay stress on the one or two points which give absolute
safety in manipulation, or are mnecessary to secure good
effects ; for two operators will differ by as much as forty per
cent. in the effect they obtain from the same apparatus.
The lime-light has three main forms, most properly
described as (1) the spirit-lamp jet, {2) the gas “ blow-
through ”’ jet, and (3) the gas “mixed” jet. The first will
give from 100 to 120 candles, and is sufficient for small
lecture-rooms or halls : the second will give from 140 to 200
candles : the last 350 to 450 candles, according to the pres-
sure. All alike require a bag of oxygen gas, supplied to the
jet under pressure ; and this bag should measure 36 X 24 X 24
inches, and 7o# Zess, for optical purposes : if there is no assis-
tant to turn off the oxygen when not wanted, it had better
be a little more for any lecture work. The size named is no
more than sufficient, with a little comfortable margin, for
two hours’ experiment ; and some is often wanted for pre-
liminary adjustments. Only the best bags are worth having,
and such will last for years if the gas is properly washed, and
all taps or metal fittings cleaned and oiled every now and then.
Oxygen ought to be passed through fzw wash-bottles, if
it is to be thoroughly rid of manganese-dust and chlorine.
The first bottle should be fully two-thirds full, the second
only about one-third full, both having a little carbonate of
potassium or common washing soda dissolved in the water.
The most convenient apparatus for washing will be found
in common two-quart glass bottles, with loose vulcanized
“Woolff” tops (like Fig. 2) to slip over the necks. In glass
bottles the “speed ” of the gas can be seen as it is made,
and such tops can be removed and the bottles emptied
in an instant. The bag to be filled should be /Aigher
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than the last wash-bottle ; and with these arrangements, only
well purified and dry gas can enter. The retort is most
conveniently placed over a ring gas-burner, which is amply
sufficient : a good heat should be applied at first, till bubbles
begin to come over, after which it should be slackened, and
only moderate heat will be required. This management of the
heat is the only way to get the gas over with fair regularity.

The precautions in making oxygen are chiefly, to be sure
the pipe from the retort is disconnected from the first wash-
bottle Zefore the retort is taken off the fire or gas (otherwise
water may be sucked back and cause an explosion), and to
be sure no organic substances are in the mixture. The
safety tube will do the rest, and
the india-rubber tops on the wash-
bottles are additional safety-valves
against a sudden rush of gas. The
chlorate should be spread abroad
on a sheet of cartridge paper to
see if any small Dits of straw,
stick, or other matter have got in ;
and a small portion of the black

Rl oxide should be mixed with chlor-

ate and heated in a test-tube.

Practically the only dangar here is, lest a portion of soot

or charcoal might be mixed with the sample ; and if this is

found pure, it is as well to lay in sufficient manganese
from the same lot to last the winter.

Making hydrogen is troublesome, and is not to be
recommended wherever house gas can be obtained. It is
a common idea that it gives a better light, but this is quite an
error ; very careful experiments purposely made having failed
to show any perceptible difference. 1fithas to be made, par-
ticular care must be taken to have all common air driven oft
before any is collected, and also all air expelled from the bag.
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There is not very much variation in spirit jets; but
blow-through jets differ widely, and are certainly capable of
improvement. The prevalent fault is too large an opening
for the house gas, which heats the lantern very unnecessarily.
The best of the ordinary forms is probably that shown in Fig.
3, the oxygen nozzle o being somewhat below the gas nozzle
H, giving a better mixture, with a smaller and more pointed
flame. Such a jet should be selected with the outer aperture
as small as possible, and an inclination of about 43 degrees.

With the “mixed” jet no accident can occur if the
pressure from each gas is fairly equal, and 2o pressure is then
altered while the jet is alight. There is no practical danger
in adding weight on a double pressure-board permanently.
With the blow-through form, 28 lbs. on the

bag at first will be enough, gradually in- OH
creased to 56 lbs.; and many lose light as /
well as waste gas by commencing with too

much : but the mixed jet gives the best re-

sults with high pressure. Unfortunately, how-

ever, the pressure does not remain uniform, FiG. 3.

but diminishes as the bags empty; the result

of which is that a fresh adjustment of the taps is necessary
every now and then. A valued correspondent found by
experiment that a pressure equal to g inches with full bags
and taps closed, gradually diminished to little more than 4
inches as the gases exhausted : also that it was very difficult
to get the same pressure with both gases, whatever arrange-
ment was adopted. He therefore introduced between each
bag and the lantern a simple gas regulator,! and then found
that, provided there was only swficient pressure behind,

1 Any efficient regulator ought to answer for this purpose ; but the
small and handy form used by my correspondent, and since by myself,
with most satisfactory results, is manufactured by Messrs. Parkinson and
Co., Cottage Lane, City Road. They cost 3s. to 6s. each.
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it could be kept uniformly steady, and the same adjust-
ments could be retained throughout. In using these
regulators, the pressures are first tested as usual, by U-tubes
like Fig. 4. The tube is open at one end, while the gas to
be tested is led to the other by a vulcanized stopper and
small L-pipe. A wooden slab between the branches has a
line ruled across about the middle as a zero point, above
and below which it is divided on opposite sides into inches
and tenths. Water is poured in to the zero point; and
when the gas is turned on, it of course depresses one column
and raises the other, the diference indicat-
ing the pressure. 'Any variation in weight
will tell at once on this index : but it will
be found that when the regulator is intro-
duced, and adjusted to a given pressure,
that pressure will never vary so long as a
pressure not inferior is kept up behind it.
Both gases can thus be adjusted equally to
any pressure which the weights at com.
mand will enable the bags to keep up to
the end. With such regulators, and trial
with the U-tube, if there is a tolerable pres-
sure of gas from the main, the “mixed ” jet
can thus be used with only one gas-bag, which
is‘a very great advantage, giving even at the pressure of the
main (say 2 inches, or 1 inch on each side of the U-tube) a
better light than most blow-through jets. Another advan-
tage the “mixed ” jet used in this way has over the ordinary
“Dblow-through ” jet, is that the oxygen gas lasts nearly
double the time, or goes twice as far. A single jet may thus
be employed at all times, either with gas from the main
to give with half the oxygen a light equal to that of the
¢ blow-through” form, or, with an extra bag and more
pressure, the full light of the mixed gases.
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The lime has to be brought very close to the mixed jet
—say § of an inch from the orifice : hence the inclination
and a well-finished conical point are of importance.
Many jets are so clumsy and so low in angle, that they
cast a shadow on the condensers, ‘standing in their
own light,” as it were. For optical work it is important
this should not be the case. To avoid it, some makers
place the jet upright; the cylinder, or flat side of a disc
of lime, being itself inclined at 45°.  This is, however,
dangerous, the heated gases being reflected off the lime
direct to the condensers. In any case the lantern should
be ¢ warmed up ” cautiously to avoid cracking the lenses.

The limes well-known to opticians as ¢ Excelsiors” are far
the best. “ Soft” limes are often recommended for blow-
through jets, but those named give at least equal, if not
greater, brilliancy, withr a smaller radiant spot; and with
a ‘“Dblow-through ” require hardly any turning. With the
mixed jet the lime should be turned a little, the same way,
with every experiment. Finally, the best result will depend
on the supply of each gas being carefully and deliberately
adjusted ; and the greatest advantage of the regulators
referred to, is, that when this has once been effected it
can be retained with certainty throughout the experiments,
leaving the demonstrator or his assistant free (beyond turn-
ing the taps on and off as required) to give attention to
other things.

5. Centering the Light.—When the lime-light is em-
ployed, it should be adjusted in the axis of the optical system
of the lantern with much more care than is usually taken
over slides. The best way is to make a cap of black card
to fit over or into the condenser cell, with an aperture
about } of an inch in diameter accuratély in the centre.
Remove all the lenses, place this cap over the cell, and a
smaller similar one, or the smallest hole of the revolving.



12 LIGHT. [cHAP.

diaphragm, if there is one, as far in front of the nozzle as
can be managed. Bring up the lime as near the cap as is
practicable without burning it, and then adjust with care
ill the spot on the screen shows the greatest possible size
and brilliancy. Very much, in some experiments, depends
upon this, and on keeping the lime properly turned. We
may very often see fine experiments, with the most costly
apparatus money could purchase, spoilt by a dark patch
upon the screen, and thus worse rendered than a careful
operator would have done
with a plain “blow-through ”
jet. This latter, well man-
aged, is in fact amply suffi-
cient for nearly all purposes,
With lamps, very accurate cen-
tering is of less importance,
owing to the larger luminous
surface.

Whatever the light em-
ployed, we ;term the original
source, in the lantern, the “radiant.”

6. Mounting and Using the Lantern.—This is very
conveniently done upon a small revolving wooden tripod
stand like Fig. 5. The top circle turns upon a centre-screw
passing through the under one, by which it can be tightened
from beneath in any angular position, the total height being
from 6 inches to 10 jnches, and the lantern fixed to the top
in any convenient manner. This being placed on a good-
sized table, the lantern is conveniently raised, and easily
turned in any direction, while the large table is available
for accessory apparatus.

If prism-work forms a very important feature in the ex-
periments, it is better to extend the revolving top on one
side by a board extending out in front (of course with a

Fi1G. 5.
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supporting leg) about 3 feet, furnished with a cross-board
which can be slid backwards or forwards to any distance
from the lantern. The advantage of this plan is, that when
a slit or anything else has been properly focused and the
rest adjusted, the whole arrangement can be deflected off
at any desired angle for refraction or reflection, without
having to readjust the apparatus.

For optical work all lenses ought to be in brilliant order.
They should only be cleaned with a perfectly clean (well
beaten and shaken when dry) wash-leather, kept in a clean
box for that purpose. If the leather alone fails to rub
them bright, a little alcohol applied with cotton-wool will
remove the dulness. A damp
“fog” will often appear when the
lantern is first lit, and must be
allowed gradually to disappear
before anything can be done.

7. Accessory Apparatus.
—What is needed for special
experiments will be described
in the proper places; but some il
accessories will be in almost Fic. 6.
constant demand. First of all
will be required two pillar or rod-stands, made by screwing
or casting a halfinch brass tube neatly plugged at the top
into a heavy foot of léad or iron, which should have baize
glued on the bottom to prevent slipping. Such can be
bought at gas-fitting shops for three or four shillings each.
On these should slide closely the sockets shown in Fig. 6,
into which are screwed or brazed the small tubes B ¢, which
receive the various pieces of apparatus. As it is sometimes
necessary to get well ozer some other article, there should
be a few of these, with the length BC various; and if the
weight and leverage are too great for the stand, another
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socket bearing a leaden weight as counterpoise will keep all
steady. In the socket tube itself, small holes, A A, are bored,
and saw-cuts made down to them, when a slight pinch
together of the two semi-circles so divided, at each end,
will make an admirably tight skding fixture, independent
of screws or any such nuisance.

Into these sockets we can fit anything. The loose focus-
ing lenses, which will be constantly needed, can be fixed
by three short pins, as at a, into a circular hole, turned
with a ledge in a disc of wood, B (Fig. 7), into the edge
of which is driven a short
length of tube, c, fitting -into
the socket tube Bc (Fig. 6).
Or if there is no lathe at
command, the hole may be cut
with a fret-saw, and the lens
fixed with short pins each side.
It can of course be mounted
in brass if preferred; but
in that case it is well, when
using, to put round it a border
of black card, to exclude from
the screen all but the rays
focused. A lens of 3 inches
diameter and 7 inches focus is a good sort, and a meniscus,
with the concave side to the screen, is to be preferred where
the expense of an achromatic lens is an object; but two
lenses of 6 inches and 10 inches are very handy, according as
we may want to enlarge and collect all the light we can from
a small object, or to focus a large one. Quarter-inch tube
is a good size for these accessories, but a gauge should be
chosen which can always be matched, and the socket B ¢
(Fig. 6) made to fit. Infact, a foot or two of tube to mount
any apparatus should always be at hand.

FiG. 7.
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A reflector, say 6 inches by 4 inches, of good thin looking-
glass, may be mounted as in Fig. 8.© D B is a length of the
tubing, D c fitting into the socket. From A to B half the tube
is filed away, with a notch at ¢, into which one long edge of
the glass fits. The B end is still further filed away ; and
when the glass AB is put in position, with a strip of card
or blotting behind and round the bearing edges, to impart

Fii. 8

a little “give,” the end B is brought over, and B and c gently
pinched down. The half-tube will keep it nice and stiff.
A reflector may be also mounted in other ways, and for
some experiments a second one is handy, but seldom really
required.

A glass prism, 2z inches long, and about 1} inches in
face, of good dispersive power, can be bought for about

Fic. 9.

4s. 6d., and is mounted as in Fig. 9, the tube being fixed
into a triangular cast socket, or one made of sheet brass
turned up % inch. Into this the end of the prism is
cemented. Of course, such a prism is not * optically ”
faced, only polished like lustres; but it is good enough
for most screen work. In the socket, Fig. 6, it can be
set and turned to any angle horizontally; but another
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socket should be provided, as in Fig. 10, bearing a piece
of brass, A B, at the end, in which is bored, perpendicularly,
a hole of the regular socket gauge. In this the prism can
be turned to any angle vertically.

For spectrum work a prism bottle filled with bisulphide
of carbon is, however, far to be preferred, giving nearly
double the dispersion of any ordinary glass prism. Such
a prism can, however, only be used vertically, and a glass
one is handy for some other positions sometimes necessary.

These fittings are recommended because they can be
adjusted in work with such ease, precision, and rapidity,

FiG. 10. : RIG, G

and are so readily interchangeable in all sorts of combi-
nations. In these respects they are far superior to the
usual method of mounting focusing-lens, prisms, &c., each
on the top of a special stand, besides being much cheaper,
and easier made.

An adjustable table-stand somewhat resembling Fig. 11
will be needed for many things. The handiest size for
average work, with such a tripod as Fig. 5, is one which
. will rise frofn 12 to 18 inches, with a top about 6 inches
across. Some kind of adjustable clip will also be needed to
hold wires, cards, plates, &c. The best construction for
all purposes is what is known as the ‘Bunsen universal
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holder,” shown in Fig. 12. The clip itself can either be
inserted vertically into the pillar-socket, or the intermediate
joint will allow of any angle or other variety of position.
The price of each of these, if purchased, will be about 6s.

A cardboard screen about a foot square should be pro-
vided, though it is not actually necessary. It is easily and
cheaply made by screwing or glueing an inch wooden rod or
ruler into any wooden foot, sawing down the middle from the
top about three inches, and stick-
ing the edge of a thick sheet of
cardboard in the slit. The centre
should be the same height as the
lantern objective from the ope-
rating table; and if one side of
the card is white and the other
blacked, it will serve either to
stop " light when required, or to
receive an image.

Various blackened cards or
thin zinc plates, each 4 inches
by 21 inches, will also be re-
quired, in which to cut suitable
apertures for insertion in the
optical stage. The zinc also
should be blackened if used.
An excellent optical black varnish may be made by mixing
“vegetable ” black at discretion with a mixture (about
half and half) of ordinary French polish and methylated
spirit.  On small work it should be applied with a large
camel’s hair or other soft brush; on large woodwork with
a paint brush. For this varnish is suitable for almost every
purpose, from blacking cards to large-gas-bag pressure-
boards. It dries quickly a full dead black, and does not
come off, or warp the cards. ’

F16. 12.—Bunsen Holder.

C
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8. Screens.—Where there is a good white plaster wall,
well smoothed, nothing will surpass it. Next to that, for
small screens, the best is a single sheet of white paper. At
many large printing-offices they now use sheets 60 x 45
inches ; and probably any one who really wanted a few
sheets for such purposes would be courteously obliged.
They can be fixed to a wall with drawing-pins. Large
screens are made of linen faced with paper. Transparent
screens both spoil the more delicate effects, and cause a
tremendous loss of light. It is, however, impossible to
avoid them in some places; but the operator must in such
cases be content with a small disc, in order to avail himself
of the only tolerable material, which is fine tracing cot/i—
the fine varnished muslin kind. This can be procured any-
where 42 inches wide, and as transparencies are usually
wanted in small space, this is amply large enough. Such cloth
shows infinitely better than the best wetted sheet, and there
is no need whatever of stretching it on a hoop. It is just
as well to mount it on a roller at top and bottom, and such
a screen may be fixed in a minute by tying the top roller to
anything, say two branches of a chandelier, and attaching a
small weight to the bottom rod or roller. Transparent
screens are not, however, as already observed, nearly so well
adapted as an opaque white surface for optical work,
especially with the prism ; and it is moreover often desirable
that an audience or class should see, not only the effect
upon the screen, but the experimental means by which it is
produced.

For some experiments we shall also want a horizontal
screen over the apparatus, and for this a white ceiling will
answer perfectly. We shall have to employ it almost
immediately.

9. Diagrams.—These can be prepared in many ways,
but the following are the best. White diagrams on a black



] LANTERN DIAGRAMS. 19

ground may be done with stout needle-points (either com-
pass or ruling points), through photographic black varnish
spread thinly and evenly, when firm, but not quite so dry as
to be chippy. Or a glass may be warmed and smeared with
solid paraffin, which is then cleaned partially off and re-
melted so as to be as thin and even as possible ; if the plate
is then held over the smoke of burning camphor this will
adhere, and though not so hardy as the other, will bear
careful usage, and cuts easier. Compass curves are best
struck from small bits of thin horn as centres. These engraved
diagrams are very striking ; but the darkness of the screen
sometimes hinders necessary details being pointed out, and
makes black lines on a white ground preferable for many.
There are two good methods for these also ; the first being
to draw with a hard pencil upon the zery finest ground glass
—a process any one can execute at once ; the other is to
scratch with needle-points on a sheet of gelatine, rubbing a
little blacklead into the scratches, and mounting the film
between two clean glasses. Or a drawing may be made on
gelatine with Indian ink rubbed up till black enough. All
diagrams should be faced with glass when completed, and
bound with strong dark gummed paper. This edging paper
must be gummed very freely and dried, the strips being
moistened when used. Wet gum, freshly applied, does not
adhere to glass with certainty.

0. Vertical Attachment.—Though only needed for
one or two experiments mentioned in this work, and those not
essential ones, a vertical attachment capable of projecting
horizontal surfaces is so generally useful in acoustic projec-
tions and for other purposes, that a description will be of use.
As invented and perfected by Professor Morton of America,
it is rather an elaborate piece of apparatus ; but all required
can be done very simply and cheaply as shown in Fig. 13.
A cubical woodén box is open on one of the perpendicular

(3]
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sides, and has a circular aperture cut in the top nearly
extending to the edges of the square. The size of the box
and of this aperture depend on the size of field to be pro-
jected ; for magnetic curves or wave-ripples, a circle of less
than five or six inches diameter is of little service. “Opposite
the open part, on strips of wood at each side, a piece of
good plate looking-glass is supported at an angle of 45°, so
as to throw the horizontal beam from the lantern up perpen-
dicularly through the circular
aperture. Owing to the larger
size of this (the horizontal field)
a diverging beam will generally
be required, from any ordinary
lantern, to cover it; and hence
there should be a large plano-
convex lens (costing about r5s.
for one 6 inches in diameter)
fixed to the under side of the
aperture, so as to re-converge
the rays on the focusing lens.
Fair effects can, however, be
procured without this with a
good lime-light, in spite of what
is then wasted. In any case,
all but the condensers are re-
F1G. 13.—Vertical Attachment. moved from the lantern, and

these are so adjusted, and the

box so placed in front, that the field is just covered and
no more. To one side of the box is fixed a stout perpen-
dicular brass rod or tube, the same gauge as the pillar-stands
already described, and furnished with two sockets like Fig. 6.
The lower socket bears a focusing lens, either plain or
achromatic—it may be the one already described (Fig. 7)—
and the upper socket the plane reflector, which reflects the
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image to the screen. These two sockets must, of course, be
fitted to the apparatus, as it is necessary that the lengths
B ¢ (Fig. 6) should in this case be such as to bring the lens
and reflector central with the perpendicular axis; but the
ens and mirror already described will answer for therest per-
fectly well. It might be supposed that the first surface of
the mirror would cause a double image on the screen; but
it is so faint in comparison with the other, that any such
effect is rarely perceivable at all, and only then to close and
special observation.

Besides its other more strictly experimental uses, the
vertical attachment is very effective for projecting on the
screen extempore diagrams, which are easily traced on a
sheet of prepared glass laid horizontally. It often makes a
demonstration much clearer to work out a somewhat com-
plicated diagram step by step in this way. The ground
glass and pencil is best adapted for this method of work, as
the operator can work more freely and see more precisely
what he is doing.



CHAPTER 1II.
RAYS AND IMAGES.—REFLECTION.

Rays of Light—Rays form Images—Inversion of Images—Shadows—
Law of Intensity at various distances—Law of Reflection—Virtual
and Multiple Images—The Doubled Angle of Reflection—Applica-
tion of this in the Reflecting Mirror—Reflection from Concave
and 1Convex Mirrors—Images produced "by Concave Mirrors—
Scattered Reflection—Light Invisible,

11. Rays of Light.—All objects that are visible to us,
are so in virtue of “rays of light” (whatever these may prove
to be) which proceed from every point in the luminous sur-
face. That these rays are perfectly straight or rectilinear
while traversing the same medium, observation convinces
us. We can trace the straight path of a sunbeam in a dusty
room; we know, or find by experiment, that light from
a lamp can only be seen through three perforated cards
arranged with an interval between them, if all three aper-
tures are in:a perfectly straight line; and we are conscious
that if any opaque body be held in the straight line between
our eye and a lamp the light is effectually stopped. But
the rest of the mechanism—the real zmage-forming power of
these rays—is masked to the ordinary observer by the num-
ber of them. To see it clearly, we must isolate the rays
which proceed from the object in certain directions.

12. Images.—We may do this by darkening a room and
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only allowing light to enter through a very small hole in the
shutter—the original camera obscura. Bringing a sheet of
white cardboard near the aperture (Fig. 14), we see depicted
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Image formed by a small hole.
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upon it the landscape outside, and we thus learn experi-
mentally that rays of light are really sent out from all
points of visible objects, and that these rays form images.



24 LIGHT. [cHap.

This is equally the case whether the objects are self-lumj-
nous, like the sun or a lamp (with which-class of })édies’;ve
more commonly - associate—thié idea of this ray‘sending
property), or whether they only retlect to us light derived
originally from other luminous sources. In all cases the
Zmage is formed on the retina or on a screen, by rays which:
proceed from the object to the site of the image.

This landscape image is rather faint, because the objects
depicted are not very brilliant, and there are too few rays
passing through the aperture to form a bright one. We can
get a brighter image by collecting wider cones of rays from
each point of the object, methods of doing which will
speedily come before us; or the more brilliant light of the
lantern will yield a better one. Remove all the lenses,
including the condensers,* and cover the flange-nozzle with
a piece of tinfoil or a cap of black card. In this prick a
hole with a rather thick needle,? and an image of the radiant
at once appears on the screen. Since each point of this
image is defined by straight lines proceeding from the cor-
responding point of the radiant through the prick to the
screen, it is obvious that if we prick another hole we must
get another image. We go on pricking holes, an image
appearing with each, till by degrees the opaque tinfoil or
card is removed. As we'do so the images of the radiant
crowd on one another more and more ; presently they touch ;

1 A simple and striking experiment for the private student is to take
off the top, and knock out the bottom of a coffee canister, and blacken
it inside. Then punch’a holein the middle of its length, about one-six-
teenth of an inch in diamerer. Hold this over a naked candle in an other-
wise dark room ; and a good image of the candle-flame will be formed
at six or eight inches’ di:tance npon a white card or finely-ground glass.

2 A needle-prick will give good image- from a lime-cylinder. With
lower illuminants, the prick will have to be made larger, and a sheet of
card, or the portable screen, should be brought within a few feet of the
lantern.
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then they overlap ; at last, when all the tinfoil is gone, the
screen is covered with a \&gﬁte\glare of light.

13. Necessity for Isolating Phenomena.—We now
see how the image-producing power of the rays proceeding
from any luminous object is ordinarily masked by the mere
multiplicity of such rays. We say the screen is “lighted,” but
we have found that this illumination really consists in its be-
ing covered over by an infinite number of images of the radi-
ant in the lantern. We thus learn at the outset a lesson of
the greatest importance, viz., that in many cases, to ascertain
the true nature of the phenomena of Light, we must zso/aze
a comparatively small numper of rays. Unless we do so,

Rty e ¢
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F1G. 15.—Inversion of image.

such a number of images (or other phenomena under exami-
nation) may get mixed up, or partially superposed, that their
real character may be lost in a general confused body of
light due to them all.

14. Inversion and Relative Size of Images.—It is
plain, also, why such images as we have been forming must be
inverted. Let o, Fig. 15, represent the original object ; then
it will be seen that the rays from its top and bottom, or right
and left, if they proceed in straight lines, ,must cross at the
aperture 4, those from the top proceeding to form its image
1 at the bottom. It is further clear that the relative sizes of
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image and object must be exactly proportional to their
respective distances from the aperture A. Both these truths
are of general and important application in practical optics.

15. Rays, Beams, and Pencils of Light.—We have
thus far dealt generally with “ rays,” but we soon perceive
that a single ray must be in reality a mere ideal abstraction—
one precise mathematical direction, or line without thickness,
out of many divergent-rays from every luminous point. . To
get an image, as in Fig. 13, from single rays, the aperture a
must be znfinitely small, but under this condition visible
phenomena would vanish altogether! In practice we
can only deal with whole bundles of rays, the larger ot

FiG. 16.—~Shadows and Law of Squares.

which are usually called “beams,” and smaller ones (whether
parallel or conical) “pencils.” If, however, we clearly un-
derstand this, it is convenient, in colloquial language, to
speak of a small parallel pencil as a ray, and the word is
often used, though not with strict, correctness, in this sense.

16. Shadows.—That rays of light proceed in straight
lines as long as they traverse the same medium, explains
why opaque bodies cast skadows. Fig. 16 makes this clear.
It is plain that if the square of card (s) is held between the
naked light in the lantern and the screen, it must cast a
shadow over the section of the whole cone of rays which it
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intercepts. It is plain, also, that while a small bright point
of light must cast a sharp shadow, a large source of light
must cast one fringed by more or less partial shadow. called
a penumbra; and if the source of light be larger than
the intercepting object, at a certain distance behind the
object there must occur a position where the whole of the
light is never intercepted, and no total shadow exists.

17. Law of Inverse Squares.—Fig. 16 also illustrates
the law of the Znzensity of light. If the object, o, is exactly half-
way between L and s, its shadow will cover on'the screen a
space exactly €qual to four similar squares. At twice the
distance the light which reaches o has to cover four times
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F1G. 17. —Reflection.

the area; at thrice the distance, nine times. Hence the
intensity of light is “inversely as the square of the dis-
tance ” from the radiant point.

18. Reflection.—Law of Equal Angles.—We must
now replace the condensers in the lantern and put on the
optical objective, placing in the stage a blackened card or
zinc plate 4 x 2% inches, with a horizontal slit in its centre an
inch long and about { inch wide.* Three or four feet in front

1 With the lime-light, if a nozzle with adjustable slit is at command,
the parallel beam through this, without any objective, is bettel. But
either arrangement will answer,
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of the nozzle, N, place one of the pillar-stands, with the plane
reflector, A B, in one of the horizontal sockets, as in Fig. 17.
Fasten on the edge of the reflector just opposite to the
socket, by a groove or wide saw-cut, a piece of cork, E, in
which stick, at right angles to the reflector, a wire, ¢, as an
index. The slit turned horizontally will project a thin slice
of light (as it were) against the reflector, and it is at once
seen that if this impinges at right angles it returns on its
own path ; but that, if the ray be incident at any angle with
the perpendicular index, it is reflected at the same angle, as
shown in the figure, on the other side of that perpendicular.
A little smoke from a bit of lighted touch-paper* will make
the course of the beam perfectly evident. Owing to the
fact that any angle of the incident ray is thus reduplicated
on the other side of the perpendicular, while thé perpen-
dicular incidence alone is reflected in the same path, this
perpendicular is called the normal, and angles in optics are
reckoned from the normal, and not from the actual reflect-
ing surface. Thus the polarising angle of glass is called
56°, and not 34°, which is the actual angle with the surface.
This fact, that the angle of incidence is equal to the
angle of reflection, was about the first optical law known to
the ancients, and has several important consequences. First
of all, it leads us to a grand general principle of reversibility.
That is, if the radiant were removed to the “other end” of
the ray, the path traversed would be precisely the same,
reversed. This is very generally true in practical optics.
19. Virtual Images.—Secondly, we perceive that a
polished or perfect reflector must produce ¢ virtual images.”
We ““see” things in the direction from which the image-
forming rays last come to the eye. Hence, taking the rays
from a bright source of light, such, for instance, as a candle-
flame (see Fig. 18), the divergent rays, when reflected, appear

1 Soft paper dipped in a solution of common nitre.
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as though they proceeded from a point behind the tmﬁro[z

at which therefore there appears a  virtual image.” “«t

20. Multiple Images.—As the eye can see the object
direct, and also its virtual image, the object appears to be
duplicated ; and it is easily seen that if .more than one
mirror be employed, images may easily be further multiplied.
Two parallel mirrors, by successive reflections, can be
made to give a number of images, a familiar example of
which may be found by looking at the image of a candle-
flame in a piece of thick looking-glass held obliquely; a

FIG 18. —Reﬂected image.

whole row of images will be seen, as in Fig. 19, owing to
the rays being reflected and re-reflected between and from
both surfaces of the glass. At a great angle of incidence,
the reflection from the first surface of the glass is as bright,
or even brighter than that from the silver surface; showing
again that the comparative intensity or completeness of
reflection from various substances, when polished, differs
with the angle of incidence. If a piece of plain glass,
instead of looking-glass, be used, we see dlso that reflection
takes place, not only when rays encounter the polished

“/
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surface of a denser medium, as glass; but also at the
second surface, where the rays meet the rarer medium of
the air. We shall hereafter find that this last kind of re-
flection is often the more brilliant of the two. In all cases,
reflection is the more copious the greater the angle of
incidence, except in this last kind of reflection.

Repeated reflection sometimes produces most beautiful
effects. When two mirrors are inclined together at an
angle which is any aliquot part of a circle, or 360°, and

F1G. 19.—Multiple images.

the rays from any object pass in a path between them,
nearly parallel to the junction, there must be as many
images (including the object) as the angle is contained in
360° A glance at Fig. 20 will show how this occurs. Two
such mirrors, or even plain rectangular oblong strips of plate
glass, fixed in a tube, with a cap at one end made of two
parallel transverse glasses, between which are loosely con-
tained some coloured beads, or other transparent objects,
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and with a small hole in the other (closed) end of the tube,
form the kaleidoscope of Sir David Brewster. In Darker’s
Lantern Kaleidoscope, the mirrors are of platinized glass,
and are mounted with a convex lens at each end; thus
mounted the apparatus takes the place of the ordinary
lantern objective, and will produce beautiful patterns upon
the screen if a rotating slide containing the fragments of
coloured glass is placed in the ordinary slide-stage. In
using this instrument the light must be razsed half an inch

F1G. 20.—Symmetrical multiple images.

to an inch above the usual central position, and the angle
of the mirrors turned downwards. This is to ensure that all
the light which reaches the screen is reflected down upon,
and upwards from, the mirrors; and the effect will resemble
that in Fig. 21.

21. The Doubled Angle of Reflection.-~Another
very important consequence follows from this law of equal
angles. It is obvious that in changing the position of the
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mirror, the reflecting surface itself moves through the same
angular distance as the index or normal. Hence it follows
that any angular'movement of the mirror is doubled by the
angular movement of the reflected ray; and this fact makes
the “reflecting mirror ” an invaluable method of recording
minute motions. We are familiar with the lever-index,
moving from a centre ; but in practice we are fettered in
this means of multiplying small motions, by the weight and

F1G. 21.—Kaleidoscope.

other mechanical imperfections of an index-pointer of great
length. In the reflected ray of light we not only double
the angle to start with, but we have a pointer we can make
of any length, which is absolutely straight, and weighs
nothing at all. - Hence the “ reflecting mirror ” has constant
applications, of which the following will serve as experi-
mental examples.
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22, The Reflecting Mirror.—By keen sight, in the
right light, the motion of the pulse may just be discerned,
though it is almost imperceptible. But cut a piece of look-
ing-glass an inch square, and paste on its face a bit of
black paper with a circular hole } inch in diameter. To
the back attach in a triangle three pellets of wax, or
anything that will stick to the skin, and stick the little
mirror on the wrist, with one of the pellets just on the
pulse. In the slide-stage place a zinc-plate or card with a
} inch circular hole, and focus the reflected image of the
aperture. Hold the wrist in the beam, so that the incidence
is about 45° as in Fig. 22. At once the motion of the
pulse is made visible to all by a motion)of the reflected

Fic. 22,

spot of light, on the ceiling of several inches. This is a
very pretty and striking experiment, though simple. In
preparing for it, it is well to find the exact spot on the
wrist at leisure, and to mark it by a dot of ink.

In the same way we may demonstrate the rapid and
minute motions produced by heat. Upon the table we
adjust a Trevelyan rocker, A, with its block of lead, 1, and
fulcrum-knob as usual. Having heated it, we fix on its
face, by any cement that will bear the heat, a small mirror
B, like that just used, and by our glass reflector; ¢, direct
the beam of light from a small aperture down upon it at any
angle, so as to be reflected to the ceiling or the screen,

D



34 LIGHT. [cHAP.

where the spot should be focused sharply. The whole
arrangement is shown in Fig. 23. What would be a. sta-
tionary spot of light if the rocker were cold, is by the small
rocking motion at once prolonged (by the persistence of
impressions on the retina) into a bright line of light, and
by gradually raising with the hand the block » bearing the
fulcrum end, this is converted into a beautiful wavy line
E F, which makes every separate motion visible. The
rocker should be judiciously chosen by experiment as to
its period of vibration. A kitchen poker may be made to

FiG. 23.

do by bevelling one side of the square end to a very obtuse
angle, and attaching the mirror to the opposite face.

Our next illustrations may be from those vibrations
which produce sound. The elegant ekperiment of M.
Lissajous may easily be illustrated with the lantern and
such a tuning-fork as may be bought for 55. On the out-
side of the end of one prong must be strongly cemented a
small bit of looking-glass, and on the other a bit of metal
or glass to balance it. We then mount the fork in a
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heavy block of lead, place a slide with a small hole in the
slide-stage, and arrange the whole with the plane reflector in
the vertical socket, as in Fig. 24, so that the light from the
lantern may be reflected back from the mirror on the fork
A to that on the pillar-stand B, and thence to the screen,
where it produces a spot, which must be focused.! The
card screen should also be placed between the fork and
screen, with its blackened side towards the lantern, so that
none of the incident beam may pass and interfere with the

effect. On now exciting the fork by a violin bow, the spot
is expanded by the angular motion of its mirror into a

! These are the usual arrangements for a gas-burner ; but where the
lime-light is used, it will often be preferable so to place this accurately
in the condenser focus as to make the whole beam parallel, to remove
the objective altogether, and place the proper apertures on the front of
the nozzle, as is usually done with an electric lantern. A rough tin cap
is easily made in which the zinc plates can slide. Such parallel beams
are not focused. In all cases the mirror used should be as large as
practicable, as the brightness of the focused spot,will depend on the
size of the pencil of light reflected by the mirror. These remarks
apply generally to the class of experiments depending upon reflection.
from a small mirror.,

D 2
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.bright vertical line; and by slightly turning the reflector »
in its vertical socket, this is developed, as before, into a

FiG. 25.—The Kaleidophone.

beautiful undulatory form ¢ D, showing each vibration of
the fork. We may, as is well known, substitute a second
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fork fixed horizontally for the mirror B, and thus get beauti-
ful compounded curves; but this belongs rather to another
subject, and a pair of really accurate forks are expensive.!
Equally beautiful gp#ical effects may be got by squaring oft
carefully ‘the end of -a springy steel rod, cementing a small
mirror on that,? and fixing the other end firmly by a screw
into a mass of metal sliding on one of the pillars. This is
presented “end on?” to the nozzle of the lantern, in the
position of the fork-mirror A in Fig. 24, but the reflecting
mirror B is not moved. On now drawing aside the rod,
and releasing it, or striking it, beautiful curves will be pro-
duced, of which Fig. 25 may serve as specimens, depending
on the thickness and length of the rod, where it is struck,
&c. This is the simplest screen adaptation of Sir Charles
Wheatstone’s Kaleidophone. Mr. Ladd has made a modi-
fication of it called the Zovzopiant, in which the rod is
made of two steel slips of different lengths welded together
like a girder ; and by bringing more or less out of the screw
socket, almost any of Lissajous’ combinations can be
produced.

Get a large and thin claret or champagne glass—the larger
the better—say 3 inches diameter, and fill to the brim with
alum-water. Adjust this on the table as in Fig. 26, the
reflector A throwing the. full light from the nozzle N at a

! Forks that perform very well optically, may be bent up of steel
about 1 x }inch.” The arms should be about a foot long, and each
arm furnished with a metal socket sliding easily on it, and fixed by a
screw at any point. By these movable sockets we have much control
over the periods of vibration. - Such forks need not be polished.

2 These very small mirrors are not easy to fix and to shape, even of
the thinnest plate-glass obtainable., Minute, bits of glass silvered on
the first surface, after the manner of specula, do better. The most
convenient material of all I have myself found to be small polished
discs of very thin steel, such as are sometimes used to ornament femi:

nine articles. Unfortunately they are not easy to procure. Those I
¢ “ ”»
have used “came off ” a fan,
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slight angle down on the glass, and the lens B focusing the
surface on the ceiling.! On now ringing the glass by the
edge of a knife, circular waves of light and shade will be
seen: and on dipping the finger in the alum-water and—
holding the stem firmly down—rubbing the edge till the
well-known sound is produced, small ripples will cover the
surface in exquisite patterns, and follow the finger round, all
being reproduced above on the ceiling. With a large thin
glass the pattern may often be varied by pressure, but glasses

FiG. 25.

differ. A violin-bow, besides being in the way, produces
somewhat too strong vibrations.

1 If an Argand burner is used, we want all the light, and the reflector
and glass must be so brought up near the nozzle, that all is collected
just into the circumference of the water. All scattered light must also
be carefully stopped ; covering the side-openings of the ordinary slide-
stage with a cloth, seeing no light escapes anywhere, and standing the
glass itself on a piece of black cloth, that no light may be reflected from
the table surface to the ceiling. In working with a low illumination
much depends on these precautions, and with them this beautiful ex-
periment will show very fairly on a ceiling 9 or 10 feet high ; a reflector
in the lantern is also of service. ~With the liwe-light we need not
be so particular, and the parallel beam will be best.
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The vibrations due to sound may be shown by the
reflecting mirror in yet another way, due originally to Pro-
fessor Dolbear, Procure a tube of any material about 1}
inches diameter, and say a foot long—paste-board will do,
or metal. Over one end of it stretch any thin membrane
—part of a child’s india-rubber balloon will answer excel-
lently, or even a piece of paper gummed on. In the
centre of this fix by a little gum or other cement a small
bit of thin looking-glass, not exceeding at most } inch

FiG. 27.

square. The whole is to be arranged in any kind ot
crutch or rest as in Fig. 27, reflecting a spot of light to
the screen from the small mirror and plane reflector. Then
sing into the open end of the tube. Every note will pro-
duce a line or figure of some kind, each line varying in
azimuth, and the figures often taking symmetrical forms, as
the membrane vibrates under the sonorous vibrations in the
tube. This simple experimentis very interesting and beauti-
ful. Still more beautiful methods of optically representing
these sound-waves will come before us when we consider

1 Thicker glass is apt to separate too much the image from the first
surface. See also note on page 37.
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the colours of thin films. Meantime these experiments
may suffice for simple plane reflection, and the power of the
reflecting mirror ; which last finds its fullest development in
the “rotating” cubical mirror of Sir Charles Wheatstone, by
which the velocity of light itself was measured by Foucault
with such marvellous accuracy.

23. Reflection from Curved Surfaces. Concave
Mirrors.—Further consequences follow from the law; or
fact, that the angles of incidence and reflection are equal.
Let us suppose our reflecting surface, instead of being flat,
is curved, as in a portion of a sphere, of which a section is

Fi1c. 28.—Concave Mirror.

shown in Fig. 28, the centre of the curve or sphere being
at ¢. A drawing upon a large scale will speedily show
that a series of parallel lines, representing rays, leaving
the mirror A at equal angles to those of incidence, must
meet or converge znearly at the point ¥, midway between c
and A. If we take a divergent pencil as in Fig. 29, we
find still the same thing: here c.is still the centre of
the mirror, from which all lines drawn to it are perpen-
diculars to its surface. One such normal is shown by the
dotted line, and simple inspection makes it evident that
the lowest ray from s, reflected from the mirror at an
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equal angle on the other side of that dotted line, pro-
ceeds to s, and that every other ray from s is reflected to
nearly the same point. The qualification ‘“nearly” is
necessary, because a carefully constructed mathematical
diagram will show that only a parabolic form will exactly
converge parallel rays to-one point, and -that a spherical
mirror only exactly converges rays emanating from the centre
of the sphere. But for small surfaces the aberration is small
even with spherical mirrors ; and these are the correct figure
for aiding the light in lanterns or electric cameras, the rays
proceeding from the centre of curvature, and being reflected

F1G. 29.—Image formed by Concave Mirror.

back through the same point, so as to reach the condensers
at exactly the same angles as the direct light. Parabolic
mirrors are often fitted by opticians to lanterns; but a
moment’s reflection will show that such an arrangement is
a mistake, as the condensers cannot deal properly at once
with the divergent light from the radiant and the parallel
light from the mirror. On the other hand, when a strong
parallel beam is required, as in lighthouses, the parabola
is the correct form. The point where parallel rays converge
is called the principal focus.
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24. Images from Concave Mirrors.—As the rays
from one point are collected by a concave mirror to another
point, as in Fig. 29, we must necessarily have an image
(§12). And because a wide cone of rays is thus collected
and converged, this will be a d7ig/ter image than those pre-
viously obtained. We have supposed s to be a point in
Fig. 29, but if we take an object Ao B (Fig. 30) and trace
only two diverging pencils for the sake of clearness from
its top and bottom points, we shall see that both rays from
A converge to @, and both from B at the point &; parallel

FiG. 30.—Inverted Image.

rays crossing at F, the principal focus of the mirror, and
rays perpendicular to the surface at c, the centre of curva-
ture. If @ & is the object, then the enlarged image will
appear at A B, owing to the principle of reversibility (§ 18).
Inspection will show that the image must be inverted.

All this can be easily proved by experiment, a concave
silvered glass mirror 6 or 8 inches diameter being now
procurable for a few shillings, and answering the purpose
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sufficiently,’ the secondary image from the first surface of
the glass being too faint to matter much in mere demon-
stration. We simply remove the objective from the lantern,
deflect it about 9o° from the screen, and place in the ordinary
lantern slide-stage any  diagram, or some simple lantern-
slide. The concave mirror (of not less than 6 inches focus)
can then easily be so held by hand as to throw a very fair
image upon the screen of - the slide in the lantern.

This, then, is one method of collecting sufficient rays from
an object to form bright images-; which is practically utilised
in the reflecting telescope, largely used for astronomical pur-
poses. The rays to be collected being practically parallel,
the figure of the mirror is parabolic ; and the collected rays
may be brought to the eye in either of several methods,
which need not be described in a work dealing only with the
physical phenomena of light.? If the pupil of the eye be, say
$th of an inch in diameter, and we “‘see ” a star by the “light”
which enters that small area, it will readily be understood
how many thousand times the same quantity of light will be
collected by a good speculum several feet in diameter, and
how much magnification an image so produced will bear
without too much loss of brilliancy. ;

25. Convex Mirrors. Virtual Images.—The images'
just considered are 7za/images: that is, the rays diverging from
all points of the object being actually converged to certain
points, if a screen be adjusted at these points the image or
picture will appear upon it. A few moments’ consideration

1 For private experiment all the phenomena of curved mirrors may be
easily traced out by blacking the convex side of a watch-glass for the
concave mirror, and the concave side of another for the convex
mirror,

2 These and other optical instruments are fully’explained and illus-
trated in Guillemin’s Applications of Physical Forces, published by
Macmillan and Co.
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and a simple diagram ! will show that if an object be placed
in front of a convex mirror, the divergent rays from it must
be reflected still more divergent, and must, therefore, since
the rays are “seen” in their last apparent direction, agpear
to proceed from a point behind the mirror, obtained by pro-
longing behind it the reflected ray-lines. Such an image
appears smaller, and erect, and is a “ virtual ” image, having
no real existence. If an object be placed nearer a concave
mirror than its principal focus, a diagram will also show that
no real image can be formed, but that a “ virtual,” erect,
enlarged image will appear behind the mirror.

26. Scattered Reflection.—Turn the lantern again
towards the screen, throwing from it either a beam of
parallel light, or the image of an aperture an inch dia-
meter if a plain burner is employed, stopping the beam with
the black card screen at the end of the table. With the
plane mirror throw the beam back, and rather towards the
ceiling, to any point not very white or light-ccloured.
Nearly the whole of the light will be reflected, but the
mirror itself will be little illuminated, and the room itself
will remain nearly dark. Now take the card screen, and
turning round its w/hize side, use that in place of the
mirror. The beam of light is no longer reflected as be-
fore (in the form of a bright beam) to the ceiling; but
the card is brightly illuminated, and a very considerable
amount of light is diffused throughout the room. Hence
the light at first sight appears to be reflected according to
different laws in the two cases.

But it is not really so, and this simple experiment, with
what we have already discovered about forming images by
collecting and converging diverging cones of rays, explains

1 The student is strongly advised to construct such diagrams for
himself, solely by the method of drawing ray-lines at equal angles of
incidence and reflection.
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to us how #iings become visible, or send light to us, though
that light be only borrowed or reflected. We can under-
stand in a moment that a perfectly polished surface, if such
were possible, can only reflect to us or converge for us, the
diverging rays from other and luminous objects, without
altering them otherwise. It must itself, therefore, be utterly
invisible. Such a perfect polish is unattainable, but our
nearest approaches to it prove the truth of this. Itis not
uncommon for a large mirror occupying the whole of one
end of an apartment, or the side of a landing, to be un-
perceived ;! and Colonel Stodare’s ¢ Sphinx,” which made
some sensation years ago, depended upon the space between
the legs of an apparently three-legged table being glazed
with brilliant looking-glass. The stage being kept in a
rather subdued light, and the carpet and hangings carefully
arranged of uniform colour, with no ¢ pattern,” to all
appearance there were only three legs under the table and
box which supported a living head ; whereas the man’s
body was comfortably accommodated behind the two opaque
mirrors, placed with their.angle of junction towards the
spectator.

With surfaces not perfectly polished, or—which means
the same thing—not perfectly smoot#, it is very different.
Let Fig. 31 represent such a surface, with its inequalities
highly magnified. The rays from the left hand, say of a
sun-beam, strike upon it all parallel. But even the few
which for the sake of clearness are drawn, are reflected in
all directions, owing to the furrows and protuberances of all
sorts, which make the angle of incidence variable for almost
every one. It can be seen that every reflected line in the
diagram is drawn at the proper angle ; yet how different these
reflected directions are ! In reality the variety of directions

1 T once walked up against a large mirror placed at the corner of a
club staircase, and occupying the entire wall at the corner. ¢
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is countless, and thus from every sensible point of the surface
comes, not the original parallel pencil of rays, but a cwne of
divergent rays. - The body itself thus behaves like a candle,
or has become luminous, though only by reflected light ; and
thus it is that if we collect and converge these new cones of
rays, either by the eye, or by any other methods, we form
an image.

F1G. 31.—Reflection from Unpolished Surfaces.

27. Light Invisible.—We push our experiments on
scattered reflection a step further, for it bears on a very
important matter. Already we cannot help asking ourselves,
what 7s this Light, which obeys rigidly such simple laws, and
yet produces such various effects by them? The equal
angles of reflection and incidence almost irresistibly suggest
to us a ball rebounding from a wall, or a billiard-ball from a
cushion, which (except for the influence of any “twist” in the
latter case) obey the same law. It is natural to conceive of
Light as consisting of infinitely small and highly elastic
particles, propelled from the original luminous source ; and
such a hypothesis will account for most of what we have
found, if not all. Being very simple and convenient, and
so easily understood, we may therefore provisionally adopt
it ; but besides some other difficulties we must grapple with
later on, the hypothesis has one obvious difficulty that
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encounters us even now. Light ought, if it be as supposed,
to be wisible. And indeed we are apt to picture it as
possessing intrinsic brilliancy of its own, and we have even
appeared in many of the previous experiments to ¢ see” the
course of the rays—the very “rays” themselves—in our
darkened room.

Nevertheless it is not so, as a careful consideration of our
last experiments soon leads us to perceive. This Light we
are studying is not itself a Thing, but a. Revealer of things.
It is itself, and by itself, absolutely 7zzisible. 1t makes visible
to us luminous objects or sources, rays from which actually
reach our eyes ; but if we look ‘‘sideways” at rays from the
most dazzling light, we cannot see them. Space is black. If we
appear in previous experiments to have ““ seen ” the course of
the rays in our darkened room, this is only because of the little
motes in the air ; and Professor Tyndall has shown that, de-
stroying these by heat, and keeping fresh ones out of a glass
tube thus cleared, the space traversed by the full beam of
an electric lamp is dark as night. We demonstrate this less
perfectly, but sufficiently, asin Fig. 32. Place on the tablea
confectioner’s glass jar, 4, 6 inches in diameter, cover it with
a glass plate, B, and drop into it a bit of smoking touch-paper,
which soon fills the jar with smoke. Adjust the plane
reflector, c, to throw the whole light down as parallel as
possible, when the jar is at once filled with a peculiar
lambent light. Take off the plate and let the smoke out ;
and, as it disappears, dark spaces appear where there are no
particles to reflect the light, till all is dark. The Light itself
is there alike at all times; but where there are no -solid
particles to reflect it actually 72 #ze eye, we see nothing at all.
The Light that illuminated the jar is itself invisible.

Once more : clear the jar and fill it with clean water. Again
it is almost invisible, except where the raysmay be reflected
from some point of the glass direct to the eye; and it would
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be quite invisible were the clearness of the water and polish
of the glass perfect, as we have seen (§ 26). But now pour in
one or two spoonfuls of milk and stir it up. At once a splen-
did opallight fills the jar, and a pleasant radiance the room.

Many students, and even teachers, too much despise these
more simple experiments; but they are not only of great
beauty, they are pregnant with meaning. We have here not
only a difficulty in the ¢ emission ”’ theory which we must not
forget, but we have had another striking example of scattered

F1G. 32.—Scattered Reflection.

reflection—that kind of reflection by which most bodies are
seen. Inwhite light, more or less of such scattered light is
always white. Therefore “ coloured ” bodies reflect white light
as well as coloured ; and more white light will be reflected
from a black hat in the light, than from a shirt-front in the
shade. Smoke is soot, and we all know soot is black ; but
in our last experiment but one, the light we got reflected
from our particles of smoke, when diffused, was white.



CHAPTER III
REFRACTION.—TOTAL REFLECTION,—PRISMS AND LENSES.

The Refraction or Bending of Rays—The Law of Sines—Index of
Refraction—Total - Reflection—The Luminous Cascade—Prisras—
Lenses—Images produced by Lenses—Focus of a Lens—Virtua
Images and Foci. 4 :

28. Refraction.—Provide a rectangular tank about two
inches between the sides, one of which, to serve as the front
is a piece of glass a foot square, or a little more ; let one
end also be of glass, and the top open.! Paint over the face
with black varnish all but a circle, on which paint a hori-
zontal and perpendicular line through the centre, as in
Fig. 33. Provide also a strip of thin zinc or copper black-
ened, c D, rather wider than the tank, and about three inches
longer, in which cut two slits § inch wide, and nearly the
whole width of the strip (or depth from front to back of the
tank) in length, in such positions that when the strip rests
perpendicularly against the glass end, the slit £ shall be about
4 inch above the horizontal line, and the slit F make an

1 Professor Tyndall was the first to employ this styiking method for
lantern demonstration of refraction. His tank was circular,likea clock-
face. The square form here described is more easily made, and the
loose cover and slits have advantages in demonstrating total reflection.

E
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angle of 40 degrees from the centre of the circle with the

horizontal line.
Cc

Fic. 33.

Fill the tank exactly to the horizontal line with water
mixed with two or three drops only of milk; place the
metal strip over the top with both slits towards the lantern,
and arrange the reflector as in Fig. 34, placing in the optical

F1G. 34.—Refraction and Reflection.

stage the slit used in our first experiment in reflection, hori-
zontally, or using it with parallel light. First of all direct
the light through the slit E (Fig. 33), only a little off the
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perpendicular, covering over the other slit. It w1ll'bé'§e
that the ray is bent or refracted on- entering the waterN IA
Cover up this slit and uncover the slit r (Fig. 34), near the
end of the tank, and blow in a very little smoke from a bit
of touch-paper to show the course of the ray. (If too much
is used the light will be scattered, as in our last experiment.)
We now see more clearly all that takes place. First of all,
‘the ray is much more_bent than before; and secondly, a
considerable part is 7efected according to the law found in
our former experiments. e

29. The Law of Refraction.—We have found that in
passing from the air into the water the ray of light is
wrenched or bent down towards the perpendicular, or
refracted, as it is called. The greater the original angle
with the perpendicular, the greater also is this bending, and
we naturally inquire if there is any law which governs these
variable angles of deflection. The law is simple enough
when known, but not very obvious to mere observation. It
eluded even Kepler’s special investigation, and was only
discovered about 1620-25, by Willebrod Snell. Itis called the
“law of sines.” Taking a circle, as drawn on the face of our
tank, described round the point where the ray enters the denser
or more refractive ! medium, and drawing the perpendicular
or normal, A B (Fig. 35), we may take any incident ray, D C,
and the refracted ray, cd. From the points at which these cut
our circle we let fall ps and &'s perpendicularly upon the
normal AB; then Ds is “the sine” of the angle of inci-
dence, and & s that of the angle of refraction, and the two
lines will bear a certain proportion ; in the case of air and
water here supposed, it is almost precisely as 4:3. Now
take any other angle of incidence, Ec, and its refracted ray,

1 A heavier fluid may have less refractive power, 8r gptical density,
than a lighter one. Oil of turpentine floats on water, but has much
more refractive power.

E 2
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ce, and drawing the sines as before, they will bear precisely
the same proportion. All the sines bear the same invariable
ratio.

- 30. Index of Refraction.—When this ratio of the sines
is put into the form of a fraction—generally a decimal fraction
—it is called the “index of refraction.” Unless otherwise
specified, figures so given are understood with reference to
air as unity. In the case of air and water we have seen that
this ratio is zearly &; and when put into decimals, 1°335

1s the “index of refraction " for water. It follows, that the
gr:aét<;r“:he refractive power the higher the index must be.

A

S___D

s

FiG. 35.—The Law of Sines.

31. Refraction into a Rarer Medium.—We have
proved that a ray passing obliquely from air into water is
bent towards the perpendicular, or downwards; and yet
if we look at a stick standing in clear water it appears to
be bent upwards. Fig. 36 explains this. The dotted
lines represent the real position of the bottom part of
the stick, and those dotted from the lowest point show
the course of the rays which reach the eye from that
point. On reaching the surface they are bent from the
perpendicular, and the bottom of the stick is ‘“seen” in
the direction from which the rays actually enter the eye.
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We thus see that the course of the refracted ray, like that of
a reflected ray, is exactly reversible. If the bottom of our
tank is made of glass, and it is raised up from the table and
a ray.sent #p through the water, it can be shown ‘experi-
mentally that at sufficient angles the ray is refracted from -
the perpendicular on leaving the water: or the ray may
enter the top of the tank as before, and after first being
refracted downwards, will, on passing through the glass
bottom, be again refracted #prwards, or from the normal.

32. Total Reflection.—But there is a curious limit to
this. Seeing that as the angle of incidence increases, the re-
fracted ray is more and more bent downwards, or towards the
perpendicular, we cover the top of the tank with a bit of plain
board, and place the metal strip upright against the end of
the tank, in the position of Fig. 37. Gently canting our
lantern a little, we pass the beam direct through the slit &
(Fig. 37), so as to enter the water almost horizontally. We
find the ray bent down a great deal, about, at an angle of
45° as shown by the thin white line ¢ . Now we have
ascertained that if we throw the ray first by our reflector
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up through the water, in this case the path is exactly 7e-
versed. Tt occurs to us at once, that if we sent our beam
' at a slightly greater angle (never
forget that all angles measure
from the normal) through the
water, there is no path in the
air it can assume : it would ap-
pear that it could not get out
of the water at all. We try it,
as in Fig. 38, sending our beam
up through the lower slit by a
bit of looking-glass, so as to
Fic. 37. strike the centre at an angle of

50° from the normal.' It does

not get out—not a sign of it. It is totally reflected ; and
because this reflection is total, it has a brilliancy not pos-
sessed by that from even the best silvered mirrors. It will

gl

F1G. 38.—Total Reflection.

be readily seen that the angle of total reflection must de-
crease? as the.index of refraction zzcreases ; but this will be

1 The limiting angle is about 48°, but we go on the safe side.

2 Never forget that these angles measure from the normal. The
phenomena of total reflection may be observed by the private student
by looking at the under-surface of the water in a tumbler held rather
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shown by a beautiful experiment when we come to study
the subject of colour. et

33. A Luminous Cascade.—There is another very
beautiful method in which total reflection may be illustrated
by the lantern, called the ¢ luminous cascade,” or ¢ fountain
of fire,” which may be arranged so as to be very effective
by simple means. Get a two-necked glass receiver (Fig.
39) about 4% inches diameter, with
as large npecks as possible, and
in each neck fix by corks glass
tubes of similar size, as large ds
possible, not less than § inch clear
bore, and 1 inch is better.! Black-
varnish all outside, except a circle, ¢,
three inches diameter, opposite the
neck meant to be horizontal, and
adjust this as at a (Fig. 40) close against and projecting into
the lantern nozzle, (the flange nozzle, with the objective
removed,) on any stand, filling with water first, and cork-
ing the tube in the horizontal neck till all is arranged.
Several feet higher, fix some sort of supply tank (a
bucket will do) with a bit of tube fixed by a cork in
the bottom, and connect with the "top neck by a

FiG. 39.

above the level of the head and of a candle, or by immersing the lower
end of a test-tube slantwise in water. Whatever is placed in the dry
tube will be invisible, and the tube brighter than silver ; but on pouring
in water the brightness disappears and the contents of the tube become
visible.

1 There is sometimes difficulty in procuring a receiver with both
necks large enough, on a small globe. In that case, insert as large a
tube as it will take in the largest neck, for the emission opening, and
strain the flexible supply tube over the other neck alone, which will
give plenty of aperture for the supply. A fair-sized stream is a sine
gqua non ; otherwise there is not enough light, and it breaks up too
soon into drops.
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flexible tube, B, the whole arrangément being shown in Fig.
40. Finally adjust the light at such distance from the
condensers that the greatest possible amountis concentrated
into the space occupied by the emission-nozzle. Having
adjusted all this, and filled the tank, remove the cork from
the tube, and let the water stream out in a gentle curve
into a bucket on the floor. The effect is beautiful even on

F1G. 40.—Luminous Cascade.

this small scale. The jet is like a stream of living fire ; and
if we have some coloured glasses and slip them in turn
into the ordinary slide stage of the lantern, we get blood-red,
blue, or what colour we desire. All this is owing to “ total
reflection.” If the water did not issue, and we replaced the
cork by a ground-glass stopper with flat polished ends, we
know the light from the lantern would be thrown horizontally
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into the room. Bat it megets the stream of water on every
side at much more than the angle of total reflection; and so
it cannot get out, but is reflected from side to side all down
the stream, making it brilliantly luminous by the small motes
in the water. Put the hand in the jet, and it is bathed in
light—that light which cannot get out of the stream except
where we thus break it up.

34. Deflected Rays.—We must, however, follow re-
fraction a little further. We have seen that the path of a
refracted ray is reversible, and that, on leaving the water, it
is bent from the perpendicular. We easily see (Fig. 41) that

F1G. 41.- -Deflection.

if a ray, s, passes from and into air through a denser medium
with parallel surfaces, as a thick piece of plate-glass, it must be
deflected somewhat, but finally resume a direction parallel
to the original, as if proceeding from s'. We may de-
monstrate this with the lantern, by placing in the ordinary
stage with objective removed, and focusing on the screen
with the loose lens, a blackened glass slide with one or more
perpendicular lines, or other figures, scratched in white
through the varnish. Now hold across the slide a strip of
plate glass }inch thick, so-as only to cover a portion of the
figure. When this is held flat to the slide there is of course
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no perceptible refraction ; but when the plate glass is held
obliquely, so that one end is farther from the slide than the
other, the lines as far as covered are perceptibly deflected or
broken. (Fig. 42.)

35. Prisms.—But we further perceive that if the two
surfaces of the glass are inclined to each other, the ray must
be permanently deflected into a new direction. . Any refract-
ing body with faces so inclined is called a prism. Fig. 43
shows a section of such a prism, and it is clear that a ray,
s 1, infringing on the first surface at the angle s1N with the
normal N, will be refracted in the path 1 £ towards the per-
pendicular. But EN’ is the normal to the second surface,

F1G6. 42.—Deflected Image.

and on emerging the ray must be refracted from that, in the
direction E R, widely different from that of the incident ray.
It is equally clear that the deviation must depend not only
on the density, but on the angle of the refracting surfaces of
the prism. It also, however, depends on the position of
the prism (§ 36).

All this is easily demonstrated ; but to avoid much colour
phenomena, which must be studied separately, it is best to
take a water-prism of rather a small angle. Such a prism is
readily constructed by shaping a smooth wedge of beech
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about 3 inches square, one inch thick at one side, and tapering
to an edge at the other. Bore centrally through, from face
to face, a circular hole 2 inches diameter ; paint the inside of
the hole with sealing-wax varnish; and then, heating two
clean pieces of plate glass 3 inches square, cement them with
hot sealing-wax or shellac on the flat sides. By a small
hole bored from one end of the wedge this prism may be
filled with water, or the hole may be entirely opened out to
one end so as to form a small open trough. Placinga small
aperture in the optical stage, and focusing on the screen,

F1G. 43.—Prism. -

stand the water-prism on one end on the table-stand (Fig.
11) and adjust in the path of the rays. It will at once be
seen how the image is deflected. If a multiplying glass,
which can be bought for a shilling or two, or the button
from a glass “lustre,” is held in front of the nozzle, a
number of refracted images will appear on the screen.

36. Position of Minimum Deviation.—It will soon
be found that the deflection varies as the prism is turned round
upon its axis into different positions. It will also be found
that the deflection or refraction is least when the prism is
placed as in Fig. 43, so that the incident ‘and refracted rays
make egual angles with their respective surfaces.  This
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position is known as that of “minimum deviation,” and is
carefully arranged for in all accurate prism work, such as
spectrum analysis.

37. Lenses.—Let us now consider a number of prisms ot
gradually increasing angles, arranged round an axis. Fig. 44

F1G. 44.—Nature of a Lens.

may represent such a combination of prisms in section. A
glance at the diagram shows that the outer parallel rays,
from the left hand, meeting prisms of greater obliquities,
are more deflected than those nearer the centre; and that



11L.] LENSES. 61

if the obliquities are properly adjusted, all might be made
to converge in one point. If the obliquities are infinite
in number, it is obvious we get cxrved surfaces, and such
form a Zens. These may either be convex or coneave on
either or both surfaces, or flat on one, and convex or
concave on the other. It is plain that whatever the figure
may be, if they are thicker in the middle than the cir-
cumference they will be converging lenses ; if thickest at the
circumference, diverging lenses.’

38. Images formed by Lenses.—Since parallel rays,
falling on the double-convex lens a (Fig. 45) converge to the

F1G. 45.—Lens and Focus.

point ¥, which (as in the case ot a converging mirror) is the
principal focus ; and since the path of the rays is reversible,
and rays from the point F after traversing the lens become
parallel, a moment’s consideration will make clear that
if the rays diverge from any point deyond the principal focus,
they must converge to some other point and form an image.

1 A lens formed by two equal convex surfaces is called a double
convex lens, and if the two convex surfaces are of different curves,
a ‘““crossed ” lens; lenses with two concave surfaces are double-concave
lenses ; those with one side flat, plano-convex or ‘plano-concave ; a lens
with one side convex and one concave, a meniscus.
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Fig. 46 shows this. The parallel rays from A and »
converge at the principal focus F after traversing the lens
o; but if rays diverge from the points A and B of an object
(only pairs of rays are shown for the sake of clearness) they
converge to the points ¢ 4 and form an image. It is also
clear how the respective distances of image and object
govern their respective sizes, so that if @ & is the object, A B
will be its image. Also that the image thus formed must
be inverted.

Thus we have a second method of forming brilliant
images, the lens taking up a large cone of rays from each

F1G. 46.—Image formed by Lens.

point of the object. ~As in the case of mirrors, however, the
spherical surfaces which are most easily ground do not
truly converge the rays to a point, except for a small
central portion of the lens ; the figure necessary to do this
being parabolic. Such parabolic lenses have been ground,
though with great difficulty. There are however other errors
also to be corrected ; and it is easier and more convenient
to correct all these errors by methods presently described,
or to stop off some of the most erroneous marginal rays.

39. Virtual Images and Foci.—A mere inspection
of Fig. 47 will show that if the object or luminous point
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be nearer the convex lens than its principal focus F, the
rays cannot form an image, but simply become less
divergent. If the emergent ray-lines are produced back to
s, that will be the ¢ virtual”’ focus. In this case we have

F1G. 47.—Lens and Virtual Image.

also a virtual, magnified and erect image, as in the ordinary
way of using a magnifying glass,’

40. Concave Lenses.—A double concave or other di-
verging lens either converts parallel rays into divergent, as in

F16. 48.—Concave Lens.

Fig. 48, or convergent rays into Jess convergent ones, which
may be parallel, or still remain convergent. Such lenses
! The student is again strongly urged ‘to work out for himselt

diagrams of this and other cases ; not here described in detail, as unsuit-
able to the experimental character of this work.
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can only have a “virtual” principal focus, F, obtained by
producing back the divergent ray-lines into which they refract
parallel rays,

A whole host of optical instruments, which cannot here
be described,! are based upon these properties of lenses ;
especially microscopes, telescopes, and such lanterns as we
employ in our experiments or for exhibiting views. In
most microscopes and telescopes, a magnified image is
further -magnified by an eye-piece. In the lantern, the
‘ condenser ’ lenses are employed to make the diverging
rays from the radiant parallel or nearly so; while the
objective, or our loose focusing lens, forms a magnified
inverted image upon the screen of some object powerfully
illuminated. Except as regards details necessary for cor-
recting -aberrations, these phenomena of refraction explain
them all ; and every curve of every lens has to be calculated
for the special work that lens has to do, according to its
index of refraction and the law of sines.

1 See Guillemin’s Applications of Physical Forces. Macmillan & Co.
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CHAPTER 1V.

DISPERSION AND THE SPECTRUM.— DIFFERENT COLOURS
HAVE DIFFERENT REFRANGIBILITY.

The Spectrum—Different Colours differently Refracted—and each
Colour has its own Angle of Total Reflection—Position of the Prism
and its Effect—Correction of Aberrations by Variations in Position
—White Light a Compound of Various Colours—Suppression of
Colour produces Colour—Artificial Composition of White Light—
A Narrow Slit necessary for a Pure Spectrum—The Rainbow—
Refraction and Dispersion not Proportional—Achromatic Prisms
and Lenses—Direct Vision Prisms—Anomalous Dispersion.

41. The Spectrum.—With the water prism as before
described, or if the multiplying-glass or lustre-button used
to produce the multiple deflected images has faces of small
obliquity, nothing' more may have been noticed than the
refraction described in the last chapter ; though even with
these instruments attentive observation will generally dis-
cover a slight fringe of colour at the edges of the refracted
images. We must now, however, employ a prism of more
density and greater angle—either the glass prism (Fig. 9),
or the prism bottle filled with bisulphide of carbon. Place
in the optical slide-stage a perpendicular slit § inch deep
and } inch wide, and arrange either the flint-glass prism, or

the bisulphide prism on the stand, as in Fig. 49, first
F
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focusing the slit upon the screen; and, as we expect
the rays to be now very seriously deflected, turning the
lantern off at.a considerable angle before interposing the
prism.!  What a spectacle we have! There stands the
glorious rainbow-band as first revealed to Newton’s enrap-
tured eyes; and which is to introduce us to a new and
magnificent field—that of colour. Of all the people who
have experimentally studied Optics, and who of course have
performed this experiment scores and scores of times, never
one yet but has felt that it never loses its fascination ;.the

¥1G. 49.—Production of the Spectrum.

same feeling of delight ever comes upon us, as that SPECTRUM
appears on the screen (Plate II. A), which is to go with us,
and be more or less, our guide, through great part of our
future experiments. It is at once noticed, that while all
the colours are bent aside, the red end of the spectrum is
much less bent than the blue.

42. Different Colours differently Refracted.—
Newton deduced from this and other experiments with the

1 With a gas-burner the screen distance should not exceed about
six feet.
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spectrum, that each colour of light had its own degree of re-

frangibility, and that white light was compounded of various:
colours. We demonstrate the first point as follows. - Arrange

as before, but with a skor# as well as narrow slit in the optical

stage—Ilet it, say, be an aperture } inch square—and let its
long narrow spectrum be projected by the bisulphide prism.
We may perhaps think that the effect of the prism is merely
of itself to spread or open the rays. To see if this is the
case or not, we adjust behind the first prism, or between it
and the screen, our glass prism in a /4orzzontal position, with
the refracting edge downward. If it be so, our spectrum
will now be generally widened as well as refracted upwards.
It is not, however ; the violet end is refracted up far more
than the red end, and the spectrum appears on the screen
askew, or slanting. The spectrum may be perhaps a little
thickened or widened, but that is all (it will not be so if it
is a good Jlong or well dispersed one, such as is produced
by employing two bisulphide prisms). Each colour, pro-
ceeding from the red end, simply appears more and more
bent up. Hence the ‘“dispersion,” or opening out of
the beam of white light into a spectrum of various colours,
may be accounted for on the hypothesis of a different
refrangibility for each colour, supposing only we find on
experiment that such a combination of colours will compose
white light.

43. Each Colour has its own Angle of Total Re-
flection.—Newton proved the special refrangibility of each
colour by another still more beautiful experiment ; one of the
most elegant ever devised. It depends on the facts already
noticed, that the angle of total reflection must vary with the
index of refraction (§ 32); the violet rays being totally
reflected (because more refracted), at an angle which would
allow the red rays to leave the denser medium. Newton
therefore arranged an experiment as in Fig. 50, except that

F 2
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he employed the parallel rays of the sun instead of those
from the lime-light lantern. A perpendicular slit N is placed
in the optical stage with the objective removed, or on the
nozzle of the lantern if an adjustable slit is at command,
(see Fig, 5o, which shows all the arrangements in plan).
As close to the slit as convenient, on a table-stand, simply

FIG. 50.—Newton’s Experiment.

“stood up "’ on their ends, are two similar right-angled glass
reflecting prisms, P and P2, with their reflecting sides
together, kept together by an elastic band passed round near
each end ; they must not, however, quite touch, and may,
if necessary, be kept apart by a narrow slip of paper at each
end between them. In the direct path of the rays from the
slit, is a focusing lens, r, and beyond that, on another
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table-stand, is placed.a bisulphide prism-bottle, B, in the
usual position for throwing a spectrum on the screen,ss.

In the path of the rays totally reflected from the film of air
between P and P2, is another focusing lens, F, and beyond
that, on a third table-stand, a second bisulphide prism-bottle,
B2, which throws its spectrum on the screen, ss, adjusted at
right angles to the other screen. All being thus arranged
in the general, the double prisms, P and P2z, can be turned
round their common perpendicular axis from right to left in
the figure, till nearly all the rays from the slit pass through
both, and the prism B throws a spectrum on the screen, s, as
usual. Except for a little loss by reflection and absorption,
all is just as if P and Pz were not there, the 7efraction of one
being exactly neutralised by the other, and the rays passing
as if through one square bar of glass. Let now the double
prism be very carefully and slowly turned round in the
direction of the hands of a watch. At one certain point of
revolution, just when the film of air meets the rays from the
slit at the critical angle for violet, the' violet leaves the
spectrum on the screen s s, and, being totally reflected, appears
on the screen ss.!  Continuing very slowly to turn the
double prism, all the colours in succession leave the spectrum
on s's to appear simultaneously on the screen ss, so that if
we letter the screens with the conventional names, at the
point when one screen has only left on it the colours v 0 R,
the other screen presents the missing colours, v 7 g, which
are “ totally reflected.” 2 :

1 The effect is less visible on this screen, enough light being always
reflected from the air surface to give a little spectrum. But it can be
seen that the violet is strengthened.

2 Only the sun, or the small radiant point of the electric light, will
give the phenomena perfectly in these details. A large gas-burner will
not answer for the experiment at all. A *mixed®” jet will perform
it fairly if the condenser will throw nearly parallel rays. The ‘¢ blow~
through ” form gives too large a radiant for a good parallel beam ; but
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This beautiful experiment, then, shows that each colour
has, in addition to its own proper index of refraction for the
same medium, and in consequence of it, its own proper
angle of total reflection. :

44. Position of the Prism.—Notice further that, as
with the water-prism (§ 36), on turning the prism round its
vertical axis (it may here be observed that the best place for
a prism is nearly or a little-beyond where the rays from
the lantern cross; in this position all the light easily gets
through it), a position is soon found in which the beam is
least deflected. But still further observe that, on rotating
the prism on its axis in one direction from this position, the
ray is not only more refracted, but more dispersed: the
spectrum is lengthened, particularly at the violet end.
Rotating in the other direction, while the refraction also
increases, the spectrum is shortened.

45. Chromatic Aberrations.—This fact has an im-
portant application. If the prism refracts the blue rays more.
than the red, then a lens must do the same, and will bring
blue rays to a focus nearer the lens than the focus for the
red rays. By placing in the slide’stage two apertures pretty
close together in a black card, one covered with red gelatine
and the other with blue, and focusing them on the screen
with the large loose lens, it can readily be shown that this
is the case; and thus, besides the ‘ spherical aberration,”
already alluded to (§ 38), we have what is called “chro-
matic aberration,” due to the fact that a single lens will not
unite all colours accurately in the same focus.

46. Correction of Aberrations.—But we have here
found ‘a means whereby different combinations of even
single or non-achromatic lenses may be arranged so as to

even with that, it is at least easily shown, by taking both prism-dottles
away, and leaving the rest of the arrangement, that at a particular angle
the direct image of the slit is reddish, and the reflected one bluish.
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correct, to a considerable extent, both these aberrations. In
detail, this must of course be workéd out mathematically ;
but a simple illustration of a-point which often puzzles
students is worth while. We have just found that the effects
of three prisms, A, B, ¢ (Fig. 51), of equal angles, variously
inclined to’ a horizontal ray, coming, say, from the left
hand, will be very different ; and therefore these effects may
be made largely to counteract each other. But these prisms
may, as before shown, be regarded as portions of simple
plano-convex and bi-convex lenses. The arrangement

A

4

F1G. s1.—Effects of Position in Lenses.

adopted for our optical objective (Fig. 1) is one thus planned
to correct a great deal of chromatic and spherical aberration
by very simple means.

47. White Light compounded of the various
Prismatic Colours.—Taking the different colours, as they
leave our prism independently for the screen, or exist other-
wise, we can show in many ways that when brought together
they produce white.  First of all, arrange a, second prism B as
in Fig. 52, so as to intercept the dispersed rays, and bend
them back again, but leaving an interval of an inch or
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so between the prisms. We at once restore the image of
our slit on the screen, and it is w/zte.

48. Suppression of Colour produces Colour.—
Now interpose gradually a black card, ¢, between the two
prisms, so as to suppress part of the spectrum produced by
the first prism. We still geta sharp image of our slit, and not
a spectrum ; what are left of the coloured rays are accurately
brought together again ; but it is now a coloured image, and
we learn an important lesson that holds good through nearly
all future experiments. It is, that we almost invariably ge#
colour by, in some way, taking away or suppressing colour.
If, instead of the black card, we interpose the edge of a
slightly wedge-shaped prism, the colour taken away appears

F1G. 52.—Recomposition of White Light.

separately, and is always “complementary” to the other—
that is, together they make white light. (§ 71.)

49. Experiments in Compounding Colours.—
A convex lens will also compress the colours together
into a white image ; and a cylindrical lens will do the same-
The latter is rather expensive, but may be extemporised
successfully by using a confectioner’s glass jar 6 inches in
diameter filled with water.! Properly adjusted between the
prism and the screen, this also will compound out of the
spectral rays a white, though not perhaps very sharp, image

1 In cold weather the water should be slightly warmed, else conden-
sation of moistare upon the jar will interpose tedious hindrances to
getting a good image.
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of the slit; and stopping off part of the spectrum will, as
before, produce colour.

Another beautiful and striking method is shown in Figs,
53 and 54. Get seven bits of looking-glass £ inch wide by
2 inches long.. From a round wooden rod an inch diameter
cut discs, say } inch thick, as stands : to the top of each of
these attach a bit of soft wax, and in this stick the end of
a mirror, so as to stand vertically as Fig. 53. Arrange as
shown in Fig. 54, standing the mirrors on a piece of
blackened board, A, on-a table-stand. First adjust the
stand at such a distance that the rays from the prism p

F16. 54.—The Colours Recompounded.

about cover the breadth occupied by all the mirrors
together, and then take off all but one at the end, and
adjust that so that it may reflect its colour to a good spot
on the screen, s. Put on the second, and turn that till its
reflection occupies the same spot ; so of the third and the
rest. Note the changes of colour as we ‘add colour after
colour ; till at last we have w/ksfe. But take away—suppress
—any one colour, and again we get colour. ,

Our next method depends on the persistence of visual
impressions. We “see” things nearly a second after the
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exciting cause is gone—a long time, considering the ap-
parently instantaneous character of all other light pheno-
mena. Hold a slip of card in the diverging cone of light
from the lantern; it is a mere strip of bright white.  Cut
rapidly through the cone as with a sword; it appears a
white disc the size of the cone at the point of section.!
Take, then, a white card circle, 12 inches diameter (Fig. 55),
and divide into four quarters. On each of these paint in
clear water-colours, as nearly as possible in the proportions
of the spectrum, the seven spectral colours. You will not
get them very correct at first, and it may be best to pur-
chase the “ Newton’s disc,” as it is called, of an optician;

F1G. 56,

but many of such are too dark in the blue division. This
is to be mounted so as to be rotated by a cord and simple
multiplying arrangement, and then adjusted near the
screen facing the lantern, so that all the light may be just
about concentrated upon its face when the focusing lens is
run fully out. If the disc of light is too large, place a
circular aperture, cut in a black card, which will sufficiently

1 I first saw this simple illustration employed by Professor Tyndall.
Another familiar example is found in the circles of light produced by
whirling round a lighted stick. Many toys of the ¢‘ wheel of life ” class
depend on the same fact ; and slides can be procured from any optician
by which the same phenomena can be excellently shown with the
lantern. They are known as Eidotrope slides,
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reduce it, in the optical stage. This is important, for this
fine experiment often fails because carried out by the general
gas-light of the lecture-room, which gives very poor effect ;
whereas the full beam from the lantern brought on the
face of the disc in a dark room appears very differently.
Now rotate the disc rapidly, and we get w/#ife more or less
bright or greyish, according to the correctness of the pro-
portions. Newton’s disc can also be purchased as a glass
slide for the ordinary stage of the lantern, and shows very
perfectly in this way, but it is inferior to the painted card
for the next experiment. We see, either way, that the
presentation of a proper assortment of the colours to the
eye, anyhow, so as practically to mix them, produces white.

It is true, white produced in this latter way is, by com-
parison, greyish ; and hence some of those who pride them-
selves upon being ¢ practical’’ colourists, and despise the
scientific investigations of those they term  theorisers,” have
denied that white can be really thus compounded. It was
only very recently stated in print that the experiment only
succeeds at all with ¢ pale washes,” and only produces a grey
then ; and this was stated with sufficient assurance to pass
for positive knowledge. But it is simply due to ignorance
of two points. In the first place, so far from requiring
pale washes, the more vivid the colours_are the better, it
approximately pure; with some few discs I have seen a
really very good white produced. And in the second place,
a grey is the necessary and simple consequence of a de-
ficiency of light ; as can readily be proved by gradually
diminishing the light thrown upon a really white disc of
card—it gradually becomes grey. Now assuming that the
spectrum may roughly be divided into seven colours, and
that our white is produced by the successive presentation
of these to the eye; a moment’s thought will make it
evident that, at the very most, only one-sevent/ of the light
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that a white disc would reflect, can be reflected by the
coloured disc. In reality, owing to absorptions explained
later on, it is very much less ; and hence our white must be
more or less of a grey if contrasted with a really white card.

We carry the last experiment a step further. Cut out
from a circle of blackened paper, the size of the disc,
radial sectors so arranged as to cover the same colours in
each quadrant—say, the violets and blues—and fix them
on the disc by a drawing-pin at the end of each. We thus
suppress colour ; and, as before, we get colour. Again,
prepare a disc of stiff, blackened card, as in Fig. 56, with
two radial slots each 2} inches long, and say, 1 inch wide.
Run a drawing-pin through the centre into the end of a
stick, so that it can be rotated by the finger like a child’s
windmill, and hold the affair, or fix the stick in the clamp,
so that each slot in rotating will cross the nozzle of the
lantern and so let a flash of light through. The nozzle
itself should be covered with a cap in which is a similar
slot, so as to make the flashes as nearly as possible instan-
taneous. (This rough-and-ready plan does just as well as
more finished apparatus.) Let an assistant rotate the coloured
disc, and get a good white. Now introduce the black
disc and rotate that with the forefinger. The brief flashes
prevent a// the colours from now reaching the eye during
one period of visual impression, and so again we virtually
suppress more or less colour. Again, therefore, we get
colour, its character and amount depending on the respective
rates of rotation.

Yet another experiment, on the spectrum itself. Arrange
the prism P as before in front of the nozzle, but with the
reflector R so arranged that the dispersed rays from the slit
fall on that, and are thence reflected to the screen, as in
Fig. 57. The reflector must turn wery easily in another
vertical socket. Give a 7apid rocking motion through a
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:

small arc to the reflector, which will, of course, move the
spectrum backwards and forwards across the screen. Begin
slowly, and you see that the motion in no way changes or
modifies the colours. But when the motion becomes rapid,
the spectrum becomes w/hife over all the middle portion,
colour being only visible towards the ends, where all the
colours cannot, of necessity, be made to fall. The reason is
the same as with Newton’s disc, and, of course, if we stop
off any of the coloured rays which fall on the mirror, by
taking them away we again get colour,!

FiG. 57.—Rocking Spectrum.

so. A Narrow Slit necessaryfor a Pure Speztrum.
—We can see from these experiments that to geta pure spec-
trum, or pure spectral colours, we must use a very narrow slit.
For cut apertures in one of the black cards, as in B,C, Pl
I1., the larger one being at least £ of an inch square. It will

1 It is not every one who can, merely by hand, rock the mirror fast
enough to get white in this way. By attaching a short arm to the
mirror, linked to a small crank on a multiplying wheel, a rapid vibrat-
ing motion can easily be imparted mechanically. §uch an apparatus is
far superior to the mechanically-vibrated przsm usually employed for
such an experiment, !
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be obvious that the spectrum of this wide slit may be re-
garded as compounded out of the spectra of the narrow slits
superposed ; and from these it will be seen how one colour
overlaps another. If the slit is wide enough, a glance de-
monstrates that towards the centre of its spectrum all the
spectral colours, from some one or other of the narrow slits
which may be regarded as its component parts, overlap one
another; and so far as they do the middle portion must be
white, colour only appearing at each end, where the spectra
of. other portions do not extend. It is necessary to under-
stand this, because it also has been made a difficulty by
the ¢ practical artist ”” school, and was even brought as an
objection by Goethe against the theory of the spectrum ;
whereas a very little thought over Plate II., B, C, will
show that no other result was possible.

The experiment also deserves pondering at some length,
because it is a cardinal one. It shows that we may very
possibly have colour really produced; but that if we use
too large a body of light the visual effect may be masked, or
hidden from us, by the sugerpositions of colours derived from
various separate small portions which go to make up the
whole. (Compare § 13.)

51. The Rainbow.—We are now in a position to deal
experimentally with the beautiful phenomenon of the rain-
bow. We know this to be produced by the rays of the sun
falling upon spherical drops of rain-water, and being thus
refracted and reflected back to the eye; and if we fill a
glass bulb with fluid, and operate upon that to represent on
a larger scale a single drop, we can trace what happens.
This beautiful experiment was first performed with a sun-
beam, by Antonio de Dominis, Archbishop of Spalatro,
about 1600 A.D., though Descartes seems to have usurped
the credit of his investigations, as he also attempted to do
with the law of sines discovered by Snell. We take a small
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glass bulb 1} inch diameter, blown on a small tube, and fill
it with water ; or we may use filtered salt and water, for the
reason that it not only increases the dispersion (§ 52), but~
diminishes the angle of deviation. The lantern must be
turned Zowards the spectator, and placed further back ; the
objective removed, and a blackened cardboard or other cap
with an aperture the size of the glass bulb, placed on the

F1G. 58.—Rainbow Experiment.

flange nozzle ; round which, or on which, by a hole cut in
the centre, is placed a screen, s, of white paper or cardboard.
Instead of a card cap, the revolving diaphragm with various
holes may of course be used. Adjust thg lime-light to
throw a paralle/ beam on the bulb B, between which and
the spectators places the blackened card screen (p. 17) to
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intercept the direct light. The bulb will be held in the
clamp, ¢, by the stem, and both bulb and fluid must be
brilliantly clear. We at once see a miniature *rainbow ”
reflected back upon the screen round the lantern nozzle,
provided the bulb be not further from the nozzle than about
the radius of the screen.!

It hardly need be said that this rainbow is the real rainbow
reversed ; any spot on the screen where red appears, means
that an eye there would see 7ed in the glass bulb; and
each other colour, unless the eye was moved, would need
another bulb in the proper relative position : but the experi-
ment does show correctly the emergence of a nearly parallel
chromatic bundle of rays at one certain angle.

That such must be the case at one certain angle (about
40° for water) can be proved mathematically from the “law
of sines,” applied to the spherical bulb ; and the demon-
stration of this is really due to Descartes. He showed that
at one angle alone the rays, which at other angles of
incidence emerged divergent and scattered, emerged as a
nearly parallel beam, and thus produced conspicuous
phenomena of some sort; ‘the production of colour by
dispersion being afterwards explained by Newton’s experi-
ments with the prism.  Fig. 59 shows in outline the course
of the blue and red rays in both the inner and outer bow.
The parallel rays, ss, from the sun falling on the drop 4 at
the proper angle, are refracted twice and reflected once, so
as to transmit red light to the eye; and from the drop «
(the angle @ 0 4 making about 2°), the blue rays being more
refracted, also reach the eye; @ & is therefore the apparent
breadth of the bow. Other solar rays, s's’, by Zwo internal
total reflections and two refractions, also transmit coloured
rays, but of course fainter ; and these form the outer bow. An

1 This experiment will not succeed with a plain gas-burner, a strong
parallel beam being necessary.
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inspection of the figure will show that the order of colours
in the outer bow must be inverted. Theoretically several
secondary bows are possible, and with a very bright sun

three are occasionally seen ; but as a rule only the primary

and the first outer and inner secondary are sufficiently
brilliant to be visible.

)l&

v

%

FiG. 59.

52. Refraction and Dispersion not Proportional.
—Make a water prism as in Fig. 60, by cementing with marine
glue two slips of glass 6 or 7 inches long and 2 inches wide
into a \/ trough with angle of 60°, with two partitions as well

as two ends. If any difficulty about these, wqgoden partitions
will do, cemented with black sealing-wax varnish. Fill one

division with water, the next with saturated salt and water,

G.
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the third with saturated sugar of lead in water. Place the
horizontal slit in the optical objective, or on the flange
nozzle, and focus on the screen ; then pass the three fluids
in succession across the beam. Observe that the water
refracts and disperses it somewhat ; the brine more ; the lead
most of all. The natural and first conclusion would be
that the two effects are always proportionate : that dispersion
goes with refraction in due proportion. Newton so con-
cluded, misled probably by the frequent use of lead in his
water prisms, which masked the very low dispersive power
of water. At all events, he made an experiment he thought
decisive, immersing a glass prism /7 a water prism of variable

F1G. 6o.

angle, with their refracting angles opposite. When the
angle of the water prism was so adjusted that there was no
deviation or refraction, he found no colour ; and hence con-
cluded that the dispersion of the glass and water were
proportionate to their refractive powers. It is difficult to
account for his result in any other way than that supposed ;
for when Dollond repeated this very experiment with glass
and water, the result was exactly the opposite : viz. when
the refraction was exactly counteracted, colour or dispersion
remained ; and when colour was nearly banished a ‘consider-
able deviation remained—a discovery that led atonceto the
construction of achromatic lenses.
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In fact, different media vary widely in the propoNﬁ'ifif
their dispersive and refractive powers: For its refractin}%
bending power, the dispersive (or spectrum-lengthening)
power of bi-sulphide of carbon is enormous ; and if a prism
bottle be filled with a solution of the double iodide of
mercury and potassium, as described by Dr. Lieving, pre-
pared of the utmost density, while the blue end of the
spectrum will be absorbed by the pale yellow solution, the
green and red are dispersed nearly twice as much as by the
bi-sulphide. Flint glass, again, refracts light little more than
crown glass, but disperses it nearly twice as much for the
same angle.

'53. Achromatic Lenses.—Here, then, we have the
power of correcting or destroying chromatic aberration. Deal-
ing with prisms as the simplest case of the problem to be
solved, a flint glass prism of little more than half the angle
(in fact, the proportion depends entirely on the density of
the flint) will counteract nearly all the dispersion of crown,
but leave a considerable amount of refraction. Such a
double prism can be bought for 5s. Focus a slit on the
screen as before, and on a small table-stand place on end
the crown glass prism. We get as usual refraction, and
a spectrum ; in this case rather a poor one, owing to the
little dispersion of the crown glass. Now place next it, in
contact, the flint prism, with its -angle the reverse way: we
still have the beam bent aside, but the cwiour is practically
gone, and it is a white image of the slit, and not a spectrum,
which appears on the screen. It is not necessary fo explain
in detail how this fact enables us to construct achromatic
lenses.

54. Direct Vision Prisms.—Conversely, a prism of flint
glass of about 52° (for average density), wili,counteract the
whole refraction of a crown glass prism of 60°, but will so
much #o7e than counteract its dispersion, that there will be

G 2
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a considerable 7eversed spectrum. Hence we have the
power of constructing ¢ direct” prisms which give a spec-
trum without refracting the beam of light. Direct vision
prisms composed of from three to five prisms of glass, are
largely used in direct vision spectroscopes. ¥or lantern
work such prisms are very expensive, a large size being
required ; but Mr. C. D. Ahrens has introduced a prism as
in Fig. 61, which answers our purposes at a very moderate
price. G G are prisms of light glass, enclosing between them
bi-sulphide of carbon, B. One made for me gives a dispersion
more than equal to a prism-bottle of 60° without any
deflection at all, and is not only very handy to work with, as
obviating any turning of the lantern aside, but more light

FiG. 61. Fi1G. 62.

passes through, and the spectrum is not at all curved.’
Just as these pages were written, Mr. Ahrens brought me for
trial another bi-sulphide prism made as in Fig. 62. Here ¢
is one equilateral prism of glass, projecting into the cell of
fluid BB. There being only one ordinary glass prism here,
this is the cheapest large compound prism that can be made.
It gives enormous dispersion—about 6o per cent. more than
that of a. prism-bottle—with very little, if any, more than

1 With a single prism there is a perceptible curvature in the trans-
verse lines or edges of a spectrum projected on a screen, owing to the
convergence, and consequent various angles, of the rays traversing it.
To get rid of this curvature in spectroscopes is the object of the colli-
mating lens.. This brings to parallelism the diverging rays from the slit
adjusted at its focus, which then traverse the prism at the same angle.
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ordinary deflection, and it may probably be supplied un-
mounted for about 4os. Much more light traverses this
prism than can get through the two prism-bottles generally
used when great dispersion is required.

55. Anomalous Dispersion.—We have not even yet
got to the bottom of this matter, however. We may obviously
construct prisms of different substances, such as water or
crown glass, and flint glass, of such angles that their respective
spectra shall be of equal length. But if we do so we find the
two spectra do not agree. There is more dispersion in one
region than in another, as produced by one substance com-
pared with the other; and hence perfect achromatism is
impossible with only two prisms or two: lenses.

But stranger phenomena still await us. There is a
purplish-red aniline dye called Fuchsine. Obtain a little
of it, and fill a prism-bottle with a dz/ute solution of the
Fuchsine in alcohol. A bottle of the ordinary 60° angle can
be made to answer, but if one of 25° or 30°can be pro-
cured it is rather better. There must also be provided a
glass trough with parallel sides sufficiently wide apart to
contain the prism-bottle ; and this also, after the bottle is
inserted, must be filled with the same alcohol that dissolves
the Fuchsine. It will easily be understood that when the
prism-bottle is immersed, both the refractive and dispersive
powers of the alwhol in the bottle are exactly neutralized
by that in the trough. This peculiar adjustment is necessary
to obtain the Fuchsine action separately ; for if we use the
bottle of Fuchsine alone, supposing we fill it with a strong
solution, the absorption is so strong that only the red rays
get through (see § 69), while, if we dilute it, as we must do
to get more of the spectral colours, any abnormal dispersion
of the Fuchsine is overpowered by the ordinary dispersion of
the alcohol. By exactly neutralizing the latter, then, we can
employ a dilute solution, and still trace the effect by the
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lime light.! Success will now depend upon attaining by
trial a proper strength, and passing the rays from the slit
through the Fuchsine as close as possible to the refracting
angle, or thinnest portion of coloured fluid. But when these
matters are properly adjusted, it will be seen that the order
of the spectrum is ZZally altered, we may almost say reversed.
Counting from the red end, instead of beginning with red,
the Fuchsine spectrum begins with blue ; goes on to violet ;
then (after the absorption of some colours altogether, a
matter we must study later on) comes red i the middle,
ending with yellow ; green being absent. How many of the
colours can be discerned depends on the strength and
thickness of solution.
" Many other substances give similar phenomena, one of
the best being cyan blue. Though startling, however, these
appearances are not really more wonderful, when we atten-
tively ponder them, than that dispersive power should,
compared with refractive power, differ a# a/ in various
substances. Our experiment with the Fuchsine simply
shows us in a more exaggerated and startling form, the very
same fact—whatever it is—which makes the dispersion of
flint differ from that of crown glass. All alike reveal the
“anomalous dispersion” of light. We can no longer
maintain that the colours have even an invariable order of
refrangibility. This is generally the case ; but we have now
found that sometimes they have not.

And at this stage we must pause a moment to collect our

1 For private observation only, two small slips of glass may be in-
clined at an angle of say 10° by a strip of wood placed between them
at one edge, and a drop of sfrong Fuchsine solution placed between
them. Through this prism a brilliantly-lighted slit may be okserved
from a good distance ; and through such a small thickness even a solu-
tion strong enough to overpower the dispersion of the alcohol will
allow sufficient of the colours to pass.
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ideas. We accounted for reflection by a rough working
hypothesis, which for years was more or less accepted, and
was known as the Emission or Corpuscular Theory of Light.
But even then we found some difficulties in it. These are
now vastly increased in many ways; and we find ourselves
once more, by the mental constitution bestowed upon us,
bound to ask the question: What is Light? We must
frame some intelligible hypothesis by which we may string
together at least the foregoing facts, and which, if possible,
may also account for such phenomena as we may yet
further discover. This, then, will be the subject of the
following chapter.



CHAPTER V.

WHAT IS LIGHT ?~—VELOCITY 6F LIGHT.—THE UNDULATORY
THEORY.

Light has a Velocity—Velocity implies Motion of some sort—The
Emission Theory—Transmission or Motion of a State of Things—
Transmission of Wave Motion—Illustrations—Wave-motion and
Vision—Analysis of Wave Propagation—The Ether—Refraction
according to the Wave Theory—Total Reflection, Dispersion, -and
Anomalous Dispersion—Mechanical Illustrations.

56. Light has a Velocity.—If a man strikes a bright
light say ten miles off, we see it so instantaneously that it is
very difficult at first not to believe that we are indeed, in some
mysterious way, conscious of it the very instant it happens—
that time has nothing to do with the matter. And that was
probably the most ancient idea of the manner in which we
“see” things.

But this idea was necessarily abandoned for ever after a
discovery made by Roemer in 1676. He found that, taking
the calculated time for the eclipses of Jupiter's satellites,
they always took place eight minutes earlier when the earth
was nearest to them, and eight minutes later when it was
furthest away ; whilst if the earth was at either of the mid-
points, they happened at the average time. He very soon
drew the unavoidable conclusion, that light required about
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a quarter of an hour to cross the earth’s orbit. This was
soon after confirmed by Bradley, who calculated the very
same velocity independently, as nearly as could be, from the
apparent “aberration ” of the fixed stars.

At a later period the velocity was actually measured
instrumentally, yfirst by Fizeau and Foucault; later by
Cornu ; latest of all by Professors Young and Forbes in
Scotland. The methods have been chiefly two. In Fizeau’s
method, a ray of light is sent between the teeth of a toothed
wheel to a distance of a few miles; and thence reflected
back in the same path. If the wheel is rotated swiftly, it is
plain that while the ray has been journeying and returning

F1G. 63.—Fizeau’s Experiment.

with a sufficient velocity, a tooth instead of a space will
occupy its return path, and produce eclipse of the reflected
ray. This effect must be gradual as the velocity is in-
creased, as in Fig. 63, till total eclipse is produced. After
this, if the velocity is further increased, the light will
gradually reappear, to be again eclipsed ; and the velocities
of the wheels being known) the various eclipses will mutually
check each other. Professors Young and Forbes introduced
still more delicate checks, by transmitting the same ray to
two different distances at the same time, by which they were
able to detect the extraordinary fact that in air the velocity
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of red light appeared: considerably less—perhaps one per
cent. less—than that of blue.’

In Foucault’s method, a ray of light, after passing cross-
wires to serve as an image-point, proceeds any convenient
distance to a mirror very swiftly rotated. It is thence
reflected to a concave spherical mirror whose centre of
curvature is the axis of rotation of the revolving mirror at
the point struck by the ray. The ray is therefore reflected
back in its own path to the rotating mirror ; and if this is at
rest or rotated slowly, it is again reflected in its original path
of incidence, centrally upon the cross-wires. But when the
velocity is sufficient, the mirror has rotated through a small
angle while the ray has travelled to the concave mirror and
back ; and the return ray is therefore deflected to one side of
the cross-wires, through an angle double that of the rotation
of the mirror (§ 21). This apparatus is so sensitive as to
be applicable to distances of only a few feet ; and hence, by
interposing a tube filled with water between the two mirrors,
Foucault was able to prove absolutely that the velocity of
light was considerably less in water than in air.

All these methods give the very same velocity for light

1 This result is so startling that it must at present’ be received and
reasoned about with much caution. According to the theory of refrac-
tion, the blue rays should be, and are, most retarded in air, though not
to nearly so great an extentas I per cent. When the conclusion to
which Dr. Young and Professor Forbes had come was first stated (at
ameeting of the London Physical Society, on June 4, 1881), Dr. Spottis-
woode, Pres. R.S., Lord Rayleigh, and others, pointed out the difficul-
ties it presented in accounting for the freedom from colour of Jupiter’s
satellites when emerging from the planet. Professor Forbes suggested
that it might be accounted for by the gradual emergence : but it was
pointed out that at least variable stars ought to appear coloured during
rapid increase of their light. At present the conclusion is so momentous
in its consequences as to need the most rigorous verification ; and it
can only be accounted for on the supposition that the atmosphere is a
remarkable case of “ anomalous dispersion” (§ 55).
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within quite a small percentage, much less than might have
been expected in measuring such enormous velocities. The
most recent determination of the velocity by Professors
Young and Forbes is 187,200 miles per second.

57. Light must be Motion.—The velocity of light
once proved, involves another point. Observe the absolute
necessity of the case. At the moment one of Jupiter’s
satellites emerges from behind the planet, it sends out,
somehow, a ray of light—whatever that may be. At a given
moment that ray from the planet p has reached the nearest
point A of the earth’s orbit. A quarter of an hour later it
has reached the furthest point 8. In the interval, something

*
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F1G. 64.—Light necessarily Motion.

or other has passed from A to B. That passage of somethiﬁg
from one point to another is obviously motion ; and the
conclusion that Light is Motion of some sort is an absolute
intellectual necessity: there is no possible escape from it.
It only remains to discover what the motion consists of, or
what it is that is moved.

58. The Theory of Emission.—The emission of very
fine particles from the luminous body was the next and most
natural idea, and it may be made to account for reflection,
as we have seen ; but it is encompassed even at that point
with considerable difficulties. One of these we have con-
sidered already (§ 27) ; but it may be supposed the luminous
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particles, to be seen, must actually enter the eye, and
impinge upon the sensitive retina. But we have another
and a greater difficulty, in the enormous #omentum even the
smallest particles must have, travelling at such enormous
velocities as have been proved in the case of light. The
weight of one grain would be equal in momentum to a large
cannon ball as shot from the muzzle of a gun. Further
still, what must be the expwisive force to produce such a
velocity? And lastly, it is impossible to conceive of this
expulsive force, and the velocity imparted, being the same
for the largest and the smallest of all sorts of bodies, as is
found to be the case. The feeblest candle-flame emits light
at the same velocity as the enormous sun.

These difficulties might be partially evaded by supposing
that the particles are so infinitely small, or otherwise so
utterly different from common matter, as to have no relations
of attraction with it ; and, indeed, otherwise the propulsive
or luminous body would, by its own attraction, gradually
destroy the velocity, just as the earth gradually draws back
a stone thrown up from it. = But when Newton, who pro-
visionally adopted this as a working hypothesis, though often
leaning towards another, next to be considered, sought to
account on such a basis for some rays being refracted while
others were reflected, the only way he- could do so was to
suppose that some particles reached the reflecting surface in
a repulsive “fit,” others being attracted. He was confirmed
in this by the “law of sines.,” Versed in the mathematical
laws of forces, so that at times he almost thought in mathe-
matical terms, his keen eye saw at once that this peculiar
law was a Jaw of velocity ; and he suggested, therefore, that
the refracted ray was dragged down or attracted by the glass
or water, and had its velocity augmented in the proportion
of the “index of refraction.” Itis odd (but rather general
in algebra) that this proportion, equally with the reverse,
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accurately works out most optical problems. But it would
follow that the particles are attracted by matter ; and how,
then, they can be projected with a velocity that never
diminishes over stellar distances, is simply inconceivable.
Finally, we have seen how it has been proved rlgldly, that
the velocity of light is Zss in the water than in the air. In
absolutely proving this fact, Foucault and Fizeau absolutely
overthrew the Emission Theory, and #:a# idea of the
“motion” of light. We have therefore to explain in some
better way why light is refracfed ; why at certain angles it
cannot get out into a rarer medium, but is totally reflected ;
(§32) and finally to account in some intelligible manner for
the strange phenomena—totally unknown to Newton—of
anomalous dispersion (§ 55).

59. A State of Things may be Transmitted.—Let
us consider now another idea.! In Railway and Post Office
we have a very familiar example of actual Things being sent
from one place to another, or from a sender to a receiver, at
a given measurable speed. That may answer in many
respects to the old Emission Theory of Light; and it is to
be remembered that even in this case we must have some
road or channel along which the sent Thing may pass, if it
is not to be projected like a cannon ball. But let us think
for a moment about a telegraph message. To quote Mr.
Lockyer, here also “two instruments may be seen, one the
receiving instrument, the other the sender. Between the
office in which we may be, and the office with which
communication is being made, there is a wire. We know
that a Thing is not sent bodily along that wire, as the goods
train carries the parcel. We have there, in fact, a condition
of motion with which science at present is not absolutely

1 For the whole idea of this paragraph, the simplest and most

effective I have met with for illustrating what follows, I ought to
acknowledge my indebtedness to Mr. J. Norman Lockyer, F.R.S.
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familiar ; but we picture what happens by supposing that we
have a state of things which travels. The wire must be there
to carry the message ; and yet the wire does not carry the
message in the same way as a train carries the parcel
It is further remarkable that the wire carries the s/ate of
things along, very much quicker than the train can move—
in fact with a velocity commensurate with that of Light
itself.”

6o. Wave-motion and its Transmission.—Let us
now examine experimentally another kind of actual motion.
Make a large groove in a piece of board, or a light trough
like Fig. 65, about a yard long, in which bagatelle balls may
roll.  First roll one slowly along: we can measure the

considerable time it takes to go from one end
to the other. Now place in the trough a double
set of 18 balls in contact; and drawing back
one for some inches, roll it up to the rest at
the same slow speed as before. Observe the

Fic. 65.  difference.  Znstantly, to all appearance, the

furthest ball now starts off as the first one
strikes the row. It is not really so, for the time can be
measured by proper appliances ; but the eye cannot discern
any interval. :

Now this is wave-motion, of one sort. The first ball struck
is compressed, and then expands, so passing on the com.
pression ; and thus to the last. Each ball executes or has
impressed on it small movements exactly like that of its
preceding neighbour, but a very little later in fime. That is
the entire essence of wave-motion ; which may be of many
forms, but with this property common to them all.

In the lantern we may illustrate this as in Fig. 66. Between
two glass plates the size of the ordinary lantern slides, are
cemented pieces of wood shaped to gentle cures as in the
figure, of a thickness to just allow small balls of glass or
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ivory (the smallest procurable) to roll easily in the channels
for them. In one, let a row of ‘these balls rest, leaving the
other clear. From the top of each slope let roll one of the
balls. The one will be seen travelling across the screen :
the motion in the other case will appear to be transferred
instantaneously to the last ball in the series.

In a pond of still water, or in the middle of a circular
sponge-bath filled with water, drop some small body, and
study the beautiful phenomena. The spot into which the
object fell is surrounded by a circular wave of water, which
travels quickly outwards. This apparent motion is again

,f’//////////////////////////////////////////

G

Fi1G. 66.—Slide for Rolling Balls.

very much quicker than any actual motion we could impart
to the mass of water itself. It looks, too, as if the water
were - really proceeding outwards—being poured out as it
were—from the central point. But if we drop one or two
bits of paper on the water, we find it is not so: the paper
only moves up and down, with a very slight horizontal
motion indeed, which also is not continuously outwards,
but #0 and fro. In reality the paper at any point moves in
an elliptic orbit ; but each particle moves in a similar orbit
to its predecessor, a little later in time. Ardy one particle
does not travel outwards, but sefs in similar motion the next



96 LIGHT. : [cHAP,

particle, and thus the sfafe 0f things we call the wave is
propagated.

It can be seen immediately that if the motion of light be
anything of this kind, we have got rid at once of our
greatest difficulty, that of the enormous velocity ; for wave-
motion is always much quicker than actual translatory
motion. Across a deep open sea like the Indian Ocean,
the great tidal wave moves at the rate of 1,000 miles per
hour, though the water itself could move at nothing like it.
In fact, if we can only find the idea otherwise fifs the
phenomena, we have got rid of nearly all our difficulties at
a step. We therefore must trace the matter further.

If the balls just now referred to were tied together by
elastic threads, we should have a refurn wave from the last
ball, since it would be sharply pulled back in its effort to
escape. We have all seen this in an engine run up against
a train, when each carriage or truck vibrates several times
to and fro, giving us a picture of such waves in any eastic
medium, such as sound-waves in air. These give us still
another form of wave. In this case every particle of air
moves to and fro in the direction of the wave, but otherwise
keeps its own place, and still the wave only, and not any
particle of air bodily, moves onward. This fundamental
property which characterises all true wave-motion is difficult
to picture clearly in the mind : but it is so important to do
so, that we again have recourse to our lantern, which will
place it before our very eyes. Get a circular glass plate,
13 or 14 inches diameter, mounted on an axle which can be
turned. Exactly in the centre of the axle-hole describe a
circle 1 inch diameter, and divide it into 12z portions, as in
Fig. 67. (Itis near enough to divide off into six by the
radius, and bisect each division by the eye.) Arrange all
firmly on a table, and having blackened the disc all over,
take a foot-rule divided into eighths as a standard, and gwith
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a 3-inch radius strike or scratch a circle from say the top
division. Extend the compasses exactly 1th inch and strike
another from the nedt division ; then another }th ’
inch, arnd so from the next division in the same !
direction, and so on, till wé have gone twice —?}\&/_
round the divisions and struck 24 circles, giving ~

us a band of scratches 3 inches across, with a gy ;.
little margin outside. (See Fig. 68.) Remove the

objective and place on the flange-nozzle of the lantern, a cap
with a fine horizontal slit A B, 3 inches long, or a glass cap

F1G. 68.,—Crova’s Disc.

with a line scratchéd in black ; and arrange the disc ! in front
of this, so that the band of circles crosses the slit as in
Fig. 68. In front of all adjust- the loose focusing lens, and
focus on the screen. On now revolving the «disc: we see a
“wave” of alternate compression and expansion beautifully

1 It is known as Crova’s wave-motion disc.
H
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delineated in actual motion : and by keeping the eye on
any one bright dot, the precise nature of the motion will
be understood better than by all the description in the
world.?

For reasons future experiments will make clear, the
vibrations which constitute light are, however, to be con-
sidered as like those of water-waves, 7.c. across the path of
the wave, not in it. A disc with a wave-line round it like
Fig. 69, will give a moving image of this if revolved across
a blackened glass cap scratched with perpendicular lines

FiG. 69. F16. 70.—Wave Slide.

all over; but a better way is to make a “slide” as in
Fig. 70, consisting of a fixed blackened glass 4, in front
of which are open grooves BB, the whole length, for a
panoramic glass, 18 inches long, to slide freely. The slide
is kept together by a slab of wood c, in which is an aperture
the size of the field. On the fixed glass scratch fine per-
pendicular lines % of an inch apart. On the long glass,

1 The private student may draw the lines pretty thickly in black on a
white card, and revolve the card under a slit cut in another card.
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also blackened, a single wave-line may be scratched ; but
in order to show the interferences of waves at a later stage,
it is better for the sliding-glass to be in three widths, kept
edge to edge by a thin brass binding at each end, and with
Jour sets of waves as in Fig. 71, one pair twice as long as
the other. The centre strip has a wave of each length, and
by drawing it along through the binding the length of the
short wave, as drawn below, it can be shown how the same
given retardation brings the short wave a whole vibration, and
the long one half a vibration behind their fellow waves. It
will be evident that when the whole arrangement is placed
in the ordinary lantern-slide stage and focused, and the

F1G. 71 —Movable part of Wave Slide.

sliding part moved along, we shall have moving waves ot
white spots.” Now it is to be again carefully noticed that
no spot advances at all. Every spot simply moves #p and
down, while the wave-form only advances across the screen,
being due, as before, to the fact that each spot, representing
an atom of ether, moves a /i#tle later than its predecessor
in a similar path.

Thus we see that, by this kind of mechanism (actually

.
1 This slide was the result of much consideration ; and after trying
both, I consider it much superior in effect to the disc usually employed,
besides being much more easily made and adjusted.
H 2
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proved to exist in the case of the ivory balls, sound, and
countless other motions), motion imparted at one end of the
line of transmission is yielded up with enormous rapidity at the
other, not only without any inconceivable motion between,
but whilst things generally between, as in the case of our
ivory balls, may almost seem to be in a state of rest.

61. Wave Motion and Vision.—It is not difficult to
conceive how such wave-motion as that shown by our slide
may affect the eye. We can easily imagine how longitudinal
pulses of air beat on the drum of the ear b, as in Fig. 72;
and if we imagine the retina to be furnished, as at Rr, with
perpendicular rods standing up like a cat’s whiskers, we can
readily conceive how the transverse “motion of the last
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Fi1G. 72. —Sound Waves and Light Waves.

particles in the wave should excite these. Those who are
so happy as to possess whiskers, can easily prove by ex-
periment that a brush across them yields more sensation
than perpendicular pressure. Now it is remarkable that
late microscopical researches do show the retina to be
studded with fine rods; and though the matter is yet under
investigation, it appears probable that this is the true method
of vision, or at least, that by which the optical image on the
retina is transformed to consciousness in the brain, upon
which our ‘“seeing” Light as Light obviously depends.
Several future experiments will lend much strength to this
view ; and another weighty confirmation of it is found in
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the well-known fact that pressure on the eyeball produces
the sensation of light. 3

62. Analysis of Wave Propagation.—We have not
solved all the problem, however. Iflight consisted of particles

Fic. 73.

emitted, or if even wave-motion were only propagated in
radial lines from each centre (and this is how some people
quite erroneously understand the Undulatory Theory) it will
be obvious that as the distance becomes greater, the radii
must separate as in Fig. 73, and we should have spaces

F1G. 74.—New Centres of Wave-Motion.

between with no wave-motion. Yet we see an unbroken
circle of waves in our pond ; how is this? Figs. 74 and 75
supply the answer. In Fig. 74 let us consider a wave
direction, A B, from the luminous centre a, and suppose it
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arrived at the particle B. The next particle to receive the
motion iz the same line will be c. But c only receives it
because it is the zex# particle ; and obviously the particles
D and E are just as near, and in the very same kind of
contact ; #zey ought also to receive the motion. They do,
and the consequence is that every vibrating atom over the
whole sphere surrounding the wave-centre becomes a new
centre for another sphere F 6. Thus in Fig. 73, let us con-
sider the waves from the centre L to have reached the circle
M N. Every goin# in this circle sends out fresh circles of
waves, shown on the curve o P. But analysis shows that

FiG. 7s.

these destroy each other by mutual interference (see Chap.
IX.) except in the grand circle o p, where they reinforce
each other ; and thus the curve o P remains as in a pond,
the grand front of a main wave. If, however, we interpose
a screen, at 00" P P/, which stops this main wave, then the
subsidiary waves which go to make it up are only partially
destroyed by interference, and appear at RS, as in the
diffraction fringes hereafter to be seen (§ 106.) Most of
the difficulties found in comprehending the wave-theory are
entirely owing to not understanding this *‘ construction ” of
the waves; and it is hardly too much to say that while, on
the one hand, any apparent objection that can be brought
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against the Undulatory Theory applies with equal or more
force to any other theory ; on the other hand, any rays, when
isolated and studied by themselves in detail, behave exactly
as the theory would lead us to expect. The correct analysis
of these details of wave-propagation is originally due to
Huyghens. :

63. The Ether.—If, however, waves are sent from distant
stars to our eyes, and elsewhere, there must, as in all the
preceding cases, be some medium through which they are
propagated. We know by experiment on other wave-
propagations, such as those of sound, the general properties
such a medium must have; since it is known that the
velocity of sound is directly proportional to the square root
of the elasticity of a medium, and inversely as the square
root of its density. This has been proved by rigid ex-
periments in many gases ; so that, for instance, the velocity
in hydrogen, a rare gas, is much greater than in air. The
enormous velocity of light-waves, therefore, is only possible
in a medium.which is almost infinitely elastic, and at the
same time almost infinitely rare, and yet which has a
definite proportion _between these two functions. It cannot
be attenuated air, but must be something far more rare;
since we can keep air out of a glass vessel, while light
passes through glass and many bodies, and through the
best vacuum we can form; moreover we know that air
absorbs or stops light considerably, and hence light could
never reach us, through the rarest atmosphere, from the
enormous distances of the stars. Still further, attenuated
air could not give us those definite velocities with which we
have to deal, but must give a widely different one from that
in denser air ; nor, finally, is the proportion of its elasticity
to its density anything like great enough. Me have there-
fore to conceive of some still more rare and subtle medium
which fills all space, and which is called the Ether. We
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shall hereafter see that we are obliged to attribute to it
other physical properties quite different from those of an
atmosphere.!

But though this ether easily permeates all we call matter,
it is perfectly easy to conceive of its particles, and those of
matter, hindering and otherwise acting on each other, or.
communicating motion to each other. Wind passes freely
through a hedge of trees; but still the trees hinder or
“slow " it, while yet again the wind moves the trees ; and
conversely, if we could shake the trees, we should cause a
wind. Such, in brief, is the conception or hypothesis ot
the ether as held by physicists.

F1G. 76.—Refraction.

64. Explanation of Refraction.—Refraction now
is easily explained. Any beam of light has a wave-front
across tf, and it is obvious that in meeting any refracting sur-
face obliquely, one part of this wave-front will meet it before
another. Conceive, then, that while the ether permeates
the open structure of all matter, it is still Zzzdered in its
motions by it, as the wind is hindered, but not stopped, by
the trees. Then trace a ray A B (Fig. 76) to the refracting

1 Some attempts have lately been made to dispute the existence of an
ether (see Pkil. Mag. April, 1879, and July, 1881). It appears to

me that the objectors have not borne in mind the essential physical
necessities of the case.
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surface ¢ D, marking off the assumed length of its waves
by the transverse lines. The front will be refarded at &
before it is retarded at F, and we may assume the -retarda-
tion is such that the wave in the denser medium is only
propagated to G, while in the rarer medium it reaches H.
It is plain the beam must swing round ; but when the side
r alsoreaches the denser medium, the whole will be retarded
alike and the beam will proceed as before, only slower and
in a different direction. The theory exactly fits all the
phenomena ; and when we come to polarisation it will be
casily seen why the beam is divided, and part reflected
while part is refracted (§ 119.)

We may illustrate this comparative retardation in a com-
paratively denser medium by a very simple but beautiful
experiment. Take a large thin glass, or any other kind of
sonorous “bell” upon a foot (Fig. 77), and drawing a
violin-bow across the edge, we easily produce a musical
sound. By adjusting a small wire point to barely touch it,
as on ‘the left hand, or hanging a small pith-ball barely
against it, as on the right, we easily prove that the sound is
due to rapid vibrations or motions, which at a certain speed
produce a given note. Fill the glass with water, within say
an inch of the top, and it gives a much graver note, showing,
as we know, much slower vibrations. It might be supposed
that this is merely due to the added weight of the water 77
the glass, as we lower a tuning-fork by loading it, the water
vibrating with the glass as one whole. But it is not so;
for if we empty the glass, and immerse it in some flat-
bottomed vessel which, when filled to the brim, brings the
water outside the glass precisely to the same level as before,
still leaving the glass an inch above, so that it can be
excited by the bow, we get the very same lowered note.
Finally, if we now fill the glass as well, the note is still
further lowered ; showing us that the motion is simply more
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retarded in the denser medium, though the glass can still
move freely in it.

65. Total Reflection Explained.—Total reflection
can be explained by mathematical analysis, and is so ex-
plained by Airy, while it is impossible to explain it by any

F1G. 77.—Vibrations in a Glass.

other theory that has ever yet been framed. Airy shows
that, beyond a certain angle, no ma/n wave can emerge,
while the small secondary waves perish immediately by
interrerence (Chap: IX.).
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66. Dispersion Explained.—The different refrangi-
bility of different colours is easily accounted for. According
to both Emission and Undulatory theories the measurements
agree,and those who believed the Emission theory, equally had
to consider the red particles as larger or stronger than violet
ones, as we have to consider violet waves only half the length
of red ones. But as all colours of light seem to move with
equal velocity in ether, violet waves must make fwo vibrations
for each one of red. If, then, the vibrations are retarded
at all in a refracting medium, on the face of things those
which occur twice as often will as a rule be hindered most :
they have more of the hindered work to do, and, therefore,
must be more refracted, provided there be nothing so
peculiar in the arrangements of the molecules which retard
them, as to affect them otherwise.

67. Anomalous Dispersion Explained.—But there
may be relations in the retarding molecules of matter which
do affect the ether-motions peculiarly, and so cause “ anoma-
lous” dispersion. We cannot suppose that the Zezgz/s of the
waves for each colour preserve under all circumstances a
uniform proportion ; for we have not only seen they do not,
but our very theory of refraction itself, is based on the
supposition that the wave-lengths ‘are skorfened by retarda-
tion in a refracting medium. This is assumed to occur,
as we know, because any given particle of -ether is more or
less hindered by particles of matter from communicating its
motion to the next particles. The only supposition possible
is, therefore, that the zumber of vibrations per second, or their
time period, is the determining constituent of colour, as it
is of musical notes. Now we shall find strong presumptive
proofs hereafter (§ 79) that the molecules of different
bodies, like small pendulums of given lengths, have in
fact their fixed and proper time-periods of vibration.
And we can thus very easily conceive how certain relations
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of these respective periods to each other, or of the lengths
of the waves to the distances between the molecules, should
cause molecules of matter to hinder or assist in very various
degrees, the differing periods of vibration in the ether-waves.
Cauchy has even shown mathematically, that dispersion at
all, or the fact of different colours being differently re-
fracted, can only be explained if the distance from molecule
to molecule be- fairly comparable with the length of the
waves. (See § 111.)

68. Mechanical Illustrations.—We may illustrate
practically many of these points by admirable experimental
means, due to the ingenuity of Mr. Tylor.! Though not
strictly ‘“lantern” experiments, they are easily seen by a

whole class, and vividly illustrate the subject. We are
dealing with motions, supposed to be in free ether equal at
any two points of a wave-front exactly transverse to the
direction of the ray. It is obvious this is a purely me-
chanical problem, aud that we may mechanically represent
it with fair accuracy by two equal wheels revolving freely
on two ends of an axle, and left to roll down a slightly
inclined board. Let Fig. 78 represent such a pair of
wheels, the axle being made of } inch iron, turned down at
the ends to about  inch, on which revolve freely but accu-
rately boxwood wheels about 2 inches diameter, with rounded
rims. These dimensions were found best by Mr. Tylor.

1 See Nature, Jan. 1, 1874.
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It is obvious that when rolled along a smooth board such
an axle will preserve one direction. But referring now to
Fig. 79, let there be glued on the board a rectangular and
a triangular piece of the thick pile plush called *imitation
sealskin.” If this is presented to the wheel-track the right

way ot the pile, it will retard the motion considerably, and
when the track A B is oblique, the wheel that first meets the
plush being first hindered, the track will swing round to the

FiG. 8o.

direction B ¢, ard on leaving the plush resume the track
C b, exactly picturing the course of a ray of light through a
thick piece of glass. The triangular piece in’the same way
represents a prism, the track E F being refracted to ¥ G, and
thence to ¢ H. Nay; even dispersion may be thus pictured
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by having a second pair of wheels, s (Fig. 8o), of smaller
diameter, to represent smaller waves—say 1} inches to 1}
inches. These wheels will be found perceptibly more de-
flected from s F to the track F x. The wheels may either
roll freely down a slight incline, or may be held back by a
thread at the centre of the axle. Finally, #zal reflection
may be illustrated as in Fig. 81, for it will be found that

FiG. 81.

if the track A B leaves the edge E F of the velvet at a certain
angle, the wheel c, which first emerges, gains so much on
the one still upon the velvet, that the axle swings right
round and proceeds on the track B D.

These expérimental illustrations will sufficiently enable us
to grasp vividly all the main points of the wave theory.
We shall now resume the experimental study of colour.



CHAPTER VI

COLOUR.

Absorption of Colours—What it means—Absorbed, Reflected, and
Transmitted -:Colours—Complementary Colours—The Eyeé cannot
judge of Colour-waves—Mixtures of Lights and Pigments, and their
Difference—Primary Colour Sensations—Not the same thing as
Primary Colours—Colour as we see it only a Sensation—Experi-
ments showing merely sensational Colour.

WE have now cleared the way for another class of ex-
periments, for. which, to work with comfort, we must some-
what alter our arrangements by removing the objective, and
placing on the flange-nozzle of the lantern a black card or
other cap with a perpendicular slit cut in it rather longer than
we have hitherto worked with—say L inch to 43 inch wide
by 1% inches long.! A long slit, owing to the convergence
of rays by the lens, gives a perceptible curvature across the
spectrum band ; but this need not matter to us. Arrange
the loose focusing lens F (the longest-focus one if there
are two) so as to focus the slit on the screen if the beam
were direct (the lantern must, of course, be deflected, as
for all prism work), and adjust the prism P otherwise as
before. The whole arrangement is shown in Fig. 82, and
its object is simply to produce on the screen»the spectrum

! A brass cap with adjustable slit is, of course, much more convenient,
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ot a slit upon which we can more readily make various
experiments.

69. Absorption of Colours —Providing now some
coloured glasses, or some strips of coloured gelatine between
glass plates, we make some experiments which teach us a
very important lesson. We are apt to think that the sunlight
which comes through a red glass window is all twrned into
red—made red. Well, there is the spectrum of our com-
plete or white light on the screen, drawn out into its con-
stituent colours. Over half the slit hold a bit of the red

. F16. 82.—Spectrum Work.

glass ; if the light, or most of it, is really “reddened,” ali
the spectrum ought to be turned into red. It is no such
thing, however. There is no colour in the spectrum of the
glass where that colour does not exist in the ordinary spec-
trum ; the sole effect is that certain colours aie cut out, or
absent. We get the colour, as so often before, by suppressing
colour. If the glass is a pretty pure red, only red and a
littie orange, A B, is seen in the snectrum of the half slit
covered by the glass ; all the rest is cut away. So of all
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the other gelatines or glasses, but we soon find it is very
difficult to find a pure colour ; generally there are left, at
least, two well-marked colours ; and if we unite just those
portions of the ordinary spectrum, by employing proper
slits in proper places, and uniting the colour passing through
them by our confectioner’s jar, or a cylindrical lens (§ 4y)
we get the same colour as the coloured glass.

We see, therefore, that in passing through a transparent
body, its molecules take up or-absorb the waves of certain
periods, and the remainder passing through give the colour of
the glass. This is not at all difficult to understand. We have
supposed every matter-molecule to have its own period of
vibration (see next chapter) ; or perhaps more often periods,
as it seems probable most molecules are complex. These
molecules can freely communicate any vibrations to the
ether-atoms; but conversely it must be different: the
matter-molecules can only take up synchronous vibrations.
That one tuning-fork will communicate its vibrations to
another of the same note we know ; and we also find that
in thus giviug up its motion to the second, it loses its own
more quickly than one that does not. A fork mounted on
a unisonal resonance-case sounds louder, but sfps sooner,
than one unmounted : it has been imparting its motion to
the unisonal column of air, and in so doing exhausts its
energy. See then what must happen. If waves which pro-
duce red sensations require vibrations of 450 million millions
of times in a second, and such rays pass with others through
matter whose molecules vibrate at that rate if set in motion,
these must themselves take up or absorb all such from the
ether, and the rest passing through give a colour due to
the other rays—in this case green. .

We shall examine tests of this theory presently; -but
meantime, however absorption is produced, many other
experiments will show that the colour of our glass is

I



114 LIGHT. [cHAP.

produced simply by the absorption of certain colours. Throw
a good long spectrum on the screen—through two prisms if
the light is powerful enough—and provide some largish
squares of the coloured glass or gelatine. Say we have a
red one. . Walk up nearish the screen and hold the square
in the hand by one corner in the red rays; it stops these!
very little, or is “transparent” to these rays, which it per-
mits to reach the screen. Move the glass along in the
spectrum, however, and gradually we find it casts more and
more shadow, till at last the shadow is dlack ; the glass is
absolutely opaque to such -colours of the spectrum ; it
absorbs them all.

We soon find also, that-as absorption increases, not only
the shade, but what we call the “colour” itself, often
changes, more- and more ‘of the spectrum being cut out;
as indeed we should expect. With marine glue cement
together a few glass troughs, of plates about 4 inches square
and 1 inch apart. Make solutions of chlorophyll (green leaves
in alcohol, pretty fresh), permanganate of potash, picric
acid, ammoniated sulphate of copper, oxide of copper in
ammonia, and bichromate of potash. Try first the chloro-
phyll. One cell of moderate strength cuts out all the blue
half and some bands in the red end ; add another cell of
the same, and the light transmitted is probably only the
extreme red. A very few experiments of this kind with the
other solutions will show how wonderful are the powers of
this ¢ spectrum analysis,” for such it is, and how complex
are most of the colours of natural bodies ; and will prepare
us for the further details of the next chapter.

vo. Absorbed, Reflected, and Transmitted
Colours.—But meantime a further lesson of the same
sort. We should expect from the foregoing that colour
transmitted through bodies, would often differ consider-
ably from colour reflected by them. A red glass, since
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it absorbs the green and blue and transmits the red,
reflects hardly any, and appears by reflected light almost
black, as do some other colours. In some cases the
colours reflected and transmitted are nearly com-
plementary (§ 71), but seldom quite so; because even
reflected light has penetrated some distance among the
molecules of a body, and thus been partially subject to their
absorbing influence, or had certain vibrations taken up by
them. Two very simple and pretty examples will sufficiently
illustrate this. Place a single film of gold leaf smoothly
between two glasses 2} inches by 4 inches, and bind round the
edges to save from injury; or place it between two discs of
glass mounted with putty in wooden frames that size. De-
flect the lantern at right angles with the line to the centre of
screen, throw the light on the gold leaf'® at 45° and focus
it with the loose lens on the screen; we get the yellow
reflected image. Now place it in the optical stage, direct
the lantern to the screen, and focus: we get a transmitted
green image. - Take, again, a clear glass, and another
blackened "at the back; and cover each with a film of
Judd and Co.’s red ink, or any other which owes its colour
to aniline dye. When dry, place in the optical stage the
clear glass : it transmits a fine 7ed image. The blackened
one reflects (when treated like the gold leaf just now) a
beautiful ye/lowish green image. And the clear glass illus-
trates the usually compound nature (Ze. part transmitted
through a portion of the substance and so partially absorbed,
and part reflected) of reflected light, by giving a reddish
orange image.

We can easily prove by experiment that the colours we see
in natural objects are chiefly residuals left after this internal

»
. 1In focusing such surfaces by reflected light, all the light from
the nozzle should be concentrated on the surface, and some small mark,
such as a black dot, sharply focused on the screen by the loose lens.

I2
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absorption, or are colours to which the bodies are trans-
parent. Get any flower which shows a full green leaf, and
rich red petals in largish masses, such as a tulip, and we
soon find we cannot “ see ”’ its colours unless they are either
placed in white light, or in the appropriate colours of the
spectrum. Throw once more on the screen the prismatic
band, and move along the tulip in its rays. In the red
rays the red flower shines bright red, and the leaves pos-
sibly dull red (owing to the peculiar spectrum of chloro-
phyll, which transmits the extreme red as well as the green).
But as we move it along the red becomes black, and the
green changes also, precisely as the spectrum did when we
cast upon it the shadows of our coloured glasses. Coloured
flannels or highly-coloured chromo-lithographs, moved
along in the spectrum, also yield very instructive phenomena
of the same kind.

71. Complementary Colours.—We have found that
we make white light by compounding together all the colours
of the spectrum ; but we have also found that we may pro-
duce white with much less ; for in the experiment with seven .
little mirrors (§ 49), many of the prismatic rays were of
necessity omitted. We carry this method of experiment
further, and arrange our prism as before, with either a
cylindrical lens (or the waterjar as such), or a large lens
properly adjusted, to reform a white image on the screen.
Now prepare two black cards with slits { inch wide and an
inch long, and insert them, as in Fig. 83, in a strip of
blackened wood, with a saw-cut in it, so that we can slide
and adjust the slits at variable distances. Introduce this
between the prism and re-uniting apparatus, and, first
covering up one slit, arrange the other so that only the
blue rays pass through it, giving, of course, a blue image.
Next, uncover the other slit, and carefully sliding the second
card to and fro, we can find a position (somewhere in the
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yellow or orange-yellow), which again makes the image
white. '

Continuing these experiments with other colours, we find
that for almost any colour near one ‘end of the spectrum,
there is another towards the other end which, with it, makes
white, and is accordingly called its “ complementary colour.”
And notice that we can do this with our really “pure”
spectrum colours, It is not as in a former experiment
(8 48), when we divided the whole spectrum by a wedge-

F1G. 83.—Slits for Complementary Colours.

prism into two coloured images ; for those two colours really
were themselves compounded, and between them contained
all the coloured rays. But here two single colours make
white ; and hence we learn that we may have a white, un-
distinguishable by the eye from any other white, which will
not, on prismatic analysis, yield more than two colours.
We may, by continuing these experiments, find that a white
may be compounded of three colours, or of more. We
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never get a white unless there are waves of more than one
period ; but either white, or almost any colour, may be
compounded out of various constituents.

#2. The Eye unable to judge of Colour-Waves.
Now this is another cardinal, fundamental fact. It teaches
us a wonderful truth, which still more remarkable experiments
will confirm ; viz., that colour and light, as we see them, are
not only purely matters of sensation, or subjective conscious-
ness ; but that this consciousness is easily deceived, and quite
incapable of-distinguishing between whites and colours very
differently constituted. We cannot tell “by the eye” that
the blue-yellow white differs from seven-colour white ; nor
can we tell by the eye that a compound blue, containing
nearly one-half the whole spectrum, is different from a pure
spectrum blue, which may be found of the same apparent
shade.

73. Mixtures of Light and of Pigments.—And there
is another strange thing. The old artists always considered
that blue and yellow and red were “primary” or simple
colours, and that blue and yellow made green. But here
are blue and yellow, and instead of making green, they
make white! How is it they ever make green? To solve
the question, we fill one of our glass cells with solution of
picric acid—apparently a pure yellow—and hold it in front
of half our slit, as in previous absorption experiments. It
allows not only yellow to pass, but nearly as much green,
absorbing all the other rays. We take a rich blue glass, and
analyse that in the same way. This apparently pure blue
allows blue, and as much green, to pass, absorbing nearly all
the rest. This itself is strange enough—that when we add
green to both blue and yellow we should be unable to detect
it by the eye. But it is obvious now that if we place both
colours in the path of the beam, one gf#e7 the other, the yellow
solution will stop the blue rays which get through the blue
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glass, and the blue glass will stop the yellow ; but ot aliow
the green to pass, and the net result is therefore that colour.
It is the same with powders and paints ; the light penetrates
some little distance among their particles (§ 70), and is
absorbed in the same way; and the green we get is the survival,
or net result after the absorption by both, mixed with some
white light reflected unchanged from the outer surface.

But get another lantern, or use both nozzles of the bi-
unial if such is employed, and place the ordinary objectives
on both. Place in the ordinary slide-stage of each a black
card, with an aperture which shows, say, a 2-feet disc on
the screen ; arrange that the two discs partly overlap, and
hold in front of each objective one of these same two
colours, or the blue may be a cell of the sulphate of
copper. In this way, it is obvious that instead of the light
on the screen being the remainder of two successive sub-
tractions or absorptions, where the discs overlap it is the
light from both colours added. And the result now from
these two same colours is not green, but—white.! Analogous
effects may be'shown with a good grass-green glass, chosen
by trial, and the beautiful purple solution of permanganate
of‘potash, i T

As some may still have difficulty in realising that succes-
sive absorptions are the real cause of our ordinarily getting
green by combining blue with yellow, or orange-yellow, we
may make another striking experiment, which would seem
to be a crucial test. Our previous blue and yellow allowed
green to pass through each, as shown by spectrum analysis,
and therefore green was what may be called the sole

1 Tt is possible to get a solution of ammoniated sulphate of copper so
pure a blue as to transmit hardly any green, when the green half of the
experiment, with that particular solution, wouid naturally fail ; but get
either solutions or glasses of a good blue, which transmit green as well
as their blue and yellow, and the same materials will do for both.
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“surviving ” colour. But, by search, we may find solutions
which will give very similar colours to the eye, but of another
prismatic character. Make a solution of oxide of copper
in liquor of ammonia. This, too, is blue, and its spectrum
A c (Fig. 84) shows that it allows to pass, beside blue, nearly
all the green ; in fact, all the spectrum to the point B. Make
another solution of bichromate of potash, which is a deep
or orange-yellow. This allows the red and yellow end of
the spectrum to pass, from the point E, with only a trace of
green, if any; and by a little dilution of one or other
solution, or the use of a wedge-shaped glass cell for each,
the amounts of these two colouring matters can with care

RED_END S BLUE END

FiG. 84.—Complementary Absorptions.

be so adjusted that the spectrum of one begins about
where the other ends, and there is no portion transmitted by
both. Now here are a blue and a yellow very similar to
the preceding ; and their discs, when overlapped, produce,
like them, a fair white, or nearly white. But superpose
these two cells across the nozzle of the same lantern, and
we get no longer green as we did before, but black ; the two
stop the light altogether.

These experiments explain a fact familiar to painters in
water-colours, which as a rule are more or less transparent
colours, showing very largely by the white light of the paper
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reflected #4rough them ;. as may be seen by their colour on
the paper differing widely from that of the cake. Hence
brilliancy can only be got by a single wash ; every successive
wash stops out more and more of. the white light; and
several washes, of the proper spectral colours, instead of
producing white as in the Newton’s disc (§ 49), or.as even
a mixture of colours in oze wash sometimes will, rather
produces a muddy grey approaching black. The final
result can only be the colour which is allowed to pass by all
the washes, which is very little. As Sir John Herschel
expresses it, the water-colour painter ' really works chiefly
by destroying colour, and therefore uses as few washes as
he can. :

Even with pigments painted in water-colour on white
paper, the same facts may be-proved by proper arrange-
ments. If we mix on the palette bright cobalt-blue and
the lighter chrome-yellow, a wash with the mixture gives us
a good green, by the double absorptions among the particles
already described. But so long ago as 1839 Mile found,
that if rather narrow and long stripes were painted con-
tiguously of each alternate colour separately, and then
blended on the retina by removing the eye to a proper
distance, the result was not green, but either a white or
rather yellowish-white, according to the shades of yellow -
and blue.2 Or the colours may be blended in larger patches

! What is here said applies far less to oil painting, which deals with
more solid layers of pigment, unaided by a white background.

2 1 have seen very recently a statement by a ¢‘ practical artist,” who
accompanied it with much hard language about ¢ scientific theorizers,”
that such stripes when so blended gave green. All that can be said
about such an assertion is, that as a general rule, with really good
blues or yellows, it is simply not the fact : the statement is due to sheer
ignorance and lack of experimental investigation. Some blues and
yellows are so safurated with green in addition to the blue and yellow,
that after the two latter have combined into a white, the green heavily
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by a double-image prism,’ or in other ways. Any tolerably
pure blue and yellow will always, when their coloured
images are added, produce white or near it, and cannot
anyhow when so added be made to produce green.

74. Primary Colour Sensations.—Nevertheless it is
considered probable that therg really are three primary colour
sensations, though different from the blue, yellow, and red
of the old artists. Helmholtz and Maxwell believe the
three primaries rather to be violet, green, and red. Certain
mixtures of violet and green can be made to give a blue,
which accounts for nearly the whole half of the spectrum
from the blue end, when combined, appearing of that
colour ; and red and green will also give a yellow—most
‘mixtures, however, giving one of an orange shade. Yellow
appears to the eye such a “ pure ”’ colour, that it is difficult
to believe it can really be compounded. We have seen
already, however, that it will bear mixture with a very large
quantity of green without the eye detecting that mixture;
and it is easy to show by experiment that red and green
will produce it. One method is a very pretty one easily
demonstrated by any double lantern.? From one nozzle
project a spectrum by any of the arrangements which have
been described ; from the other focus on the screen the
image of a perpendicular slit in a black card in the ordinary
slide-stage, long enough for the image to project some
obvious distance above and beneath the spectrum, when
thrown upon it. Place in the stage with it a pretty pure

predominates. Such will of course give green ; but approximately pure
and bright blues and yellows cannot be made to do so ; and examina-
tion of the blue-greens which do, through a prism, will reveal at once
the great preponderance of green which causes the exception.

Hiee S TLI2 05

2 To the best of my belief it was first so performed by Professor
Tyndall. y
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\
red glass, and move the nozzle so that the red image may
travel along the spectrum-—somewhere in the green we shall
get a fair yellowo. Again, take a green glass with the slit,
and somewhere in the red we shall again get a yellow.

Another method is due to Lord Rayleigh. A film
of blue gelatine stained with litmus is placed between
two glasses; prismatic analysis by methods already de-
scribed, shows that it cuts out all the yellow and orange
rays. A similar yellow film coloured with aurine cuts
out all the blue and violet. Both together, it will be
seen, stop out all but the red and green.! Now take away
the prism, and let the light from the lantern pass direct
through both, and we get an orange-yelloww. So that here
we actually have apparently blue and yellow glasses produc-
ing neither green, as in one previous experiment, nor white,
as in another, nor black, as in another—but by successive
absorptions, erange-yellow ! And in all four cases pris-
matic analysis of the glasses or other coloured substances
separately, perfectly accounts for all the phenomena.

But observe, that we say three primary colour sen-
sations, and not three primary colours. The distinction
is very important. So far as the actual spectrum and
spectral colours go, even Newton’s seven do not repre-
sent the case—every point in the spectrum differs somewhat
in shade from its neighbours, and each one has its own
distinct period of vibration, on which the colour (and other
properties also) depends. No one is any more ‘‘ pure” or
¢ primary ” than the other. But there are generally believed
to be in the retina of an ordinary eye three main sets of
nerves, or of the fine rods already referred to (§ 61), or
whatever else receives the impacts of the ether-waves and
translates them into consciousness ; one respending mainly
to violet, another to green, and another tored. But tuning-

1 Both glasses, ready prepared, can be obtained of Mr. Browning.
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forks, to take one obvious analogy, will respond in a less
degree to other than their own proper notes; and so it is
supposed these sets of nerves, rods, or other mechanism
also respond in less degree ta other wave periods than their
own. It is then easily conceivable that periods which give,
let us say, a pure spectral yellow, should also act on the brain
by partially exciting the red and the green rods; and we
should of course expect that if these red and green rods
were simultaneously excited by their own proper colours,
they would then produce the same sensation of yellow, or
nearly so, as in the other case. The same reasoning would
apply to other colours ; and will account for blue and yellow
alone making white. For if the blue waves excite the
violet, blue, and some of the green, while the yellow waves
excite the green and the red, the two together set in motion
more or less the apparatus which responds to all the colours
of the spectrum. However the exact details may be worked
out, the remarkable phenomena of colour-blindness, and
the fact that they are almost entirely confined to blue, green,
and red colours, make it very probable, if not certain, that
in the main this view is the true one.

75. Colour merely a Sensation.—The obvious and
striking consequence at once results from such a theory, that
colour is merely a sensation. We have already made many
experiments which confirm this view, and show that the
sensations are by no means trustworthy guides; but we can
now demonstrate that it is so by still more striking experi-
ments, whose nature is easily understood. We have (§ 61)
supposed vision to be excited by motion communicated
transversely to the ends of fine rods, with which the retina
is studded, and so communicated through the nerves to the
brain. Now, if we press a rather blunt pin-point on any
part of the body, or excite sensation in any other way, we
feel it at first very vividly ; but by degrees the sensation
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deadens, and we take no notice. - The nerves which respond
to that particular feeling are by exercise, for the time,
JSatioued—tired out—and can no longer do their work,
That is the reason we wear our clothes without feeling them,
and of many similar facts. Now if we suppose some of
the rods to respond, like tuning-forks, to certain vibrations
or colours, and other rods to others, we ought to expect,
under similar circumstances, results of the same kind.
This is our next step in the demonstration, and the object
of our next experiments. Two lanterns may be used, one

F1G. 85.—Subjective Colours.

to illuminate the screen the moment the other is shut off ;
but one is to be preferred, as more certain, for the first two
experiments at least. Remove the objective, and prepare
a black card 3 inches or 4 inches square, with a circular
hole in the centre, which, when held against the flange-
nozzle, as at N, Fig. 85, and there focused on the screen,
gives a disc of about 18 inches diameter, or 12 inches for a
short screen distance. Arrange the loose focusing lens
F in front, to focus it accordingly, as in Fig. 85, and of
course when the card is removed the w/ole screen is instantly
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illuminated. Have ready also a piece of good red glass,
the size of the card, the picric acid cell, and a blue glass,
or the ammoniated copper cell. First we hold the plain
card over the nozzle, as shown in the figure, while we count
twenty rather deliberately, fixing the eyes meantime intently
on the same point in the bright disc. After twenty or twenty-
five seconds remove the card suddenly, and where the disc
was we now see a dark circle on the illuminated screen.
The exhausted nerves no longer respond to the stimulus
of the white screen, as do those over the untired area ;
and hence, though all the screen is equally white, where
the disc was it appears dark.

Repeat the experiment with the red glass held over
the card, removing both together. Here the fibres or
nerves which respond to red vibrations alone are fatigued ;
the others are not. Hence when the glass and card are
withdrawn, and the screen illuminated with white light, the
red rays of %hat light can no longer excite in the tired
nerves such vivid sensations as the other colours which
affect fresh and rested nerves; and so, after a second or
two, the place where the disc was appears greez, though
no green light is really there, except as a component of
the white. In the same way, hold the picric acid cell in
front of the card for twenty seconds, and we get a spectral
blue, while the blue solution gives us a yellow. We “see”
a colour which does nof exist, except in our nervous
Jsensations.

There is one still more striking experiment of the same
class—that of projecting upon the screen the entire spectyum.’

* T believe this beautiful experiment was first performed by Professor
Tyndall at Glasgow. Seeing the expressions of misgiving with which
he introduced it even with the electric lantern, I was somewhat sur-
prised to find that with the lime-light the effect is'all that can be desired;
and that with a screen distance of about 6 feet, and a good bisulphide
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Arrange the bisulphide prism as for so many previous ex-
periments, but using now as wide a slit as will give fairly
pure spectrum colours ; and arrange that a tolerably brilliant
gas-light can be turned up instantaneously at a given signal.
Project the spectrum on- the otherwise dark screen, but in
this case count thirty; and be sure vision is fixed, by
placing a small black mark to look at about the middle of
the spectrum. At the word ¢ thirty,” cover the lantern-
nozzle, while an assistant turns up the gas; and we see
on the screen the complementary spectrum, solely due to
fatigue of the organs of vision.!

If further proof be needed of the distinction between
the physical realities which underlie light and colour, and
our purely sensational consciousness of them, it is at hand.
Some people are more or less ¢ colour-blind,” while yet the
perfect optical images must be formed on the retina. Some
few have absolutely no sense but that of light and
shade, though the physical reality is the same for them as for
us. What the world appears to them, we may demonstrate
by lighting our room with a Bunsen burner, in the flame
of which dry carbonate of soda is held, or still better, a
morsel of sodium in a spoon. All is mere light and shade ;
and we can see, as we turn up the ordinary gas, what we
should miss, without 'the colour-sense, from our beautiful
world. Finally, a large dose of the medicine sanfonine

prism (with a glass one the spectrum is not long enough), it can be
satisfactorily shown even with an Argand gas-burner, on one condition
—that the screen is not too brilliantly illuminated afterwards. Hence
the illumination of the screen by an ordinary gas-light during the second
stage, instead of throwing upon it the full beam from the lantern.

1 There are a few with whom these experiments do not succeed.
Some of these are colour-blind, while others seem persistently ‘‘unable”
in all such matters; and the whole nervous systemsof some is so
vigorous, that the retina does not readily become fatigued ; but nine-
tenths of any average audience find no difficulty.
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affects the colour-sense considerably, and, besides distorting
other colours, makes nearly all persons incapable of per-
ceiving violet and purple. This strange fact is easily
accounted for if we conceive that the drug renders the rods
or fibres attuned to the quicker vibrations so relaxed, that
for the time they only respond to slower ones. There
are even some individuals (the writer is one) to whom the
very same coloured object appears of perceptibly different
colours or shades of colour as regards the two eyes.'

1 In my case a purple object appears perceptibly bluer to one eye and
redder to the other.



CHAPTER VIL
SPECTRUM ANALYSIS.

Absorption Spectra—Their use in Analysis—Continuous Spectra—The
Solar Spectrum—Line Spectra—Reversed Lines—Radiation and
Absorption Reciprocal—Fraunhofer’s Lines—Reversed Solar Lines
—Thickened Lines—Solar, Stellar, and Planetary Chemistry.

76. Absorption Spectra.-—Some of the experiments in
the preceding chapter have really been experiments in spec-
trum analysis, of precisely the same nature as are half of the
experiments made by microscopists and chemists every day.
A large part of their work consists in the examination of
mere “ absorption spectra” such as we have already seen
upon our screen. We may demonstrate its nature by many
homely and instructive experiments. Filling, for instance,
our glass cells with known samples of genuine claret or
other wine, we obtain by the method already described, a
spectrum with certain dark bands. Now we can easily
obtain other solutions, compounded with more or less
alcohol, and coloured with various substances, which, “to
the eye,” are of exactly the same colour. But the imitative
solution will not give the same absorption spectrum. It
cannot be made to do so, inasmuch as the vibrations absorbed
depend on the synchronal vibrations of the very molecules
themselves. It is needless to give more examples, or to ex-
plain how we have even in this method of analysis a powerful

K
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and delicate means of detecting adulteration, in any sub-
stance which admits of being presented as a coloured
solution, or any other transparent form. We have only to
ascertain the absorption spectrum of a sample of known
purity ; and the spectrum of the sample to be tested will at
once reveal if it be genuine or adulterated.

Again, if healthy blood be somewhat diluted with water,
a characteristic absorption spectrum will be observed with
all the blue end cut out, and two broad bands in the yellow

F1G. 86.—(r) Iodine Vapour. (2) Nitrous Gas.

and green, near the b and E lines to be presently explained.
But if we now hold in front of the slit a trough filled with
blood poisoned by almost anything—say by carbonic oxide,
or prussic acid—at once we shall perceive a marked
difference in the spectrum. Light will be a Revealer of the
poisoning to which the blood has been subjected.

. Any coloured gases or vapours contained in closed
tubes will give similar and very characteristic absorption
spectra. A tube containing some iodine, vapourised over
alamp and held in front of the slit, gives a very beauti-
ful spectrum ; as also does one filled with nitrous gas (Fig.
86). The latter gas.can be easily produced by putting some
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copper-turnings'in a test-tube and pouring on them some
nitric acid. Carefully avoid inhaling the fumes.

77. Continuous Spectra.—But, however much we dis-
perse the spectrum of our lime-light or gas-burner, from the
narrowest slit, we fail to find any dark bands in that; it is
an unbroken band of colours, insensibly shading into one
another (Plate II. A).] Such is called a continuous spectrum,
and it is found that azy body which can be heated to incan-
descence without being vapourised—that is, which glows while
retaining a solid or liquid form—gives this kind of spectrum.
If we heat a piece of iron, for instance, it gives out first only
red light—the longest and slowest waves. As we heat it more,
yellow is added ; then gradually green and blue; but the
spectrum is always continuous as far as it goes. | A gas
flame does not give us by ordinary methods the spectrum of
a vapour, but that of the so/id particles of carbon in a state
of incandescence: hence the continuous spectrum. This
rule has been found universal. / Many substances are vola-
tilised before they can be made to give a complete spectrum :
but if they can be heated so as to emit light at all, it is
an unbroken spectrum so far as it extends, and it commences
from the red end. Thus the body emits the very slowest
vibrations first, gradually acquiring the quicker ones ; which
we recognise in popular language when we say ‘it first
becomes red-hot and then white-hot. A thermometer
moved in the spectrum will show us that still longer and
slower waves than the visible red waves extend beyond
the red end, and are even hotter than the red. So that a
body, heated, first acquires comparatively slow vibrations,
which are too slow and long in their waves to excite
vision ; gradually it adds quicker and quicker ones ; till at
a certain point, different for each body, the, motion of the
molecules is so rapid as to overcome the attractive forces,
and the molecules fly apart in vapour.

K 2
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78. The Solar Spectrum.—We cannot show the solar
spectrum in the lantern, but every student should see the
leading phenomena for himself. Provide sufficient black
cards to go all across a window as a black band about a
foot high, resting on the middle sash or bar ; they need not
be fastened, as the only object is, for the width of that band,
to stop out the light, and a little overlap of loose sheets will
effect this. In one of the middle sheets cut a slit not
more than 1 mm. (5% of an inch) wide and two or three
inches long ; and choosing a day when the sky is brilliantly
lighted, and the slit standing out against it, or at least against
a bright white cloud, take the bi-sulphide prism, and observe
the slit through it from the other side of the room, or from
a distance of not less than eight or ten feet.! The spectrum
will be plainly seen to be crossed by several well-marked
dark lines, as represented in Plate IL., Fig. D. By employ-
ing more prisms to increase the dispersion, and examining
the image with a telescope, these lines are increased to
hundreds ; but those in the plate can be seen with the
single prism-bottle and nothing else.?

Now we have the best of reasons to believe that the sun
is incandescent : his amazing heat alone makes the supposi-
tion a necessity ; and his spectrum is moreover, to the eye
alone, unless widely dispersed, so very near to a continuous
spectrum as to make it almost certain upon that ground
also, that the light emitted from him originally must be from
an incandescent fluid or solid. What, then, is the cause of
these dark lines? The probability would appear to be,

1 Tt does not seem generally known that the principal lines of the
solar spectrum can be perfectly well seen by this simple means. Even
with a ““ lustre” of pretty good flint glass, I have never failed to see
the D line, and the chief line in the blue.

2 For further details of ,spectroscopes and spectroscope work, see

The Spectroscope, by J. N. Lockyer, F.R.S. (Nature Series). This
chapter only deals with the physical outlines of the subject.



viL] o LINE SPECTRA. 133

even from.what we have seen already, that they are in some
way due to absorption.

79. Line. Spectra.lWe examine next the spectra of
coloured flames, or flames which contain the wzapour of
solid bodies. The metal sodium is a convenient substance,
being so easily volatilised, and the vapour so readily made
incandescent by a moderate temperature. Slide back the
burner or lime jet, and introduce at about the point it
usually occupies a short Bunsen burner. In the flame of
this hold in a small platinum spoon a pellet of sodium.
The spectrum arrangements being all ready as before,
we see on the screen simply a bright yellow line—the
characteristic line of sodium, known as the D line or lines.
All the rest is dark ; the sodium-vapour gives a pure yellow
light. (Plate IL, Fig. F.)

Now, it is found that all incandescent gases give such
“line ” spectra; as if, when their molecules of matter were
so dissociated as to be able to behave independently, they
had their own periods of vibration, like pendulums of a
fixed length. Some give more lines than others—sodium
itself gives an additional line with the more intense heat
of the electric arc; while with wide dispersion the yellow line
itself splits into two lines close together. But incandes-
cent gases give Jine spectra, and no gas or vapour gives
the same lines as any other; so that when Mr. Crookes
some years ago found in the spectrum of some lead-
refuse volatilised, a new green line none of the known
metals had yielded, he knew he had something before
him " hitherto unknown, and pursued his investigation till
he had separated the new metal Thallium. As in all
previous instances, Light was to him a true Revealer of the
unknown. . -

Lithium and Strontium are pretty easily volatilised iz the
shape of their chlorides, and a small quantity of these salts
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will generally show visible line spectra in a good Bunsen
burner ; if not, they may be carefully held in the oxygen jet.
But sodium is at once the most striking and most easily
manipulated example for screen work.!

80. Reversed Lines.—In 1859 Kirchoff cleared up the
mystery of the solar spectrum, by ascertaining that when
the vapour of sodium was znfezposed between the slit and
the solar spectrum, #2¢ D /ine was darkened. We have seen
the bright » line of sodium, as projected from the lantern.

F16. 87.—Reversed Sodium Line.

We now restore the lime cylinder to its place, and throw the
continuous spectrum on the screen in the ordinary way.z

1 With the table spectroscope, where much less illuminating power is
required, many substances may be used which are useless with the
lantern. With the latter, nothing beyond absorption spectra and the
line spectrum of sodium can be shown without the lime-light.

? Nothing less than the lime-light is brilliant enough to show the
reversed line on the screen. In private experiments with a prism, a
good paraffin lamp is bright enough to_show reversed lines with many
chlorides,
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As near the slit as possible we adjust the Bunsen burner,
between the slit and the lerns; and between the burner and
the lens, again, we interpose a screen of black tin or black
card, with a somewhat larger slit, so as to cut off the diffused
light from the sodium from the screen. Introducing a pellet
of sodium into the flame, it bursts into vivid combustion,
and the light from the slit has to pass through the yeilow
flame. At once a dark band in the yellow appears on the
screen (E, Plate II). Itisnotreally black ; for we know that
if the sodium flame alone were employed it would give the
yellow band ; but it is comparatively dark : it stops the larger
portion.of the brilliant light from the lime cylinder.

By another and a better arrangement we can show the
two spectra together, and demonstrate that in this way we
get an exact and absolute reversal of the sodium line. It
is shown in Fig. 87. Everything but the condensers is
removed from the lantern, and a few inches from the
flange-nozzle, N, is adjusted a rather large black tin screen, s,
in which the slit is cut, and which has side-guards (not
shown) in order to stop as much as practicable scattered light.
As close as possible to the slit is arranged the Bunsen
burner, B, between the slit and the lantern; by this
arrangement all the light has to pass through the sodium
flame, while none but what passes the slit can reach the
screen. On now holding the spoon with the pellet of
sodium in the flame the dark band appears in the spec-
trum ; and by holding another plate, T, between the Bunsen
burner and the condensers, the lime-light may be cut off
from the upper portion of the slit, leaving the light of the
sodium flame alone. The result will be-as shown. One
half of the spectrum will show the bright line on dark
ground, giving the radiation spectrum of sqdium, . The
other half will show the dark line on the continuous spec-
trum, giving the absorption spectrum, a.
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81. Radiation and Absorption Reciprocal.—After
all, this is what we should have expected. It simply shows
us that, as we have found reason to suppose before, the
molecules of matter really do take up or absorb those ether-
vibrations which syzc/ironise with their own vibration-periods.
We form the conclusion, subject to experimental verifica-
tion, that all vapours ought to adsoré the very same colours
which they 7adiaze or emit when heated to incandescence.
And experiment does verify the conclusion. In every case,
where the vapour of a metal gives out bright lines, there,
when interposed in the path of a brilliant continuous
spectrum, that spectrum is crossed by dark lines.

" 82. Fraunhofer’s Lines.—We can now perfectly under-
stand the solar spectrum (Plate II. D). The dark sodium
or D lines show us that between the incandescent body of
the sun and ourselves is the vapour of sodium ; other
lines demonstrate the presence of incandescent hydrogen ;
other lines, again, those of iron. With greater dispersion
the dark lines are, as already observed, multiplied to
hundreds, and nearly a hundred of these are iron lines.

Fraunhofer’s lines are of great value in another way.
They serve as landmarks in the spectrum. 1t is difficult
or impossible to determine light of a given wave-length
by the colour alone; but these lines have fixed places,
and, being all carefully mapped, answer every purpose.
Where no solar spectrum can be employed, still the
ascertained lines of iron, or sodium, &c., answer the
purpose, the chief lines being all lettered and numbered.

83. Reversed Solar Lines.— All the preceding suppo-
sitions can be actually verified in the case of the sun, and
we are able to obtain with proper instruments just such
reversed or complementary spectra as our lantern gave us
of the sodium line. If the sun is surrounded by various in-
candescent vapours, and these could be isolated from his
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overpowering continuous spectrum, we must have the &r4g/4¢
lines. This was first accomplished during total eclipses,
when the incandescent atmosphere gave the bright lines of
sodium, hydrogen, iron, and other substances, conspicuously
enough. By wider dispersion, which it will easily be under-
stood weakens proportionatelythe continuous spectrum, while
not able so to disperse the more definite vibrations of line
spectra, spectroscopists are able to show in juxtaposition
the spectrum of the sun himself, and of his outer envelope
of luminous gas, or chromosphere. Fig. 88 shows a very

M
F1G. 88.—Solar ¥ Line Reversed.

small portion of the result,’ and we see plainly the &rig/t
F line in the chromosphere, while below is the portion of
the continuous spectrum, which shows the das£ line exactly
coincident, just like the two sodium spectra in Fig. 87.

84. Thickened Lines.—There is one more rather im-
portant point. We have seen that solids or diquids, whose
molecules are comparatively close, when those molecules are

1 Taken from Z%e Spectroscope (Nature Series).
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forced into violent vibration by heat, appear so hampered
as to vibrate in all periods, thus giving the continuous
spectrum. When the molecules are at last driven apart,
and are comparatively free, they vibrate in their own indi-
vidual periods, and give lines—at least this is our hypo-
thesis regarding the phenomena. If it be well founded,
we can test it ; for obviously more pressure, or compressing
even gas particles closer together, ought to produce more or
less approack towards a continuous spectrum. Experiment
does verify this, and many gases have been so compressed
as to give a very considerable spectrum. The easiest demon-
stration, however, is with our ever-useful sodium. Enclosing
some fragments of sodium in an exhausted tube afterwards
filled with bydrogen, and again exhausted before sealing
(this is to prevent oxidation), we have the materials for a
very elegant experiment.! We throw the lime spectrum on
the screen as before, and hold the tube over the slit—there
is no appearance of absorption. Applying heat, the #iin
dark line comes on the spectrum which we know so well.
Continuing to apply heat, we of course increase the density
of the sodium vapour, and its pressure ; and as we do so
the line #%zckens, till it occupies a rather conspicuous width.
Removing the lamp, the phenomena are all reversed. Our
theory, and the expectations formed from it, are verified to
the minutest particular.

Again, referring to Fig. 88, it will be seen that the bright
F line of the sun’s chromosphere is much #cker at the
bottom than the top. We gather from this optical evidence,
what we know must be the case on other grounds, that
the pressure of the incandescent atmosphere is much greater
near the sun’s surface.

8s. Solar, Stellar, and Planetary Chemistry.—
Thus we see how the spectrum enables us to ascertain with

1 Due to Dr. Frankland.
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wonderful accuracy much about the actual components, and
even actual physical condition of the most distant heavenly
bodies. It is interesting to find that, as far as we can
trace them in our telescopes, these are constituted of pre-
cisely similar matter to what we are familiar with, governed
by precisely the same laws. Diverse and inconceivably
far apart—far enough for even Light, with its enormous
velocity, to occupy hundreds of years in traversing the
distance—all are yet one vast unity. We can trace their
materials, and sort them out into groups according to their
stages of development; we can tell if they are solid, or
gaseous, and whether they have a surrounding atmosphere
or not. The Light they send us is a true Revealer of all,
and brings evidence of all these things in its beams.



CHAPTER VIIL
PHOSPHURESCENCE.—FLUORESCENCE.—CALORESCENCE.

Lffects of Absorbed Vibrations—The Invisible Rays of the Spectrum
— Three Independent Spectra non-existent— Phosphorescence —
Fluorescence — Calorescence — Relation of Fluorescence to Phos-
phorescence.

86. Effects of Absorbed Vibrations.—In previous
chapters, we have been led to adopt as our hypothesis of ab-
sorption, and of the cause of colour in coloured substances,
that molecules of matter having certain periods of vibration,
took up from ether-vibrations of all periods, such vibrations
as synchronized with them. We are bound to ask, what
becomes of these absorbed vibrations? Energy cannot be
annihilated; and the motion 'apparently destroyed must
produce certain effects. If molecules of matter thus take up
vibrations from the ether, so quenching or weakening them,
it may be urged that these molecules ought, in their turn,
being set vibrating, to give out new light, or at least
vibrations, of their own ; and further it is conceivable, not
to say probable, that such matter-vibrations should be excited
in some measure, though not so strongly, by ether-vibrations
not synchronous. Sound is our closest analogy; and we
know that non-synchronal waves will set vibrating various
sounding bodies. That this is so as regards heat and light,
is beautifully shown by the allied phenomena of Fluorescence
and Phosphorescence. .
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It readily appears, on reflection, that when small masses
act by their motions upon large masses, the more common
effect must be the conversion of quicker motions into
slower ones. To use and expand a dynamical analogy which
has been employed by Professor Stokes, let us consider short
and choppy waves acting upon a large vessel anchored at
sea. The quicker motions impart a slwer pitching and
rolling of the vessel ; and these, again, cause new and slower
waves in the water. But these are less perceptible than the
primary waves, and may even be unnoticed, unless the
water should become suddenly calm’; when they would at
once be conspicuous as long as the rolling continued, a
period -which would depend on the stability of the vessel.
In the same way, long slow waves may more rarely be con-
verted into quicker motion, and thence into guzcker secondary
waves. Regard the waves as motions of ether atoms, and
the vessel as a molecule of matter, and the analogy is fairly
complete.

87. The Invisible Spectrum.—But before we can fairly
investigate these matters, we must take into our view more
than the spectrum we “see” upon the screen. That spectrum
has no sharply-cut ends; and we know well enough that it
has other effects than visual ones. We can readily trace
heat in it ; and experiment in even a very rough way with a
good thermometer soon shows us that the heat is much the
greatest at the red end. If; on the other hand, we expose
a photographic plate in the spectrum, we find very energetic
chemical effects ; and as regards salts of silver and many
other compounds, we find that these powers of producing
chemical changes are much more energetic at the violet
end.

If we push our experiments further, with more delicate
instruments, we find that some of the most energetic heat rays
are quite owfside of the visible red end, in a dark space,
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representing still slower vibrations than the slowest red rays.
And we also find that some of the most energetic chemical
effects are produced in an invisible region ou/side of the visible
violet end. Moreover there are broad absorption bands and
Fraunhofer lines in these invisible regions ; and there are
bodies, alike in being perfectly clear and transparent to
< visible ” light, which differ widely in transparency as to
these invisible rays. Clear rock-salt is the only body
transparent to all the heat rays: and quartz is one of the
most transparent to the chemical rays, which are largely
absorbed by glass ; as the heat rays are almost totally stopped
or absorbed by a solution of alum in water.

838. Three Independent Spectra non-existent.
——Hence diagrams have been constructed showing the
comparative intensity or working power of what is called the
Light spectrum, the Heat spectrum, and the Chemical or
Actinic spectrum ; the energy of each in every region of
the spectrum being shown by a curve, whose highest point
is at the place in the spectrum where the intensity is
greatest. Thus, the highest luminous intensity would be
over the yellow. And it has been considered that there
were in a beam—say of sun-light—rays of three distinct kinds,
called heat rays, light rays, and chemical rays.

But this is now known to be a mistake. All the rays are
subject to the same laws, being reflected, refracted, diffracted,
&c., exactly as the luminous rays whose phenomena we
have investigated. They differ solely in their periods of
vibration; and their different effects are due simply to
certain periods and lengths being best adapted to produce
those effects. Just as with sounds, some persons can hear
much graver sounds and others more acute sounds than
others can, and probably insécts can hear sounds inaudible
to us ; so while average vzsible light waves range only between

hose whose lengths are from 3§ggth to g5gooth of an inch

4
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in air, some persons can see rays at-one end or the other,
invisible to the majority. Again, it has been said that ¢ chemi-
cal rays” or chemical effects are almost 77/ in the yellow
of the spectrum ; and it is so as regards the salts of silver.
But the action of light upon plants is also a distinctly
chemical effect ; and this is perhaps, if anything, the most
powerful in that same yellow region. Science knows no
real distinction but periods and lengths, between any of the
rays in the spectrum; each period being more or less
adapted, as a rate of Motion, to produce certain effects
upon the molecules of bodies, or upon the nerves.

Now as respect these effects, we have a proof that the
quickest motions act most powerfully in some respects upon
the molecules of matter, in the effect of vibration upon
wrought iron. - Slow motions do not affect it ; but quicker
vibrations rapidly produce a crystalline structure, showing
that the molecules are shaken, or at least forced in somes
way into new positions. We see the same thing exactly in
the chemical power of the quicker waves of light. Itis almost
certain that the atoms upon which they act are literally
shaken into new combinations, very much as in the crystalline
iron ; and thus we can see w/y it is the quickest vibrations
which are often most powerful in their effects. Actinism is,
in fact, itself one of the strongest proofs of the vibratory
theory of light. And as the transference of motion from the
ether we here suppose, is again to the atoms of bodies, we
should expect to find it in some respects most evident from
the quickest waves,

We thus see, in a general way, what becomes of light when
it meets bodies opaque to any given periods of vibration.
It can always be traced somewhere ; but is largely converted
into heat in the body, while many vibrations which would
be true visible waves as regards period, are teo weak to be
discerned. We should expecs that the quicker motions would
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be, as a rule, most readily traced ; and, as a rule, converted
into slower ones. And yet we ought to find some exceptions
to this rule, and many proofs in one way or another of what
we are supposing takes place.

89. Phosphorescence.—It will now be understood, that
" when we place a body in the sun for some time, and on
removing it find that for a considerable time it gives out
perceptible heat rays, we really have a case of what we are
trying to find. Some people’s eyes are sensitive to light.
much more faint than others can perceive : and if a large iron
ball is heated white-hot, and then gradually cooled, such
individuals may see the red light after others have ceased to
perceive any visual phenomena. Hence there can be little
or no doubt, that in the case of a body merely “warmed ”
in the sun’s rays, there are also vibrations of shorter, truly
visual periods, but too feeble for our senses.- But there
are quite a class of substances which, when exposed to light
for a time, continue for some time after withdrawal to give
out luminous rays, and this phenomenon is called pios-
phorescence. Prominent amongst these substances are the
sulphides of calcium, strontium, and barium ; but they require
to be heated and hermetically sealed in glass tubes. The
diamond and fluor spar are examples in the mineral world.
The compound sold as Balmain’s luminous paint is one of
the cheapest and best known substances. Diamond and
fluor spar glow for a comparatively short time after exposure
to a strong light ; but the sulphides, or Balmain’s paint, will
shine for many hours by the energetic vibrations set up in
their molecules by the ether-waves,!

It is found that these effects are produced mainly, if not
solely, by the quicker and shorter waves. If a sheet

1 A set of phosphorescent tubes, which give various colours after
exposure to light, can be obtained for a few shillings of any good
optician.
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of paper painted with Balmain’s paint is made slightly
luminous, and then exposed in the dark to a strong spectrum
for a while, when it is taken into a dark room it is found
the phosphorescence is destroyed where the slower waves:
fell. Those waves have the property of destroying the
vibrations set up by the quicker waves, converting them into
slower, or heat waves.

go. Fluorescence.—But there is another class of bodies
which are acted upon in a somewhat similar and yet some-
what different manner. The vibrations of the infinitely
small ether-atoms set up in their heavier molecules s/ower
vibrations, as in the case of our ship (§ 86.) We have had
one example of this when light-rays are absorbed and cause
heatrays to be emitted from the body ; but similarly, the
very quick and short invisible violet rays may be converted
into slower vZszble rays. Now Professor Stokes found that
when he employed quartz lenses and prisms (§ 87), the in-
visible spectrum at the violet end was six fimes as long as the
whole visible spectrum. 1t is no wonder, therefore, that this
should be the most frequent of all these allied phenomena.
It is called Fluorescence, and has been specially investigated
by Professor Stokes, and since by Professor Lommel.

The conversion of invisible rays into visible ones is not
very well adapted for ordinary lantern arrangements, for two
reasons : firstly, incandescent lime is not rich in the in-
visible violet waves ; ! and secondly, glass lenses, and espe-
cially the bisulphide prism, are powerful absorbents: of
them. The electric light is extremely rich in these rays,
much more so than that of the sun. The most convenient
light for ordinary lantern experiments is that of magnesium

1 T have seen very fair actinic effects from a magnesia cylinder. Such
cylinders are far too soft and rapidly consumed for otdinary lime-light
work, and are therefore not made now ; but I am inclined to think
they might be so made as to give a good actinic spectrum,

L
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ribbon, also rich in violet rays ; and it may be used without
any special expense, by adjusting a bit of brass tube and
passing through it two or three ribbons ; one of the three
will then keep the others alight, but the light must be
watched through a bit of smoked glass. The lantern itselt
and the spectrum are, however, only needed to show the
creation or conversion of the invisible spectrum into visible
rays ; and this is best done by adjusting a spectrum with the
glass prism on the screen. We project the spectrum, stop
off all the brighter portion, and pin over the violet end and
beyond it, a white card painted with several coats of a solu-
tion of sulphate of quinine in water acidulated with sulphuric
acid. We see a very obvious drightening of the visible violet,

FiG. 89.

and that a perceptible region, before invisible, becomes
visible where painted with the quinine (Fig. 89, B c).

Taking a cell of the quinine solution, and interposing it
in the path of the lantern-beam, the screen shows that it is
prefectly clear, as ‘“clear and colourless” as water. But
holding the cell so that the light 7% the cell can be seen, it
glows with a beautiful bluish shimmer. Now with this cell
we can show the perfect reciprocity between radiation and
absorption which we have found before.

We project from the lantern, with a flint-glass (in default of
quartz) train, the ordinary spectrum, A B (Fig. 89). Towards
the violet end B, is attached the piece of white card painted
with the acid solution of quinine, producing the brightening
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at B and extension to c. Now we interpose in front of the
slit or lantern-nozzle the flat glass cell filled with the same
solution. The B c portion is at once absorbed, and the spec-
trum brought back to its former dimensions and character.
The demonstration thus is complete, that emission here also
is reciprocal with absorption. We see also the reason why,
in examining ce/ls or fubes of quinine, a weaker solution is
better. In strong solutions the effect only penetrates to a
small depth, because as the light penetrates, more and more
of the effective rays are absorbed ; until, at last, the light
that has got through a certain amount, though to all appear
ance as white and complete in various waves as ever, has
utterly lost all power of exciting fluorescence. The quicker
rays have been taken up by the quinine, which emits them
on its own fresh account ; and therefore they no longer exist
to cause fluorescence in what quinine may be behind.

Having demonstrated the spectral relations of these
fluorescing rays, however, a more convenient plan is to burn
magnesium in a small box with one side of violet glass.
The glass, of course, has no real operation beyond stopping
off the more brilliant part of the spectrum, which might
otherwise overpower the more feeble fluorescent effects.
The private student may use sunlight admitted through a
small square of blue or violet glass into a dark box. Or if
an induction coil is at command, a vacuum-tube filled with
rarefied nitrogen, or even air, gives a light feeble, but rich
in actinic rays, which, if surrounded by a large tube in
which fluid can be introduced, gives fine effects. The purply-
blue light of burning sulphur is sufficient for many sub-
stances ; and sulphur burning in oxygen, or some potash
pyrotechnic mixtures, give powerful effects.

Substances or solutions which show good effects in the
violet or ultra-violet rays, are the following :—Petroleum,
which is yellow, and fluoresces blue ; tincture of turmeric,

L 2
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or extract in castor-oil, yellow, fluoresces green; nitrate
of uranium, or glass coloured with uranium, fluoresces
a brilliant yellowish green. If some fragments of horse-
chestnut bark are thrown on a jar of clean water con-
taining some -ammonia, beautiful streams of sky-blue
fluorescent particles will descend ; and two substances ob-
tained from the bark-—zesculine and fraxine, fluoresce beau-
tifully, the first blue and the latter green. Tincture of
stramonium fluoresces strongly by violet rays, and so does
anthracene. Perhaps the most brilliant of all is thallene, a
substance extracted by Professor Morton from petroleum
residues ; paper washed with this gives a splendid green
spectrum beyond the visible violet rays, and designs painted
with it show up brilliantly in almost invisible violet light
obtained through a violet glass from magnesium wire.
Fustic in an alum solution, and camwood in castor-oil,
also fluoresce well.

In these substances the quicker waves produce vibrations
lower in refrangibility, but not extraordinarily lower. Other
than the blue and violet rays, however, can excite fluores-
cence; and Lommel considersthat in some cases rays are pro-
duced of /Zigher refrangibility. This has been disputed, but
as regards the mere fact it seems beyond question. Make a
solution of green leaves (nettle-leaves are very good), fresh,
in benzol, ether, or alcohol, by macerating them for a few
hours.  The solution is a fine clear green, but it fluoresces
brightly a splendid blood-red in @/ the rays except the
very extreme red. If we interpose a cell in front of a slit
so as to throw on the screen the “absorption spectrum ” of
the chlorophyll (Plate II. G), we can trace still more plaifily the
reciprocity of absorption and fluorescent radiation than with
the quinine, since for every dark absorption band there is
a proportionately brighter fluorescence in those particular
rays. A pretty experiment is to half-fill a test-tube with the
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acidulated solution ‘of sulphate of quinine, and fill up the
other half with chlorophyll in ether or benzol. The bottom
half is absolutely clear by transmitted light, and a beautiful
blue by reflected light; the other green by transmitted
light, and red by reflected light.

But though nearly all the rays up to extreme red excite
fluorescence in chlorophyll, the resulting fluorescence is
also red; and there is no proof of any rise in refrangibility.
A solution in alcohol of the beantiful aniline dye called
naphthalin red, however, while its beautiful orange-yellow
fluorescence is most powerfully excited by the yellow rays
about the b line (where also is, as usual, the darkest band in
its absorption spectrum), responds less powerfully to almost
all the rays except the red, beginning with the distinctly
reddish orange. One of the best solutions, however, is a
few drops ‘of the alcoholic solution of eosin in water.! This
beautiful red solution fluoresces a splendid green in nearly
all the rays of the spectrum, showing brilliantly even by a
gas-light, and therefore with any lantern. Here, there-
fore, we have a distinct case of the incident light producing
quicker waves. Fluorescein, an allied substance, but which
dissolves best in ammoniated water, is of a reddish yellow,
and fluoresces a brilliant green ; there are few more striking
experiments than to throw the lantern beam on a jar of
slightly ammoniated water, and scatter on the surface as
much fluorescein as will lie on the point of a penknife.
The jar must be placed so as to refect the light to the
audience, as well as to transmit it to the screen. The latter
will show yellowish descending stripes, while the jar itself
shows brilliant green forms like delicate sea-weeds.

1 Lyon’s, Judd’s, or Hyde’s red inkis made with eosin, and a few
drops in water show this beautiful phenomenon weld, Lyon’s being the
best. The fluorescent thermometers lately introduced are made with
an alcoholic solution of eosin.
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A simple experiment described by Professor Stokes,
though only adapted for private performance, is very
suggestive. Darken a chamber or box, except a small
window of dark blue glass, such as transmits through a
window, when analysed by a prism, only the violet, blue,
extreme red, and perhaps a little green, but the less green
the better. In the fullest light of this blue window lay a
white plate or tile ; of course, on laying over this a slit cut
in blackened metal or card, we see the same spectrum,
only fainter. But now again we lay on the white a bit of
bright scarlet flannel or cloth, so that through half the slit
we see the white plate, and through the other half the scarlet,
and can thus compare the spectra on again looking through
the prism. We naturally expect the blue and violet part of
the cloth spectrum to be nearly black, as it is, in the violet
light ; but what the student probably does 707 expect, but
what we shall find with many samples of scarlet, is to see
the spectrum of the cloth lengthened towards the red end, and
altogether more brilliant in the red portions than that of the
white plate.

g1. Calorescence.—Still further, as Professor Tyndall
has shown, we can stop off all but the slowest waves—all
but the #nwvisible heat-rays—by passing the electric beam
through a cell filled with iodine dissolved in bisulphide of
carbon. If now a large quantity of these invisible or slowest
waves be condensed upon platinum foil, or other suitable
substances, they will produce either a red, or even a white
_heat, thus causing the substance to give out also the guicker
waves of the spectrum. Here again is a rise, or exaltation
of refrangibility, or the conversion of slow vibrations into
quicker ones. This phenomenon Professor Tyndall has called
Calorescence. It is the reverse of what occurs when absorbed
light produces heat (§ 88).

Thus we have found all our expectations exactly fulfilled.
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As a rule, the quickest waves are most noticeable in their
effects, and, as a rule, the extra-violet and violet waves are
converted into slower waves, the extra-violet becoming
violet, or blue, or green, and the violet a brighter blue, and
so on. And yet we have a few examples of the reverse in,
chlorophyll and naphthalin red and a few other substances.
And yet, again, we have in phosphorescent substances ex-
amples of matter-molecules set in vibration by the ether-atoms
so vigorously that they give out light for a considerable time.
‘The probability is that a// or nearly all substances fluoresce,
but that in most cases the vibrations are too feeble to excite
in our eyes visual effects. :

92. Relation of Fluorescence to Phosphores-
cence.—Itneedsone morestep tomakethe analogy complete.
Phosphorescence, as shown by Balmain’s paint, ought to be
clearly connected with fluorescence. This step was always felt
to be necessary by Becquerel, and it was he who surmounted
it. To ordinary observation, the effects of fluorescence
seem to cease immediately the exciting light is withdrawn,
while phosphorescence lasts perhaps for hours. Becquerel,
however, constructed a ‘ Phosphoroscope,” by which the
illuminated fluorescent substances could be rapidly removed
from the light, and he thus found they retained luminosity
for a calculable time. His instrument is rather complicated ;
but Professor Tyndall, whose -fertility as an experimenter is
well known, in a recent lecture at the Royal Institution,
used an apparatus much simpler and more elegant. A square
iron lantern, A (shown in plan in Fig. 9o), had on one side
a slit B, through which alone the light could pass. Professor
Tyndall, of course, used the electric arc; but magnesium
will do nearly as well—anyway, we represent the light at c.
Outside the slit, which is perpendicular and nearly the depth
of the lantern, is mounted on a perpendicular axis, the
cylinder, D, driven by a grooved pulley and cords, E E, from
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a double system of multiplying wheels, so as to give swift
rotation. This cylinder is painted with uranium or canary-
glass, powdered, and the powder mixed as paint with some
transparent vehicle. Turning the slit and cylinder towards
the observer, it will be obvious that if there were no duration
of luminosity, or true ¢ phosphorescence,” in the case of
the fluorescent cylinder, it must appear dark; but on im-
parting rotation, it shines brilliantly with the characteristic
green light. Thus, then, fluorescence is linked on to
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phosphorescence ; and though all fluorescent substances will
not show this with our present experimental means, there
can be little doubt that it is only a question of degree and
of powers of observation.

Once again, therefore, Light has revealed to us the minute,
invisible motions which its own ether-vibrations communicate
to the molecules of bodies. Where we may have thought
all was still, it shows us molecules in constant and rapid
motion. Where we seem to have lost that motion, further
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reflection and experiment yield us but another and im-
pressive proof of the great law of the Conservation of Energy.
We see that no motion is destroyed ; but that every single
movement does its work, and is converted into some other
form. We thus get a very vivid idea of the intense reality
of these motions, which seem hypothetical only because they
elude the direct examination of our senses. That sense of
their reality and definiteness will help us to understand the
beautiful and new field of experiment, embracing the most
splendid phenomena of physical optics, which we now have
to investigate.



CHAPTER IX.
INTERFERENCE.

Net Result of Two Different Forces—Liquid and Tidal Waves—Why
Single Interferences are not Traceable in Light—Interference of
Sound Waves—Thin Films of Turpentine, Transparent Oxide,
Soap, Water, and Air—Colour Dependent on Thickness of the
Film—Proved to be Dependent also on Reflection from both
Surfaces—Spectrum Analysis of Films—Soap Films and Sound
Vibrations—Fresnel’s Mirrors—Fresnel’s Prism—Irregular Refrac-
tion—Diffraction—Gratings—Telescopic Effects—Other Simple Ex-
periments in Diffraction—Striated Surfaces—Barton’s Buttons—
Nature of Interference Colours—Measurement of Waves—The Size
of Molecules of Matter,

93. Net Result of Two Different Forces or
Motions.—We have now to study-a class of experiments
which most of all clearly demonstrate the true wave character
of the phenomena which constitute Light. We know that dif-
ferent separatemotions can act upon one another, so as either
to combine and strengthen, or to neutralize and destroy each
other, simply because the actual motion of any particle
must result from the net sum, difference, or other result of
the forces which act upon it. Take a billiard ball travelling
in a direction and at a rate resulting from some stroke of
the cue ; if we impart another impulse in the same direction’
the velocity will be increased; while if the ball be met
by a second force of the same amount it is brought to a
standstill. "
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94. Interference of Liquid Waves.—The same must
result:in the case of any series of vibrations of equal ampli-
tudes and periods, such as constitute a wave. If we drop two
stones at some distance apart into the same pond, the circular

e
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F1G. gr.—Interference of Liquid Waves.

waves from one will cross those from the other. At some
points the crests will coincide, and reinforce each other ; at
others the same particle of water is elevated by one wave
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and depressed by the other ; there it is at rest. The conse-
quence is a beautiful pattern caused by the intersecting
ripples. Fig. 91 shows such a pattern caused in an elliptical
bath of mercury by a drop or point introduced at one of the
foci. They can be beautifully shown by the vertical
attachment (§ 10) to the lantern, laying over the condenser
a glass plate to which is cemented a circular tin wall, making
a circular tank some 6 inches in diameter and an inch deep,
with a glass bottom. On focusing the surface, and then
touching it with a pointed wire some distance from the
centre, the intersections of the original and reflected waves
will be beautifully depicted upon the screen.

05. Interference of Tidal Waves.—The same thing is
true of tidal waves, a remarkabl\eé“xample of which is found in
the channel between England and Ireland. The flood-tide,
sweeping round from the Atlantic to the north and south of
Ireland, meets about a line which usually passes just
across the south of the Isle of Man. There the two currents
destroy one another, and there is practically none, while the
rise and fall of the tide is greatest. But going back from
this point to north and south, there are also two points,
near Portrush, in Antrim, at the north of the Irish Channel,
and near Courtown, in Wexford, at the south, where the
falling tide meets the next rising tide ; at these points, there-
fore, there is practically no rise or fall of tide whatever, while
the current is at the maximum. The same is true of the
vast tidal waves that sweep round the globe. At certain
times the sun-wave agrees with the moon-wave, and then we
have the greatest tidal motion ; at others the sun’s wave
opposes the moon’s wave, and we have the least motion.

96. Single Interferences not Traceable in Light
and Sound.—But here we must make a very important dis-
tinction, the want of which has caused many a student diffi-
culty. In the foregoing cases we could trace the interferences
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-of single waves, because their motions were large to us, occu.
pied considerable time, and thus enabled us to trace them —
most clearly in the grand tidal waves, which are longest of
all. The student is at first apt to fancy that, in a similar
way, rays from any two points of light must be constantly
destroying one another by interference, much as in Fig. 92,
supposed to represent the rays from two lighthouses. And
to some extent they undoubtedly do so. But they can only
thus act on each other at the detached poinss where the
undulations cross ; and in the case of light and sound the
vibrations are so enormously rapid and numerous that

FiGc. g2.—Two Lighthouses.

comparatively few extinctions of this kind are not sensibly
missed.

But if we can bring a whole wave serzes to act upon another
exactly similar whole wave series, then any effect at one point
in any wave of the series is repeated throughout the series,
and the effect becomes visible. In the case of sound we
can get similar wave series pretty easily by employing exact
unisons ; and so it will be found, if a tuning-fork be struck
and held close to the ear, that on turning it round on the
stem there is a position in which the sound is nearly or
quite extinguished. This position differs, as it should do,
with the key of the fork, but with either an A or a C fork
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is when the two prongs are at an angle of nearly 45° with the
direction of the ear. If the fork is steadily rotated, the sound
will be alternately extinguished and reinforced, according to
the phases in which the waves from each prong encounter
one another.

A moment’s reflection shows us that in the case of light,
as a rule, we can only get the exact similarity necessary
by employing two. beams of light from the same original
point of emission, or very nearly so; but if we can bring
two such exactly similar series of waves again together, or
50 close together that the ether-atoms set in motion by each
can act upon each other, while the paths of the rays are
sufficiently parallel for many successive undulations to come
into the same relations, then we ought to get effects which
shall be visible to us. There are several methods of effecting
this object.

97. Colours of Thin Films.—The simplest and one of
the most striking is reflection from a “ thin film.” If a pencil
of light A strikes any thin transparent film at B, we know
that a large part is reflected at a similar angle to c. But
the rest is refracted to », where (unless at the angle of total
reflection) a portion passes through and is lost to us, while
another portion is reflected to E and thence refracted to r.
It is evident the ray E F must be precisely similar to the
ray BC in the periods of its waves, and also precisely parallel
to it ; and, if the film be thin enough, it should also be rear
enough to it to cause interference. As to the phenomena
we ought to expect, remembering that every colour has its
own wave-length, and reverting to the wave-slide shown in
Fig. 71, we see there how the retardation of the central
section of that slide by a given distance brings the long
waves into contrary phases, while the short waves of half
the length, at the same time, exactly coincide. A very little
thought shows that with waves of all various lengths, only
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gne length can be exactly coincident and only one exactly
contrary in phase, when one set is retarded a given distance ;
all others being affected one way or the other in varying
degrees. Applying this to colours, and remembering what
we have found already as to the effect of suppressing any
part of the spectrum, we therefore expect that colousr will
be produced. Now in Fig. 93 this is what we have. The
ray E F has had to traverse the film twice, from B to D and
from D to E, before it can start on its journey parallel
with B c. It has got by that distance be4ind B c, and as
this retardation affects each colour differently, and more or
less suppresses some colours while it more or less strengthens
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F16. 93.—Reflections from a Film.

others, we are prepared to expect colour if the film is thin
enough to allow the two to act upon each other at all.
We can subject the matter to experiment in many ways, all
of which give phenomena of great beauty.

Take a small black tray or hand-waiter w, say 8 by 12
inches, lay it on the table, or on a block to raise it if need-
ful, and fill it half an inch or so deep with water. If itis a
lime-light, cant up the back of the lantern, as in Fig. 94, so
that the parallel (or rather sZg4#/y divergent) beam from the
flange-nozzle with the objective removed may fall on the
water at w, and be reflected to the screen s. | If it is a gas-
burner, the reflector must be used to bring the beam down ;
and in some situations it will be best to focus the surface on
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the ceiling, as in some previous experiments; but with the
lime-light the plain beam is best. Having adjusted all, dip
the end of a pen-holder or any pointed rod into a bottle of
spirits of turpentine, and let a single drop fall on the water.

F1G. 94.—Film of Turpentine.

It spreads out instantly, and the reflected light on the

ceiling or screen is tinged with the most beautiful colours.
Support a polished steel plate 3 or 4 inches square on a

small tripod, and place a spirit-lamp or Bunsen flame under-

JF16. 95.—Film of Oxide.

neath the centre (Fig. 95).  Bring down the light from the
lantern, and focus, as in Fig. 26, then light the lamp. As
the film of transparent oxide forms on the steel, colour
appears, which gradually takes the rough shape of variously
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" coloured rings, though not very regular. This experiment
is a little tedious ; but it is a very interesting one. After
the lantern and plate are first adjusted, some other experi-
ment may be proceeded with while the heat operates; or
oxidation may be hastened by covering the hot plate with
a film of solid paraffin, which will easily spread and greatly
hasten the process.

93. Soap Films.—Soap films, however, offer the most
splendid phenomena. A good solution is of great importance,
and there are many recipes, the most generally known being
Plateau’s. For this dissolve 1 ounce oleate of soda (64. per
ounce), cut into thin slices, in two pints (40 ounces) drstilled
water, rather hot. Mix the solution with 3o fluid ounces of
pure glycerine, and shake violently for several minutes,
several times, with some hours interval between ; then leave -
for several days before use, as the solution “tempers”
together for a certain time, and filter clear. This recipe
does well for zarm weather ; but it is not the best that can
be made even for that, while it often fails in cold weather;
in fact no stated recipe can be given for the English climate.
The method I adopt is to make at least the quantity named,
as above, and having made it pretty warm, add to it about
half an ounce of shavings of Marseilles or Castile soap,
which will all dissolve in the hot solution. Warm this at
convenient intervals on the hob, or otherwise, for several
days, shaking it and leaving it to settle between. Finally,
let it thoroughly cool, and then filter it at about 50° through
Swedish paper into stoppered bottles, which will filter out
all precipitate and make it clear.  If, however, the weather
turns very cold, or after considerable time, it may become
again turbid and useless, and it is necessary either to filter
out the precipitate, or (what does as well in the former case)
to warm the solution before use, warming also the saucerand
other apparatus. = The rafionale of all this is, that a cold

M
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solution does not keep dissolved nearly so much soap or
oleate as at a moderate temperature. The addition of the
soap toughens the film more than I find possible with pure
oleate. So also will a very little gelatine; but this latter is
apt to decompose after a while. After all, however, the first
solution thus made may, very likely, not be thoroughly satis-
factory. I then provide anumber of such paraffined rings as
are described presently, take small quantities of the above
¢ stock,” and add to them separately (making memoranda)
different quantities of soap solution, or glycerine, or water,
well shaking and leaving them some hours to “ temper’ ;
then stretch a film of each on the rings, the ends of which are
stuck into horizontal bradawl-holes in a long slip of wood.
Notice is.then taken, comparing several trials, which lasts
the longest ; and when that is ascertained, the whole solu-
tion is made up to that standard. By this tentative method
far tougher solutions may be got than by any recipe that can
be given for a variable climate,' and with the varying

1 A few other recipes may, nevertheless, interest the reader. Pro-
fessor Dewar gives : Water 20 ozs., soap 1} oz., glycerine 15 ozs.; but I
cannot get anything to carry so much soap as this, if the soap is at all
good. Professor Mayer, of New York, gives: Castile soap-shavings
I oz., water % pint (10 0zs.), glycerine } pint. This also I cannot dis-
solve in the water; but taking the effective part of it and mixing a
saturated solution of Castile or palm-oil soap with half its bulk of
glycerine, gives a very simple formula, which will do fair work in all
but coldish weather. A solution used by Professor Tyndall is made by
taking a 3 per cent. solution of oleate of gofask (i.e.”1 oz. oléate to
33} ozs. water), and mixing 3 volumes of this with 2} volumes glycerine.
I have quite satisfied myself that, taking oleates and soaps as obtain-
able, no formula will give such good results as the tentative method
above; though I doubt if Plateau’s can be much surpassed for a tem-
perature of 70° with pure oleate and Price’s best glycerine. For a
sudden emergency a simple solution of any good glycerine soap will
often answer moderately well. It is always to be remembered that the
greatest quantity of soap Which can be dissolved by no means gives the
oest result.
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qualities of soap, glycerine, and even oleate. Itis perfectly
easy to place on the ring-stands shortly described, bubbles
nearly a foot in diameter ; and I have several times blown in
the usual way globes /Za/f a yard in diameter ; but even a
twelve-inch is a magnificent object. A solution must always
be brilliantly ¢/ear to do good work, and if turbid, should
be filtered through Swedish paper before any important
experiments. The saucer used must also be perfectly clean.

Make a few rings of 1-16 inch iron wire, like A (Fig. 96),
2} inches diameter, and a few rather larger, say 3 inches ;
the latter stick into wooden feet as at B.  Solder the joints,

TR
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F1G. . 96.—Rings for Soap Solution.

afterwards smoothing them off, and then dip the rings into
melted paraffin, or warm them and smear with it, which
keeps them from cutting the films. Arrange several of the
B stands in a row, first dipping their paraffined rings in
a saucer of solution and wetting them thoroughly with it ;
then we can with a little practice blow large bubbles and
place on the stands. Through the whole row throw the
full lantern beam, which gives a fine effect. Or a large
bubble may be blown on the saucer itself, first carefully
soaping it to the very rim ; if this is placed in front of the
lantern and the nozzle canted.down towards it, fine reflections
M 2
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may be cast on the screen. We must avoid carefully all
JSrotk in the saucer, keeping as free as possible from all
bubbles but the one we are blowing. A clean common
tobacco-pipe: may be used, but is very tedious ; the brass
ones sold by opticians are little better, and very nasty to
use ; by far the best instrument is one of the smallest
glass jfunnels (an inch  across), sold for filtering small
quantities of fluid, on which is sprung half a yard of the
smallest india-rubber tubing.

But the finest experiment is with a flat film. Pinch one
of the a rings (Fig. 96) as at ¢, in the clip, the ring standing
above its stem,' and adjust so that the plane of the ring is
perpendicular, and stands the same height as the lantern
nozzle. Turn off the lantern L (Fig. 97), parallel with the
screen, then dip the ring in the saucer of solution, lift a film,
and place it, as at A, at an angle of 45° with the whole
light concentrated on it, which will be reflected to the screen.
Turn the clip-stand till the reflected light is central on the
screen, and then adjust the loose focusing lens F to form an
image. A glorious image it is, as band after band of inter-
ference colours travels up the oval image of the wire (the
bands really move down the film as it becomes thinner, but
the image is of course inverted), while every motion of the
film from the least breath of air is pictured plainly (Plate
II1. C). Simple as it is, there is no more beautiful experiment
than this, and the film with a good solution will last for
an hour.

Any surface (not too convex) of iridescent glass (which
has a film on the surface whose refractive power has been
altered by a chemical process) may be focused in the same
way as the soap-film.

1 The film almost always lasts much longer than if the stem is upper-
most, owing to the thinnest portion being dependent from the smooth
and unbroken circular wire,



IX.] FILMS OF AIR. 165

Another beautiful experiment is with a film of water.
Blacken a piece of glass on the back] rub a piece
of soap over the surface, and clean off with a chamois
leather. Pinch this in the clip, adjust it like the soap-
film at 45° and focus; but keep ¢ cool by interposing
one of the glass cells filled with alum solution, or the
experiment will fail, as it depends on condensation of the
breath by the cold surface. Then blow on the centre

FiG. 97.—Flat Soap Film.

through an india-rubber tube of }-inch bore. = As the breath
condenses roughly circular coloured rings will form, and
gradually change as the moisture evaporates.

Next we may take a film of air. Buy two squares of
plate-glass, say 3 inches square, and grind off the sharp
edges to prevent scratching. Carefully clean them, and
then carefully slide or grind them with moderate pressure
smoothly together. We very soon see beautiful fringes of
gorgeous colour. When satisfactory, pinch one lower corner
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of the double plate in the clip, and the three others with
loose wooden spring letter-clips. Focus as before : all will
be reproduced on the screen, and as we further pinch any-
where, even with the finger and thumb, changes and move-
ments of the colours will demonstrate that the particular
colour wholly depends on the thickness of the film.

m,umlﬂ i
i b

99. Thickness of the Film.—Newton’s Rings.—
We want to know, if possible, however, what that thickness is,
and the last experiment probably suggested to Newton his
famous ““rings.” He placed a convex lens of very slight
convexity in contact with a flat glass, as in Fig. 98, against
which it was pressed by screws. A simpler method sometimes
employed is to cut two circular faz glasses (they must be a

F16. 99.—Newton’s Rings with Flat Glasses.

1-inch thick, or, at least, one must be so), and having care-
fully cleaned them, place a ring of gold-leaf between them
at their circumference. Mounted as in Fig. 99, pressure
from the centre screw at the back produces, as in the other
case, “ Newton's rings,” which, in either case, are presented
to the lantern and focused on the screen precisely in the
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manner of the soap-film (Fig. 97). This method is within
the power of many who like to- construct their own
apparatus.

It is clear that, knowing either the curve of the lens, or
the thickness of the gold-leaf, it is very easy to calculate

the thickness of the film of air at any given distance from
the centre. Newton found that when he employed pure mono-
chromatic light, he obtained 7ecurringrings of coloured light,
or of darkness, as in 4, B, C, D, E, F, Fig. 100, at once, twice,
thrice, and other multiples of one definite small thickness,
He soon discovered another beautiful fact, viz., that.the rings
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were broader, or required a thicker film, in red light than
in blue light; and finally, by a movable prism, he threw
the successive colours of the spectrum on the rings, and
found them gradually contract as he travelled towards the
violet end. With most lanterns there is hardly light enough
to employ this beautiful method; but the phenomena may
be shown as follows :—Arrange the Newton’s rings, and
focus on the screen as before. Provide one of the movable
slide-frames now used by all lantern lecturers, and fit in it
two half-size glasses, one blue and one red. Condense the
full light on the rings; and as close to them as possible,
between them and the nozzle, hold the slide ; as it is moved
from side to side, the rings will open or contract as the red
or blue glass is interposed, and when they equally cover the
rings, the two semi-circular segments will be seen not to
coincide, the red being larger in diameter than the blue. It
is easy to understand, therefore, why, if we employ white
light, we must obtain rainbow-coloured circles.

100. Test of the Emission Theory.—Having to ac-
count for these phenomena, and adopting for practical pur-
poses the Emission Theory (§ 58) as his working hypothesis,*
Newton accounted for his bright and dark rings recurring at
every multiple of a given thickness of the transparent film,
by supposing that the “ particles ” of light suffer alternate
““fits” of transmission or reflection, at regularly recurring
intervals or distances. Professor Tyndall supposes that he
imagined a rotation during their progressive motion, and
this is not improbable; but it is only a supposition. If,
then, light reaches the first surface of the film in a fit of
transmission, it enters it and travels to the second surface ;
and if the thickness is such that it is in the same fit or phase

1 There is ample evidence in his Optics that Newton was very strongly
~ attracted towards the Undulatory Theory, but did not feel justified in
adopting it, owing to difficulties he was unable to solve.
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when arrived at the second surface, it is again transmitted,
and so is lost to view by reflected light. There is at that
point, therefore, a dark ring; and obviously at every mul-
tiple of that thickness another dark ring. If, on the con-
trary, the particle is in the opposite or reflecting fit when it
reaches the second surface, it is reflected and forms a bright
ring. i

It will be plain how, on either hypothesis, the ¢ particles ”
or “waves ” of red light are /z7ger than those of blue.

We can easily, however, test the two theories. Obviously
all the light that has anything to do with the rings, accord-
ing to the Emission Theory, enters the first surface; and
the ““fit” in which it reaches the second has a/oze anything
to do with them. On our wave hypothesis, it is the inter-
ference of waves reflected from &of2 surfaces that causes
them. We have not come to Polarisation yet; but it may
be briefly stated that polarised light utterly refuses to be
reflected from glass at a certain angle; and this polarised
light we readily obtain by fitting a “ Nicol prism” on to the
nozzle of our optical objective.! All our light is then polar-
ised ; and when the long diameter is vertical and the Newton
lenses are adjusted at an angle of 55°to 56° with the beam
from the lantern, none of it will be reflected from the
top glass, or in other Words, from #ke first surface of the film.
And when two plain glasses are used, none would be re-
flected from the second surface either. But metal is subject
to quite other laws, and does reflect light copiously under such
circumstances ; therefore, by substituting for the bottom
glass one which has been silvered or platinised; we can still
get reflection from the second surface of the film of air.
On Newton'’s theory, we ought therefore still to get the rings.
But we do not. There is Zg/ht on the screem, but the 7z7gs

1 For details and explanations on these points see Chaps. X. and XI.
Only sufficient is stated here for the purposes of this experiment.
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have vanished, in the proper position of the Nicol; to be
restored “again when this is so turned round as to restore
reflection from the first surface also.

Further yet ; if we next adjust the lenses so as to meet
the light at a still greater angle (from the normal) than that
of polarisation, and thus par#ially restore reflection from the
first surface, on rotating the Nicol we get a complicated and
beautiful phenomenon, first discovered by Arago ; viz., in
one position the rings are of certain colours, and when the
Nicol is rotated 9o° they show complementary colours.
Detailed explanation of this is here impossible ; but it can
be understood how we thus prove absolutely that the rings
are due to the mutual actions of the rays of light reflected
from bot/ surfaces of the film. We may prove this in yet
another way, by substituting for the glass and metal surface,
two glasses of widely different refractive powers, whose
polarising angles are therefore also different (§ 120). We
can then adjust the beam of light to either, and in either
case, or by destroying reflection from ei#Zer surface of the
film, we destroy the rings. This last method of demonstra-
tion is, however, only suitable for private experiment.

1o1. Spectrum Analysis of the Rings.—We further
beautifully illustrate the matter by bringing to bear our never-
failing method of spectrum analysis. Cover the pair of
Newton’s lenses with a disc of black paper or card, having
in it a slit, say, % of an inch wide, and reaching all across,
exactly over the centre ; the slit then crosses all the bands at
right angles, and the appearance, or image on the screen
when focused there, is like one of the bands in Fig. 1o1. The
whole arrangements are shown in plan in Fig. 102. The
lantern must be turned considerably away from the screen,
so that the reflected beam may have a small angle of inci-
dence ; or else, as the glassesare so thick, the light from the
film will not be able to emerge from the narrow slit by which
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it enters, and there will be only an image of a white slit as re-
flected from the upper surface of the top glass,and none of the
portions of rings, which is what we want. The black disc is
placed on the face of the lenses, L, with the slit perpendicular,

i R
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Fi1G. 101.

and the reflected slit is focused by the loose lens, F, at about
the screen distance, but must be considerably divergent from
the screen to allow for refraction by the prism, p, which gives
the spectrum on the screen,s. The lenses are drawn much
larger in proportion for the sake of clearness.

F1G. 102.—Spectrum Analysis of the R.ngs.

Now we know that if we use red light we get transvérse
bands of red and black ; and that blue light gives us narrotwer
bands, and closer together, of blue and black, as shown at
R and B, Fig. 101. If, then, we pass the image of the
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slice of rings from white light through a prism, and throw
its spectrum on the screen, it is easy to see what we may
expect if the theory be correct. Dr. Young saw it long
ago, and in his ¢ Lectures ” he has drawn what he foresaw
clearly with the eyes of his mind, though there is no
actual record that he observed it in fact, as we are about to
“do. Obviously we must get a spectrum of the reflected slit
or slice of light. And seeing that red light gives us bands
of a certain width, as at R in Fig. ro1, while blue light gives
us narrower bands as at B, by drawing the imaginary lines
as dotted, we can see what must occur when all the colours
are dispersed into their several places in the spectrum. We
must get, unless all our theory is wrong, the beautiful
appearances shown in B, Plate III. ; the spectrum of the slit
being crossed by parabolic dark lines which will show exactly
the waves cut out by interference at every thickness of the
film. Such a spectrum was foreseen by Dr. Young, and
drawn, from theory alone; and such a spectrum with its
parabolic interference bands, stands before us on our
screen.’

The flat soap film may be analysed in precisely the same
way, but is done with less trouble, there being no thick
glasses to interfere with the effect. Itis sufficient to arrange
for a parallel beam, and place the cardboard or adjustable
brass slit on the nozzle, as for previous spectrum-work.
The slice of light from the nozzle will then sufficiently
mark the image whose spectrum is desired, and may im-
pinge at any convenient angle. When all is adjusted, take
up a fresh film ; and as it thins, the dark interference bands,
showing the waves destroyed by interference, will Zrave/
across the spectrum steadily as long as any colour is
shown.

1 To the best of my belief this beautiful éxperiment was first
publicly made with the lantern by Professor Tyndall.
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The appearances of the film and its spectrum are shown
at C, D, Plate III.

The student can observe these phenomena directly through
any form of prism ; and nearly all the phenomena described
in this chapter can also be seen privately, without any lantern
or other expensive apparatus whatever.

Towards the edges of a pair of Newton’s lenses the rings -
of colour seen in white light disappear; and some people
realise with difficulty why this is so, when films reach a
certain thickness. There are two reasons. One is very
much the same as the reason why we could not get a pure
spectrum from a wide slit. (§ 50.) Interferences are pro-
duced, up to a certain point; but so many very narrow
rings or fringes are mingled, so close upon one another,
that the visual effect is white. Homogeneous light will
show rings in much thicker films, and is one proof that this
is so. Spectrum analysis of a film not so thin is another.
With care a film of mica can be split so thin that, while it
appears to reflect perfect white light, if a slit of this light
be analysed, by blacking the mica all but a narrow stripe,
and then treating this stripe of reflected light like the slice
of light from Newton’s lenses, the spectrum will be seen
crossed by numerous straight interference bands. Such a
spectrum from a film of mica is shown at E, Plate III. But
when the film reaches a still greater thickness, it-will also be
seen on consideration that the two reflected rays into which
each original ray is divided, are so far separated by refraction
that they are no longer close enough to interfere with each
other at all.

Mica films may be employed in yet another way.
Project a spectrum from a slit as usual, and across the
path of the rays hold the film obliquely. A portion of
the rays are then transmitted direct, while a portion are
reflected within the film and then transmitted, after losing a
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certain distance as before. Again the spectrum will be
crossed by beautiful interference bands, though hardly so
distinct as by the preceding method.

It is very clear that the thicknesses at which the light
and dark rings occur, must give us definite information as
to the wave-lengths of the different colours of light. This
point will, however, be better explained in connection with
other cases of interference (§ rr1o).

102. Thin Films and Sound Vibrations.—The most
magnificent illustration of the colours of thin films, and the
most elegant application of them in physics, must now be
described. They are due to the rescarches of Mr. Sedley
Taylor, and relate to the vibrations of telephone plates.
It is well known that, by the variable attraction of a magnet
under the influence of variable currents, and vibrations thus
caused in a thin sheet of iron, the most complex sounds of
the human voice, or other instruments, are reproduced by
another sheet of iron at the other end of a telegraph wire ;
but it is very difficult to realise how complicated speech can
be reproduced by such simple means. By stretching a soap
film over an aperture in a plate laid over a resonator, and
exciting the vibrations of the air contained in the latter, Mr.
Taylor obtained most beautiful figures which elucidate the
matter, by showing how complicated these vibrations are.
Later on Mr. Tisley constructed the ploneidoscope, which,
when sung into through an open mouthpiece on the end of
a tube, shows the same phenomena in a film laid horizon-
tally over the other end of the tube. The scale of this
instrument is, however, far too small for lantern work, and it
is very difficult to avoid constant bursting of the film.
After many trials the following apparatus was constructed,
which meets both defects, and easily gives magnificent phe-
nomena. Its main parts are shown in Fig. 103. A is any
vessel open at both ends, 2 to 3 inches across at.the top,
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and with a neck at the bottom just large enough for an inch
vulcanised india-rubber tube to stretch a little tightly over it.
The article actually used was what is called a “ gas-jar” (cost
10d.), but this is deeper than necessary, and a piece of a
common bottle, cut round the body and neck, and ground
flat each end, would do just as well, or a tin funnel with an
elbow at the bottom and a flat ring soldered flush round
the top would answer admirably. B is a brass or any other
elbow, of the same aperture as the neck, to which it is
united by a collar, ¢, of the india-rubber tube stretched over

7
7

Fi1G. 103.—Lantern Phoneidoscope.

both. The whole is fitted into any thin box, the glass pro-
jecting through a hole cut in the top. Over the other end
of the elbow is stretched any convenient length of the india-
rubber tubing ; and it is more imposing if to this is attached
a sufficient length of “ composition” or other pipe, to reach
the entire length of the lecture-hall, or other room. The
other end of the elastic tube is stretched over the neck of
a kind of telephone mouthpiece, M. In my first experi-
ments, I used a simple open mouthpiece, like that of
any speaking-tube, over which was stretched tightly a film
of india-rubber (in this case a child’s balloon), tied as
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housekeepers tie the bladder over a jam-pot. On this was
inverted and held by hand a similar mouthpiece, to the
narrow end of which the lips were applied. This answered
sufficiently well ; but I prefer a regular mouthpiece as
shown, with a diaphragm of thin mica, F, 2} inches cear
diameter, which ean vibrate between the two funnels, and an
outward opening for the lips. Either, however, will answer.

All this being put together, some discs must be prepared,
of metal or very thick card, 3% inches or 4 inches diameter,
with openings in the centre of different shapes; the best
effects are from circular, square, and hexagonal apertures,
which should be about 1% inches or 2z inches diameter.
The apertures should be develled towards one side of the
plate (this is done because the film will, by its contractile
power, draw flat to the smallest side of the aperture), and if
of metal, the discs must be carefully flattened ; if of card,
well varnished to resist the moisture. Finally, they are
blackened, and we are ready for work. The apparatus is
first adjusted, so that one of the discs laid across the top
of the vessel A lies nearly level, and then lantern and all
are arranged so that the aperture is truly focused on the
ceiling, or other nearly horizontal screen overhead (a’slight
incline both focuses and shows best), precisely as the glass
of water is focused in Fig. 26. Then we dip the end of a strip
of card, rather wider than the apertures, in a saucer of soap
solution, and drawing it carefully over the smallest side of an
aperture, readily cover it with a film. (Use no more solution
than necessary.) Several discs may be covered at once to
avoid delays. Hold the disc at an incline, or upright, till
interference colours begin to show ; then lay it centrally on
the vessel, A, with the soap dvwnwards, so that a dead black
margin surrounds the film.  Of course, if all is right, we have
an image of the film on the top screen. If not, be sure all
is focused properly, and that all light possible is condensed
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upon the film. Then take the mouthpiece, or let some one
else do so at the other end of the room, and sing into it.
Not only every note, but every different vocal sound on the
same note will be represented in different, complicated, and
most beautiful kaleidoscopic patterns, very poor ideas of a
few of which are shown in Fig. 104. At first we may get
only shadowed figures, but with a little practice we soon get
exquisite colour figures, with symmetrically-arranged whirling
vortices as well ; and if we sing a song, every change of note

F1G. 104. —Phoneidoscope Effects.

will be optically represented on the screen by a corresponding
figure. The sounds of instruments may be shown in the
same way if sufficiently strong vibrations can be thrown into
the mouthpiece ; but the voice alone is amply sufficient.
This is one of the most magnificent optical experiments
possible, and easily shown. By employing a mouthpiece
with a vibrating plate or membrane, there i Is little risk (as
with Tisley’s form of apparatus) of burstlng the film, and a
good tough one will sometimes last a quarter of an hour.
N
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In fact, when an unusually good solution has been obtained
it shauld be reserved for these experiments with sound,
ordinary samples being good enough for simpler phenomena.
If the film breaks too soon, it shows either that the solution
is not good, or that the discs have ragged edges, or are too
dry : metal ones, which are best, hold the film more smoothly
if heated and smeared with a #47# coat of melted paraffin.
If the mouthpiece cannot be conveniently made, the next
best plan to avoid rapid bursting is to stretch the film on a
ring, and adjust this about an inch clear away from the top
of the vessel, a, so that currents of air may escape, and only
true sound vibrations reach the film. Some solutions seem
to do best in this way, which also avoids a slight rattle the
mica diaphragm is apt to make ; but on the whole I have
found such a diaphragm mouthpiece safest and best.

103. Fresnel’s Mirrors.—There are many other ways
of producing interference between two rays of light than
the use of thin films; but not all of them are capable of
employment with the lantern, owing to the amount of light
used not being sufficient to be visible when spread over a
screen. Fresnel, for instance, letting a cone of light from
a luminous point fall upon two mirrors very slightly inclined
together from the same plane, formed interference fringes.
The arrangement is shown in Fig. 105, where a pencil of rays
from the sun is converged by the lens to the one point
or line of emission we have already found necessary. A
test-tube filled with water as a cylindrical lens answers
perfectly well, or the line of light 7effected in sunlight from
such a tube filled with mercury will also answer. The
diverging rays beyond the focus are then received upon the
two mirrors, M m, m N, and if the inner edges or junction
line of these be very slightly depressed, it is manifest the
reflected rays will somewhat cross each other, and that light
from both will appear on a portion of a piece of card held
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as a screen at s. On this portion will be found dark and
light, or coloured stripes, due to the interference of the
waves. Two pieces of the same glass blacked on the back
and laid on a piece of cloth on a flat board, the inner edge
of one being depressed a little by the end of any pointed
tool, will enable the student to perform this instructive
experiment. If the light from the lantern be made to
diverge from an extremely narrow slit, and the mirrors be
arranged at several feet distance from it, the dark fringes
may also be observed by the few who can gather round the
apparatus ; but on the ordinary screen the fringes are far too
faint to be seen.

F1G. 105.—Fresnel’s Mirrors.

104. Fresnel’s Prism.—Fresnel also caused two beams
to interfere, by interposing in the diverging cone a
double prism of very small obliquity called an *interference
prism,” with the same result. Here, too, the light is too
faint for a large screen when a single line or point of light is
employed ; but in this case, some approximation to the effect
is possible. Prepare two or three sliders, the 4 x 2} inch
size, of blackened glass, and through the black, cut or
scratch, over the field, perpendicular lines (Fig. 106) of
uniform width and distance for each slide, but varying
in these characters on different glasses. (Only one is really
necessary, but it will be found that each screen distance

N 2
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only shows good phenomena with its own gauge of bright
lines, which must be found by trial.) Place in the optical
stage and focus : then against the nozzle, N, hold, or fit in a
tube which slides on it, the double prism, », as in Fig. 107,
which will give two images, whereof one set of slits will, more
or less, overlap the other. = At once, if the slits are the right
gauge for the lenses and screen distance, we get colour;

F1G. 106.

and though a little of this at each side of the screen may in
some cases be due to the slight dispersion of the prisms
added to that of the focusing lenses, it can readily be
shown, by covering one half the prism, that nearly all the
golour in the middle is not due to this cause, but to the
interference of the two sets of waves. We may demonstrate

F1G. 107.—Fresnel’s Prism.

this further by sliding over one half of the prism a thin
piece of clear glass. By this, one set of waves is, of course,
somewhat retarded ; and if we watch the screen attentively,
we can see that the stripes of colour are a little s4zf#ed in
consequence, as we move the plate backwards and forwards.!

1 The private student will have no difficulty at all with this experi-
ment. He has only to cut in a black card a set of slits, about one-
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105. Irregular.Refraction.—This latter phenomenon
suggests another means of causing interference ; viz, by
irregular refraction, causing refardation of portions of the
light. Such are the phenomena of what Dr. Young called
“ mixed ” plates. Provide a few discs of plate glass about
2 inches diameter. Carefully clean two.discs so that they show
colour when pressed together, and then introduce between
them a bit of butter or suet the size of a large pin’s head,
and 'some clean saliva or a drop of water ; or the froth of
white of egg well beaten up will do; or fine soap-lather.
Work together with a circular movement, and gradually a
film of mixed grease-and water, or albumen and air, &c.,
will spread between the plates. Now itis plain the light which
passes through a denser molecule of this mixture is more
retarded than that which passes through the other ; and hence
we soon find, on looking through the film at a luminous
point, there are beautiful halos of colour. Orif we place in
the optical stage a black card in which a few small holes
are made, on focusing the holes, covering the nozzle with
another black card pierced with a -inch hole, and holding
a little in front of this (the exact distance must be found by
trial) the ¢ mixed plate,” the images are surrounded by
coloured halos, the colour of course depending upon the
thickness of the film.

To the same cause must probably be referred the curious
phenomena seen when an equal mixture of glycerine and
spirits of turpentine is shaken together. What is known as
diffraction will not account for it, since there is no approach
to a spectrum ; but it is conmpletely accounted for by the

sixteenth of an inch in width and distance, and hold this at arm’s
length against a bright sky or the opal globe of a lamp, with the slits
perpendicular, On now holding the double prism clese to the eye, with
the centre line over the pupil, he will at .once see conspicuous colours.
Such prisms an inch square cost from 2s. 6d. to 5s. each.
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unequal retardation of the light by the two media in small
molecules, which only mix mechanically. On' looking
through the mixture at any illuminated objects, they will be
seen fringed with colour, the colour changing as the liquids
again settle, till only a coloured line is seen in the fluid itself
where the two are in contact. I have only tried the expe-
riment thus, but by making a small closed tank with parallel
sides, there is not the slightest doubt very beautiful pheno-
mena might be projected on the screen. There are also
minerals—such as what is called * iridescent agate "—which
have this property. I met with a “section” some time agos
which was mounted over a hole in a blackened slip of wood.
It shows no colour when interposed direct ; but by turning
the lantern off at an angle, condensing the light on the agate
also at an angle, and then focusing on the screen “askew,”
as it were, all the colours of the spectrum may be produced
according to the angles. This also is probably a case of
irregular refraction. The mineral called Wulfenite often
shows the same phenomena.

106. Diffraction.—One of Newton’s two great difficulties
about the Undulatory Theory was, that if it were true the
ether-waves ought to bend round the edges of bodies into
the shadow. It appears strange now, that even the few
experiments he made in diffraction did not suggest to him
that this is precisely what does happen. If we hold any
opaque body, such as a black card, in the rays from a
very small point or line of brilliant light, such as already
described, we find there is no sharp shadow, but a series of
coloured fringes due to interference, both within and without
what should appear as the geometrical shadow. Dr. Young,
who first pointed out the true character of these fringes,
supposed them due to the interference of the direct rays
with those reflected at a great obliquity from the edges of the
body. This has been shown to be incorrect; and all the
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fringes have been proved to occur from the interferences of
the secondary waves shown in Fig. 75, when separated from
the “grand wave” by the opaque body. They can be
observed without any apparatus at all by receiving on a card
a shadow from the planet Venus at its brightest, in an
otherwise dark room.

But more beautiful phenomena are within our reach, the
nature of one class of which is best seen from a simple
experiment without the lantern, which should first be made
by every student. Cut a slit { inch wide in a black card, and
hold it in front of a flame so as to be brightly illuminated.
Blacken a bit of glass, and scratch with a needle a straight
line on that. Hold the scratch close to the eye and look
through it at the slit, held at arm’s length, both being per-
pendicular. We see the slit in the centre, and on each side
of it are a series of spectra, and we thus prove conclusively
that the waves of light o bend round and spread out late-
rally from the second slit, becoming visible under these
circumstances partly because all stronger light is cut off,
and secondly, because we stop off the chief part of the main
wave. - (See Fig. 75). The spectra, of course, represent
overlapping images of different colours, as we can see if
we cover our first slit half with blue glass and half with
red, we then get a series of red images further apart
than the blue images, precisely as in previous experi-
ments. The reason why we get the dark spaces between,
and not one unbroken band of light, is that at certain inter-
vals, which can be, and have been, exactly calculated, the
waves from, say, one edge of the slit, interfere with the
waves starting from the other edge, or other point, in it.
From one edge the path to the eye is Jonger, and we have
already learnt that retardation means extinction of certain
colour-waves. (See § r10.) 1

107. Gratings.—This experiment theoretically ought to
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be shown by the lantern, and it has been stated that it

can be; but I have never been able to do so in this form,

for the reason already given; the light passing through

the second slit is not sufficient. Undoubtedly the spectra

must be on the screen; but they are far too faint to be:
perceived. We must get ““ more light,” and we are helped

in this by the fact, that if we arrange a number of slits

exactly at” equal distances, their various interferences and

correspondences all fall at regular intervals, depending partly

on the width of the slits and partly on their distances apart.

Such is what is termed a ““grating,” or series of very fine -
light and dark lines. If fine enough, such an assemblage ot

slits practically cuts out, at each point, all but one single

wave-length, and so produces pure spectral colours only;

whereas the other interference colours we have seen are

mixtures of residual colours.

Nobert has ruled gratings with 3,000 and 6,000 lines to
the inch, and photographic copies of the first of these are
sold at a guinea, or less, and produce most beautiful pheno-
mena. Placing a slit, say § inch wide, in the optical stage, and
focusing, we hold the grating just in front of the nozzle,
with its lines parallel to the slit. There are at once pro-
jected on the screen, on each side of the central image, a most
beautiful series of diffraction spectra (see Fr, Plate IIL.).
Two similar gratings c7ossed give beautiful spectra of a small
hole about { inch diameter. There are not only perpen-
dicular and horizontal spectra, but also diagonal. ones, at
all angles radiating from the centre, but fainter ; these latter
being of course due to the dispersion into- fresh diffracted
images, by the second grating, of every spectrum produced
by the first. = The finest effects are, however, produced by
placing in the optical stage a symmetrical pattern of severa/
small holes—say eight arranged in a square ; but the pattern,
size, and distance must be found by experiment and adapted



1x.] DIFFRACTION.
¥ ('. Y 2y

to the gratings used and the screen distance. If p Ver}y"
adjusted, and with sufficiently brilliant light, most beautlfuk } v ] ;\
diffracted patterns will-appear on the screen.! A circular

grating scratched on glass gives beautiful circular rainbows

when interposed in the path of the rays from a small aper-

ture focused on the screen. Any kind of grating gives

most brilliant effects if held close to the eye, and looked

through at any small naked flame.

Another attractive method of observing diffraction
phenomena is to cover the object-glass of any telescope
—even one such as can be bought for 7s. 64. will do—
with caps of black card, in each of which is pricked or cut
one or more very small holes of various sizes, arranged in
different patterns. Or the cap may be of. blackened glass,
on which is scratched very small any regular curve or figure,
such as a tiny circle or square. On looking through the
telescope thus furnished at a bright star, beautiful diffraction
figures will be seen; or if the telescope be directed to a
small hole in a plate close in front of a good lime-light, the
phenomena will be gorgeous beyond description.

But such apparatus is not needed to show diffraction.
The two slits have already been described, and even the
fingers will show fringes if #early closed and looked through
at a distant candle. With care and a screw-feed, any one
may rule on smoked glass for himself, with a sharp needle,
a grating of 120 lines to an inch, and even. this will give
very perceptible spectra. Wire-gauze is made 120 meshes to

1 Mr. C. J. Fox, F.R.M.S., first showed me this beautiful experi-
ment in the microscope, to which he had adapted it, and in which the
effects, owing to better illumination, are far superior. For that in-
strument the apertures, pricked in a blackened circle of paper, are
focused by a low-power objective, and the gratings mounted so as to
rotate over the eyepiece. With the lantern, the parallel beam from
even the lime-light needs to be condensed by an extra lens into the
smallest area which will cover the apertures. :



186 LIGHT. [cHAP.

the inch, and sometimes 150 meshes; and this will give
perceptible phenomena. So will a selected bit of the very
finest cambric, such as is sold at zos. per yard ; but a good
bit can only be found by experiment, when it should be
mounted between two glass plates. Even more simple
objects are at hand. Get a broad pheasant’s body-feather
(some birds’ are better still, but this is easily got; most fowl
feathers are too coarse), and mount it between two glass
plates, blacking out all the space the feather does not cover.
Focus on the screen a small hole in a black card, and
interpose the feather; or look through it at any naked
gas-light; again we get attractive diffraction phenomena.
A very familiar example is found on looking through
almost any railway carriage-window, at night, at one of
the lamps. The dripping of the rain and dust, and the
process which goes by the name of cleaning, combine to
form tolerably perpendicular lines on the glass, and these
draw out the luminous point into a long band. Usually
this is only vaguely luminous,—the lines being irregular,
various colours overlap and produce white—but on one or
two occasions in the course ot several years I have seen
colour. Colour can also be seen on looking through glass
breathed on so as to appear dull ; but a better method is to
dust through cambric on a glass some lycopodium powder.
This will give fine rainbow halos when looked through at
any luminous point, such as a distant candle ; but its lantern
effects are poor, the image appearing too bright and the
halos too faint for satisfactory effects.

Most beautiful lantern projections may however be pro-
duced from perforated cards, such as can be bought for
book-markers at a penny each. Several sizes are made, the
smallest being about twenty-five holes to the inch : purchase
one or two of each size, and blacken all but the smallest,
which would fill up or choke. Cut circular discs to fit such
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standard wooden frames as already mentioned, and fix in such
frames, by a spring circular wire, two of each size. First place
in the optical stage one such slide (generally a medium gauge
does best for this ; but again, much depends on the screen
distance). On focusing, we of course get images of the
circular holes. Now gently 7un in the focusing-tube a
little further, so that the focus is projected rather deyond the
screen. The pencil of light from each aperture now inter-
feres with its neighbours, and we get a more or less decidedly
coloured pattern, which varies as the lens is moved in or out
of the focusing-tube; at two or three feet away from the
nozzle, the colours are pretty vivid. Much interest will be
found in the various interference patterns given even by
single cards in this way. But now add a sewnd slide in
front of the other. If the frames are £ of an inch thick,
and the slides are inserted ¢ the same way,” the cards will be
that distance apart, which, with a screen five feet off, is for
most lenses a good distance ; if a little more or less interval
is necessary, one slide may be reversed. The pencils of
light from the posterior holes are now further diffracted by
the second set. As a rule, I have found the best effects
at four or five feet distance, the dack card being focused
somewhat short of the screen, and from medium gauge
cards; but fine effects are produced at that distance
_ (which should not be exceeded with a lamp or burner) with
most of the cards, or by a coarser one behind with a finer
pattern in front. A little experiment will soon be repaid by
most beautiful coloured tartan patterns, especially if the front
card can be rotated in a frame such as is described later on
for polariscope experiments; all produced by the interfer-
ences and diffractions of the small pencils of light. With
the lime-light and a screen distance of ten or twelve feet, I
have found the best effects from using bbth cards of the
finest pattern, placed back to back, so as to be only % inch
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apart. As one card is rotated, beautiful effects will be pro-
duced when the right focus is got ; and in certain positions
it wiul be found that a little alteration in focus only, appears
to rofafe large squares of the pattern in a most beautiful
manner.) But the arrangements are different with each
objective and screen distance. The small white screen will be
found very handy to show the varying effects at the shorter
distances, and any experiments intended for exhibition
should Dbe carefully worked out at exactly the distances that
are to be employed:; or the “effect may be found quite
different from that intended. Any experimenter, however,
may depend upon finding great pleasure in this direction.
The private student may hold one card close to the eye, and
the other at a little distance. 1

108. Striated Surfaces.—Lastly, if we get light reflected
from very narrow lines or grooves, we ought also to expect
interference. That we do obtain it, is shown by several
beautiful experiments. Turn off the lantern parallel with
the screen, and placing a perpendicular slit in the optical
stage, focus it as 7¢flected from a bit of plane glass held close
to the nozzle at an angle of 45°% . Then substitute for the
plane glass, a grating held in the same position ; the image
of the slit is now flanked on each side by spectra, just as
when transmitted light was used, only not quite so bright.
If no grating be possessed, get a finely-coloured piece of
mother-of-pearl polished plane flat, or one of those beauti-
fully-coloured shells found in Jersey which can be bought for
one shilling almost anywhere, or a finely-coloured pearl card-
case will do; the main thing is to select a richly-coloured
specimen. There is really no colour 7z these shells what-
ever : it is entirely due to the interferences of rays reflected
from the countless little grooves which cover their surface,
as can be proved by taking a good impression of one of the
best bits in black sealing-wax, when the indented wax will
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show the colours of the pearl.- Adjust the shell or piece of
pearl like the soap-film, condensing all the light on.it at
45°, and focusing with the loose lens. The coloured image
shows a kind of glowing “transparency ” on the screen, very
beautiful ; but as we now gently turn the shell so as to
change the angles, #z¢ colours change, showing that they are
not fixed, but due to interference.

Even a peacock’s feather gives beautiful phenomena
treated in the same way. I have not been able to satisfy
myself that 2/ the colour in this is 'ue to interference of
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F1G. 108.—Tablet of Objects.

the reflected rays, but certainly a great deal is; for if we
mount the end of one by two black ligatures sewn through
a black card, and treat it like the pearl, we shall find that at
different angles we get very different colours, passing from
deep purple to brilliant green. This is a beautiful experi-
ment, but requires the lime-light at not too great a screen
distance. For all these latter experiments, the handiest plan
is to prepare a small blackened tablet like Fig. 108; a thin
piece of blackened deal, », being glued of a boss, B, into
which is driven‘a tube T, fitting in the sockets of our pillar-
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stands. The feather, or shell, or other article, can either be
fastened direct to the tablet with two elastic bands, if solid
and small enough, or the feather on the black card can be
affixed by two blackened drawing-pins. The object can
then be either rotated on a horizontal axis, or the angle of
incidence and reflection rotated vertically by turning the
pillar.

The metal buttons engraved with very fine lines, formerly
made by Sir John Barton, then Master of the Mint, and
still known as ‘ Barton’s buttons,” are amongst the most
splendid examples of the interference of reflected light.
They are very scarce now, none having been made for thirty
years ; but a few are treasured here and there, and when the
polish is well preserved, they glow with brilliant colours
impossible to describe.! Any who possess even one, in
good condition, may produce an exquisite screen projection
with the lime-light by taking out all the front lenses, placing
a }-inch aperture in black card in the ordinary lantern-stage,
and allowing the beam from this to be reflected from the
button to the screen. Or the naked lime-light, through a
small aperture in a cap slipped over the empty condenser-
cell, may be jfocused on the screen, which gives more light.
Various small spectra will be seen arranged in a beautiful
stellar pattern depending on that of the button. I have
seen also very good effects from the finest cut that can be
produced in the lathe from a pointed tool on a flat surface
of bright metal.

1 By the great kindness of Mr. John Barton, grandson of the in-
ventor, I was placed in possession of a fine set of these buttons or * Iris
ornaments.” I learnt from him that the dividing engine, constructed
for Sir John Barton by Messrs. Maudsley and Co., had been always in
possession of the family since ; but that since his father’s death, no one
for a long while could use it efficiently. After many trials, however, Mr.
Robert Barton, when in Australia with it, succeeded in producing good
results, and some specimens of his workmanship were shown at the
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109. The Diffraction Spectrum.—In all these ways
we have produced colour, or dark fringes, by the inter-
ference of different series of waves. It will be manifest
that, as before, we have got all our colours solely by sup-
pressing or quenching colour—that the colours are precisely
of the same character as the dark fringes. It is equally
manifest that since, as a rule, only one particular wave-length
can be completely extinguished at any given point, the colours
we see are not pure, but compound residuals, or made up
of the residue of the spectrum. The only exception is in
the case of gratings, which, by the orderly sequence of
successive extinctions, cut out all, or nearly all, except one
wave-length at a given point. A little thought will show
that in these grating spectra we must therefore get the
colours, or Fraunhofer lines which locate them, in the 7ea/
order and proportion of their wave-lengths, and not as
affected by the various or anomalous dispersions of re-
fracting prisms. This is so; and the fact makes grating
spectra, though less brilliant than those given by a prism,
owing to the large suppressions of light which produce
them, especially valuable to the physicist.

This difference in the spectra, and the uniformity of dif-
fraction spectra as compared with those produced by a
prism, can easily be shown by experiment. Diffracting
the pencil from a brilliant small aperture by a parallel
grating, and further diffracting the specf7a thus produced
by a second similar grating held with its lines at right angles
to those of the former, we have already seen (§ 1o7) that
we get a most beautiful series of diagonal spectra. This,
of course, must follow from considerations already dis-
cussed, and the greater distances apart of the red images

Melbourne Exhibition of 1880-81. There is therefore some hope that
these beautiful objects may before long be again accessible to such as
admire them.
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than the blue. And all these diagonal spectra are perfectly
straight. But if, instead of a second grating, we use a
prism, with its refracting edge in the rectangular line, itisnot
so. We still disperse not only the central pencil of white
light, but each spectrum produced by the grating; and, as
before, the blue portions of the spectra are more refracted
than the red. But the deflection is no longer proportional,
but dependent on the special dispersion of the prism ; and
hence the refracted spectra now appear as parabolic curves,
represented at G, Plate ITL.

110. Measurement of Waves.—It is plain that we
have in the phenomena of interference, various means of
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F1G. 109.—Nature of Diffraction.

measuring the lengths of the wawves which produce any given
colour. For many and obvious reasons such measurements
are easiest taken with monochromatic light ; and the simplest
case is that of the light from a slit or point passing through
a second slit (§ 106). Let A B be a highly magnified repre-
sentation of the second card, and ¢ » of the slit in it. The
rays which pass perpendicularly through ¢ » will none of
them be retarded, and therefore produce on the retina or a
screen an ordinary white image—the central white band.
But as the card A B stops off the main wave-front (§ 62)
every particle of ether in motion all across the width of the
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slit produces new secondary waves spreading right and left
of the perpendicular direction: let us take any given incli-
nation, ¢ E, D . Then drawing ¢  perpendicular to the
course of the ray, we see that the waves from D have further
to go than those from ¢ by the distance D 2. Assume that
in this case D = is a wave-length of the colour employed,
and number the supposed ether particles across the slit from
unity onwards,—then we see that from 4, the centre particle,
the waves are half a wave before those from D, and half a
wave behind those from c. But still further, the rays from
1 will be half a wave before, or in complete discordance
with those from 5, z with 6, and so on: every single ray
finds another in complete discordance with it somewhere
in the slit: obviously therefore at that particular angle there
must be a dark band. Further to the right or left the rela-
tions will alter, and there will be a bright band, to be
succeeded by other dark and bright bands. A general proof
of the correctness of this reasoning is found in the fact, that
plainly, according to the theory, the narrower the slit the
greater ought to be the angular distance of any given band
from the central image. This must be, because it will
demand a greater obliquity to make the necessary dif-
ference of paths from the edges of a narrower slit. Experi-
ment shows that this is the case.

Upon this hypothesis we can measure exactly the length
of our wave, as in the diagram, Fig. 110. Draw the line
A B to represent the card as before, with ¢ D, the slit in it,
and C E, D F, the direction of the first dark band from the
centre of the field. With the radius ¢ » describe a semi-
circle, and from c also draw ¢ w as before, perpendicular to
D F; then D @ is one wave-length, and x yis the angular
value of the obliquity of the dark band. Inspection shows
us at once that the angle » D y is necessarily equal to
pcw; and as D w is for such a small distance practically

o

=
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coincident with a segment of the semicircle, we only have
to take the proportion of 180° (the semicircle) to the angle
D ¢ w (the obliquity), and the same proportion must exist
between the linear Jength of the semicircle and that of the
wave. Schwerd found that with a slit of 1°35 mm. the
angle pcw was 1 38”, the ratio of 180° to which is
648,000 to 98. The linear length of the semicircle is 4°248
mm. It follows that the length of the wave, of the colour
employed in his experiment, is about the 453, of an
inch.!

K ¥
F1G. 110.—Measurement of Wave-length.

We may reason in the same way from thin films. The
thickness of the film at the first bright ring in Newton’s
lenses, with the same colour employed by Schwerd in the
above experiment, is found to be about 1445%¢w Of an inch.
This thickness we know has to be doubled to give the re-
tardation, which gives us g4.3g5 of an inch for a retardation
that causes a bright ring. Here then is an apparent discre-
pancy ; for according to the calculation with our slit, x5 355
of an inch should only be Za/f a wave, and the ring ought
to be &lack. One or other of the reflected rays is Zalf a

1"The phenomena of gratings are too complex to enter into here ;
they are admirably elucidated in Miiller-Pouillet’s Zekrbuck der Physik.
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twaie out, or is in the contrary phase to what the mere
retardation produces.

But on further reflection this apparent contradiction
proves the truth of the theory, since we perceive it ought
to be so. We have seen that waves involve periods and
phases even more essentially than lengths; and we have
to consider what happens when a wave is reflected from a
denser or a rarer medium respectively. Take for illustra-
tion, as simplest, our first example of wave motion, in a set
of ivory balls. Let from A to B be large balls, and B to ¢
much smaller ones, and let them be united together by an
elastic cord @ ¢ through the centre of all. Then if we roll a
ball up against A, the wave of compression is transmitted to
B. There it throws off the ball b, which in turn passes on

F1G. 111.—Dz:nse and Rare Media.

the wave through the smaller balls. - But the small balls are
not enough to take up a// the motion as the large ones did ;
they are driven off more freely, in strict analogy to a wave
encountering a rarer medium. The last ball » has therefore
motion to spare, and follows the first small ball ¢, but
slower and more feebly. In this it is however checked by
the elastic cord, which instantly pulls it back, or is rather
pulled by it ; and so the effect is really a p«// upon the balls
behind. In other words, the wave of compression is, 77
the very moment and in the act of reflection from the medium
of less resistance, changed into a wave of extension. In
other words again, it is converted into the opposite phase ;
or yet again, is thrown half a wave-length out of phase. If,
however, we reverse the process, roll the loose ball against
02
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the smaller row, so as to impart the impulse to c, it is not
so. The last small ball ¢ finds a greafer obstruction to its
motion "instead of a less, and cannot therefore have any
tendency to fly off ; the reflected wave remains a wave of
compression, as it was at the moment of impact.

Thus we see that when light is reflected from two surfaces
of a film, one of which is the surface of a denser and the
other of a rarer medium, the reflection which is of the latter
character must be thrown half a wave-length, or half a
phase, which is the same thing, out of its order. In a soap
film it is the second surface; in the film of air the first
surface. The result is that the retardation which, judging
by thickness alone, would have retarded the ray from the
second surface half a wave-length, is altered another half
wave-length forward or back (it does not matter which, the
alteration to the gpposite phase of vibration being the point,)
and the two rays are brought into accordance, or give the
bright ring. This measurement, therefore, now gives the
same wave-length as the other.

This explanation also can be subjected to experiment.
If we use a top lens of very low density, and an under plate
of great density, we can introduce between them a film of
fluid of some znfermediate density, as oil of sassafras. Both
reflections then take place from a denser medium, and the
retardation alone should come into play, without any other
alteration of phase. Experiment fulfils this expectation to
the letter.l The apparent objection thus becomes another
strong argument for the truth of the theory.

All the other phenomena of interference are similarly
capable of calculation. And the most complicated pheno-
mena have so far corresponded with calculation in the most
minute particulars.

1 This explanation is taken in substance from Sir John Herschel,
his popular exposition of it being the best I am acquainted with.
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111. Size of Matter Molecules.—I am not willing to
conclude this chapter without some explanation of the manner
in which the dimensions of these light-waves throw light upon
the dimensions of the molecules of matter itself. We are
forced to conceive of matter as consisting of detached mole-
cules, or separate very small portions, on account of the
enormous power of expansion when heated which matter
possesses. Moreover, while water and alcohol expand as
one to three in the liquid form for the same increase of
temperature, in vapour they expand 7z the same ratio,* which
we can only account for on the supposition that the mole-
cules are now at enormously greater distances, so that their
special action on one another has ceased, and they only obey
the general laws of gases exposed to heat. We are there-
fore confronted with these detached molecules of matter ;
and some of the main questious physicists are now investi-
gating, are, What are the probable sizes and other propertles
and relations of these molecules ?

Now on the first of these questions the measurements we
have just obtained throw very considerable light. First, the
molecules must be considerably less than those waves in
dimensions, or they would be at least partially visible with
the powerful microscopes we now possess. Nobert’s test-
lines of 112,000 to the inch—half the dimensions of a blue
wave—were resolved in America by Dr. Woodward. More-
over, in many transparent bodies at least, as the waves pass
through amongst the molecules without being very sensibly
destroyed or affected, this is another proof that such waves
are large in proportion; as they plainly are not split up
amongst them, but as it were suzge grandly over them with
little resistance. And yet, secondly, the molecules cannot
be énfinitely less relatively—or, shall we say, tremendously
less ; because if they were, it is easy to see that a difference in

1 About 334 for each rise of 1° Fahrenheit.
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the waves of one half, (we may take red light as 45 35 and
violet as 5445 Oof an inch,) could not so profoundly affect
the phenomena as it does. To use an illustration I have
seen somewhere, sawdust would show no perceptible differ-
ence in its effects upon water waves 3o feet and 5o feet apart ;
but logs of wood probably would. All this is indefinite,
and yet it does give us a notion of what physicists call the
class, or order, of magnitudes involved ; and from some other
considerations of this kind which cannot be given here,!
it has been argued with very great probability that the
average distance from molecule to molecule can hardly be
more than a thousandth part, and hardly less than one
ten-thousandth part, of the average length of a wave.

It is a little singular that very analogous deductions may
be drawn from the phenomena of a soap film. Witha good
solution, if a film is stretched upon a ring as in Fig. 96, and
carefully observed, after a while coloured bands cease to
form, and a large white patch appears, answering to the first
bright ring. This we know (§ 110) to be a thickness of oze-
Jourth of a wave-length. But after this comes a patch of
very dark grey, often called black.? Now the peculiarity
about this is, that the boundary edge is perfectly sharp, as
if cut with scissors! It is not so with Newton’s lenses,
where the diminution of thickness is gradual ; and the only
conclusion is, that there is here some sudden change in the
thickness and therefore physical constitution of the film.
It cannot be nearly one-fourth of a wave-length, or a con-
siderable portion of light would be reflected. It must be as
compared with the wave-length practically 77, for either (1)

1 Most of them are discussed towards the end of Tait’s Recent
Advances in Physical Science (Macmillan and Co.).

2 Tt is often stated that this grey only comes in patches, and that the
film almost immediately bursts. With solutions made as described on
page 161, I haye had half the film remain of the dark grey for hours,
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the two reflecting surfaces are so close that the retardation
is practically nothing, and discordance is produced solely by
the half-wave difference of phase due to the denser medium ;
or (2) the film is so thin that the air on both sides is in
optical contact and there is no reflection at all. Obviously
the first supposition is the true one; and it is very easy to
see that if the film exceeded in thickness one-fortieth of a
wave-length, we must have some traces of colour. We
have here, then, apparently an abrupt transition from 155450
of an inch to something almost certainly not much greater
than 5 g4 509 of aninch ; and it is difficult not to believe that
this must be due to some peculiar change in the physical
Pplan, or constitution of the film; which again must almost
certainly be in fairly numerical relation with the size of the
molecules. And as we know that the mechanical equivalent
of the heat required to vaporise a grain of water would not
be sufficient (according to the law of capillary attraction) to
reduce it to a thickness of 555 585,900 Of an inch, and there-
fore at that thickness the molecules could no longer hold
together, but would separate in vapour, we seem to have
here two outside limits between which the size of the
molecules, or rather the distances between their centres,
must lie.t

Finally, however, we can hardly suppose that a film only
one molecule thick would hold together at all. We must
therefore multiply the lesser limit by some figure, at least
2 ; and we shall be quite within the mark in estimating the
molecules in the film’s thickness at from 2 to 5. And even
this low figure brings the limits of measurement for the
molecules of this form of matter as something like 5 y52 500
of an inch for the greatest possible distance between the

! Sir William Thomson believes that the molgcules of gas cannot

exceed ygggopos Of an inch ; and Mr. Sorby estimates various mole-
.cules as probably from g5yo'5so7 tO Tesrisoes Oof an inch.
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céntres, and 55 55v.000 tO Tov.ovv.ooo (according to the
multiplier we assume) for the least distance.

It is remarkable that several other lines of investigation
lead to similar conclusions; but they need not be mentioned
here. Only the merest outlines of the optical argument
have been given; but these will suffice to show how
Light is still, in another sense, a Revealer of those minute
elements which can never be seen by mortal eyes.

APPENDIX TO CHAPTER IX.
Diffraction in the Microscope.

The phenomena of diffraction described in this chapter
have a very important bearing upon microscopical investiga-
tion, and especially upon the advantage of increased angular
" “aperture” in microscope objectives. That the increased
angles obtainable by immersing object and objective in a
fluid, instead of observing the object in air, gave marvellously
increased powers of definition, had long been known ; but so
long as this was supposed to be due merely to greater illumi-
nation, or the collecting of a larger pencil of light from the
object, it could not be satisfactorily accounted for. At length
Professor Abbe pointed out the true nature of the advantage
gained, and the matter was soon demonstrated by ingenious
experiments devised by himself, Mr. Stephenson, and Mr.
Frank Crisp, so well known as principal editor of the ad-
mirable Fournal of the Royal Microscopical Society. The
following brief explanation is condensed from Mr. Crisp’s
lucid summary of the subject in that journal for April, 1881,
to which I am also indebted for the diagrams by which it is
illustrated.

It will at once be understood, from the phenomena of
“ gratings ” already investigated, that if between the reflect-
ing mirror and the stage of the microscope we interpose a
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very small opening in the diaphragm, and on the stage lay a
“grating” of ruled lines, on removing the eye-piece and looking
down the tube we observe a series of images of the aperture
like Fig. 112, all circular in homogeneous light, but the outer
ones consisting of spectra in white light. The small pencil
admitted through the diaphragm is ¢ diffracted,” just as we

/"‘\
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FiG. 112

have already found. We next lay upon the stage a slide
such as Fig. 113, consisting of, let us say, a circle containing
both wide and narrow lines ruled on glass. Removing the
eye-piece as before, we have of course, on looking down the

o i S

Fis. 113, FiG. 114.

tube, the appearance presented in Fig. 114, the coarse lines
giving diffraction spectra twice as close and numerous as
those caused by the fine lines. The reason for this we have
already seen (§ 110): the present point is, what influence these
diffracted rays have upon the image, and it i¢ here that the
experiments just referred to are so important and interesting.
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First of all, by a diaphragm at the back of the objective
such as that in Fig. 1135, let us cover up-a// the diffraction
spectra, allowing only the direct, or central white pencil, to
reach the conjugate focus, or image-point. On replacing
the eye-piece, all the fine ruling has disappeared, leaving only

0o

F1G. 113, Fi1G. 116.

the general outline of the object, as in Fig. 116. By suppress-
ing the diffracted rays, therefore, fine detail or *structure”
of an object 1s obliterated.

Secondly, let us adjust behind the objective a diaphragm
like Fig. 117, which allows all the lower spectra in Fig. 114

FiG. 117. F16. 118.

E

-

to pass to the image-point, but suppresses every alternate
spectrum of the upper set, diffracted by the coarse lines.
The image now appears as in Fig. 118, the upper set of
lines to all appearance being identical with the lower set.
Precisely in the same way, if we substitute a diaphragm
like Fig. 119, stopping off yet another half of the alternate
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spectra, the lines are agz;in apparently doubled, and we
“see” Fig. 120, though the actual object remains the same.
In these experiments therefore, while retaining the-central
pencil of light throughout, we have ¢reated apparent detail
or structure in the object by suppressing certain of the
spectra.

FiG. 119. F1G. 120.

Still further, however, let us take a slide which when
magnified resembles Fig. 121, or a ‘“crossed grating.”
We get with this, from the small aperture, rectangular
spectra somewhat like Fig. 122 ; but in addition there are

( J.
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F1G. 121. F1G. 122.
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other diagonal spectra caused by the regularly recurring
intervals diagonally ‘across the squares. Constructing a
diaphragm like Fig. 123, which allows only the central pencil
and two of these diagonal spectra to pass, the vertical and
horizontal lines of the object have vanishéd, to be re-
placed by Fig. 124. This experiment is troublesome, the
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diaphragm having to be prepared with extreme care; but
the results, first deduced from theory, have been rigorously
verified. ,

Now the microscopic student knows that many objects,
by their minute and regularly recurring ¢‘structure,” cannot
fail to give, and do give, strong diffractive effects. The

FiG. 123.

well-known Pleurosigma angulatum will serve as an example
of the practical effect of the foregoing considerations. It
gives three sets of diffractive spectra arranged as in Fig. 125.

FiG. 125. F1G. 126.

As each set is produced by something resembling lines
at right angles to it, the three sets of lines in the object
must be arranged mainly as in Fig. 126 ; but it will be obvious
from what has gone before, that by selecting different sets of
spectra, with or without the central beam, the apparent
images will differ widely. It is also manifest that a// these
images cannot represent the Z7zestructure. If, however, we
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are pretty sure that we have all the characteristic spectra, and
their position and relative intensity can be calculated, then
the resultant image can also be calculated ; and so far as all
the spectra are included it will represent the real object.
Mr. Stephenson ! records an extraordinary instance of such
calculation in the case of this identical 2. angulatum. A
mathematical student who had never seen a diatom, taking
the'spectra alone (as roughly shown in Fig. 125) worked out
from calculation the drawing given in Fig. 127 as the result.
Now the sma// markings between the hexagons had never
been seen in P. angulatum by anybody. But on Mr.

F1G. 127.

Stephenson making special examination of a valve, stop-
ping out the central pencil so that its superior illuminating
effects might not overpower the others, these small markings
were found actually to exist, though they were so faint as to
have eluded all observation until mathematical calculation
from their spectra had shown that they must be there.
Light was once more, even in the microscope, by its physical
deportment, a Revealer of what the microscope had, up to
that date, failed to see. :
The general conclusion is, therefore, that we can have no
true image of an object whose structure is sufficiently fine to

Y Sournal of the Royal Microscopical Society, vol. i., 1878, p. 186.
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give diffractive effects, unless a//the diffracted rays, or rather
-perhaps all the truly characteristic sets of spectra, are col-
lected ; and the image will more or less resemble the object,
in proportion as the spectra are all collected, or at least
sufficient of these characteristic spectra. As we have found
before (§ 110) that the finer the grating, the more widely
deflected are the diffracted spectra, we can now readily
understand how, as regards minute structure especially,
collection of the widest possible angular field of rays from
the object is a point of the utmost importance for correct
delineation, quite irrespective of greater #llumination; and
it is in this respect that immersion objectives have such an
enormous advantage.
Of course these considerations only apply to structure of
a certain degree of minuteness. With more coarseness, all
the diffracted spectra which are visible may be collected by
a moderate angle.' But when we reach a certain fineness,
it will be seen that the image in a microscope of small
angular aperture can be no true representation of the object
at all, but is due to peculiar selective conditions. This may
be well shown by an experiment with Amphipleura pellucida.
With a homogeneous-immersion objective of large aperture,
focus the object under an illumination so oblique as to show
up all the lines clearly. Then remove the eye-piece as in
previous experiments ; and placing the eye at the conjugate
focus or image-point of the objective, the direct beam will
of course emerge obliquely as a bright spot; while on the
other side of the field, and dose % 7zs margin, will be seen a
faint bluish light, the inner portion of the jfirsz diffraction
spectrum. (Fig. 128.) Only a portion of oze spectrum, ob-
serve ; and that so near the margin that it must be lost with
any objective of much less angle. Ifnow a small bit of paper
be adjusted on the back lens of the objective so as to stop
this blue light and no more, the illumination is diminished
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by an almost infinitesimal portion, and the diatom is still
visible, apparently as brightly illuminated as before. But the

50

FiG. 128.

characteristic s#rzafion, which caused, and was therefore
imaged by, the diffracted light, is gone, just in the same
manner as was demonstrated in Figs. 115 and 116.

NOTE ON THE COLOURS OF THICK PLATES.

Nothing has been said in the text on the interference colours of #kick
plates ; the phenomena being as a rule difficult to observe and unsuit-
able for projection. One exception may perhaps be made in an
apparatus known as Dedezenne’s Analyser, founded on an experiment
first made with two thick silvered mirrors by M. Jamin., If two truly
parallel plates of glass are arranged thus, \\, so that rays from the top
of the page are reflected horizontally from the left-hand glass to the
right-hand one, and thence to the eye below ; so long as the glasses are
truly parallel with each other there is no. interference, But if either
of them be rotated round an axis parallel to the side of the page,
slightly to either side of this position, beautiful interference bands
appear precisely similar to Savart’s bands (§ 179). If the glasses are
backed with black card to exclude extraneous light, and near enough’
to prevent direct rays passing between them to the eye, the phenomena
are conspicuous against any bright surface, and readily projected upon
a screen, Usually the glasses are mounted, one inside each of the two
flat sides of a round brass box like a collar-box, one-half of which
rotates in the other half: apertures being cut in the flat sides for the
rays to enter and emerge at the interval between the glasses. Such
an apparatus, about the size of a large watch, can be cbtained of
Mr. Tisley : but it is to be regretted that it was allowed to*be described
as if original before the London Physical Society in 1878, when it was
simply a copy of Delezenne’s apparatus constructed many years before.



CHAPTER X.
DOUBLE REFRACTION AND POLARISATION.

Double Refraction—Huyghens’ Experiment of Reduplicating Images—*
Polarisation—Polarisers, Analysers, and Polariscopes—Phenomena
of Tourmalines—Polarisation by Reflection and Refraction—What
Polarisation implies—Analysis of Polarisation by Reflection and
Refraction—The Polarising Angle—Analysis of Polarisation by
Double Refraction—Extraordinary and Ordinary Wave-Shells in
: Doubly-Refracting Crystals—Action of the Tourmalines.

In dealing with light hitherto, we have found it reflected,
or otherwise behaving according to certain uniform laws,
which were not affected by the position or direction of the
ray. We have now to examine phenomena in which that -
is not the case.

112. Double Refraction.—Place in the optical stage the
smallest aperture that will show a bright spot upon the screen,
and in front of the nozzle hold a piece three or four inches long
of the clear mineral called Iceland spar, which crystallises in
the form of a rhombohedron, as shown in Fig. 129. There
appear perceptibly #z0 images, separated by a slight interval ;
and if the spar is turned round pretty equally, it is seen that
one image rotates round the other. It is plain that the single
pencil from the lantern a B (Fig. 130) is, in passing through the
spar, divided into two, B C and B D, and equally so that if
one of these rays is refracted in the plane of incidence, and
according to the law of sines, the other in some positions
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cannot be. It is equally obvious that somehow or other the

indices of refraction (§ 30) must differ in the two rays.
Large pieces of spar are clumsy, however, and "give little

separation, as both rays resume parallelism (c E, D F) when

F1G. 129.—Iceland Spar or Calcite.

they emerge from it. But as we have two indices of refrac-
tion in certain positions, it is evident that if we cut a prism
of the spar with its refracting edge in the right position, the
angular deviation will continue after the two rays emerge

e
D E

F1G. 130.—Double Refraction.

and the separation increase with the distance. The dispersion
of the prism is easily achromatised, or nearly so, with a
contrary prism of glass,’ and a small bit of spar thus treated

! A better plan is to make both prisms of spar, cut in two directions
at right angles with each other, on a plan devised by Dr. Wollaston.
This gives better chromatic correction, and doubles the separation of the
images.

\

P'
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gives us a wide separation. We shall suppose 7wo such
prisms, A and B (Fig. 131), mounted in cork, and so fitted that
the brass tube containing the first rotates on the nozzle at
N, while the second, B, rotates in the first, with a space,
s, between them, through which, by slits in the sides of
the mounting tube, a slide an inch wide can be inserted.

F16. 131.—Huyghens’ Apparatus for the Lantern,

Two double-image prisms thus fitted are usually called a
“ Huyghens' apparatus.”

113. Huyghens’ Experiment.—We can now use a
larger aperture. Place one, } inch in diameter, in the optical
stage, and focusthe image : on placing one prism on the nozzle

G R D E F

Fi1G. 132.—Huyghens’ Experiment.

and rotating it, one image is seen to revolve round the other,
but no difference in brightness or otherwise is observed. Let
A (Fig. 132) represent these two original images. Add the
second prism in front of the first, however ; and keeping the
first still (say with its two images perpendicularly disposed),
rotate the other in front of it. Starting with both prisms in
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the same position, two images still appear, only at double
the distance, B, showing that each ray from the first prism
suffers no further division, but is only further bent in passing
through the second. But directly the front prism is rotated
in the least degree, four images appear; each pair being of
unequal brightness, Tiowever, until one-eighth of a revolu:
tion has been made, or the second prism is at an angle of
45° with the first ; all four are then equal, as at c. Pro-
ceeding, what were the faintest images become the brightest,
and vice versd, until when a quarter of a revolution is
reached there are again but fwo equal images, this time,
however, placed at an angle of 45° from the perpendicular
on the screen, ». Still proceeding, the same stages are gone
through reversed ; but on reaching the half revolution, if
both prisms are of equal separating power, there is but one
image, F, into which all four have merged. The successive
phenomena are represented in Fig. 132, and are of course
reversed through a further half revolution back to the first
position.

The student will do well to examine these phenomena
more in detail, if possible, which he can easily do without
any other apparatus than two small rhombs the size of Fig.
133. They can either be laid on a sheet of paper with one
round black spot, or held against the window over a hole in
a black card the same size. Let the under rhomb be kept
in the same position as shown by the white figure, and the
other rotated over it as shown by the shaded figure. It will
first of all be seen that with the single rhomb, if so cut that
the sides are of equal length, the line joining the two images
is always parallel to the short diagonal. The same will also
be noticed of the reduplication of the images; and the de-
tails of the diagram will enable the successiye modifications
to be accurately traced, and show all that takes place, the
white spots showing a total extinction of the image.

P2
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114. Polarisation of Light.—It is manifest that the
pencils of light which have passed through the first piece or
prism of Iceland spar differ remarkably in sonze way from com-
mon light ; and that the difference essentially consists in this :
that they behave differently according to which of their sides
are presented to certain sides of the second prism. We

F1G6. 133.—Analysis of Huyghens’ Experiment.

have here an obvious analogy to the “ polarity ” of magnets
and currents of electricity, which, though not strictly
accurate, is sufficient to justify the term of “polarised”
light. j
115. Polariser and Analyser.—And the analogy goes
further : as we cannot detect magnetic polarity until we
bring to our presumed magnet some other magnetic or
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:agnetic substance by whose attraction or repulsion we
tect the magnetism ; so here we could not defect any
* ¢ polarisation ” in our two pencils of light, until we subjected
them to a second process similar to the first. This law
holds good throughout the subject. A great deal of re-
flected and other light around us is, as we shall immediately
find, really polarised ; but we cannot detect it to be so with-
out subjecting it to some 'second process, which of itself
would polarise it were it not polarised already.  If it is,
such a further process at once zeveals the already existing
polarisation, and the apparatus so used is then called
an “analyser.” A polariser and analyser together form a
“ polariscope.” Any one of the methods which are capable
of polarising light may be used equally to analyse light when
polarised, whether it be the same process as polarised it or
not being a matter of complete indifference beyond the
convenience of the operator. These methods are several,
and we have now further to experiment with them.

116. Phenomena of Tourmalines.—There is another
doubly refracting crystal called tourmaline, some colours of
which, when cut in slices parallel with the axis, have the pro-
perty of rapidly absorbing, or being almost opaque to, one
of the two pencils produced. Hence we greatly simplify the
phenomena.l  As ene ray only passes through, which is the
colour of the crystal, if we focus the slice upon the screen,
we see nothing remarkable about it. Obtain, however, two

1 Two mistaken statements are often made about tourmalines. One
/is, that green ones are good polarisers. Some few are, but many are
not, and far the best colours are the various shades of browns, some of
which are a very pure purplish grey, and very little change the colour
of objects seen through them. The other error is that tourmalines
‘¢ polarise by absorption.” All that the absorption does is to take up
or stop one of the already-polarised rays due to double refraction ; for

if a very thin wedge be ground, at the thinnest edge both images can
be distinguished.
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slices of tourmaline, of such sizes and shapes that o: ‘can
be seen distinctly over the other. Let one be moun’ d in
one of the 4 inches by 2} inches wooden frames, ar the
other on a loose disc of glass, which can be secured n a
metal circle by a spring, and rotated by a pinion and
circular rack.! Place both in the optical stage, parallel with
each other, and focus ; then rotate the front one: the suc-
cessive appearances are as in Fig. 134. "When parallel, a,
there is simply a rather deeper colour from the double
thickness ; when the movable one is rotated 45° as at B, a
considerable portion of light is stopped where both are
superposed ; when at right angles, c, no light whatever can
get through—the screen there is black.

Fi1G. 134.—Two Tourmalines.

It is plain we have here the same phenomena as before,
only simplified by the absorption of one of the two rays.
To prove it, we remove the fixed tourmaline, leaving only
the rotating one in the stage, and placing with it a circular
aperture in a plate or card, just large enough to encircle
the tourmaline. On the nozzle of the objective we place
one only of the double-image prisms, which if of wide
angle will quite separate the two circles of light with the
tourmaline image in the centre; if the separation is not
sufficient for this, remove the second lens from the objective,

1 Suchrotating frames, of the standard 4 inches by 2% inches size, can

be purchased for a few shillings of any good London optician, and at
least one is indispensable for many experiments.
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anc gsert at ¢, Fig. 1, alengthening tube or adapter, about
21 1 ches long, which, by reducing the size of the discs, but
not aeir distance apart, will ¢ clear” them on the screen.
Ad* st the prism so that the images stand horizontally, and
the tourmaline stands vertically. -+ One image transmits the
light, the other is completely black (a, Fig. 135). Now rotate
the tourmaline till it stands horizontally ; the light image
gradually becomes black, and vice versd, B, whilst in passing
through the angle of 45° both are alike and semi-opaque.
Rotating next the prism, while the tourmaline is stationary,
the same alternations. are repeated. It is perfectly clear
that the tourmaline gives us in a single ray, precisely
what the Iceland spar gave us in two rays.

B
F16. 133.—Tourmaline and Double-Image Prism.

117. Polarisation by Reflection and Refraction.—
In 1808 it was discovered by Malus that reflection from glass
at certain angles gives the very same ¢ polar” phenomena ;
and a few years later it was discovered that the refracted ray
which passed through the glass had the same property. On
a piece of board, B D (Fig. 136), as base, glue or screw two
triangular side pieces, B C D, and fix between the hypothenuse
edges of these, B ¢, ten or twelve plates of thin crown or
plate glass, so that the angle c BDis about 34° It isevident
that when laid on a table stand in front of the objective, a
beam, E F, from the lantern will be partly reflected towards .
the ceiling as F G, and partly refracted and transmitted to the
screen as F H. Adjust it thus: remove the doubleimage
prism, but leave the rotating tourmaline in the stage. On
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rotating the tourmaline, it will be found that when this is
horizontal, the reflected image on the ceiling is bright, and
when the tourmaline is vertical, black ; and on looking at
the screen we see that these effects, by the transmitted ray,
are precisely reversed. And if we place an aperture in
the stage without the tourmaline, and on the nozzle the
double-image prism, we, of course, find on screen and
ceiling reciprocally light and dark images of the aperture,
which change to the opposite character as the prism is
rotated. Next lay the bundle on its triangnlar side, and
every image is precisely reversed. - All through we have
found similar phenomena ; and if we use the pile of glass
Jfirst (either as reflector or transmitter) and another pile of
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Fi16. 136.—Glass Pile.

glass, or any of the other apparatus, after it, it is still the
same ; the beam of light, when “polarised ” by any one of
these methods, behaves in opposite ways when “ analysed ”
by any one of the methods, in positions at right angles with
each other.

A single plate of glass is sufficient, when adjusted at the
exact polarising angle, to polarise all the light that is
reflected ; and an equal quantity of polarised light is also
transmitted through the plate. But t' s quantity being
small, and in the case of the transmitted.oeam overpowered
by the larger quantity of common light also transmitted, it
is usual to employ a pile of at least a dozen plates. Even
this does not nearly polarise all transmitted light, but
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sufficiently increases the quantity of reflected light. Owing
to inequalities in plates of glass, for accurate experiments it
is sometimes necessary, when reflected light is employed,
to employ only one plate of perflectly flat glass blackened
at the back. It will further be speedily discovered that at
other than the angle of complete polarisation, a somewhat
Jess quantity of light is polarised.

118. Explanation of Polarisation.— The phenomena
of double refraction and polarisation puzzled Huyghens and’
Newton, for opposite reasons. Newton’s notion of alternate
“fits”’ could be made to account in some measure for
polarisation, but not for double refraction. Huyghens
could not account for polarisation, but easily accounted for
double refraction on the Undulatory Theory, even as then
understood, when it was supposed the ether vibrations
resembled those of sound-waves, or were propagated in the
direction of the ray. We have seen ‘that the retardation
which causes refraction is caused by greafer density or less
elasticity in the refracting body ; and Huyghens had only to
suppose a doubly-refracting crystal was less elastic in some
directions than in others, to account for it, provided only
~ the ether vibrations also were affected by these differences
in the structure of matter. This, we have found from
numerous experiments, is probable. But the theory as then
understood failed to account for polarisation, which finally
occasioned Young and Fresnel’s great conception of
transverse vibrations, by which everything is simply and
_perfectly accounted for.! Let it be supposed that common

1 Familiar as the ~~nception is to us now, it is difficult to realise

what a profound and t mnendous revolution in scientific opinion it was
when first promulgated vy Young and Fresnel in 1816 and 1817. To
endow such a rare and subtle fluid as the ether with the most distin-
guishing property of a so/id, was such a stupendofis overturn of all

previous notions about the Undulatory Theory, that Arago, who had
up to that time shared and endorsed Fresnel’s previous memoirs, shrank
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light consists of vibrations in all azimuths, ‘but all per-
pendicular to the path of the ray, asat a, Fig. 137. Whether
vibration takes place in different azimuths simultaneously,
or in succession, is not positively known, and does not
affect the reasoning.! Such a ray must behave indifferently
as to its sides, whatever it meets with in its path. But let
all these azimuths of vibration be “resolved ’’ into #wo planes

§V

B (o}

Fi1G. 137.—Nature of Polarisation.

at right angles to each other, as at B, where the top and
bottom quadrants of A are supposed to be mainly resolved
into ¢ D,2 and the others into EF; and suppose we can

from such a step, and left Fresnel to bear the brunt of it alone.
Fresnel related, in 1821, that he himself hesitated to adopt it for a
while, and states (see Whewell's History of the Inductive Sciences,
vol. ii., p. 417) how ‘“ Mr. Young, more bold in his conjectures, and
less confiding in the views of geometers, published it before me, though
perhaps he thought it after me.” Whewell goes on to relate, from in-
formation given him personally by Arago, how when Fresnel had pointed
out that transverse vibrations were the only possible way of translating
the facts of polarisation into the Undulatory Theory, the elder French-
man “ protested that he had not courage to publish such a conception,
and accordingly the second part of the Memoir was published in
Fresnel’s name alone.” And yet, when Arago thus shrank from the
new theory, he had received also a letter from Dr, Young, dated
January 12, 1817, in which the same idea was suggested for the same
reasons! Facts like these should not be lost sight of, for the sake of
the instruction they convey to the scientific student.

1 See Appendix to this Chapter.

2 Tt results from very elementary principles of mechanics that if cp
and EF are the only possible directions of vibration in a body, all vibra-
tions in any other azimuth than one of the two must be resolved into
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obtain either plane se¢parately; for instance, the spar
separates them somewhat as at c. Very plainly, such a
single plane of vibration, on meeting reflecting and refract-
ing surfaces, must behave very differently according as the
ends or whole course of each path of vibration come in
contact with the reflecting or refracting surface.

119. Analysis of Polarisation by Reflection and
Refraction.—It is even easy to see that reflection and
refraction, of themselves, must tend towards this state of
things. For tracinga ray vibrating in all azimuths, to an in-
clined surface, it is natural to suppose those vibrations which
come in contact with it, or “kiss” it, as it were, along their
whole path, should be reflected in their integrity, while others
must be seriously affected. A simple experiment confirms this
supposition. It is supposed throughout the Undulatory
Theory that we are dealing with actual physical realities—with
actual physical atoms, vibrating with inconceivable rapidity
in definite paths. Now, any solid small body thus moving
in an orbit, with sufficient rapidity, produces on our sense
of touch and in many other mechanical respects (and we
are dealing with strictly mechanical effects here) the same
effect as a solid occupying the dimensions of its path. 1If, for
instance, the driver-stud in the driver-chuck of a small
lathe can be rotated with sufficient rapidity, it is in many
respects mechanically equivalent to a solid ¢yZinder bounded
by the circumference of its circle of revolution. In the
same way, a small sphere vibrating rapidly enough in a path
perfectly straight, would produce effects similar to those of
a small rod equal to it in diameter and of length equal to
its path. 'We may thus conceive of the front of a ray of light,

both in varying proportions according to the angles. Near ¢D nearly
all the motion is resolved into ¢ D, and only a small portion into EF ;
while the vibrations in azimuths of 45° will be resolved equally into ¢ D
and EF.



220 LIGHT. [cuaP.

supposing there "are- transverse rectilinear vibrations in all
azimuths, as equivalent to a number of rods crossing the
axis of the ray in all azimuths as a, Fig. 137. Now let us
consider these various rods, preserving their rectangular
relation to the ray, obliquely projected against the surface
of some retarding medium, such as we have considered
refracting media to be.

We can predict the result theoretically ; but we can, as
regards single rods, representing single azimuths of vibra-
tion, readily subject the matter to experiment by the simple
instrument shown in Fig. 138. Let there be hinged on a

F1G. 138.—Catapult.

base-board, B A, at a pivot, a light frame c, pulled towards
B by a strong spiral spring, s. On pulling it back and
releasing it, the part c will act as a kind of catapult, and
project objects laid upon it with considerable velocity at
any inclination with the horizon, determined by a stop or
obstacle, o. Provide a few smooth rods of wood, as
accurately circular as possible, of different diameters and
weight (this is simply because the best rods for each pro-
jecting apparatus must be found by trial: as a rule rather
heavy wood is best), and placing the instrument in front of
a shallow bath of water, project the rods obliquely against



> ) EXPERIMENTAL ANALYSIS. 221

the water. Let a horizontal rod be first so projected, so
that the whole length strikes the water at the same moment.
With a little practice it will be found that when the-rod is

(o]
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F1G. 139.—Reflected Rod.

projected pretty accurately, it is z¢fected from the water, asin
Fig. 139, as boys play “ducks and drakes,” or as a shot
ricochets on the surface of the sea.! Now let A (Fig. 139)

2.
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F1G. r40.—~Refracted Rod.

be the wave-lengths in a ray of light, the rod r will repre-
sent those vibrations which reach the retarding medium
»

. ! The rods must strike the surface of the waterat a considerably less
-angle than in Fig. 139.
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as at B ; and they are re¢flected to c.  Lay next a rod vertically
on the face of the catapult, so that the end strikes the surface
of the water first, as at E (Fig. 140). Such a rod re-
presents mechanically the vibration at right angles to the
former ; and it will be found it is no longer reflected, but
swung round in some such direction as F.

But this is not all ; for attentive observation, even with
this rough and simple apparatus, will soon show that, in rods
placed in intermediate positions, there is a sensible, visible
tendency on meeting the water to swing round into one or
other of the two positions we have examined. It follows
that if we could project such a rod, without losing its
energy, against surface after surface, it would gradually be
brought into either one or other of these two rectangular
positions. - And this precisely accounts for what was long a
difficulty, viz., the gradually increasing body of polarised
light as common light is reflected from, or transmitted
through, a greater number of successive plates of glass.

120. The Polarising Angle.—Lastly, avery elementary
knowledge of geometrical mechanics necessitates the clear
perception that, according to this purely mechanical method
of analysis, the amount of reflected and refracted light
polarised in two rectangular planes, assuming the original
beam to contain equal proportions of all azimuths, must be
equal ; and further, that the most favourable position for the
operative surface, or that which must give from any surface
the largest quantity of each kind of light, must be at
an angle of 45° at which angle only an equal number of
azimuths are affected in each of the two directions, and at
which only the refracted ray is at right angles to the reflected
ray. Now, at first sight, this seems to be contradicted by
the fact that the polarising angle of glass is not 45°, but
.about 56°, and that it varies with every transparent substance.
But when examined this difficulty disappears ; for Sir David
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Brewster discovered in 1815 the beautiful law shown in Fig.
141. Reference to the diagram of sines (Fig. 35) will show on
mere inspection, that there must be a given angle of incidence,
at which the ray, 1 R (Fig. 141), reflected from the refracting
surface, at the same angle.with the normal, N, as the incident
ray, s, is at right angles with the refracted ray, 1 7. That
angle in every case is_the angle of polarisation. With glass
it is about 56° 35, but must of course depend upon the
refractive index of the glass. Moreover, Sir David Brewster

F16G. 141.—Angle of Polarisation.

has also shown, by mathematical reasoning quite indepen-
dent of the considerations here advanced, that there is every
reason to believe incident rays are partially subjected to the
deflection of the refracting substance before reflection, and
that therefore the 7¢a/ polarising angle is in all cases 45°.

- 1,Sir David Brewster advances the following propositions : ‘¢ When
the refractive power of any body is infinitely small, its polarising angle
will be 45°.” ¢ If light were polarised simply by the action of the

reflecting force, the polarising angle would be 45°.” “ When a ray of
light is incident at the polarising angle upon any substance whatever, it
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It is easily seen that, as the refractive index of glass or
any other medium differs for different colours, polarisation
by reflection can never be quite perfect for @/ the colours
of white light at any one angle. The imperfection is, how-
ever, so small, that it may be neglected for all but-very
highly refractive substances, or very delicate experiments.

121. Polarisation by Double Refraction.—Having
determined the direction of the vibrations?! in a “plane of
polarisation,” we can now examine the phenomena of a

receives such a change in its direction by the action of the refracting force,
that the real angle at which it is reflected is 45°."> ¢ The real angle of
polarisation is 45°, the effect of the refractive force being merely to
bend the ray of light so as to make it suffer reflection at this particular
angle.” (See Pkil. Trans. 1815, Part I.) The reasoning in this paper
does not seem to me to have received quite the attention it deserves. It
is the more remarkable because the ‘¢ father of modern experimental
optics,” as Professor Stokes justly called him, was to almost the last, if
not quite so, a disbeliever in the Undulatory Theory, and was not guided
by any considerations connected with it, If his conclusions, and the
mechanical analogy above advanced, be received, the supposed difficulty
about the angle of polarisation by small particles (see § 187) entirely
disappears.

1 It is usually stated in works upon this subject, that it is an open
question whether reflected vibrations are parallel (as here affirmed) to the
reflecting surface, or in the plane of reflection; though it is usually
admitted that the preponderance of argument is in the direction here
adopted. The methods of experimental demonstration and purely mechan-
ical reasoning here employed, leave, in my opinion, no doubt whatever
upon the subject, and are, I think, more conclusive than even Professor
Stokes’s experiment—generally considered a/most conclusive (see Cam-
bridge Trans. 1850)—upon the effects of a fine diffraction grating on
the plane of polarisation. It is to be observed that almost, if not quite
every argument for the contrary view is based upon purely mathematical
reasoning ; and it is notorious that in purely mathematical questions
opposite assumptions often give correct results, as in Newton’s assump-
tion that the velocity of a refracted ray in a denser medium was ac-
celerated. The question, it is submitted, ought to be argued, and can
only be decided, as one of actual physical mechanism, and not of pure
mathematics,
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doubly-refracting crystal. t It has been assumed that double
refraction is due to an inequality of elasticity in different
directions. Is there then this inequality? Experiment
shows us not only that there is, but that the physical proper-
ties of a crystal in this respect stand in fixed and invariable
relation to its optical properties as tested by experiment;
and that both these again have a fixed relation to its form.
Some crystals are symmetrical in all directions, as the cube ;
if heated, they conduct heat equally in all directions ; and
with variations in temperature they expand equally in each
direction. Now such crystals may safely be assumed to be

Fi1G. 142.—Quarcz Plates.

equally elastic, and in a free or natural condition they have .

no double refraction. Butif now we take a crystal of quartz,

which crystallises in six-sided prisms with pyramidal ends,

it is manifest on inspection that it is not symmetrical in all
directions, but only round one axis, that of the prism. Take
a'slice cut parallel to this axis, A, and pierce it with a hole
into which we can introduce a wire heated by an electric
current or otherwise. Coat the plate with a film of wax,
and introduce the heated wire : the wax will gradually melt
around it, and it will soon be seen that the melted surface
is an ellipse ; in other words, the heat is cohducted more
Q

e
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rapidly along the crystallographic axis than across it. Doing
the same with a slice cut across the axis, B, the melted area is
now a circle ; showing that conduction is equal in all radial
directions round the axis.!

It has further been discovered by experiment, especially
by Professor Mitscherlich, that when a crystal of this
description is heated or cooled it expands or contracts
unequally in different directions. Almost, if not quite
invariably, a moderate heat expands the shorter axis of the
perfect crystal more than the others, or brings the crystal
nearer to the form of a cube, or other shape which in its
most perfect and simple form can be inscribed in a sphere
(this is the simplest general test of the nature of a non-
doubly-refracting crystal). With this change comes a dimi-
nution of the inequality in elasticities, which, at a certain
temperature, may even altogether disappear, as we shall
‘hereafter demonstrate by a beautiful experiment, due also “»
Professor Mitscherlich (§ 171). The various faces of st
crystals also show very different powers of cohesion ; ana
even different resistances to the disintegrating action of
chemical re-agents. Finally, it has been shown directly by
Savart, who strewed fine dust upon plates of crystals cut in
various directions, and then excited sonorous vibrations in
the plates, that there are such differences in actual elasticity
as we should expect.

If now we take a rhomb of Iceland spar and reduce one
or the other of its sides till all the edges are of equal length
—the true form of the crystal—we find it resembles quartz
in being symmetrical around the one axis a A (Fig. 143), and
no other. It is as if we took the skeleton outline of a cube
made with wires, jointed at each corner of the cube, and
laying one corner on the table, pressed down the opposite

1 This experiment is due to Senarmont.
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one. In the longer rhomb, also depicted, the direction a a
parallel to the other is still the true crystallographic axis
round which the crystalline molecules are symmetrically
built.! If we cut a plate with artificial faces perpendicular
to this axis, and melt wax from a heated centre, as with the
quartz, the melted area is circular.

Take now a ray passing along this axis. The vibrations
being perpendicular to the ray are therefore perpendicular
to the axis, and in all these perpendiculars the elasticities

F1G6. 143.—Axis of Iceland Spar.

are equal. There ought, therefore, to be no double refrac-
tion. If a ray is thus transmitted, we find it is so ; there 7s
no double refraction ; and the axis is therefore called the
optic axis of the crystal.

But now let the ray pass through the crystal at right angles
with this axis. The elasticities being equal all round the
axis, that in the direction of the axis itself must be either

1 The axis is a mere direction, which at any pointin the crystal, if
it were split so that there was an obtuse solid angle at that point, would
be an axis to that angle.

Q 2
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_greatest or least—in the calcite it is greatest. The axis
itself, in such a case, therefore, is a plane of vibration at
right angles to the ray, and therefore such as luminous
vibrations require, in which the ether vibrates most freely ;
and at right angles to this is another plane in which it is
most retarded. According to the simplest mechanical
principles, all the azimuths of vibration in the ray must be
resolved into these two, and the ray be thus divided into two
differently refracted, and oppositely polarised.

B

F1G. 144.—Direction of Vibrations in the Spar.

. Take next an intermediate position ; for instance, lay the
rhomb on a flat table over a black spot ; the ray sent per-
pendicularly in the direction A B (Fig. 144) to an eye over the
spot is neither parallel with nor at right angles to the axis.
But its vibrations, being necessarily at right” angles to itself,
inay be represented by lines drawn on a piece of card laid on
the top horizontal face of the calcite. Draw two such lines
at right angles to each other to represent planes of polarised
vibration, @ 4, ¢d. It will be found the card can easily
be turned round so that there is a position in which a6
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{ perpendicular to the axis, the direction of least elasticity ; and
the other line, ¢4, is that of greatest elasticity, and must, in
this case, lie in the same plane as the axis. Into these two
directions. therefore, will the vibrations be resolved ; and
the two images will always be in the line ¢ 4, which is in the
same plane as the optic axis.

122. Principal Planes or Sections.—The plane thus
passing through ¢ & and the optic axis, and all planes or
sections parallel to it, are called principal planes in the
crystal. Thus in Fig. 143, not only is the plane A B, &8
principal plane; but the other parallel planes drawn are
principal planes. As therefore one of the two planes of
polarisation, in a ray incident in a principal plane, coincides
with that plane, and the other is perpendicular to the axis,
the elasticities on both sides of the plane of incidence
are equal, and both refracted rays remain in that plane,
though differently refracted. It will be soon found on
trial that all planes perpendicular to a natural face of
the spar, and including the optic axis, are principal
planes.

But if the ray in passing through the spar is oblique to
both the optic axis and the faces of the crystal at which it
enters and emerges, the case is different.  Cut a small cross
of card and stick it by a pin on the end of a thin rod, like
a child’s windmill, to represent—the rod the ray direction,
and the arms of the cross two rectangular polarised planes.
Take another rod and adjust it in a position to represent the
optic axis. The latter being merely a direction, the acfual
axis any given ray is concerned with is that which intersects
the ray ; move the optic axis rod (parallel to itself) therefore,
till it intersects the rod representing theray. It will be now
found that the cross can always be turned round so that one
arm is at right angles to the axis: this therefore, being the
least elasticity possible in the calcite, represents one of the
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polarised planes of vibration, and being at right angles to
the axis or plane of greatest elasticity, the forces on each
side of that plane are equal, and this ray will follow the
ordinary law of refraction. But the other plane of vibration
is not now in the plane of the axis, or greatest elasticity, but
oblique to it. The elasticities are therefore unequal on
different sides, and this ray is deflected to one side or the
other, the refracted ray not being in this case in the plane
of incidence.

123. Indices of Refraction.—Lastly, it can easily be
seen that in calcite the index of refraction for the polarised ray
whose vibrations are in every case at right angles to the axis
must be constant, and be the highest ; whereas the index
of the “ extraordinary ” ray must vary from that same index
down to some lowest figure due to the greater ease of
vibration in the direction of the .axis itself.! In calcite

" the two indices are 1'654 for the ordinary ray, and 1°483

for the lowest value of the extraordinary ray. But in
other crystals (as in quartz, for instance) the elasticity may
be /Jess in the direction of the axis than in directions at
right angles to it. In that case the general phenomena
will  be the same, but the ordinary ray will have the
lesser constant index of refraction.

124. Wave-Shells in Uni-axial Crystals.—We have
thus accounted for the phenomena in crystals which have one
axis of no double refraction. In both the cases (of which
calcite is called a negative crystal, because the extraordinary
ray is less refracted than the other, or the axial elasticity is
greatest ; while the other class are termed positive crystals)
the ordinary ray proceeding from any point in the crystal
would reach the same distance in any direction in the same

1 Tt must never be forgotten that the direction of the ray is at right
angles to both sets of wibrations we are considering. In calcite, there-
fore, the ray itself travels slowest along the axis.
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time, and the wave surface may be represented by a spherical
shell. But in the calcite the ‘ extraordinary ¥ wave-shell,
similarly formed by the terminals of rays sent in all direc-
tions from the same point, will be'a spheroid fatfened in the
direction of the optic axis ; with its flattened surfaces just
coinciding in the centres with the opposite axial points of
the sphere, and its extended surfaces outside the sphere. In
a positive crystal, on the contrary, the ‘ extraordinary
wave-shell will be a prolaZe spheroid, of which the ends are
coincident with the two axial points in the sphere, while the
compressed surfaces are inside the sphere. The two may be

Negative. Positive.

F1G. 145—Positive and Negative Crystals.

represented in section as in Fig. 145, where the radii as they
cut the two curves represent the respective velocity of the
two rays; ' and the optic axis is the perpendicular to the
common tangent of the two curves.

As a rule, the spheroid coincides at two opposite points

1 Of course the longer and shorter radii only represent the two
velocities in the same precise direction. Any actual ray not passing
along the axis itself must be divided into two separated by an angle, and
these two separated radii will represent the velocities of the two halves
of the ray. The precise geometrical construction for any given ray, as
given by Huyghens, will be found in any of the text-books.

b
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with the spherical wave-shell; or the two ‘“indices” corre-
spond in one direction of the ray. But in quartz and a
few other érystals, as we shall hereafter find, there is a
peculiar kind of double refraction in the direction of the
optic axis itself, so that the spheroid does not reach to the
spherical wave-shell, but is altogether contained within it.
In this case also, however, the optic axis is a common
perpendicular to parallel planes which are opposite tangent-
planes to the spherical and spheroidal wave-shells.

125. Bi-axial Crystals.—Sir David Brewster dis-
covered that there were many other erystals in which neither
ray obeyed the law of ordinary refraction ; and further experi-
ment showed that such crystals possessed fwo axes of no
double refraction. The phenomena of these crystals are
explained on similar principles, but must be studied more in
detail Jater on. In them also the optic axes are the per-
pendiculars to planes, which are common tangent-planes to
the two wave-shells.

126. Phenomena of the Tourmalines.—We can
now readily understand the appearances presented Dy the
tourmalines and other apparatus. Considering the original
beam of common light to consist either of vibrations in
all azimuths, as at A, Fig. 137, or only of two at right angles
with each other, as at B in the same figure,! which may,
however, be at any angle with the horizon; in either case
polarisation consists in the obtaining separately of vibrations
in oze definite path only; and “plane” polarisation (for we

1 Either hypothesis will account for most of the phenomena, and
with the two double-image prisms in one position, we did certainly
compound one beam (¥, Fig. 132) out of two rectangular plane-polarised
beams, which cannot be distinguished by any test yet known from
common light. Nevertheless the theory that common light contains all
azimuths is far the most probable, and best meets certain important
considerations. A brief summary of the matter is given in the
Appendix to this chapter.
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shall find other kinds) means that such path is in a plane.
The phenomena then are very easily explained. Taking
the tourmalines as an example, the original ray A (considered
for convenience as compounded of two planes, or polarised
rays, together) meets the first tourmaline, B (Fig. 146), so
placed that the optic axis is perpendicular. We have
already learnt that the ray must be divided into planes of
vibration, one perpendicular and the other horizontal : but
the horizontal vibrations are all absorbed within the crystal,
which from some arrangement of its molecules not under-
stood, is (when of a certain thickness) absolutély opaque

F1G. 146.—Action of Tourmalines.

to them. Therefore only perpendicular vibrations can get
through. The ray which emerges, ¢, is therefore polarised,
and if it meets a second tourmaline similarly placed, it will
again get through. But supposing the second be placed as
at », all light must be stopped, as we have seen it is, though
by two nearly transparent crystals !

The phenomena of the double-image prisms are
explained in precisely the same way, except that in this
case both rays get through the first crystal. When the
second prism is at right angles with the first, the ray that got
through the first would be quenched by the same plane of

~— &)
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vibration in the second; but the plane at.right angles with
that allows it free passage. The phenomena of reflection and
refraction do not need any further analysis ; and it will only
be necessary, before proceeding with our experiments, to
describe briefly the most convenient polarising apparatus.

APPENDIX TO CHAPTER X.
The Vibrations of Common Light.

WE have only been able to account for the phenomena
of polarised light on the supposition that the particles of
ether moved in perfectly definite orbits ; and every experi-
ment in this branch of physical optics, from first to last,
confirms that hypothesis, which we shall see has also enabled
most marvellous predictions to be made, afterwards verified
by experiment. But when we proceed to ask, What are the
nature or orbits of the vibrations in a ray of common or
unpolarised light, we have propounded a question the
answer to which is by no means easy. .All that can be
done here is to state briefly the chief results of the inves-
tigations various physicists have made into this interest-
ing subject,’ and finally to suggest what appears the most
probable method of reconciling the chief difficulties. -+«

If common light passes through a doubly-refracting
film it is divided into two plane-polarised beams ; and if
these are not much separated, or supposing they are, if

1 It is right to state that great part of the following paragraphs
are mainly a condensation, recast, of the admirable summary of the
subject given in the last edition of Miiller-Pouillet’s ZLekrbuck der
Physik. A translation, or version in any sense, is not pretended ; and
the conclusion is not from that work,
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they are again united, the two together behave as common
light (§ 126). This may be and has been accounted for on
the theory that common light itself consists of two plane-
polarised beams, the vibrations of which are in rectilinear
planes, so that a section of these planes across: the ray
would resemble A in Fig. 147. This seems to have been
the belief of Sir David Brewster, and partly of Fresnel.

But this theory presents great mechanical difficulties. It
is difficult to conceive that in any homogeneous transparent
medium there should be any two given planes of vibration
more than any others. Still more, either half of the ether
particles vibrate in one plane, and half in the other, or else
the same particle alternately vibrates in opposite planes.

F1G. 147.—Theories concerning Common Light.

The last supposition cannot possibly be entertained ; but
even upon the other, zmmediately contiguous particles ot
ether must be vibrating in opposite planes. This is difficult
to explain on any wave-theory, which supposes that each
moving particle communicates szzzz/ar motions to contiguous
particles. And lastly, such a theory seems to suppose that
there is really no unpolarised light at all, but solely bundles
made up of oppositely polarised rays.

Fresnel therefore adopted the theory that the vibrations of
the ether particles in common light took place in a// azi-
muths, but that these azimuths were assumed 7z swecession.
On this hypothesis, taking for clearness only a few azimuths,
a section of the ray may be supposed to be like B, Fig. 147.
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In adopting or describing this theory it is often added,’ that
with such inconceivably rapid vibrations as those of light it
is possible or probable that hundreds or even thousands of
vibrations may take place in one plane, before they change
into some other plane. But it is impossible, on reflection,
to rest satisfied with any such supposition. If the vibrations
thus remain constant in direction through any number,
there is no reason why their direction should #zen change ;
and in fact whenever we have, as in a polarised ray of any
kind, one which we %zo0w vibrates many times in succession
in one orbit, we also know that such orbit of vibration
remains stable.

Other considerations also require us to carry our reason-
ing further. If there be change, it must be either sudden
(or by steps, as it were) or by insensible degrees. Obvious
mechanical reasons are against the first supposition, and we
are almost shut up, therefore, to the hypothesis of a gradual
and continuous change in the path of vibration. But even
if we suppose the elementary forms of such paths to be
plane vibrations, such a gradual change must result in a
curve ; and when we remember that an eiptical orbit is of
all forms of polarisation the most common in nature,® we
are almost driven to take elliptical orbits into our purview.
In fact Fresnel’s own conception has been modified so
as to consist of elliptical vibrations in various azimuths,
resembling those of c, Fig. 147, rather than the plane orbits
of B1in the same figure. Such vibrations gradually changing
azimuth would somewhat resemble the curve shown in D,
Fig. 147. But the case is not only conceivable, but on
every mechanical ground far the most probable, that any

1 See Polarisation of Light, by W. Spottiswoode, P.R.S. (Nature
Series), p. 6. See also Deschanel’s Natural Philosophy, last page. -

2 Elliptical and circular polarisation are explained in a subsequent
chapter.
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original elliptical vibration should not merely change gradu-
ally in azimuth, but also :in ckaeracter, gradually passing not
only into circles, but also into straight lines. Such a curve
is roughly indicated in E, Fig. 147, except that.in the case
of light we must conceive the changes infinitely more gra-
dual, and so arranged that each recurring form (eg. each
recurring straight line) should be in a somewhat different
azimuth, In this way we can easily not only imagine, but with
any compound pendulum apparatus readily trace, a curve
which shall give in succession every form represented by
Fig. 148, which it will be seen at a glance presents every
known variety of polarised light.

ATy e N S
F1G. 148 —Various kinds of Polarised Orbits.

Now such transition curves as these are actually known
to us, being common to countless forms of acoustic appa-
ratus. Two almost exactly unisonal tuning-forks with mirrors
will produce them in the manner of M. Lissajous ;' and
they also occur in the Zaleidophone, in the latter case
especially being produced by the end of a rod in a state of
transverse vibration.

Many ingenious experiments appear to favour this hypo-
thesis. Common light may by proper means be divided
into pairs of oppositely-polarised light of either of the three
forms—plane, elliptical, or circular. Dove received a
pencil of common light on a concave glass cone whose
sides met the rays at the polarising angle. There thus met
at the centre, rays plane-polarised in every azimuth: the
result gave no trace of polarisation. He then passed

! See pp. 35-37.
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common light through a swiftly-rotating calc-spar prism,
thus producing a pencil polarised in a swiftly-rotated plane.
Tested by a second prism, this rotated pencil showed no
polarisation : tested, on the contrary, by the electric spark,
it did ; thus appearing to show that what we may call Dove’s
“artificial ” unpolarised pencil differs from a natural one,
chiefly in the greater slowness of the changes in its vibra-
tions. Dove further caused a quarter-wave plate to rotate
with the calcite polariser, thus producing circular and elliptic
polarisation in all azimuths; the sensible result was still
unpolarised light. Finally the quarter-wave plate was fixed
while the polariser revolved, thus producing in succession
plane-polarised light in two opposite planes, and also
elliptically- and circularly-polarised light of opposite kinds.
The result was still, sensibly, unpolarised light ; but if the
rotation was arranged so that the velocity in each revolution
acquired two maxima and two minima, the sensible result
appeared partially polarised. It is also well known that if
a beam of plane or other polarised light be dispersed,
or broken up by passage through many substances, such
as a film of stearine,! it loses every trace of its .previous
polarisation.

All these considerations point to the theory which derives
common light from vibration in some transitional figure of
the nature shown in E, Fig. 147 ; but Lippich in 1863 started
the objection that such curves, in acoustics, arose from
combining rectilinear oscillations of very slightly dzferent
periods. Now in light-vibrations, such different periods
would represent different colours; and accordingly he sug-
gested that according to this theory no absolutely homo-
geneous or one-coloured rays of common light could exist.
Lippich himself adopted the hypothesis that it was so, and

1 Sir David Brewster gives a list of such depolari-ing substances in
the Philosophical Transactions.
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that all unpolarised light must and did contain periods
sufficiently different to produce the compounded curves.
This hypothesis is possible, and there appears no probability
of any experimental means being devised sufficiently delicate
to determine the point absolutely. Nevertheless it does
not seem to be by any means necessary.

Briefly, it does not appear to me to have ever been really
demonstrated that transitional curves involve as their cause
two different perzods of rectilinear vibration, in the particular
case where the vibrating body is under the physical con-
ditions represented by a point in a stretched cord. On
the contrary, cords prepared with the most scrupulous
care to avoid any sensible inequalities of tension or elas-
ticity on any side, give phenomena of the same character;
and countless experiments tend strongly to show that the
character of the curve described by such points, depends
rather on the particular agplication of forces to the point in the
cord. It is quite possible to produce vibrations in a cord
which remain nearly in one plane for a considerable period,
and, by a different application of force, to produce most
complicated curves. By threading silvered beads upon the
strings, it has been shown that different performers cause
the same string of the same violin to vibrate in different
curves. We even know that, supposing a stretched cord or
the end of a rod to be deflected radially by a given force,
if a moment later any other force be applied tangentially to
the former the result mus¢ be a curve of some kind. The
character of these curves is also affected by surrounding
conditions ; for it has been found by experiment that the
string of an old and fine-toned violin has a very sensible
tendency to vibrate in more simple or “closed” curves, than
that of a rougher, inferior instrument, thereby accounting
for the purer tone. :

Now there are some reasons to believe that the con-
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stitution of the ether may be such, that at any given point of
displacement the forces acting upon it do resemble those
acting upon a stretched cord. Moreover such vibrations
afford the easiest and best conception of the possibility of
the infinite number of periods and wave-lengths in a ray
of white light. A stretched cord not only vibrates as a
whole, but in all the segments or harmonics of which it is
capable: and though these are limited in number in our
limited cords, when we come to conceive a cord of in-
finite elasticity, and of such infinite length as compared
with any wave-length of light as we must conceive in the
case of waves in the ether, we at once account for waves of
all periods being simultaneously propagated along the same
cord, as the hypothesis requires. Further, even with a
mechanical cord of the greatest possible length, wave
propagation (such as the transmission of a “shiver” caused
by striking near one end) is one of the swiftest we know
which is capable of being traced by mechanical means. It
is almost certain that, with molecular motions of sufficient
rapidity to cause luminous rays, any given particle of ether
may be, before it has ceased to vibrate under the influence
of any given motion, influenced by another motion in quite a
different direction. These motions may be complicated espe-
cially by displacements of the ether 7z #ke direction of the ray
7tself. These may act upon the transverse vibrations, though
not luminous themselves, just as transverse vibrations in a
cord are caused by a pull at the end.! There appears no
difficulty, therefore, in conceiving that transverse vibrations
may be perfectly synchronous, or produce absolutely homo-
geneous light, and yet assume transitional forms.

1 Professor Stokes has shown that although longitudinal displace-
ments o the ether particles cannot give rise to luminous phenomena
themselves, it is to some extent necessary to take them into consideration
in regard to certain results,
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In any case it appears far the most probable that the
vibrations of common light, whether thus accounted for, or
upon Lippich’s hypothesis, do take place in such transitional
orbits as are represented (in skeleton only) by E, Fig. 147,
and that the forces acting upon the displaced ether-particles
in a ray of light resemble those acting upon a stretched
cord, unhampered however by its limited ends and other
mechanical imperfections. The capabilities of this last
supposition long ago struck Sir John Herschel; and it
appears to me to cover more ground and to present fewer
difficulties than any other. I have sometimes thought that
it lends itself better than most other hypotheses to Clerk-
Maxwell’s, or, in fact, any other at present conceivable
electro-magnetic theory of light. And it is very remark-
able, to say the least, that if by means of smooth glass
guides we compel any part of a cord to vibrate in a recti-
linear or other fixed orbit, all other harmonic vibrations
take place in a similar orbit ; offering thus a striking analogy
to the stable effects of polarising a ray of light.



CHAPTER XI.
POLARISING APPARATUS.

The Nicol Prism—Prazmowski’s Modification—Large and Small
Analysers— Nicol Prism Polariscope—Foucault’s Prism—Care of
Prisms—Glass Piles—The ordinary Lantern Polariscope—Simple
Apparatus for Private Study—Norremberg’s Doubler.

r27. The Nicol Prism.—The tourmaline is an admir-
ably simple polariser or analyser ; and it givesa “field” of
any angle, which makes it very convenient for “eye” work: it
is however too small for large polarisers, and its colour is a
serious drawback.! The polarisation by Iceland spar is also
perfect ; and as this spar is as clear as glass, if we can abolish
one of the rays we shall get a colourless and perfectly
polarised beam. This was effected by Nicol in the prism
which bears his name. Reflecting that the two indices of
refraction varied considerably (they are 1°48 and 1°65), and
that Canada balsam, so much used for cementing lenses, was
intermediate between these, he cut a crystal of spar thrice as
long as its diameter through A B, Fig. 149, and cemented the

1 The largest tourmaline known is in the possession of Dr. Spottis-
woode, and is over two inches square. Strange to say, its colour and
polarising properties are both remarkably good. It is difficult to get
really good plates, tolerably free from colour, more than § inch square,
and such a plate is worth several guineas.
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sections by a layer of balsam. Then aray ¢ D on entering
the spar is doubly refracted, one half more so than the
other. The most refracted half finds in the layer of balsam
a less refracting medium ; and obviously, if the angle is
oblique enough for the respective indices, must be’ “ totally
reflected ”’ to one side, and is thus got rid of. The other
ray finds in the balsam a denser medium; and therefore
passes through.

Nicol prisms are sometimes made with the end faces cut
square to the axis. These need more spar, but we avoid
part of the reflection from the inclined faces. Prazmowski
further improved them by making the joint with linseed oil.
There is difficulty in baking this dry, about which there
seems some secret : but as the “index” of the oil is nearer

g/ ™~ 2
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F1G. 149.—Nicol Prism.

than balsam to'the lower one of the spar, an addition to the
angular field is gained. :

The “ Nicol prism” is the most perfect piece of appa-
ratus we possess, owing to the abdsolute polarisation of all
colours alike, and its freedom from colour. - One about
2 inches long will cost from 3o0s. to sos.; according to
where it is purchased, and should be fitted in a tube
which fits and rotates on the nozzle of the objective,
(x, Fig. 1) to serve as an analyser. A large Nicol also makes
the most perfect “ polariser””’; and the cost, which is many
pounds, is its only objection. Large spar is scarce, and
therefore dear ; and a prism of 2 inches aperture requires a
rhomb more than 6 inches long. If such a prism can be
afforded, it should be mounted in front of the lantern flange,

R 2
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so that the full parallel beam passes through it, and so as to
be capable of rotation. With such a polariser, we can turn
the lantern direct to the screen, which is a great advantage ;
as also is the power of rotating the full beam as to its plane
of polarisation. But, on the other hand, a large Nicol for
analyser, as used by our chief lecturers, I consider a mistake
in almost every way.! We must manifestly focus on the
screen all the slides we employ, by a lens which will con-
verge and cross all the rays. Now referring to Fig. 150, it
will be seen that unless the lens be of long focus, the small
Nicol, properly adjusted at the crossing point, allows every
ray to pass through it which can possibly get through the
larger one, however large it be ; and thus a small Nicol so

/
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F1G. 150.—Large and Small Analysers.

adjusted actually saves absorption of light through a great
length of spar. Moreover, we can adjust a small Nicol in
this way precisely, and focus with precision by the rack and
pinion of our objective ; whereas with a monster Nicol in
front, both the object and the focusing lens have, as usually
mounted, to be coarsely adjusted by hand, and much light
is scattered about the room. Again, to ensure getting most
of the rays through a long Nicol, a lens of long focus has to

1 A little qualification is necessary, because in some investigations it
is desirable to carry a beam of parallel light through polariser, object,
and analyser, to a prism or other apparatus; and for such experiments
a large analyser has obvious advantages. Such experiments are how-
ever few, belong chiefly to scientific investigation, and are not suitable
for projection.,
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be employed ; which either necessitates a long screen dis-
tance, or gives a smaller image, and will hardly show any
rings in crystals without additional and special apparatus.
For these reasons, and after seeing experiments performed
with large Nicols repeatedly, I adhere to an opinion based
upon experience, that such a lantern-front as described in
Fig. 1, with a small Nicol adjusted at the right point, gives
more light, a better disc, greater facility in manipulation, and
superior effects in almost every way.!

128. Nicol Prism Polariscope.—It may be well to
describe a projecting polariscope (which is of course capable
of private or eye-work also, by the light of a candle or that
from a window,) made on this principle ; and especially as
I have never seen an instrument which, taken all round, was
capable of such a variety of work with so little trouble and
such rapid facility in manipulation, especially in the dark ; a
column of fluid, or the convergent arrangement for wide-
angled crystals (see § 167) being added or withdrawn in twenty
seconds. The adjustments have all been most carefully
planned, several details of value being suggested from their
own experience by Messrs. Darker, who constructed the whole
with much care and skill from a Nicol of barely two inches

* It is scarcely necessary to state that nothing is further from the
purpose of these pages than any depreciation of apparatus which is the
admiration—almost the envy—of other than the happy possessors. The
first pair of large Nicols made for Dr. Spottiswoode were of distinct
- scientific value, as being the precursors of this kind of apparatus, never
before made on such a scale (they were about 2} inches clear aperture,
and larger ones were afterwards made for the same gentleman, over
3% inches). And the larger a polarising Nicol can be secured or afforded,
the better. But I certainly do desire to make clear to science-teachers
and others, how very nearly all the experiments capable of projection by
these magnificent instruments can be equalled on the screen at a far less
prohibitory cost, not altogether beyond the means 6f some who might
otherwise never dream of possessing such a class of -apparatus.
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aperture, but of great purity, made for me by Mr. Ahrens.
The drawing is on a scale of three inches to the foot.

B (Figs. 151 and 152) is a base-board, barely twenty-four
inches long, and six inches wide, in which mahogany slides,
H (Fig. 151), are secured by screws, L (Fig. 152), which
tighten the dovetailed or rebated slides. The screws bear
upon slips of brass fixed to the slide-bases, H, asusual. On

AN

ST

Fi1G. 151.

these bases are screwed brass standards which carry separ-
ately the polarising Nicol, PN, the stage and focal power,
s, F, and convergent lens system when required (Fig. 152).
The large Nicol, P N, is mounted in an inner tube, fitted
in a larger tube—partly for appearance and partly to accom-
modate a rather larger Nicol should such ever be acquired.
To save useless weight and space, its corners are cut off in
a hexagonal form. The outer tube carries at the end next
the lantern a flange, o (Figs. 151 and 152), divided into
forty-five degrees, and at its middle four spokes, by which
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it can be rotated in collars screwed to the standards. Two of
these spokes are bright, and two blackened, the latter also
having a groove turned round them ; so that the polarising
planes can be known in an instant either by sight or in the
dark. In the same end of the outer tube screws a fitting
carrying the concave meniscus lens, L, or a plane glass to
protect the spar, at pleasure. The object of the lens is,
whenever the utmost illumination is required, to reconvert
to parallelism the converging rays from an additional convex
lens of similar focus, mounted in a frame as an ordinary
slide, and inserted in the slide-stage of the lantern. Thus
a four-inch beam can be brought down to a parallel beam
of two inches ; but usually a plane glass is employed, and
G is another plane glass cap slipped over the smaller tube
at the other end of the Nicol.

The slide-stage and power are shown drawn forward ; but
in ordinary use the end, s (Fig. 152,) is pushed up, so
that the end of the Nicol, ¢, projects into s, close up to the
slide=stage, and no light can escape. The stage and focal
power are precisely the same as in Fig. 1 ; but two lengthen-
ing adapters, and an extra lens of six inches focus, either
lengthen the focus an inch, or by using the back lens only,
give also foci of five inches and six inches. These are very
seldom required. A tube for fluids, eight inches in length,
closed by glass plates with leather washers and screw fittings,
is borne by forked standards on a mahogany base which
drops into the base-board, but without dovetails, and can be
inserted at ¢ or withdrawn in an instant ; or a flat-sided
bottle or cell of fluid can be inserted with the same facility.

The analysing Nicol, AN, is mounted in cork, which is
fitted into an szner tube sliding in an outer tube. The latter,
for ordinary work, fits into the nozzle, F, as already described.
By the inner sliding tube the analyser can be adjusted so
as to come as nearly as possible at the actual crossing-point



as to waste a great deal of angular field. Various prl
will differ by a large percentage, and one should be cnosen

which will let through (without showing the white limit to

the field) as large an angular pencil as possible,—or, in other
words, which has the widest (efficient) aperture for a given
length. One and a half inches to two inches in length of
side is the best average size. My analyser is one and a half
inches in the side, and has an aperture the narrowest way of
barely § of an inch. With a focal power of about 3%
inches, it just “clears,” or shows without cut-off on the
side, a circular slide of 1% inches diameter.

In Fig. 152, the analyser is shown with a convergent sys-
tem of lenses for exhibiting the rings in wide-angled bi-axial
crystals (see Chapter XV.). The first system of lenses, C,
fits into the nozzle of F, and is provided with a circular stage
barely three inches diameter, furnished with two ordinary
micro-stage springs. This stage will carry any crystal,
mounted anyhow, whether in wooden slides as hereafter
described, on .ordinary micro-glasses, or in the well-known
square German cork mounts. The second system slides
tightly into the end of a tube carried by a separate standard
and mahogany base; and into the inner end of the short
tube bearing it can be fitted at pleasure, a cork ring carrying
the selenite quarter-wave plate, Q (see Chapter XIV.). The
focal power, FF, for these lenses is carried by the inner end
of a tube sliding into the other end of that carried by
the standard; and being composed of two convex lenses
with one concave, admits of a wide range of focus and
consequent size of image. The other end of this inner
sliding tube fits the analysing Nicol. The convergent
lenses are in my instrument pairs of hemispheres. This is
by no means the best optical arrangement; and in any
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other a wider angle would be secured by making the lens
next behind each small hemisphere of greater diameter and
somewhat larger curve. I adopted double hemispheres for
compactness ; and the system, though constructed of by no
means dense glass, will bring both axes of crystals not
exceeding 50° angle upon the screen. This point will be
further dealt with in Chapter XV. {

Besides these attachments, I have another tube, the small
end of which fits into the nozzle of ¥, and carries a spring
and slide-stage or slot, brought as near r as possible. Into
the other end slides the tube carrying the two convex lenses of
F Fand the analyser. ¥ rthen forms an oxy-hydrogen micro-
scopic power of 14 inches focus, or an inch power may be
substituted. ‘- The whole light of the polariscope is condensed
by the back lens of F upon the small slide-stage, protected as
usual by alum-cells, either in the slide-stage s, the ordinary
slide-stage of the lantern, or both, as required: and the
polariscope thus arranged will project a large number of
micro-slides—not all, but a large class which would not be
shown at all by the ordinary power. This very simple
attachment enormously increases the range of the instru-
ment, bringing hundreds of cheap and easily accessible
slides within its scope, particularly the more delicate sections
of rock. A section of porcupine quill, for instance, one-
fifth of an inch in diameter, can be projected at twelve feet
distance, about 3o inches diameter. For higher powers
there is hardly sufficient light. :

The whole of these arrangements, with Nicol, double-
image, and thin glass analysers, fluid tube, Huyghens’ ap-
paratus, and two ordinary crystal stages, with a small box for
rotators and any special slides, packs in acase 30 x 10 x 7
inches ; and the base-board will carry the whole arrangements,
described in Chapter XVI,, for projecting wide-angled bi-
axials through a tube of rotary fluid eight inches long (§ 184).
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129. The Foucault Prism.—Foucault carried the idea
of Nicol further ; and by employing a film of az# instead of
Canada balsam between the two halves of the prism, made
about one-third of the spar suffice which Nicol’s construc-
tion requires. Fig. 153 shows the Foucault prism. The ray,
A B, is doubly refracted as before, and one of the rays totally
reflected ; but air having so much lower a refracting index, the
“cut” may be much less oblique to the ray. The aim is, as
in Nicol’s construction, to let one ray pass, while the more
refracted one meets the air at an angle of total reflection.
Owing to the less obliquity, however, there is less *‘ angular
field” in this prism; that is, a beam must be nearer parallelism

Fi16. 153.—Foucault’s Prism.

for all the marginal rays to get through— practically the
convergence or divergence must not exceed about 8
Also, the two surfaces of the film of air cause a perceptible
loss of light by two partial reflections, even in the ray which
does get through. This is not very great, however ; and a
large Foucault prism is only about one-fourth the cost of
a Nicol of the same aperture,’ I have never tested

! Besides requiring only a third of the spar, and much spar being
available which is useless for a large Nicol, there is no troublesome
balsam-joint to make, the cut faces only needing to be polished. Mr.,
C. D. Ahrens, who has made all the gigantic Nicols for Dr. Spottis-
woode and others, has informed me that the joint of such a Nicol may
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the matter, but am inclined to think the loss of light as
compared with a Nicol would be about 10 per cent.

130. Care of Prisms.—Calcite is very soft, and all
prisms made from it, of any kind, need special care. Nicols
are often mounted with glass caps, which protect them while
enabling them to be used; but if light is rather deficient
these may have to be removed; caps should also be taken
off for a few minutes in cool weather, to allow the dew
to evaporate, which at first condenses when the light is
turned on. If any dust or dulness has to be removed, the
surface should be cleansed solely with a camel-hair brush of
the finest quality. Small ones are best cleaned with a swan
quill cut rather short; large ones require a round-nosed
“sky-brush ” of double that diameter. The application of
chamois leather, as to lenses, would soon cover the spar with
scratches. Another rather important point with Za7ge Nicols,
is always to put them away with the balsam-joint standing
perpendicularly. If one half rests upon the other, the weight
of the top half may gradually produce ¢ thin film ” colours
in the layer of balsam. Mr. Ahrens tells me several fine
Nicols have suffered for want of this precaution, and have
had to be taken apart and re-joined.

131. Polarising Glass Piles.—The next best polariser
is a bundle of glass plates. A brass or tin elbow must be
made, as Fig. 154, one end, N, fitting on the flange-nozzle of
the lantern, the other end as short as possible, ending in a
screw-collar, B, exactly the same size and thread as B in
Fig. 1, so that the objective and optical stage will screw
into it. At the corner of the elbow is fitted the pile of oval
glass plates, G, made of the thinnest and most colourless
glass procurable. Ten or twelve are sufficient, but the back

require thirty hours of unremitting attention over a fire, as it is impos-
sible to leave the task when once commenced, till the balsam is baked
thoroughly hard.
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one must be blacked on the back, and the whole so arranged
that the light from the condensers impinges upon and leaves
the glass at an angle of about 56° from the normal. Such an
elbow and bundle, with the objective screwed in, and a Nicol
fitted on the nozzle, is the ordinary “lantern polariscope.”
It gives a large field of polarised light, and for nearly all
purposes the reflector is almost as good as a large Nicol ;
but it has the two disadvantages, that the lantern has to be
turned off sideways, on account of the elbow angle, and
that the original plane of polarisation cannot be rotated,
which is desirable for some experiments. Such experi-
ments are, however, very few. To meet this objection,

N
1 M

F1G. 154.—Elbow of Polariscope.

some have employed a glass pile, working by the trans-
mitted light, which ¢an be mounted and rotated just like
a Nicol. This meets the objection just stated, but has
another—viz., that it is difficult to get complete polarisation
in this way. 1f a refracting bundle is employed, not less
than eighteen plates should be used, and the angle should
be somewhat greafer than the polarising angle, by which
nearly all unpolarised light may be reflected and so got rid
of. The greatest fault of such a pile so used, however, is
that it usually gives a perceptible green colour, owing to the
thickness of glass. The “ten or twelve plates’ often men-
tioned, do not polarise the whole beam by a great deal. A
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reflecting pile yields about 20 per cent. less light than a
Nicol of equal field.

It is well to have an additional glass analyser, (Fig. 155,)
formed of eighteen or twenty pieces of microscopic thin
glass, 6, placed at the proper angle in a tube which fits at x
on the nozzle of the objective. An aperture, R, in the side
of the tube, allows the reflected ray also to be used. For
reasons already given, such. an arrangement is not equal to
a Nicol ; but it gives a larger field, is very instructive and
interesting in throwing complementary images of a// pheno-
mena on screen and ceiling, and will do #horoughly satis-
Jactory work forall to whom 3os. or 50s. for a Nicol prism

—- |

F1G. 155.—Thin Glass Analyser.

may be an object. In fact, a glass reflector and thin glass
analyser are within the reach of any one who can work
in brass.1

132. Table Apparatus.—For merely private study very
cheap and simple apparatus will suffice. Make a shallow paste-
board or wooden tray, A (Fig. 156), 1 inch deep, say 7 inches
by 4inches. Drop into it thin glass plates to within }inch of
the top, cleaning them well, and blacking the back of the
bottom one. Cut two wooden or pasteboard side-pieces,
E, united across the top by another piece, D, and fill in the
ends by a piece of ground-glass, B, 4 in. square, and another,
C, of clear glass the same size. The light will fall on the
ground-glass as shown by the arrow, if it is turned towards a

1 My own first glass analyser was fitted up by myself, and used, in a
pasteboard tube.
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lamp or the window ; will be nicely softened and scattered,
and polarised by the pile in the bottom ; and the objects
can be laid on the clear glass at c to be examined by the
small pile of microscopic glass, P, contained in a round or
square cardboard tube.! The lantern polariscope already
described also makes a capital ‘““table” polariscope if a
round disc of ground-glass, to soften the light, be fitted into
the end, ~ (Fig. 154), which goes on the flange of the lantern.
It will be found that the lenses pleasantly focus the objects
in the slide-stage, which are examined by looking in through
the analyser on the nozzle.

F1G. 156.—Simple Table Polariscope.

In fact, a small Nicol, or tourmaline, or pile of thin
micro-glass fixed slantwise in a tube, as analyser, and the
light reflected from any glass plate, or the top of a maho-
gany table, as polariser, will suffice for many experiments.

133. Norremberg’s ¢ Doubler.”’—There is one form
of polarising apparatus which is so useful if the student does
any personal work with thin films, as to need special men-
tion. As designed by Norremberg, it is as in Fig. 157,
where the ray of light, shown by the arrow, is reflected at the
polarising angle from the sizg/e plate of glass, F, perpen-
dicularly to the horizontal piece of looking-glass, H. It is
thence reflected perpendicularly upwards, passing this time

1 A cheap polariscope, constructed on this principle, #s sold for 6s.
by Messrs, Griffin and Sons, Garrick Lane.
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through the polarising plate to be examined by the Nicol,
or other analyser, at N. It will be obvious that if the
object be laid on the stage at E, the phenomena are as
usual. But if it be placed between the polariser and the
looking-glass, at D, the polarised ray has to pass Zfwice

F1G. 157.—Norremberg’s Doubler.

through the film or object to be examined, which is equi-
valent to doubling the film in thickness. The use of this
“ doubling” in ascertaining the thickness of thin films, will
appear in the next chapter; and there are other peculiar
uses of this form of apparatus. A very simple construction
will answer all real purposes, however. Knock out the oppo-
site sides F and B of an oblong box—such as a cigar-box
—and on the remaining sides fix guides for the polarising
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plate, p, at the proper angle with the perpendicular. On
one end, R, lay a piece of good looking-glass the size of the
end ; and in the other end cut a hole in 'which the Nicol, x,
or other analyser, can be rotated (Fig. 158). The object can

PN
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F1G. 158.—Simple Doubler.

be held between P and R, or even laid on the looking-glass
itself in many cases. For most purposes of the “ doubler ”
no focusing lenses will be required. I have even laid a
piece of looking-glass on the table, and arranged over it a
plate of clear glass at the proper angle by means of the
Bunsen universal holder (Fig. 12), holding the Nicol in my
hand.

NOTE ON ARTIFICIAL NICOL PRISMS.

The second half of a Nicol having no doubly-refracting effect, I have
sometimes thought that large spar might be made to do double duty by
making the second half of g/ass of the proper density. MM. Jamin
and Soleil have employed an oblong cell with glass ends filled with
bisulphide of carbon, across which was slanted a miere film of calcite.
The bisulphide might be brought to exactly the higher index by benzol,
and it will be seen that with this apparatus the action of the Nicol is
precisely reversed, the total reflection taking place in the calcite. But
though theoretically perfect, this apparatus is dangercug, owing to the
heat of the lantern.

S



CHAPTER XII. *

CHROMATIC PHENOMENA .OF PLANE-POLARISED LIGHT.—
LIGHT AS AN ANALYSER OF MOLECULAR CONDITION.

Resolution of Vibrations—Interference Colours—Why Opposite Posi-
tions of the Analyser give Complementary Colours—Coloured
Designs in Mica and Selenite—Demonstrations of Interference—
Crystallisations—Organic Films—Effects of Strain or Tension—
Effects of Heat—and of Sonorous Vibration.

134. Resolution of Vibrations.—We could have
formed no conclusion as to the precise orbits of the mole-
cules of ether in our polarised waves, apart from the pheno-
mena ; butif we have rightly interpreted these, then any one
acquainted with elementary mechanics and the ‘ resolution
of forces” will see that we can test such a theory by experi-
ment. Dealing with motions whose direction we are supposed
to know, if we are correct we can “resolve ” those motions.
Taking a perpendicular plane of vibration, for instance, and
supposing our ether-atoms move solely in the plane orbit
A B, B A (Fig. 159), if we interpose a plate of crystal which
only permits of vibrations in the directions B c, B D, the
perpendicular plane must be resolved into #wo planes at an
angle of 45° with the original plane.

It seems evident already that we Zave done this, from the
duplication of our images when the two double-image prisms

.



CH. x11.] RESOLUTION OF VIBRATIONS. 259

were at an angle of 45° with one another, and from the
transmission of. half the light through our two tourmalines
at the same angle. But if we are right, the two oblique
planes must be also capable of resolution in their turn, by
the analyser, into perpendicular and horizontal planes ; and
when our polariser and analyser are crossed and the “field,”
therefore, quite dark, if we interpose between them a
tourmaline at 45° we ought to 7esfore the light. Cross
therefore the Nicol or other analyser till the screen is dark,
‘and insert the rotating tourmaline. Sure enough, as we
rotate it, though the tourmaline is really a brown tint

F1G. 159.—Effect of a Crystalline Film.

mounted on a clear glass, it appears as a /ig/f image on the
dark field.

We have, however, learnt that the tourmaline stops one
of the rays, and we wish to see beyond doubt if the original
plane really is resolved into Zwo planes. We therefore want
a slice of some crystal which allows both halves of the
doubly-refracted ray to pass, and either selenite or mica is
convenient, as splitting easily into thin plates, which contain
* both planes of vibration at right angles to a ray transmitted
through them. A crucial test suggests itself. In F, Fig. 132,
we re-compounded oz¢ beam out of the two beams from our
first doubly refracting prism. We see, on reﬂéction, that if
each of the first two beams is really again split by a

s 2
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properly adjusted film into two, vibrating in planes at 4s5°
angle with them, that is no longer possible, and there must
remain at least #7ez images. We find, then, by experiment
with polariser and analyser crossed, the position of the slice
of selenite which still leaves the field dark, and which, of
course, gives us its polarising planes. We then mount a
circular disc of it in a position at 45° angle with that, in a
wooden slider an inch wide, and 4 inches long, with a
circulatr hole in the centre for the slice, protected between
two discs of glass. With the two double-image prisms’
giving the single beam F, we introduce the slider into the
slit s provided for it in our Huyghens' apparatus, Fig. 131.
Our expectation is justified to the letter ; for #27ec images at
once appear on the screen.

135. Interference Colours of Polarised Light.—
But here we have another beautiful phenomenon. If the
slice of mica or selenite be thin, these are coloured images,
and each pair presents complementary colours; for if the
images overlap anywhere, we get there white light. These
coloured images are singularly beautiful as the front prism
is rotated ; and that is why the Huyghens’ apparatus was
recommended to be arranged as described.

We can readily understand. this colour. In every bifur-
cation of the ray, it is doubly refracted because of unequal
elasticity, and one ray is more retarded than the other. We
can “see” this in a large piece of Iceland spar, for one of
the images of a black spot seen through it appears nearer
than the other. The two rays, while they vibrate in planes
at right angles to each other, cannot of course interfere ;
but the analyser brings portions from each again into the
same plane. Now in the rigid plane orbit of our original
polarised beam we have that zdentity of origin we have
already learnt (§ 96) is necessary for two rays to interfere ;
and in the absolute plane into which the rays separated by
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the selenite are again united by the analyser we have that
identity of path, or nearly so, we also found to be necessary.
We bring together again, then, into the same plane (that
of the analyser) two originally identical rays, one of which,
during separation, has got behind the other in passing
through the film by a given distance, depending on the
thickness of the film of crystal. But whilst in reflection
from a “thin film,” one ray is retarded by fwice the
thickness of the film; in this case one ray is retarded
by the diference in velocity, whilst both traverse the same
film. Of course a much thicker film is required in this
latter case; and, of course also, the greater the difference
in the two indices of refraction, the thinner the film must
be to produce a given colour. Too great a thickness, of
course, gives no colour ; for the same reasons too thick a
“thin film” gives none (§ 101).

136. Cause of Complementary Colours.—To ex-
plain the “complementary” colours, we must take into ac-
count the direction as well as the plane of vibration of the
ether-atoms, at each moment of bifurcation or resolution into
two planes at 45°angle with their path at that moment. Let
us suppose the original plane-polarised ray a, Fig. 160, is at
the phase when the atoms are moving downwards when it
meets the selenite with its planes at 45°. The bifurcated rays
must obviously travel in the directions Band c¢. Now B, when
again resolved by the analyser, must take the directions p and
E,and c of F and 6. A double-image prism would transmit
both, but by our Nicol analyser when crossed or parallel one
plane or other is stopped. Itis readily seen that when in
the position which allows the two perpendicular vibrations
to get through, these two (D F) are in the same phase of
their orbits, and so coincide with or strengthen each other;
but if the horizontal vibrations get through, ® and ¢ are in

contrary phases, or destroy each other. However, therefore,
\
/



262 - LIGHT. [cHAP.

the two sets of waves come together in one position of the
analyser, as regards any colour, that colour must meet in
exactly opposite phases in the other position, at right angles
to it. If the two waves are exactly destroyed in one, they are
fully combined in the other; if half destroyed in one, they
are half reinforced in the other, and so on. Therefore the
totals must result in complementary colours.?

‘It is further evident from this, that in addition to any
retardation or difference of phase due to the difference of
velocity in the two rays while passing through the doubly-
refracting film, when the polariser and analyser are crossed
there is an additional difference of phase of 4alf a wave
length, since E and G, irrespective of any #hickness of the

A

Jr Nz

¥1G. 160.—Resolution of Vibrations.

film, are in opposite phases. We shall see that this fact is
of great assistance in accurately measuring films (§ 137).

It is also evident that if the analyser is turned round
45°, there can be no colour, because, of the two rectangularly
polarised waves from the film, one passes through the
analyser unchecked, and the other is stopped. Similarly,
when the planes of the film coincide with and cross that of

1 Tt will be seen in a subsequent chapter that the rectangular vibra-
tions emerging from the film are chiefly compounded into circular and
elliptical orbits, These are, however, again resolved by the analyser
into rectangular planes ; and the student will easiest grasp the subject
at this stage by confining. his attention to this simpler representation
of it.
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the polariser, there is no effect at all, the plane-polarised ray
passing through unchanged, as if the film was not there.

137. Coloured Designs.—A film of varying thickness
must of course give varying colours between the limits of
colour. A thin slice split irregularly from selenite soon shows
that this is so ; and thus if we have designs ground away of
various thicknesses, we may form stars, butterflies, flowers,
birds, &c., of their appropriate colours, which they owe to
nothing but the interference of polarised light! Such de-
signs are prepared at all prices from 3s. 64. to 3/ 3s. in
selenite, and there is a -strange fascination about them,
changing as they do to complementary colours at every
quarter-revolution of the analyser, and giving, as explained,
no colour at all when that is at an angle of 45°. A plate
ground concave gives of course ¢ Newton’s rings,” and
a plate ground slightly wedge-shaped must similarly give
straight parallel coloured bands. Such wedges may be
ground with water on very fine ground glass, and afterwards
mounted in balsam between two glasses. Smaller reductions
of thickness may be ground in selenite with the rounded
end of a slate-pencil and some putty-powder, and polished
with more putty-powder on a piece of wash-leather.

But the best crystalline film for students is mza, the same
as used for gas-light covers, and quite a quantity of which
can be bought for a few shillings. Choose a slab as clear
and even as possible. This splits easily—almost too
freely—into thin lamine, and is easily cut through by a
penknife. Such stars, of different colours, as A, and such
concentric circles as B, Fig 161, are therefore easily made
by cutting through a small thickness, and splitting off a film
from each ray or circle. They can then be mounted in
frames; and though the smokiness of the mica when made
in this rough and thick way makes them rather inferior to
selenite, the effect is still good. Again, mica is easily
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scraped away with a penknife to gradual thicknesses; and
hence simple designs of. tulips, fruit, &c., are pretty easily
made, keeping the mica meantime on such a table polari-
scope as is shown in Fig. 156. Where scraped, the dry mica
appears semi-opaque ; but when mounted in balsam this
quite disappears, and all is clear again.

A very much better way, however, is to first split the mica
into very thin even films, as large as possible. They can be
split so thin that the retardation is only one-eighth of a wave-
length ; ‘and one-quarter is easily obtained. Then having
found and marked on the sheet the polarising planes, various

F1G. 161.—Mica Designs.

designs can be cut out with sharp scissors, to be supezposed on
one another, on the principle that every added film, as super-
posed with the polarising planes in proper position (§ 138)
will alter the colour. In this way very attractive geometrical
designs are easily made, which have the advantage over
those described above of showing sharp and clean edges, and
are much clearer owing to the smaller thickness of mica
required. These thin films are best mounted in balsam and
benzol,! only superposing four or five at a time, and letting
them dry a little before adding more, or putting on the

1 The ‘balsam and benzol” sold by opticians cannot always be
depended .upon to dry. ' The proper fluid is made by baking old
‘balsam in a wide vessel, in a slow oven, till it is as dry and hard as
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~overing glass; otherwise the films slip about and spoil the
preparation- 1 was in ebted for the knowledge of this
method to Mr- C. J. Fox, F.RM.S.3 and as an example
of what may be accomp\ished by it, may mention 2 beauti-
ful slide which, by means Of twenty-four superposed films,
cach o Inch ghorter than the one beneath it, giVes the first
three orders of Newton's colours, each divided exactly into
successive & wave-length retardations Of divisions. (Plate
V. A. Such accuracy in the thickness of the films must be
attained bY trial 10 Norremberg's « doubler.” Obviously
two plates of § wave retardation, soperposed the same Way,
must make & quarter-wave- The ¢ doubler » makes this equal
1o a half-wave And the crossed Nicol (§ 1 36) gives another
half-wave. But the whole wave is known by almost perfect
transmission; while half-wave retardation is known by almost
perfect extinction, leaving only 2 dull “ (ransition-tint ” of
‘reddish p\um-colour between the first and second orders
of colours. 1f therefore two films, on the mirror of the
« doubler,” with analyser para\lel, give this tint, and it s
wnown Dby the genera\ « feel” of the films to be between the
first red and the adjoining blue, they are known to be
1 wave films.

138. Demonstrations of Interference.-——That the
colours really are produced by the greater retardation of one
ray in the film, and subsequent interference, may be proved
by several independent methods. First, we can easily stop
one half of the bifurcated 13y Place in the stage any

pitch, and will chip into flakes. It is then to be dissolved in benzol
( puris:). A drop or two 1S usually cufficient between each film, put o
in the centré. When the preparaﬁon is finished, it must be lft for
some days before baking 5 2 week is not t00 long. This is the only way
to avoid bubbles. 1t can then be baked in an oven, OF on the hob,
till dry. The mounting malkes the fine scratches, &¢.» invisible. Only
a small weight or pressure must be employed, ©OF the films will be
displaceds and air may enter when the pressure jseremoved.
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slide—say a concave Newton’s ring slide. The rings being
at their brightest, and with the analyser exactly crossed,
introduce, in front of the selenite, the rotating tourmaline at
an angle of 45°. This stops by absorption o¢7e of the two
oblique rays into which the original polarised beam is
divided ; there are no longer two rays to be brought into
interference, and accordingly, over the area covered by the
tourmaline, the colours disappear.

Secondly, we may retard the other ray, and thus bring
the two again into coincidence. If one ray be retarded in
the selenite more than that vibrating at right angles to it, it
is plain that, taking two selenites of equal thickness, if both
are superposed the same way of the crystal, the colour must
be that of a plate equal to the sum of both ; but that if one
be turned round 9o° the retardation of one ray by the first
must be neutralised by the second, and no colour at all pro-
duced. If we place two similar -films in the stage, in the
two different separate positions, we find that it is so; and
similarly, if the films be of different thickness, the colour
will be in one position that of their sum, and in the other
of their difference. A more striking demonstration is fur-
nished by rotating a wedge over a similar one. The colours
differ remarkably according to their positions ; black (when
the analyser is crossed) being necessarily produced wherever
exactly the same thicknesses come into rectangular positions,
and so causing in one position a black diagonal line. There-
fore if a concave plate be rotated over a-convex plate, the
phenomena of the rings vary in a beautiful manner, black
circles appearing in certain positions ; or an even film of the
right thickness, rotated over the concave, will give the same
beautiful phenomena. Again, if a film of even colour is
rotated over a ‘star, with the points in different positions, the
colours of the points are affected very differently, and in what
appears (seeing the rotated film is the same thickness all over)
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a most wonderful manner, till we understand the reason.
The most instructive and pretty demonstration of these re-
versed or counteracted retardations is, however, furnished by
two precisely similar ‘step” wedges built up on Mr. Fox’s
plan, out of films § wave to } wave in thickness.! The
glass discs of the polariscope will nicely take a wedge 1l
inches long by 1 inch wide, and this breadth is conveniently
divided into eight steps % inch wide. It is sufficient if each
corresponding step in the two wedges is cut from the same
film. One wedge being mounted in wood, and the other
used in the rotating frame, when one is superposed on the
other with the polarising planes in same positions and the
thickest part of one over the thinnest in the other, we have
an even colour. When the two thickest sides are superposed
in the same positions, if the planes are parallel the tints
grade with double the amount of difference in colour; if
the planes are crossed there is no colour at all. When the
wedges themselves are crossed, in one position .there must
be a central diagonal row of black squares, the other squares
giving a beautiful chequer pattern of various colours. And
when the rotating wedge is diagonal, there will be a pretty
pattern of backgammon points. Two wedges built up of
similar even films thus offer one of the most fascinating and
instructive polariscope combinations. (See C, D, Plate IV.)
Or should the student have sufficient skill and patience
to build up a wedge of 24 { wave films, if a single film be
superposed on it with its principal plane crossed, and
of a thickness equal to the middle stripe, it is plain that
middle stripe must be black ; and as on each side of it each
stripe must present an equal dzjference or essential thickness,

1 The first few } wave thicknesses giving poor colours—only pale
fawns and blue-greys—the broadest or foundation film of the wedge
should be thicker, choosing the thinnest which gives a fairly pleasing
tint, , "
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the coloured stripes will be symmetrically atranged on.each
side of the black one.l (Plate IV. B.)

Lastly, we can prove the cutting out of certain colours
by interference, by our never-failing method of spectrum
analysis. Place a slit in the stage with a film which shows
colours, and pass the light from the analysing Nicol through
the bisulphide prism. There will be crossing the spectrum
one or more dark interference bands—more with a thicker
film: in fact as the film increases, more and more bands
appear in various parts of the spectrum, just as in the light
reflected from a film of mica (§ ro1), and showing in the same
way how with a certain thickness we fail to get colour. This
is well shown by subjecting a wedge to spectrum analysis,
a slit being placed in the stage, and the wedge, with its
bands perpendicular, gradually advanced over it from the
thin edge to the thick one. It will be seen that, as the
thickness increases, a greéter number of the interference
bands cross the spectrum (Plate IV. F1, F? F?), as we should
expect, accounting for the paler colours. It is also seen, as
before, that in contrary positions of the analyser, the bands
occur in complementary colours. The two complementary
sets of bands are easily shown together by using a double-
image prism as analyser, with the two images of the slit
perpendicular. The slits will then overlap in the middle
of the double image, giving there a white slit and complete
spectrum ; while the two complementary spectra will appear
at the top and bottom. (Plate IV. E.) Lastly, if the slit be
adjusted so as to cross the centre of a concave film giving
Newton’s rings, and the slice of light be analysed by the
prism, we get again exactly the same interference bands
shown in Plate III. B.

1 It may be doubted if such accuracy is possible. It is what I have
seen produced by Mr. Fox’s own hands, and have repeated myself with
& wave films.
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139. Crystallisations.—Another beautiful series of ob-
jects showing gorgeous colours in the same way are ¢zyszalls-
sations, from thin films of various solutions flowing over glass
discs, and then crystallised by evaporation. The only
difficulty is to obtain the right thickness, as both too thick
or too thin give little or no colour, though light and shade
effects can always be had as the analyser is rotated. For
this reason, what are called “superposition films ” are very
useful. These are thin plates of mica or selenite which
give uniform colour (such are easily split .from mica)
mounted between two glasses. One which gives blue and
yellow, and another red and green, should be provided;
then a film 'of crystals, or anything else which shows no
colour by itself, will give great variety when superposed on
the film. There is a sameness about the colours produced
by this plan, however, inferior to a slide which can show its
own colours. A good arrangement for making crystallisa-
tions by evaporation is shown in Fig. 162. Ona wire tripod is
placed one of the glass candle-chimneys so common, 3 inches
diameter, and on the top of this is laid a square metal plate,
not quite covering the chimney, havingin the centre an aper-
ture nearly as large as the glass discs, with three little projec-
tions bent up % inch from the inner edge to keep the glasses
in place. A spiritlamp underneath gives a steady and
calculable heat, adjustable by raising or lowering it. A
saturated solution is not always best; often one mixed with
equal bulk of water does better, and sometimes a little
alcohol added helps effect. Great interest will be found in
preparing slides with weaker or stronger solutions, and less
or more heat, which will often entirely alter the character of
the crystallisation. Thus a solution of tartaric acid evapo-
rated in the cold often crystallises in long straight lines, and
in the sun in “stars ;” whereas, when evaporated over the
lamp, it gives irregular facets, very beautiful on the screen,



270 LIGHT. [cHAP.

and larger as the heat is greater. Salts which give a pattern
too small in this way, may often be made to give much
larger crystals by dissolving gelatine or gum in the saturated
solution, and evaporating in the cold. The following are
good polarising salts :—Tartaric acid, and most tartrates ;
citric acid, and most citrates; oxalic acid, and most oxa-
lates ; borax ; chlorates; many nitrates; picric acid; sul-
phates of copper and magnesia, and the two mixed ; most

'FIG. 162.—Apparatus for Crystallisation.

of the alkaloids and their salts; sugar—but in fact the list
1is interminable. Cubic crystals, being of equal symmetry
and elasticity in all directions, do not polarise, unless in dry-
ing the film of crystals becomes subjected to tension, as it
sometimes does (§§ 121, 141).

One of the prettiest crystals is salicine, which gives an
enormous variety of effect, according to how it is treated.



XIL.] CRYSTALLISATIONS. ’. 271

Some salicines I have prepared have been particularly ad-
mired for their gorgeous colours and size of the crystals,
They are attained by dissolving the substance in one part
alcohol to four parts water, made rather hot, and saturated.
Pour a good layer of this fluid on the glass, and evaporate
quickly with rather a strong heat ; the salt then melts in its
own water of crystallisation, and beautiful crystals soon begin
to form. The heat then.needs humouring in a way only
experience can give, else crystals already formed may be
re-melted and the slide spoiled ; but when all goes well the
result is simply glorious, the whole slide being covered with
circular crystals showing sectors of colour like miniature
£ Newton'’s discs,” and each, when the analyser is crossed,
exhibiting a black cross. (Frontispiece, A.) The same film,
cooled and breathed on whilst the crystals form, gives quite
different phenomena, and a thinner film different again.
Almost every operator has some little secret of his own ;
and one of my correspondents sent me a slide of the small
sort of singular beauty, prepared with gelatine. The effects
range from discs % of an inch to 1 inch in diameter, of
any colour, or black and white, according to the thickness.
Citrate of magnesia may be made to give very similar discs.
Chlorate of potass crystallises in square tablets; nitre in
long thin prisms which appear as a network of coloured
threads. To get this latter effect the solution must be rather
dilute, and after the disc is covered, all the solution that will
go, jerked off ; then left to evaporate in the cold. Most of
the salts may be either mounted in balsam or simply covered
with another dry glass and mounted with red putty in wooden
frames, choosing the best positions before fixing. Deli-
quescent substances, like tartaric acid, are better in balsam.
Another class of beautiful crystallisations is formed by
melting the substance between two glass plafes. Make a
pair of spring-wire forceps, like Fig. 163; then put some of
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the chemical between two clean plafe glass discs, and hold
in the forceps over a spirit-lamp : or over the chimney of an
Argand gas-burner is not too hot for some. Care, of course,
is needful not to crack the glasses. Most of the substances
that crystallise well in this way are of the ‘‘ organic ” class,
and some require a very thin film, which must be obtained
by putting down the two hot glasses on a blotting-pad, and
with thick padded gloves working close together till the
film is nearly ready to set. The following I have found to
make fine slidesin this way :—Cinnammic acid (gentle heat,
zery thin); succinic acid (rather strong heat, very thin) ;
cinchonine (moderate heat and thickness) ; santonine (fair
thickness). This last gives very various effects, some slides

F1G. 163.— Spring Wire Forceps.

showing a rough ‘““ferny ” pattern, while others are smooth
in appearance. The most brilliant of all in colour, how-
ever, is benzoic acid, and it is also the easiest. It usually
crystallises in long straight crystals (Frontispiece, B); but
with a thinner film and very flat glasses I have obtained
exquisite “ferns.” !

1 Micro-crystallisations, as a rule, do not answer for the lantern.
The microscopist desires perfect crystals on a small scale, whereas, on
the screen, these would hardly show. For the screen, or the low power
of a table polariscope, we want a much larger *‘pattern,” and brilliant
colour, even at the expense of what a microscopist would call coarse-
ness, but which on the screen does not appear so. Many beautiful
crystals are available for the microscope which are useless for the table
polariscope or the lantern, such for instance as the platino-cyanides.
Microscopic crystallisations can be purchased in immense variety for
a shilling each. Quinate of quinine and quinate of lime deserve special
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Ben.oic acid melted is especially convenient for a beauti-
ful experiment. It melts at very moderate heat; and by
preparing a wooden frame into which the double glass plate
can be slipped and secured by a dovetailed slide while hot,
crystallisation may be shown proceeding upon the screen; and
the effect as the crystals shoot out in the most gorgeous
colours is exceedingly beautiful. Cinnamic acid and the
others crystallise with the same facility, but it is difficult to
get the right thickness to show colour by this method, while
benzoic acid never fails. Another attractive experiment
of this sortis to place between two warm glasses a saturated
boiling solution of silver nitrate. As this cools crystals form.
The same slide when heated will re-dissolve the crystals, and
is then ready to repeat the experiment. A correspondent
informs me that a strong solution of urea also answers well
for showing the process of crystallisation in colours upon
the screen.

Many mineral sections show fine phenomena. Granite
shows very well. Agate, if properly cut, polarises beauti-
fully. Perthite is another good section. The prettiest I
have seen, or possess, is a section of Zeolite, one of the
hydrates of lime (Frontispiece, C).

140. Organic Films.—Most o7ganic structures, having
a decided “grain,” are more elastic in one direction than in
that at right angles to it. Hence, such as are transparent
enough are doubly refracting, as wood would no doubt be
if it were clear. As it is, some sections will polarise, but
most of them are too opaque. The “grain” must, of
course, for reasons we have seen, be placed at about 45°
angle with the planes of polarisation to give the best effect.
A quill pen thus placed in the stage shows beautiful fringes
of colour; but it is better to cut off the barrels of two pens,

mention as exquisite micro-crystals = Many of these cafi be shown by
the micro-attachment described on page 250.

P
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slit them both up one side, and boil for an hour or two.
They then become quite soft, and can be rolled out and
dried flat between two of the glass discs, which they nearly
cover, and make a fine slide. So does a sheet of horn,
such as is used for stable lanterns, and which can be bought
for a few pence. So will a piece of bladder, if of the right
thickness to come within the colour-limits; or a few large
fish-scales or gill-plates. Shrimp or prawn shells, soaked in
turpentine and then mounted in balsam, polarise well. If
the thickness is not quite right for colour, this can be brought
out by a superposition film. When any one is known to
care for such things, objects sometimes “turn up’ ; for
instance, a friend once made me a present of a large
human nail, placed at his disposal by an accident. This,
boiled and flattened and scraped to the right thickness,
made an interesting slide.

141. Effects of Strain or Tension.—If double refrac-
tion and its consequences be really due to unequal elasticities,
we can readily demonstrate the fact by subjecting to unequal
stress substances which in their natural state are homo-
geneous, and therefore show no double refraction. Thus,
annealed glass, being of equal elasticity in all directions,
does not polarise ; but by making the elasticity unequal,
it can easily be made to do so. Make a brass frame like
Fig. 164, the size of the wooden slides, with a square-headed
screw by which, with a T -handled key, strong pressure can
be brought to bear through the centre in one direction,! the
glass abutting against a convexity, A, opposite the screw, and

1 Such pressure-frames are usually made by opticians with a thumb-
screw, and flanges to keep the glass in place. But the chromatic eftects
heighten with the pressure ; and as the glasses only cost about 24, each,
I prefer the T-key, and “‘put on” all I can, usually till I break
the glass. The effects are far finer with this extra power, and best
just before the smash comes,
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being protected from the grinding of the screw by a convex
padding, c, of brass or copper. At the least touch of the screw
double refraction is shown by fringes of colour, and as the
strain increases the effect is gorgeous beyond description
(Plate IV. H). Then “ unscrew ” the objective a little in the
collar, so that the glass and frame can be turned to 45° angle
with the planes of polariser and analyser. The effect now is
totally different, but equally beautiful. Next put in two bits

HH i

FiG: 164.—Screw Press for Glass.

of copper or brass, BB, in the corners of the frame opposite
the screw, and abutting agamst them an oblong piece of
glass. ‘The strain now is different, resembling the breaking-
load of a bridge. It will be seen how the coloured figures
also differ, and how exactly the ‘‘lines of strain” are
optically represented on the screen.

Other transparent substances will give the same effects.
A glass trough, made the size of a slide, open at one
end and filled with clear cold jelly, will show beautiful

T
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phenomena if a rectangular piston is pushed in at the end
so as to compress it. So will a “glycerine jujube,’” if
compressed in any manner; but a still better plan, if a
slab from which the lozenges are cut can be obtained, is
to tie back the studs of the optical-stage, pass the slab
of elastic matter through, and exfend it with the two
hands, of course at an angle of 45° with the polariser
and analyser. A strip of thin transparent india-rubber
will show similar phenomena when stretched. If neither
is handy, soak some gelatine in cold water for a few
hours, and then melt it with about two-thirds its weight
of glycerine, and pour out upon a smooth stone or iron
slab, greased, to cool. The composition will be something
like that printers use for their rollers, but clearer; and an
oblong slab passed through the slide-stage (kept clear by
tying back the studs), and stretched, gives beautiful colour
phenomena. Not much time must be wasted over such
compositions, or jelly, or they will melt with the heat of
the lantern, unless this is absorbed by an alum cell.

Heat applied to glass produces the same effects, owing to
its expansive powers. Even one of the plain glass discs,
fixed with a spring wire in one of the frames and held
momentarily on alternate sides (so as not to crack it), with
its centre over a small ‘spirit-flame, will show a black cross,
and transmit light through the rest when the analyser is
crossed. Butmuch better effects than this can be obtained.
Make a ““shell” of sheet-iron, like A B, Fig. 165, with a
square hole in each side, 1} inches square, the parallelo-
gram measuring 4 by 2% inches, so as to go in the slide-stage.
A little bit turned over from top and bottom at A a, one
end, makes a “stop ”’ for adjustment. Cut a piece of wood,
¢ ¢, such size and shape that the edge of one of the thick
glasses made for the press just described “jams” in the
shallow notch, and when wood and all are pushed in against
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the end stop, A, the glass stands central with the apertures.
Fit a small bar of iron so as to slide in over the top edge of
the glass. Having adjusted all except thé bar of iron in the
stage, and made the iron a dull red heat, slide it in over the

F1G. 165.—Apparatus for Heating Glass.

glass ; at once fringes of light and darkness, and presently of
colour, spread over the screen.!

1 The private student needs no expensive apparatus for this class of
experiments. As a boy, a quarter of a century ago, I first made the
above experiment in the following manner. A dinner plate was in-
verted on a bare polished mahogany table, and on this was laid a rather
massive square bar of heated iron. On this was ‘“stood on edge” a
2-inch square of plate glass, its edges ground flat on a stone with sand
and water. The table acted as polariser, and a few slips of glass
placed in the card case of a medicine-bottle as analyser. I do mot
think I have ever experienced such pleasure from any experiment since.
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In glass made red-hot and suddenly cooled, these beautiful
effects are permanent. Such are called chilled or unannealed
glasses, and cost from 4s. to 7s. 64. each, of various sizes and
patterns. In making them the great thing is to cool rapidly
round the edges, and to start with a red heat. A square block
made red-hot, and stood on one edge on an iron smooth
surface, while any mass of smooth metal is balanced on the
top edge, will show very good phenomena, especially if slid
on to fresh cold surfaces till cold (Plate IV. G). A good
chilled glass gives coloured figures particularly vivid, and
the figures can always be foretold, a circular disc giving
gorgeous coloured rings with a black cross. A good thickness
(3 inch is not too much) does best for the lantern.

~ Owing to this property of glass in a state of tension, the
polariscope is a most sensitive test of such a condition. One
of the ¢ Rupert’s drops ” or a Bologna flask will show con-
spicuous phenomena ; and a correspondent once informed
me that, having to renew the focusing lens of his polariscope,
he found two in succession so powerfully doubly-refracting
that it was impossible to get a dark field. It is in this way
that optical glass is tested for valuable instruments, and it is
by far the most sensitive test available.

142. Effects of Sonorous Vibration.—By this time
we have a very vivid idea of the subtle power of polarised
light as a revealer of the inner structure or molecular
condition of bodies, provided they are transparent enough
to apply it. The slightest difference in elasticity, or
density, or, in short, from a homogeneous condition, at
once stands revealed before this wonderful test. A
singularly beautiful experiment, which Daguin describes as
first made by Biot, though Dr. Tyndall first exhibited it
by the lantern to a public audience, will show this power
in a still more striking light. Get a strip of plate glass

5 feet to 6 feet long, 2 inches wide, and about # inch



XII.] SONOROUS VIBRATION. 279

thick, A B, and smooth the sharp edges with a stone, or
with a file and turpentine. Prepare for it a wooden vice,
¢, fitting into one of the wooden stands so often used, and
thus adjustable for height ; and in this let the exact centre
of the strip be fixed! at an angle of 45° with the horizon,
or plane of polarisation.? TUnscrew the slide-stage and
objective from the elbow of the polariscope, leaving only
the elbow, E, on the lantern, and support the “front” on
a wooden cradle of some sort (easily made by cutting semi-
circles out of the ends of a cigar-box) in its proper position
axially, but leaving a clear space of an inch or so between the
parts which ordinarily screw together. Through this interval
pass the slanting glass strip, A B, and adjust the height, &c.,
so that the strip may cross the field as near the place held
in the vice as possible. The whole arrangement (except
that the cradle for the “ front” is omitted for the sake of
clearness) is shown in Fig. 166. Cross the analysing Nicol,
N, to give a dark field, and throw a loose cloth on the
“front” so as to stop all scattered light as much as possible.
(Half the battle in a// lantern experiments, especially with
an inferior illuminating power, is to avoid such scattered
light, and many operators lose much effect by not attending
toit.) Now take a wet jflannel cloth (other kinds “bite ”
the glass too much and drag the vice about), and enveloping
the lower end of the strip in it, rub it smartly up or down
with a long smooth sweep. A shrill but wonderfully clear
musical note sounds out, from the longitudinal vibrations
into which the glass is thrown, and at each note the dark

1 It is well to glue on the inner side of each jaw of the vice a cir-
cular thin slab of cork, so as to give a good pinch without breaking the
glass.

2 If the polariser is a Nicol, it is in some respects more convenient to
set the polariser and analyser at 45° with the horizon, when the glass
can be horizontal, and pinched at right angles.
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screen is illuminated ! If now a “ chilled ” glass be placed
in front in the optical slide-stage, and focused as usual,
and the experiment be repeated, at each note a quite
different colour appears; or if a selenite butterfly be

F1G. 166.-- Effects of Sonorous Vibrations.

inserted, some other colour cr that will appear. Or
we may vary the experiment by. putting in the arrange-
ment for heating glass. Starting with a dark field, on
inserting the hot iron bar we get the phenomena varied by
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the effects of /eat-vibrations ; and when we have got good
colour, we vary these again by interposing sound-vibrations.
This experiment can be very fairly performed with the
Argand burner, and a screen distance of abeut 4} feet,
giving a disc of 15 inches.

This beautiful phenomenon is due to the stress caused
in the glass near the nodal points, by the vibrations into
which its molecules are thrown. Here, however, a difficulty
may occur to some solitary student which actually.did
occur to myself, and which led me for some time to ques-
tion this explanation. Dr. Tyndall himself states® that,
upon sounding the glass, the screen effects are rendered
“complementary ’; and in my own experiments I also
found this to be the case. The change from mere darkness
to light only, is easily accounted for on the supposition that
the thickness of glass, or the double refraction and conse-
quent retardation, are not enough to produce colour; but
when selenite designs give also * complementary ” colours,
the supposition naturally arises that the change of pheno-
mena is of some abso/ute kind, and not one of degree, or
comparison, as we should expect from a state of stress.
Accordingly, I was for a considerable time inclined to-attri-
bute the phenomena to the half-wave retardation (§ 136)
caused by the mere “resolution” of the plane-polarised ray,
by the “absolute” motions of the glass molecules at an
angle of 45°. But a valued correspondent? subsequently
placed in my hands a translation of the researches of Kundt
and Mach into this subject, which clear up the matter by
showing that there 7s degree, or variable amount, in the
effect produced ; and that therefore the “ complementary ”
results must depend upon the strip of glass giving an
average retardation of about half a wave length.

1 Six Lectures on Light, second edition, 13 139.
2 The Rev, Philip R, Sleeman,
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Kundt, having sent the light through the apparatus as
described, analysed or spread into it a long band of light
by a revolving mirror. This band was broken like a string
of pearls, showing that the doubly-refracting effect was
periodic, and coincident with the sonorous vibrations.
Kundt then further interposed a selenite plate giving bright
colour. The light being analysed as before by the revolving
mirror, the band was found to vary iz colour, the number of
tints observable in the band increasing with the thickness of
the glass or the intensity of the vibrations. Even thus,
therefore, was established the degrees in doubly-refractive
effect which the hypothesis of stress required.

But Mach carried the investigation still further by means
of spectrum analysis. Selecting a selenite which gave at_
least two or three dark bands (§ 138), the light which passed
through it and the glass bar was projected through a slit
and prism as usual. When the bar was sounded, the dark
bands became of course confused, and disappeared. But,
assuming the slit and prism to be perpendicular, and the
spectrum therefore horizontally dispersed, this spectrum was
compressed into a narrower and more brilliant one by a
cylindrical lens whose axis was horizontal, and then again
dispersed vertically by a rotating mirror whose axis was also
horizontal. Every colour and dark band was thus drawn
out into a vertical string ; and when all this was adjusted,
the dark interference spots thus spectrally analysed separately
at successive moments during the sounding of the glass
were found drawn out into zigzag curves, whose amplitude
represented the shifting of the bands, by the additional
retarding effect of the temporary states of stress.

This beautiful experimental analysis places the true nature
of the phenomena beyond any doubt.



CHAPTER XIIL
ROTATORY POLARISATION.

Phenomena of Quartz—Right and Left-handed Quartz—Circular Waves
—Effect of Retardation in one such Wave—Rotation of the Plane of
Polarisation—Use of a Bi-quartz— Rotation in Fluids—The Sacchar-
ometer—Chromatic Effects of Quartz—Other Rotatory Crystals—
Electro-Magnetic Rotation—Important Difference between Magnetic
and other Rotations—Connection between Rotation and Molecular
Constitution.

143. Phenomena of Quartz.—We have seen that if
we place in the slide-stage of the polariscope a plate of calcite
cut perpendicularly to the optic axis, so that a beam of
parallel plane-polarised light traverses it in the direction of
that axis, there is no double refraction, but the plate behaves
like a piece of annealed glass. But if we place in the
same position a plate of quartz similarly cut, the effects are
very different, though quartz also is a uni-axial crystal. The
plate shows a beautiful colour all over ; uniform if the light
is nearly parallel and the plate truly cut; and as the analyser
is rotated the colour passes in succession through more or
less of the colours of the spectrum, never becoming white or
black. That is, with white light. If we employ homo-
geneous light, as, for instance, a pure red, and adjust the
analyser at 9o’ so as to give a perfectly dark field, on
inserting the plate of quartz we find more or less of the
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light is restored ; but that on turning the analyser through
a greater or less angle according to the thickness (for red
light about 17° for every millimetre), the light is again cut
off. It is as if the plane of polarisation from the polariser
had been 7o0fated in one direction or the other, the rotation
being greater and greater as we proceed from red to the
more refrangible rays.

144. Right and Left-handed Quartz.—It was soon
found that some crystals required the analyser to be rotated
to the 7:ig/4¢, and others to the /7 to produce the same
succession of colours; and Sir John Herschel found that
this quality of right or left-handedness was connected with
the “set” or direction of certain little facets often found
on the shoulders of the crystals; thereby showing another
connection between their optical properties and their
molecular constitution.

145. Circular Waves.—Fresnel very soon came to the
conclusion that the ray of plane-polarised light, on enter-
ing the quartz-plate parallel with its axis, was divided into
two rays moving in arcular orbits, of which one was more
retarded than the other; and by marvellously ingenious
reasoning, he further concluded that if this were so, he
ought to obtain each ray separately by a compound prism,
as in Fig. 167, where cis a prism of, say, right-hand quartz,
and A and B half-prisms of the other, all cut so that the
ray traverses them in the direction of the optic axis. He
found that he did get two images, R* and R?, in this way,
which showed no variation in brightness as the analyser was
rotated, and yet which differed from common light in giving
colour when passed through a film of mica or selenite before
reaching the analyser. = Having verified this, the pheno-
mena were easily explained. The original plane-polarised
ray A B (Fig. 168), on entering the quartz, is divided
into two rays moving in contrary creular orbits, whose
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directions are denoted by the double arrow-heads, r. If both
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