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. PLATE 2 

_ C. This coloured photograph 
is taken from above a rectangular 
tank containing water in which 
aesculin and eosin have been 
dissolved. The light from the. 
lantern comes through the lens 
seen at the top of the picture and 
is deflected downwards upon the a ee ee surface of the water by the prism, B.A coloured Photograph showing which also separates the coleaee. a repetition of Newton’s experiment in The spectrum of part of the light the laboratory. The light from the is seen upon a screen just above — lantern in the bottom righthand corner | the surface of the water on the. 

passes through a horizontal slit which — right. Where the spectrum falls ° defines it and then through a prism on the surface itself, the light 
| which forms a spectrum on the lower of of the shorter waves is absorbed 
the two translucent screens held and is replaced by light at 
by the retort stand. A slit in this _ somewhat longer waves. ‘The 

| screemallows some of the green to pass aesculin fluoresces a blue and 
on and strike a second prism. The the eosin a yellowish green : the green rays are bent to one side and | two fluorescing bandsnare ta the strike the upper screen; no further left of the bright spectrum 

_{ resolution occurs, and the rays remain There is a blue patch higher ‘up 
| green. (pp. 85 and 88) | | in the centre which is a reflection — 

in the glass wall of the tank — 
and is to be disregarded. The 
longer waves pass through the. 

| liquid and make a yellowish red — 
. |patch on the floor of the tank, |. | 

eG ET ED (p. 224) 

A. This picture of a soap film is due to the 
~~ late Sir James Dewar : the scale alongside shows 

‘the thickness at different levels. One ‘yn’ is 
the ten thousandth part of a centimetre. (p. 144) 

D. This photograph: is taken from the hand-coloured illustration in = | 
Young's Natural Philosophy. _'The vertical stripes of the lower partrepresent | 
_the interference colours of a scap film increasing gradually in thickness from | 

_ left to right (in the actual experiment, top to bottom). ‘The upper part of |. 
_ the figure shows what is observed when the lower is drawn out into a spec- |. 
_ trum by a prism placed so that its edge is horizontal. For example, the | 
_ bluish patches (meant to be quite blue) on the left are drawn out intospectra | 
_ from which the red is missing. Adjoining the blues are yellows, which are | 

_ drawn out into spectra containing all but the violet, and soon, The black | 
“patches group themselves into continuous curved bands, (p. 142) 
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PREFACE 

Repenieht,: 28935 0y okey | Tue recent advances of physical science have aroused 
BRAGG. : : ; 

Pe eee | wide-spread attention, all the more because the fasci- 

All rights reserved—no part of this book may be ) ° Pe h d h d : 
- 1 e a ave n Yl 

reproduced in any form without permission in writing t nating problems to wh ht bf le ki bee cae bed 

from the publisher, except by a reviewer who wishes ; by writers of singular ability. I have thought that I 

to quote brief passages in connection with a review i : Rie ‘ 

written for inclusion in magazine or newspaper. h might add something to the appreciation of this new 

knowledge by writing a short account of the earlier 

researches from which the present developments have 

' arisen. The experiments and reasonings of Newton and 

| | | | 4g Huygens, Young and Fresnel, Crookes and Thomson 

| ‘roads leading to the positions which now we occupy. 
| | | RAE: | 1 ; and many other workers past and present built the 

| We do not grasp in full the significance of these positions 

unless we know something of the country over which the 

previous travelling has been done. | ! | 
3 i \ | I have taken as the thread of my story that old rivalry 

| Q 3 . between two theories of light which has been one of the 

Eg ad ‘| | y most powerful contributors to the development of 

| : . G | - science. The corpuscle and the wave, associated always 

1) { -_with the names, respectively, of Newton and Huygens 

| &§ have each in turn seemed to be finally victorious. The 

| 7 struggle is ending in a manner as unexpected as it Is 
| / y 7 4 L | | illuminating. There is to be a reconcilement of hypoth- 

eses which we had thought to be mutually exclusive; 

aa erate eat See etn . . and the fact warns us of the danger of allowing our 
BY THE POLYGRAPHIC COMPANY OF AMERICA,N.Y. | ° ee ; ° e 

mental imaginings to become fixed beliefs. We still 

Vv 



PREFACE 

find it difficult to understand how these two theories 

can both be true; yet we are forced to do so by the 

mass of good evidence which can be brought forward 

in support of each of them. We conclude that what at 

one time may be beyond our understanding may later 

become clear, not only through the acquisition of fresh 

knowledge, but also by the training of our minds to new 

ways of thought. 

It is sure that the researches of the future based upon 

a combination of the two old theories will be as fruitful 

as in the past when they have lived and thrived on 

their rivalry. | 

Light properly so called is only a narrowly defined 

part of a far greater phenomenon, that of radiation in 

general. But the laws of optics are applicable over the 

greater range, and the work of the pioneers had a wider | 

meaning than they knew. ‘The lengths of light waves” 

fall between close limits: but the rules of the wave 

motion apply to the infinitesimal waves of the Rontgen 

rays on the one hand and to the long radio waves on the 

other. The investigations that are founded on the use 

of light have also a tremendous range. They deal with 

the vast spaces of astronomy, and with the minute 

structures whose ordered intricacies are equally beyond 

the reach of our eyes; and they find that both fields of 

research are crowded with matters of the deepest 

interest. 

Moreover, radiations which are obviously corpuscular 

such as the showers of electrons and protons and atoms 

which are now produced so easily in our laboratories 

are found to-day to obey in some measure the laws of 

vl 
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light. The wave and the corpuscle are different aspects 

rather than different entities. In a word light dominates 

physical science and indeed all sciences. The growth 

of physics has depended upon the study of its various 

forms and properties, and the new developments which 

fascinate us are still its consequences. It 1s one long 

story; and this book is meant to give a short account of 

some of its earlier incidents so that the later may be the 

more easily appreciated. 

The title of the book is also that of a course of lectures 

which I gave at Christmas time in 1931 at the Royal 

Institution. These courses have been given annually 

for more than a century to audiences consisting largely 

of young people. Faraday himself gave no less than 

nineteen of them. The simplicity and clearness of his 

exposition and the aptness of his experimental illus- 

trations were especially ‘adapted to a juvenile auditory’ 

to use the quaint phrase still appearing in the annual 

advertisement. His successors have tried to do as he 

did. The Christmas Lectures of 1931 were therefore 

fully illustrated by experiment, some old, some a little 

new. I have made use of them in this book, but I have 

of course carried their description and the arguments 

based upon them much further than was proper or 

~ possible during the lectures. 

I have occasion to be grateful to many friends who 

have helped me to illustrate the book. Mr. Thorne 

Baker has taken most of the coloured photographs with- 

out which a book on light becomes very ineffective. 

The drawings in ‘pen and wash’ are due to my daughter, 

Mrs. Alban Caroe. Professor C. T. R. Wilson has 

vil 
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allowed me to reproduce many of his expansion photo- 

graphs. The infra-red photograph of a landscape was 

given to me by Messrs. Ilford Ltd. Professor A. Fowler 

and Dr. W. M. Smart have kindly supplied me with 

photographs of spectra, and Professor Andrade with 

illustrations of diffraction. The diagram on p. 131 was 

suggested by Dr. W. T. Astbury. Most of the photo- 

graphs of experimental arrangements have been made 

in the Royal Institution by Mr. W. J. Green and his 

assistant Mr. K. Bridger. I have tried to make further 

acknowledgements in their appropriate places. } 

W. H. BRAGG. 
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CHAPTER I 

THE NATURE OF LIGHT 

Licnt brings us the news of the Universe. Coming 

to us from the sun and the stars it tells us of their 

existence, their positions, their movements, their con- 

stitutions and many other matters of interest. Coming 

to us from objects that surround us more nearly it en- 

ables us to see our way about the world: we enjoy the 

forms and colours that it reveals to us, we use it in the 

exchange of information and thought. If the meaning 

of the word is extended, as may be done with every right 

and reason, to cover the wide range of radiations which 

are akin to it and yet are not visible to the eye, then 

light is also the great conveyer of energy from place to 

place in the world and in the universe, principally by 

the transfer of what we call ‘heat.’ The modern trans- 

mission of radio is also covered by the term, and so are 

the Rontgen rays, rays from radio-active substances, and, 

possibly, the cosmic rays which have lately excited so 

much interest. These greatly differing phenomena are all 

manifestations of one principle, the magnificent inclu- 

siveness of which has grown clearer continuously as we 

have studied the nature of light. 

We may go even further. In the last few years, it has 

become clear that the individual electron, the minute 

element of electricity, has properties akin to those radia- 

tions of which light is typical and familiar. Even the 

Bu | I 



UNIVERSE OF LIGHT 

atoms themselves seem to fall, in certain aspects, within 

the same great category. 

Light, therefore, using the full meaning of the word, 

transmits energy which is the mainstay of life, and gives 

to living beings the power of observation: and it is akin 

to the matter of which all things animate and inanimate 

are made. The universe is its sphere of action. We do 

it no more than justice when we speak of the Universe 

of Light. 

We must first consider light in the narrower sense, 

as that which our eyes perceive. A ray of sunlight leaves 

its source and comes to us in due time. On its way it 

has gone through various experiences. It has crossed the 

heated gas layers on the surface of the sun, and the at- 

mosphere that surrounds the earth. It has been reflected 

perhaps many times, and finally it comes to us from the 

object at which we are looking. This last reflection is 

to us the most important part of its journey, because it 

helps us to make out where the object is, and what is its 

character. Our eyes can gather a little more than that: 

the training that experience has given them enables us 

to recognise the source from which the light has come. 

We do not mistake it for some form of artificial light. 

When we use instruments which analyse the sun’s light 

we can do far more. Wecan infer the nature of the ex- 

periences that the light has met with on its journey: we 

can discover the composition and state of the atmospheres 

that it has gone through, and something of the bodies 

which have reflected it. 

When one watches an ocean liner at the end of a voy- 

age moving slowly into her place in the docks, her 

2 
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appearance tells at once her port of origin and her voyage, 

and if one goes on board, the objects that the passengers 

have in their hands, or that are lying about, speak of the 

ports where the ship has called. ‘The story of the voyage 
is written in these details. 

Just so a ray of light on arrival at the eye brings with 

it the story of its experiences, some easily read, some with 

difficulty. ‘The piece of news of which the eyes make the 

most, is that which tells of the last scattering before the 

ray came to the end of its journey; it is that which 

enables the eyes to ‘see’ the object where that scattering 

took place. 
The Wave Theory of Light 

So we come naturally to the question as to the nature 

of this messenger and as to the means by which it travels 

from place to place. In these days it is much easier to un- 

derstand the recognised explanation than it was even 

a few years ago. ‘Transmission by radio, broadcasting 

as we generally call it in this country, has made us 

familiar with the idea of a disturbance or condition 

which travels in waves from a central station and is in- 

- terpreted by ‘receiving sets’ near and far. The sun sends 

out waves just as the central station does: our eyes re- 

ceive and interpret the wave motions that strike them, 

just as our wireless sets receive and interpret the waves 
from the ‘studio.’ There is no difference whatever in 
kind between the two sets of waves: there is a difference 
only in their dimensions. They travel at exactly the 
same rate; whatever medium carries the one, carries the 
other also. The one difference lies in the fact that the 
waves of light follow one another at far smaller intervals 

3 



UNIVERSE OF LIGHT 

than the radio waves. This difference has of course its 

consequences, so that in several ways light and radio 

transmission do not behave alike. The point is that 

fundamentally they are of the same nature. 

It is both interesting and helpful that this similarity 

exists. The wave theory of light has always been diffi- 

cult to comprehend because the central idea has been so 

strange. But now the newspapers tell us every day the 

lengths of the waves that are sent out from the various 

stations, and so the conception of waves has become quite 

familiar. Of course that does not mean that now we all 

know what sort of medium carries these waves, and how 

this medium is distributed in the world and in space. 

Nor have we necessarily learnt what it is that moves to 

and fro, or up and down, or indeed, what sort of a motion 

there is to correspond to the familiar wave movement of 

the water on the surface of the sea. In fact all that most 

people know is that there are waves in the radio which 

can be measured with some accuracy, and that the re- 

ceiving set can be adjusted to the wave-length which any 

particular station sends out. But this is quite useful 

when we try to grasp what is meant by the wave theory 

oflight. We see that the radio engineer makes daily use 

of the wave conception, and regulates his business by 

it. The idea seems to lose its haziness and become 

practical even though, when we look more closely into 

the matter, we find we do not really know much more 

than we did before. We gain also because the con- 

siderable differences in behaviour of the two kinds of 

waves are instructive. We can appeal to them on many 

occasions, as we shall see. 

THE NATURE OF LIGHT 

The wave-length of the radio from the Daventry 

station is 1,554.4 metres, or 155,440 centimetres. The 

wave-length of red light is rather less than the ten 

thousandth part of one centimetre. We wish to make 

experiments which will illustrate visibly some of the 

properties of waves. Clearly radio waves are far too 

long, and light waves far too short for the purpose. We 

must use some wave motion of more convenient dimen- 

sions, and we find it in the movement of water ripples. 

Let us proceed to water ripples therefore; we are quite 

justified in using them to help us because they will tell 

us the chief characteristics of wave motion as well as any 

other example; long or short, all wave motions behave 

alike in the main. 

Experiments with Ripples 

We use a shallow tank with a glass bottom as shown 

in Fig. 1. It contains water to a depth of about a 

quarter of an inch. The ripples that run over the water 

when it is disturbed are not easy to follow when viewed 

directly, but we can watch them very easily if we use a 

naked light and project their shadows by means of a 

mirror upon the screen. 

We give the tank a jolt so as to start ripples parallel 

to one side. They run across the tank both ways and the 

two sets cross in the middle. They pass through each 

other and each comes at last to the opposite side from 

which it started. There it recoils and comes back the 

way it went. These two observations which we make 

so easily illustrate two of the most fundamental character- 

istics of wave motions. 
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The first shows us how two sets of waves pass through 

one another without alteration of either set. This is a 

familiar fact to all of us even though we may not have 

realised it. ‘There would be queer happenings if it were 

not so. Suppose that someone is looking at a candle; it 

is sending its light rays to his eyes. Suppose that a second 

person is looking at another candle and that the two 

lines of sight cross each other. Each sees the candle he 

— 
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Fig. 1. A jolt given to the ripple tank starts waves which cross it. The two 
sets which originate at two sides are approaching each other in the one picture 

and have passed through each other in the second. 
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looks at as well as if the other were not there; if this were 

not so the fact would be only too obvious. Think how 

surprising it would be if all the rays of light scattered 

from the various objects in a room damaged each other 

in some way at every one of their multitudinous cross- 

ings. Nothing would be recognised in the jumble; the 

whole room would be a blur and no more. So also the 

rays from the various broadcasting services do not 

damage each other where they cross. The effect known 

technically as ‘interference’ is of a different and peculiar 

nature which we shall examine later. When an observer, 
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say in London, listens to the radio station at Cardiff, 

and someone in Southampton listens to Daventry, 

neither finds an ill effect from the fact that the two sets 

of waves cross each other, as they do somewhere about 

Oxford. There is a complicated movement during the 

crossing of sets of rays, but once it is over each set of 

waves passes on its way as if it had never been involved 

with the other. Trains of waves pass through each other 

without any mutual effects, and this is obviously of 

enormous importance in explaining our powers of 

vision. 

It was certainly a difficulty in past times, as it may well 

be to some people now, that rays of light cross without 

any effect on one another. This was particularly the 

case if light was thought of as a stream of corpuscles, a 

theory which Sir Isaac Newton maintained. It was 

brought forward as an objection to his hypothesis that 

two people would not be able to look into each other’s 

eyes, because the corpuscles passing to and fro would hit 

each other and fall to the ground. It was not a very 

strong objection because it could be supposed that the 

corpuscles were so small that encounters rarely took 

place. It is interesting, however, to sce what sort of 

arguments passed to and fro when philosophers began 

to consider, with the aid of some experiment, what the 

nature of light might be. 

In Newton’s day there were two rival theories: the 

corpuscular, proposed by Newton himself, and a pulse 

theory proposed by Huygens, which was the precursor 

of the wave theories of to-day. Both Newton and 

Huygens assumed the existence of minute corpuscles. 

7 



UNIVERSE OF LIGHT 

The former, however, supposed that light consisted of 

such corpuscles in flight: the latter imagined the cor- 

puscles to be packed together at rest and to fill all 

space, the propagation of light consisting in the trans- 

mission of shocks from corpuscle to corpuscle. To 

quote from his Treatise on Light:— 

‘When one takes a number of spheres of equal size, 

made of some very hard substance, and arranges them 

in a straight line, so that they touch one another, one 

finds, on striking with a similar sphere against the 

first of these spheres, that the motion passes as in an 

instant to the last of them, which separates itself from 

the row, without one’s being able to perceive that the 

others have been stirred. And even that one which 

was used to strike remains motionless with them. 

Whence one sees that the movement passes with an 

extreme velocity which is the greater, the greater the 

hardness of the substance of the spheres. | 

‘But it is still certain that this progression of motion 

is not instantaneous, but successive, and therefore 

must take time. For if the movement, or the disposi- 

tion to movement, if you will have it so, did not pass 

successively through all these spheres, they would 

all acquire the movement at the same time, and 

hence would all advance together; which does not 

happen.’ | 

Huygens was careful to point out that his pulses did 

not succeed one another at equal intervals. Thus he 

disclaimed the regularity which is an essential property 
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of a wave motion: the property of which Young and 

Fresnel made such successful use at the beginning of the 

nineteenth century when they laid the foundations of 

the modern theory of light. We shall consider later 

Young’s development of the principle of interference and 

Fresnel’s of the principle of the transverse wave. 

Huygens was however able to explain the simpler 

phenomena of light by means of his pulses, including 

reflection and the crossing of rays without mutual 

ZX X@OOO ® 
Fig. 2. The figure is copied from Huygens’s Treatise on Light. The ball 

A. striking one end of a row of balls, comes to rest, but a ball at the other end 
; moves off. 

injury. The latter he explained with the aid of a figure 

which is here reproduced (Fig. 2). He observes that if 

the hard spheres A and D are pushed from opposite sides 

so as to strike the block of spheres at the same time, they 

rebound as if they had struck a fixed body. The pulses 

must have passed through the block in opposite direc- 

tion: so that the motion of A is communicated to D, and 

vice versa (Fig. 2). 

The experiment may be arranged in another way. 

Balls are arranged on a board as in the figure: they are 

kept in line by shallow grooves cut in the board. If 

now A is rolled towards B and D to E, so as to strike 

simultaneously, A and D stay in contact with B and E 

respectively while C and F roll away. The two pulses 

have crossed each other at the centre of the figure 

without mutual effect (Fig. 3). 

After Newton the corpuscular theory lost ground and 
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the wave theory eventually triumphed, because when 

modified and extended by Young and Fresnel it was 

found to be capable of explaining, not only all that 

was known in the time of Newton and Huygens, but 

many other properties of light which were discovered 

later. We shall find as we go on that the wave theory still 

has its power; we shall indeed make extensive use of it, 

and shall draw many illustrations from the behaviour of 

Fig. 3. <A variation of the last experiment. The balls a and pD strike B and 
E simultaneously and come to rest. The balls c and F move off. 

ripples as we have already begun to do. It is very 

curious and interesting, however, to find that in recent 

years still newer facts have come to light which the wave 

theory is unable to explain clearly; they seem to demand 

a return to a corpuscular theory like Newton’s. Some 

way has to be found of reconciling observations that 

seem to be absolutely in opposition to each other; and 

there has never been so exciting a period in the history 

of science as this, when the effort to understand seems 

to strain our mental powers to the uttermost. 

We must not pursue this particular enquiry any 
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further for the moment. We must be content to explore 

the less intricate characteristics of light, and in doing so 

are glad of a theory which serves us excellently. We may 

know all the time that we shall be leaving matters of 

greater difficulty for some later consideration, but there 

‘sno harm in that. We may proceed with the comfort- 

able assurance that in attending to simple matters first, 

and in trying to express them in terms of a theory which 

is correct over a certain range at least, we shall not be 

wasting our time. 

Reflection 

Now for the second of the observations that we readily 

make when we watch the ripples move over the water 

in the tank, viz., the fact of reflection. We have seen 

that a train of ripples coming broad side on to the edge 

of the tank is thrown straight back again. If now we set 

in motion a train which meets the edge obliquely, we 

see that there is a reflected train which is inclined to the 

_ edge of the tank at the same angle as the first train. This 

corresponds with a well-known property of light; long 

ago it was asserted that the incident and reflected rays 

make the same angle with the reflecting surface of a 

mirror (Fig. 4). 

It may be well at this point to consider the relation of 

the two terms we are using, the ‘ray’ and the ‘train of 

waves.’ We use the term ‘ray’ to describe for instance 

the bright shaft of sunlight that streams through a hole 

in the shutter of a darkened room. It is also to be 

thought of as a train of waves: but it is impossible to 

represent the idea correctly in a diagram. It would be 

II 
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necessary to draw parallel lines as in the figure in order 

to represent the successive waves, and these ought to be 

drawn so as to indicate that there are about forty 

thousand waves to the inch, if the representation is to 

be true. Nevertheless, in considering such a drawing 

Jod used to start 

the ripples 
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Fig. 4. The figure shows the reflection of ripples at the side of the tank. 

one is led to observe animportant point. Theends of the 

waves could not in actual fact be so clearly defined that 

a line could be ruled through them corresponding to the 

boundary line of a ‘ray.’ We should expect them to 

spread sideways and their edges to become vague. 

Now this actually happens in the case of the ray of light, 

and the effect is of great theoretical importance as we 

shall see later. Practically, the effect is small and may 

generally be disregarded, so that in most cases we are 

justified in drawing ‘rays’ of light as if the light was 

confined within straight well defined boundaries. The 

direction of the ray is of course perpendicular to the 

waves. 
Let us make one or two experiments to illustrate the 

reflection of a ray of lightat a planesurface. The lantern 
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sends out a straight narrow beam (Fig. 5). A single 

mirror reflects it, and though we do not stop to make 

exact measurements we can easily see that the reflection 

law is obeyed at least approximately: and we may accept 

Reflected Jay x 

Fig. 5. The incident and reflected rays make the same angle 
with the mirror. 

an assurance that the most exact experiment finds no 

fault in it. As an extension and variation of the experi- 

ment we take two mirrors at right angles to each other, 

and place them, with their joining line vertical, so that 

the horizontal ray falls on one mirror and then after 

reflection there, upon the second. After the double 

reflection it returns on a line parallel to that on which it 

Fig. 6. Double reflection at two mirrors which are at right angles to each 

other. The two rays are parallel if the junction of the mirrors is at right 
angles tothem; becausea + d=b+c = 90°; “.e+f = 360° -(at+b+c+d) 

=180>. 

came: and this is true no matter how the mirrors are 

held, as Fig. 6 shows. If, however, the mirrors are 

placed so that the joining line is not vertical, the doubly 

13 
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reflected ray is not parallel to the original (Fig. 7). 

We obtain a further and particularly interesting 

illustration of the reflection laws if we construct an 

arrangement of three mirrors, mutually perpendicular as 

Fig. 7. They are not parallel when the condition of the pre- 
vious experiment is not satisfied. 

in Fig. 8. A ray which strikes and is reflected by all — 

three in turn is sent back in its original direction, no 

matter how the arrangement is held. This is a device 

which has been invented and used more than once, 

Fig. 8. Reflection from three mirrors at right angles. How- 
ever the mirrors are held the entering and returning rays are 

parallel. 
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and the last of its uses is very apt and ingenious. A 

recent law decided that a bicycle must carry a red 

reflector which shall send back to the motor driver 

some of the light from his own headlamp. Reflectors 

of various kinds were produced at once, but not all 

could send back the ray from the headlamp with 

sufficient concentration and direction towards the car. 

It was necessary to examine them all at the National 

Physical Laboratory and to select those which satisfied 

the regulations. Among the best was one which was 

designed on the three mirror plan of Fig 8. The 

reflector is a piece of red glass having a flat front, anda 

back stamped into the form of a number of triangular 

pyramids, the sides of each pyramid being three planes 

mutually perpendicular. The light from the car enters 

the front and parts of it are reflected three times at the 

three faces of each pyramid, so that a bundle of rays 

goes back the way it came, that is to say, in the direction 

of the motor car, which is just what is wanted. 

The Scattering of Light 

We speak sometimes of the reflection of light, and 

sometimes of its scattering. It is important to remember 

that the two terms do not refer to different processes 

but to different conditions under which one process 

occurs. If light meets with an obstacle it is turned 

aside. Ifthe object has a smooth surface the new motion 

is regular and based on some simple plan determined by 

the form of the surface. We generally speak of this effect 

as a reflection. But if the surface is irregular, the light 
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is dispersed in all directions, and we speak of a scatter- 

ing. When the waves of the sea roll up against a faced 

embankment, there is a regular and simple reflection: 

but if the shore is rocky there is a disordered motion and 

we do not see a train of recoiling waves. 

When a ray of light crosses a room, its track is visible 

because the air of the room holds dust particles of many 

kinds in suspension, and these turn aside some of the 

Dust-free box: blackened inside 

---—- = 

— > rll =} ---- 

kg e leg) WI zigee issuiig 

0 

No light-track inside the box 
Fig. 9. Light passes through dust-free air without appreciable 

scattering. 

light into our eyes. But if there were no dust the ray 

would be no longer visible from one side. In order to 

prove this point, we make use of a box through which 

the ray can go as in Fig. 9, entering and leaving it by 

glass windows. The glass front of the box allows the 

interior to be seen. The walls are blackened on the 

inside and are coated with glycerine some days before 

the experiment, so that all dust in the box has accumu- 

lated on the sides and remained there, and the air of the 

box is almost dust free. The ray may then be seen before 

it enters the box and after it leaves, but is invisible 

during the crossing. Of course this fits in with our 

hypothesis. For if the ray of light consists of a train of 

waves, and if the eye is an organ which acts when light 

16 
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enters it, then if the waves of our ray are no longer 

turned aside by the dust we no longer see anything of 

the ray. We might arrange for a ray of light — as strong 

as we like - to enter a room by one opening and to go 

out by another, and to leave the room in complete dark- 

ness, provided that in the first place, the room was not 
lit up by any other means, and secondly that its air 

was free from dust. In fact we might think of this box 

as approximating to such aroom. But ifa piece of white 
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The White screen ueahers the tters the light 

Fig. 10. A piece of white paper intercepts the light and scatters 
it, becoming a brilliant secondary source of light. 

paper is placed in the path of the rays, the box and the 
room are illuminated (Fig. 10). It is quite helpful on 
some occasions to remember how much of a ray can be 
turned aside in this way. If, for example, one has to 
change a tyre on the car in a country lane at night and 
the electric torch has been forgotten and the lamp will 
not turn round to look in all directions, one can get 
a fine illumination by holding a piece of white paper in 
front of a headlight. All this is readily to be understood 
if the ray consists of a train of waves. 

So far then we have found two characteristics in these 
ripple motions which correspond to properties of light 
with which we are familiar. They can pass through 
each other freely and they are reflected at a surface just 
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as light can be. Let us therefore accept as a possibility 

the hypothesis that light is a wave motion. We ask at 

once, in what? And we have to admit that we are not 

aware of any medium in which these waves can move. 

The air will not serve, because sunlight crosses the space 

between sun and earth where there is no air at all. But 

our previous ignorance of the existence of such a medium 

does not forbid us to suppose that it exists. At any rate 

we find it convenient for our present purpose to assume 

its existence. 

We may well ask now whether these waves are always | 

carried by the same medium. Are they carried by the air 

when they go through the air, by glass when they go. 

through glass, and by something unknown on earth 

when they cross the apparent emptiness of space? ‘The 

answer to that is that we get a good picture of what hap- 

pens in all these cases if we suppose that the medium 

which carries the waves of light fills all space, including 

places where there are glass or air or anything of that 

sort: in fact all space whether there are material bodies 

there or not. We must think of all bodies that we can see 

or feel as immersed in a universal ocean. We give it a 

name, the ether. When light crosses a space where there 

is a material substance the waves are carried by the 

ether: nevertheless, the substance has its effect, it may 

slow down the rate at which the waves travel or stop 

them altogether. We shall go into these matters presently. 

But does this strange medium really exist? ‘This 

is a question which we ask at once. And yet when we 

come to think what answer we shall give, we begin to 

doubt whether there is any real meaning to the question, 
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whether in fact it is a proper question at all. We soon 

get into deep waters if we try to picture to ourselves 

what is meant by ‘really existing.’ Fortunately we need 

not try: and ought not to try: because if we do we shall 

be straying away from our object which is to gather to- 

gether our observations on light and find how they are 

connected with one another. We find that many of them 

are such as remind us of waves running through a me- 

dium, and so adopt this useful way of considering them. 

It may be that all the effects of light cannot be repre- 
sented in this way: in fact we find that there are some 

which cannot be fitted into this scheme. But that does 

not matter for the moment. When it becomes clear 

that our first conceptions are insufficient we can modify 

them or change them altogether. Till then we find 

them most convenient and helpful. 

The Sideways Spreading of a Ray of Light 

It may be urged as an objection that if the ray of light 

which crosses the room consists of a long train of waves 

rippling through the-ether, the ray ought gradually to 

diffuse itself sideways: that the edges of the ray ought not 

to be so sharp as we see them to be. The objection is 

quite natural, and there is, indeed, such a spreading, 

but it is so very small that it is not in this case observable. 
That does not happen always: in some circumstances the 
spreading is a very important matter, causing some of the 
most striking and even the most beautiful of Nature’s 
sights. That which determines the importance of the 
spreading of a ray of light is the relation between the 
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length of the wave and the width of the ray. The wave- 

length of the light that we see is round about the thirty 

thousandth of an inch, or the ten thousandth of a centi- 

metre, and is very small in comparison with the width of 

our ray. If the latter were only a small fraction of a 

centimetre there would be noticeable results from the 

tendency of the wave motion to spread out sideways, as 

we shall see later. Suppose that a local storm raises the © 

waves on some part of an ocean and drives them for- 

wards. If the path of the storm is a hundred miles wide 

the gradual opening out sideways is comparatively 

small. One may watch the effect on a much smaller - 

scale on the still water of a pond when a puff of wind 

raises a train of tiny ripples which goes forwards, having 

an undisturbed surface on either side. Even in these 

cases the ratio between the wave-length and the width 

of the ray is far greater than in the case of a ray of light. 

Images 

Let us now go on to consider another matter which 

also our ripple tank can illustrate. A finger is dipped in 

the water and the waves spread out in circles in a way 

that is quite familiar. They come to an edge of the 

tank. They are reflected, and we observe that they 

still preserve the circular form: but the centre of the new 

set of circles is a point outside the tank. If we imagine a 

straight line to be drawn between this point and the 

point where the finger touched the water, the edge of 

the tank bisects this line at right angles. The reflected 

ripples seem to be diverging from the new point 

(Fig. 11). 
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Just in the same way, when the waves spread out in 

circles from such a source of light as a candle and fall on 

the flat and polished surface of a mirror, the waves 

the candle seem to spread, 

after reflection, from a 

corresponding point behind 

the mirror. Ifsome of these 

waves enter our eyes we 

imagine that they actually 

come from the latter point, 

and as the light is of the 

sort that comes from a 

candle, and as each point | 

of the candle is represented 
. we imagi in this way, c gine Fig. 11. Reflection of circular ripples 
that a candle is placed at the side of the tank. Originally 

; diverging from F, they appear after 
there: for which reason we reflection to diverge from F’. 

say that there is an ‘image’ of the candle in the mirror 

which is just as far behind the mirror as the candle is 

in front of it. 

Wherever we are when we receive these reflected 
waves they seem to come from the same point, because 

their form is spherical —- on the ripple tank the motion is 

plane and the ripples are circular — and they proceed as if 

from the image as centre. Therefore, when we move our 

eyes about in front of a flat mirror or look at reflections 

in the surface of a still sheet of water, the reflected 

objects seem to keep their places while we move about. 

Each point of the image is just as far behind the reflecting 

surface or its continuation as the corresponding point in 
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the original. The accompanying illustrations may help 
to make this clear (Plate IIa ; Plate III). 

Reflection at Curved Surface 

When reflections take place in curved mirrors the 
matter is not so simple, as we know. If we look into the 

a Curved barrier 
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i, * A dicular line is drawn to join any point in this picture to its image in the -pendic : Paw , ah eet by the water level underneath that point. The artist’s eee 

i ne ‘make these levels easy to trace. For example, the water level under the roa i 

: EPs back of the Church is found by continuing a line joiming the points where the \ oe) arch on its nearer face dips into the water on the two sides of the stream. (p. 22) 

a> | ; 
: - ; a | Fig. 12. Reflection of ripples at a convex surface. The centre of the re- 

flected ripples Fr, is now. much nearer to the surface than the origirial source zz F. The reflected ripples are now only approximately circular: but the differ- 
ence is only obvious when large arcs are considered. : 

‘ 
curved convex mirrors, which are so often used for | 
purposes of decoration, we see the objects of the room 4 
collected together there on a diminished scale: also 4 
they are somewhat distorted and move slightly as we ' 
move our heads. The ripple tank may be used to illus- q : 
trate the point. 

| A curved barrier is placed in the tank to reflect the q 
ag | i B. A stereoscopic view of a cloister in St. Michel. The two pictures are : r taken from slightly different points of view. (p. 28) 
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waves: its convexity faces the place of dipping. We now 

see that if a set of circular ripples is set going as before, 

the reflected set of waves is more sharply curved than the | 

original. They still seem to come from a point behind 

| 

| 

The 
ne 

the barrier, but it is not so far behind the barrier as the | 

point of dipping is in front (Fig. 12). The same effect 

must occur in the case of light: it is illustrated in Fig. 13. | 

From this experiment we may see why, when we look at 
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The image of 

A straight line joining the lens of 
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the camera to its image is perpendicular to the 
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Reflection in a plane mirror 

the top of .the candle to its image. 

the camera is dimly seen on the right just above * according to the laws of perspective. 
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Fig. 13. Optical reflection at a convex mirror. The rays from P and Q 
seem after reflection to come from p and q respectively. Any eye receiving 
some of the reflected rays imagines that there is a candle at p g, reduced in 

size. 
for instance that which joins 

drawing illustrates this point. an image in a convex mirror, the object pictured (im- 

agined) seems so much smaller than the original (real) 

because the various points which correspond to different 

: points of the original are all crowded together. We see 

a whole room pictured in miniature in a convex mirror 

that hangs upon the wall (Plate IVa). 

_ When the reflected surface is curved the other way, 

the results are of course of the opposite nature (Fig. 14). i 

The ripples that spread out in circles are reflected 

approximately in circles as before: but if the surface is . 

sufficiently curved they no longer seem to come from a | 

point behind the mirror. On the contrary they converge — | 
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upon a point in front. If the dipping point is at the 
centre of the circular reflector the waves return to that 
point after reflection, go through it and then diverge 
fromit. Ifthe dipping point is nearer to the surface than 
its centre, the meeting point or image is further away, 
and vice versa. So, if we place a bright point at the 
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Fig. 14. The reflection of ripples at a concave surface. 

centre of a concave mirror, that is to say the centre of 
the spherical surface of which the mirror is a part, the 
image of the point is also at the centre: if we move the 
point inwards the image moves outwards, and vice 
versa (Fig. 15). Also if we move the point upwards the 
image moves downwards, and again vice versa. If we 
place a candle in front of the mirror, the image of the 
top 1s depressed, and that of the bottom is raised for the 
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A. Reflection in a convex mirror. 
The images of the objects in the 
room where the photograph was 
taken appear right way up, dimin- 
ished in size and distorted. The 
image of the camera is to be seen 

on the left. 
The mirror is part of a spherical 

surface which has a centre C. 
A straight line drawn through the 
middle point of the lens of the 

_ camera, and through the image of 
that point must pass through C, 

‘ ; starting from the lens and going towards Cc must come straight back again 

ee eflection. Thus C must lie behind the middle point of the image of ine oe in 

the photograph. In the drawing which represents some of the principal features O es 

photograph, the point C is marked. The dotted lines show that the straight line joining eac 

point in the drawing to its image, for example P to p, goes through C as it ought to do, 

because the line joining any point to its image must pass through the centre of the lens. 

(p. 23) 

Bos A photograph of an experiment arranged to demonstrate the principle of the 

pinhole camera. The explanation is given in the text. (p. 32) 
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same reason, so that the candle seems to be upside down: 

and also its right and left are interchanged. 

If the dipping point in the tank is half way between the 

curved surface and its centre, the waves after reflection 

have lost nearly all their curvature, and travel outwards 

in approximately parallel straight lines. They will re- 

tain their form and strength for a long time. When 

Fig. 15. Optical reflection at a concave mirror. 

waves diverge as if from a point behind the mirror they 

weaken by spreading: and if they converge they pass 

ultimately through a point from which they diverge and 

again they weaken. Ifa ray of light is to be projected 

a long way, it is best to arrange that in the beginning it 

neither converges nor diverges. In the case of a circular 

mirror this is approximately realised when the source of 

light is in the half way position. But the circular form of 

mirror is not very successful except when the mirror is 

- small: it is not possible to obtain reflected waves that are 

quite straight. A parabolic form of reflector is required 
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and the source of light must be at the focus of the 

parabola. 
Seeing 

Now let us think a little more about the process of 

‘seeing.’ How do our eyes take in all the details of an 

object and judge its appearance and position? The one 

essential fact is, that when waves of light fall upon any 

substance, they are scattered. If the scattered rays 
come to our eyes we can judge of the direction from 

which they last came. That is one item of news that 

helps us to ‘see.” Moreover, we can determine the dis- 

tance to a certain extent, basing our estimate on the 

magnitude of the effort we have to make to see the 

object clearly. Most of us have to ‘screw up’ our eyes, 

as we say, if we want to see something which 1s close: and 

to release the eye muscles when we want to see far-away 

objects. Later we shall see why. But this is not the 

only way of judging distance: and, I should imagine, a 

comparatively ineffective way in general. There are at 

least two others of which we make great use. The first 

of these is by an estimate of the position of the object . 

relative to other objects. We look, for example, at a 

small object, a watch let us say, placed upon a table a few 
yards away. We find that we can judge its position with 

considerable accuracy: we may be able to estimate 

approximately the distance from our eyes and the height 

above the floor. On what do we base this estimate ? In 

part on a survey which we have made, almost uncon- 

sciously, of the object and its surroundings, and on a cal- 

culation based on thesurvey. First of all we ‘run our eyes’ 

over the object. The eye can be moved so that the waves 
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scattered from each point of the object in turn are clearly 

impressed on the most sensitive spot of the retina. We 

receive different impressions from each point of the 

object, and these are telegraphed along the nerves that 

lead to the brain. There, they are collected and 

examined, and long practice has enabled us to interpret 

them as due to the scattering of light by a watch. 

Probably we do not look very carefully at each point: 

in fact we may be too far away to do so. But we know 

the general appearance of watches, we may have seen 

where it came from and had it in view while it was 

being placed on the table; we put together various facts 

of this kind: all is done without conscious thinking. 

Having got so far we proceed with our sub-conscious 

argument in some such way as this: a floor-space of so 

many yards separates us from the table, the latter is of 

the ordinary height and the watch lies in the middle 

of it. From such observations and arguments we form 

our idea of the position of the watch. In doing so 

we are of course making use of the long practice of 

years. 
It is not difficult to convince ourselves that this sur- 

veying and estimating are quite important. We put it 

out of our power to make the survey and we find that it is 

much harder to tell where the object is. A black ball is 

hung by a thread which may be visible near the ball, but 

loses itself higher up, and we do not see the point of sus- 

pension. We do not know the size of the ball, and we 

lose the assistance which formerly we gained by knowing 

the general size and character of the object. We coverup 

one eye, for we have not yet discussed the combination 
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of the two eyes which is also important. If then we 

look at the ball, we find it is not at all easy to tell how far 

it is away. We shall probably begin to sway the head 

from side to side, so as to get some idea of how far away 

the ball is from the wall or ceiling that makes the back- 

ground, and if we can make out any details in the back- 

ground and know how far that is away, then we may 

learn something about the position of the ball. But this 

is not fair because we have then made a new use of the 

method of survey and sub-conscious calculation. 

We may easily find other cases of the same difficulty of 

estimating distance, when only one eye is used and the 

means of survey are not present. If for exampie we 

lie under a tree in leaf and look up through the branches 

— using one eye only — and if we look in such a direction 

that we cannot learn positions by following the boughs 

to their point of junction, we find it very hard to say how 

far one spread of leaves is behind another. 

Binocular Vision 

Finally we come to the combined use of the two eyes, 

and find here a very effective method of judging distance 

which depends on a principle differing entirely from all 

that we have considered hitherto. The two eyes do not 

see exactly the same picture: and the brain has learnt 

by practice how to judge the relative distances of objects 

by taking account of that difference. The eyes are close 

together and the difference between the two pictures is 

very small: it is amazing therefore that the effect pro- 

duced should beso great. If we compare a pair of stereo- 

scopic photographs such as are illustrated in Plate IIs, 
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we find these smail differences everywhere. ‘The subject 

is a Cloister in the church on Mont St. Michel. Observe 

how the pillars in the background are related to those 

in the foreground. In the left hand picture the former 

are more to the left of the latter than they are in the 

right hand picture: the two pictures have been taken 

from different points of view, just as they would be seen 

by two eyes. The stereoscopic camera_is an optical 

device by which each eye is made to see-its proper 

picture, and this gives the illusion of space. The success 

of this plan shows clearly how effective is the combina- 

tion of the two eyes in enabling us to judge the distances 

and the mutual positions of objects. This power is con- 

fined to a very limited number of living beings: man 

possesses it, and perhaps a few other vertebrates. Most 

animals cannot make use of binocular vision, as we may 

clearly see from the disposition of their eyes. 

Pinhole Images 

We have been considering the main principles that 

govern the reflection and scattering of light from 

surfaces on which the light waves fall. Let us consider 

one or two additional illustrations of their application. 

When sunshine pierces its way between the leaves of 

a tree and makes little bright patches of light upon 

the ground, we notice that they are not angular but 

rounded: they make a ‘dappled shade.’ The openings 

in the tree through which the rays have passed are 

bounded by the edges of leaves, and are themselves of 

angular form: clearly they cannot be the determining 

factors of the shape of the patches on the ground. As a 
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matter of fact these take their form from the sun, and 

we can see how this must be. 

Let the upper circle 

of Fig. 16 represent the 

sun, and letA be a little 

aperture in a screen of 

some sort: it may be the 

foliage of a tree. From 

one edge of the sun’s 

disc, marked S, rays 

stream down through A 

at s: whence they are 

scattered. Someof them 

enter our eyes, and be- 

cause they are of the 

sort that come from the 

sun we imagine that 

there is at s something 

which sends out rays as 

the sun does. Rays from 

Q make an image at q, 
Fig. 16. The upper circle represents the A ; 
sun and the lower its image upon the and so for each point on 
ground, due to the passage of sunlight r 
through the triangular opening between the the sun’s disc. Thus 
leaves. Each bright point upon the sun ; ; 
makes its own bright triangular patch upon there is an image of the 
the ground: the sum of all is the circle on 

the ground, with its penumbra. whole sun upon the 

ground. The smaller the opening at A, the more perfect 

the picture. This will be clear if it is first realised that 

the rays from a single point such as S make upon the 

ground a patch of light of the same form and size as the 
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opening. The whole patch on the ground may be looked 

on as an assemblage of these separate patches made by 

all the points of the sun’s disc. In the figure the opening 

might have the shape of A: then the large patch on the 

ground would be an assemblage of triangles like A. It is 

not possible to draw them all, but a few are put into the 
figure to help the explanation. When the opening is 

very small compared to the size of the whole patch, the 

fact that each point on the sun does not make a point 

upon the ground but a patch of the size of the opening 

does not have a noticeable effect. Though a small 

opening does not let through much light, the picture it 

makes is round like the sun for the reason given. A 

large opening lets through more light, but the larger it 

is the more does the patch on the ground lose the round 

shape of the sun and take that of the opening. The 

drawing of Fig. 16 will help to make this clear. Only the 

less briliant patches look round. The photograph of 

Plate Va, showing this effect, was taken in a sunny 

garden. During an eclipse of the sun the patches become 

crescent-shaped. | : 

Obviously there is no sharp edge to these pictures, 

because the overlapping pictures of the opening do not 

add together their effects so well at the edge as in the 

middle. This half tone effect is called the penumbra, 

the half shade that separates the full shade from the 

bright portion of the picture. 

It is easy to demonstrate the pinhole effect. In front 

of a bare arc light is placed a piece of smoked glass, a 

few inches away. A small hole is made with a pin in the 

smoke layer, and at once there is a patch of light upon the 
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screen a few feet away, which we recognise as a picture 
of the burning arc. If a number of small holes of all — 
shapes and sizes are made, each gives rise to the same 
picture on the screen. Only when the hole is quite large 
do we find that its form is having any effect upon the 
shape of the picture. 
A photograph of the experiment is shown in Plate IV. 

The arc lantern is at the back upon the right and the 
small bright square is the smoked glass which intercepts 
the issuing beam of light. It looks white although it is 
covered with a sooty layer, because it is so brightly lit - 
by the lantern. The holes in the layer are too small to 
be seen easily in the photograph : an enlargement of the 
glass is therefore shown in Plate IVc. The screen on 
which the images are formed is viewed from the back. 
It will be observed that these images correspond in 
position with the holes in the screen. Each of them has 
a double appearance representing the bright terminals 
of the two carbons: and all of them are alike though the 
holes vary much in shape. 
A pinhole camera operates on this principle; it gives 

accurate pictures but the exposures must be very long. 
A quaint illustration of the pinhole effect is given in 
Plate Vc. | , 
When an object is held in the light of the bare arc, at 

some distance away from it, and close to the screen, the 
penumbra is almost invisible, and the outline of the 
shadow is very sharp. | 
We take a card cut boldly to show the principal out- 

lines of a face. When it is held before the bare arc it 
has a bony look. But when the flame of a candle is 
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PLATE V 

A. The photograph taken in a sunny 

cvarden shows the shadow of bushes upon 

‘4 wall. The hand and its shadow show 
the general disposition. The many small 
bright circular spots are ‘pinhole images 

of the sun. (p. 31) 

B. This figure is taken from Guillemin’s 
Forces of Nature. The outlines of a 

sharply cut card are softened in. the 

shadow by the ‘penumbra’ effect. (p. 32) 

C From a drawing in Guillemin’s Forces of Nature, illustrating the action of a 

pinhole camera. (p. 32) 
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substituted for the arc, the penumbra borders the sharp 

outline and the softer contours give the picture a 

A. Four squares of sateen, | more natural appearance (Plate VB) 
cut from the same piece are 
arranged on a board, so that 
their threads lie in different { 

directions. The observer has Lustre 
the board in front of him and 

the light behind him. They — Another interesting example of the effects of reflection I 
appear to be of unequal ; ‘ ; | lf 

brightness. (p. 33) is to be found in the lustrous effects which some woven 

materials possess naturally or have impressed upon them. 

It is not easy to say exactly what we mean by lustre, 

but it seems to be essential that light shall be reflected i 

when we do not expect it. A lustrous object is not 

merely a good reflector. If that were so a quick- ) 
silvered mirror would be the most lustrous object of all, J 

20000//0\00000//0\202002 

Fig. 17. A mode of weaving which gives lustre to the material. Many 
threads lie parallel to one another giving a wavy form to the surface. 

whereas we should all agree, that it has no lustre what- 

ever. We can test this idea of the nature of lustre by a 

simple experiment. A light from the lantern falls at an 

angie on a piece of sateen; a coloured sateen is the best 

for our purpose. The source of light is behind us, and 

the reflected light from a mirror put in the place of the 

material would not enter our eyes at all. But if the 

| | sateen is turned round in its own plane, each of us sees 

it flash out for a moment —in fact, for two moments —_ 

during each complete revolution. To make this plain, 

all other lights in the room are turned out. Now, where | 

does the flash come from ? (Plate VIA). ) 
B. The reflection from the Japanese: ‘magic mirror’ is thrown upon the lower part of the | If th : 2 oe ae: 

screen. On the upper part is a photograph of the back of the mirror, projected by a lantern material is examined under a magnifying glass, 
from the back of the theatre. The correspondence between the two pictures is obvious. DL 

33 This is a composite photograph. It is arranged to show the manner of the experiment as 
well as the result; and in consequence the balance of the tones is wrong. The theatre 

actually looks brighter than the screen, which is, of course, not the case. (p. 35) 
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the threads of the warp are seen running parallel to one 

another. The material is so woven that on one surface 

of it, the shining side, the threads run over several of 

the weft threads before dipping under; the illustration 

(Fig. 17) will help to make this clear. There is therefore 

a large display on this surface of threads lying even and 

parallel. Now when the reflected light flashes out 

in the experiment these threads are perpendicular to 

the line bisecting the angle made by the two lines 

joining the material to the light and to our eyes respec- 

tively (Fig. 18). The surface is, in fact, furrowed, and 

the reflection of the light 

takes place at the edges of 

the furrows. Each thread 

must have a good reflect- 

apart from that, the effect 

is obtained by laying them 

parallel with each other. 

On the under-side of the 

material, where there is not 

; j such an obvious arrange- 

Fig, 18. The diagram shows bow.# ment in one direction, 
ee there is far less lustre. The 

regular arrangement of the furrows is clearly at the 

bottom of the effect. One gets the same effect in a newly 
ploughed field, where the sides of the furrows are still 

shiny from the stroking of the plough; and on rippling 

water when a light shines upon it. 

For this reason the furrowing is sometimes intensified 
by machinery. The material is passed between heated 

34 

ing surface, of course; 

THE NATURE OF LIGHT 

rollers, on which fine parallel grooves have been cut, 

and this has the desired effect. The process is known as 

‘schreinering,’ being named after its inventor. 

The Magic Mirror 

Lastly let me draw an illustration from one of the so- 

called ‘magic mirrors’ of Japan. It has a very peculiar 

property. The front is very nearly plane, and does not 

appear to have any unusual characteristics. On the 

back is a deeply-marked pattern, which it took from the 

mould in which it was cast; this is shown in Plate VIB. 

If the mirror is held in the rays from the lantern, so that 

the front casts a reflection upon the screen the pattern 

on the back is contained in the reflection. It looks as if 

the pattern had shown through, and yet this is obviously 

impossible because the mirror is of metal of some thick- 

ness. It is this curious effect which seemed to those who 

observed it to be due to magic. ‘There is, however, a 

very simple explanation which was given by Professor 

Ayrton in the theatre of the Royal Institution fifty years 

ago. It depends on the principles we have already been 

considering: and in fact is an illustration of the laws of 

reflection from curved surfaces. 

Professor Ayrton and his friend Professor Perry once 

held higy positions in the education system of Japan. 

Mirrors resembling this magic mirror are very common 

objects: part of the standard equipment of every lady’s 

dressing room. Ayrton and Perry were very interested 

to find that a small proportion of the mirrors exhibited 

the ‘magical’ property. The property was strange 

35 



UNIVERSE OF LIGHT 

enough in itself: and it was even more strange that no 

one knew why only one or two mirrors in every hundred 

possessed it. They made many enquiries; they found that 

in China much attention had been given to it and that 

queer explanations had been suggested, none of which 

they could accept. Finally they arrived themselves at a 

satisfactory solution: it was suggested by an accidental 

observation. One of the mirrors had a deep scratch on 

the back, made by a blunt nail: and they saw that the 

scratch showed in the picture thrown by the mirror of 

the front face. They connected this fact with the circum- 

stances of the manufacture of the mirrors. When the 

Fig. 9. A Japanese workman polishing the kind of mirror 
that gives the ‘magic’ effects. From Silvanus Thompson’s 
Light Visible and Invisible, being a portion of a Japanese print 

in the British Museum. 

Japanese workman has cast his mirror, with the pattern 

on the back, he places it on a board and begins to 

smooth out the irregularities of the face by the use of a 

scraper. Fig. 19 shows him hard at it. Whenever he 

presses on the mirror it bends. He draws stroke after 

stroke until he has covered the face with a series of 

parallel movements, and as he does so the thinner parts 
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of the mirror bend and give to the tool more than the 
thicker parts which lie over the prominences of the 

pattern. Thus the thinner parts escape to some extent 

the action of the scraper, and when the pressure has 

passed they recover and rise slightly above the average 

level of the face. When the workman has finished one 

set of parallel scrapings he makes another at right angles 

to the first and then others in other directions. Finally, 

the mirror is covered with slight elevations which repeat 

the pattern on the back: it becomes an assemblage of 

slightly convex mirrors. When the waves of light are 

reflected from the face they are not reflected evenly: 

they converge and diverge and the manner of the 

disturbance is directly related to the pattern on the 

back. It seems very strange that so slight a departure 

from the regularity of the surface should produce an 

effect so obvious. But perhaps we may compare what 

we see here with other observations that we have made. 

When we use the ripple tank the shadows cast on the 

screen are clear enough: they are due to the bending of 

the light by the ripples, and yet the ripples themselves 

are not at all easy to see when we look for them on 

the surface of the water. Perhaps we have noticed the 

ripples on the ceiling when water outside the window, 

or it may be a porthole, is stirred by a very light breeze 

and reflects the sunshine. 
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CHAPTER II 

THE EYE AND VISION 

How Confusion on the Retina is Avoided 

WE have seen that light may be considered to be a’ 

wave motion which, spreading outwards from its 

source, is scattered and reflected and, it may be, 

altered by the various objects which it meets succes- 

sively. When the light enters the eye it brings news 

of the source from which it has come, and of its ex- 

periences on the way. In particular it tells of the last _ 

encounter with a material object before entry into the 

eye, and so enables the owner of the eye to ‘see’ that 

object. 

When a confused medley of radiations enters the eye, 

having come from many sources, and been scattered by 

many objects, it must be sorted out to become intelli- 

gible. At the back of the eye is the retina, a surface 

sensitive to light. . If each of the sets of waves that enter 

the eye were spread over the whole of the retina the dis- 

entanglement would surely be difficult. There is a 

device, therefore, which gathers together the waves 

coming from each and every external point, and con- 

verges them upon a corresponding point on the retina. 

Thus all the details of the-view are impressed upon the 

retina in their proper places relative to one another, and 

each with its proper character. The whole is then 
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referred to the brain by way of a complicated system of 

nerves, and is there interpreted. We may say that a 

picture is formed on the retina, but we must not take the 

statement too literally. The act of vision does not re- 

quire the formation of a small picture in the eye, 

correct in colour and detail, upon a background like a 

piece of white paper or the ground glass of a photo- 

graphic camera. It is sometimes imagined that such 

a picture is actually made 

and is then regarded by 

some sensory organ, as we 

look at a picture on the 

wall. - 

In order to effect the sort- 

ing of the medley of radia- 

tions advantage is taken of 

the fact that light travels in 

different media with differ- Fig. 20. The line a a and the others 
oie ° that are parallel to it represent ranks 

ent velocities. Light travels marching on the smooth ground. On 
entering upon the rough ground the 
ranks are swung round and become 
parallel to bb. They also close up. 

in glass for example, at about 

two thirds of its velocity in 

air: in water, at about three quarters. Now, if an ad- 

vancing wave enters a medium in which it moves more 

slowly, and if it strikes the surface of separation obliquely, 

it swings round, because one part of the wave is checked 

before the other. A very familiar example of this 

change of direction is to be seen on the sea-shore, where 

the waves, as they roll in, always break in lines that are 

parallel to the beach, whatever the direction in which 

they have been moving further out to sea. Their speed 

grows less as they enter the shallowing water, and so 
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those parts of the wave system which are ahead of the 

rest are held back until the alignment is complete and 

follows the contour lines of the beach. _ | 

In the same way soldiers on the march are apt to be 

deflected from their proper direction if they strike, 

obliquely to their ranks, a patch of ground where 

walking is more difficult (Fig. 20). 

An actual experiment will illustrate the point. A 

Fig. 21. The dotted portion of the diagram, represents sand spread upon 
a table. The pair of freely running wheels is rolled towards the sanded 

area and swings round on reaching it. 

pair of wheels running freely on a common axle may be 

set in motion upon a board, so as to come obliquely upon 

a sandy patch where motion is more difficult. The 

wheel that strikes first is held back, and the direction of 

the movement is changed so as to become more nearly at 

right angles to the line where the sand begins. (Fig. 21). 

It is not difficult to see now how a set of advancing 

waves may be made to converge upon a point. It 1s 

only necessary to arrange that the centre of the advance 

shall be obliged to cross some space where the motion is 

slowed down, while the wings are allowed to run on. If 

this space is correctly outlined the waves then take a 

crescent shape, and as all parts of a wave move forward in 
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a direction perpendicular to their own particular sec- 

tion of the front, the motion gradually converges upon a 

point and piles up its energy there. Such a point is 

called a focus. The waves pass through this point and 

diverge again in ever widening circles. 

The effect may be illustrated upon the ripple tank. 

A sheet of glass is cut so that its outline is that of the 

\ 
| 

| 

J 
Fig. 22. The ripple tank is seen from above. A sheet of glass G cut in the 
form of a section of a lens is laid on the floor of the tank, diminishing the 
depth of the water which is usually about a quarter of aninch. The ripples 
travel more slowly in the shallow water. Thus they are made to converge 
upon a point F: after passing through F they diverge. The ripples are started 
by a lath L which dips in and out: the barriers B B prevent the ripples from 

passing by the sides of the lens. 

section of a lens, and is laid upon the floor of the tank. 

The water above it is more shallow than elsewhere, and 

waves when they cross it move more slowly. Waves 

can be set in motion by a wooden lath parallel to the 

surface of the water which vibrates at the end of a spring 

and dips in and out of the water continuously. ‘The con- 

verging process is obvious: though it is far from being 

as definite as in the case of light (Fig. 22. See also 

Plate VIIa). 

When therefore, a glass lens is placed in the path of an 
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advancing train of light waves, the thicker central por- 

tions of the lens check the waves more than the outlying 

thinner parts, and the light is brought to a focus, through 

which it passes and begins to spread again. The effect 

is shown by the simple experiment of Fig. 23 and indeed 

is very familiar to us all. ; 

The water tank analogy gives an idea of the nature of 

the process, but unless something more is said, it may 

leave a misleading impression that the action of a lens 

upon a ray of light is lacking in precision. The very 

a 
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Fig. 23. This diagram shows the action of alens. The rays from the lantern 
are made to converge upon a focus from which they afterwards diverge. 

contrary is the case. Rays of light emanating from 

a point source can be brought to an extremely sharp 

focus if the lens is properly designed and constructed. 

That is because the waves of light are very short in com- 

parison with the dimensions of the lens. In every inch 

of the train there are tens of thousands of waves, and 

when this is the case the train moves forwards with very 

little spreading. When directed to a particular point 

there is extremely little wandering from the path that has 

been set. The fact is an example of a general law of the 

greatest importance, of which we shall see other exam- 

ples from time to time. So minute are the waves that 

the very highest technical skill, on the part of the glass 

worker and the lens grinder, is required to take full 

advantage of the opportunities given to them. There is, 
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indeed, a limit to what can be done, but it is not reached 

until the work is on so fine a scale that the very molecules 

of the glass must be regarded as separate bodies. The 

glass of a lens of high quality must be homogeneous 

throughout, a matter of great difficulty if the dimensions 

are of any magnitude: the calculation of the form is an 

intricate matter, and the grinding must conform to it to 

Fig. 24. These diagrams show the converging action of the lens for various 
relative positions of lens and source. 

a hair’s breadth and less. There are, of course, many 

ordinary purposes which do not exact so much from the 

skill of the optician. 

If we make the source of light approach the lens, the 

focus recedes. This is entirely in accordance with the 

view we have formed of the way in which the con- 

vergence is brought about. The lens checks by a de- 

finite amount the motion of the waves that pass through 

its centre, and this amount effects a certain change in the 

form of the wave, causing it to converge when previously 

itdiverged. Clearly, the greater the previous divergence 
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the less will be the convergence which is substituted 

for it, as Figs. 23 and 24 show. If in fact, the source is 

brought sufficiently near the lens, the waves will not 

diverge at all after passing through. All that the lens 

has been able to do is to destroy their previous diver- 

gence, so that they now become plane waves, and travel 

without further divergence or convergence to a focus. 

The distance of the source from the lens when this takes 

place is known as the ‘focal length’ of the lens, and the 

point is called the principal focus. ‘There is an obvious 

reverse to this effect. Plane waves, 1.e. waves coming 

from a point very far away, will be made to converge 

upon the principal focus. 

If the source of light is brought nearer still to the lens 

the divergence is only partially removed: the light still 

diverges, but as ifit came from a source further away. 

In all these cases the source, the centre of the lens, and 

the focus are in a straight line. This follows from the 

fact that the lens, at its middle point, behaves like a piece | 

of plate glass; a ray going through the centre is not bent. © 

The various operations which are illustrated in this 

series of sketches, operations which we can easily carry 

out upon the lecture table, can only be approximately 

successful. A lens can be designed to bring to a focus at 

any point with great exactness the rays that originate at 

another point: but it must be designed for those two 

points. Itis not to be expected that the focusing will be 

equally exact if the distance between those points is 

altered in the way that we have been doing. A lens that 

is to function over a considerable range will not be very 

accurate over the whole of it. In general that is good 
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enough. The experiments described above can be 

carried out with a comparatively imperfect lens. It is 

a different matter when the microscope or the telescope 

or the camera have to be designed for specific and 

closely defined tasks of great difficulty. Every photo- 

grapher knows what a wide difference exists between an 

ordinary camera lens and the best of its kind. 

‘The Image Formed by a Lens 

Now that we see how the rays emanating from a point 

on one side of a lens can be brought to a focus at a point 

on the other side, we can understand how a lens can 

form an image upon a screen. 

Consider for example the photograph reproduced in 

Plate VIIs showing the image of an electric lamp. 

The lens seen edgeways in the centre of the picture 

brings the rays from the lamp on the right to a focus 

upon the screen on the left. Rays which come from each 

separate point of the glowing filament and pass through 

the lens are made to converge at a point upon the screen. 

The positions of lens and screen are adjusted for this 

purpose. The two points are in line with the centre of 

the lens. After striking the screen at the rays which 

came originally from P are scattered again, and an eye 

that received a portion is affected as if there were at p 

a source like P. As there is a corresponding image for 

every point of the original, the whole of the latter ap- 

pears as an image upon the screen. It is inverted: its 

size depends on the relative distances of the filament and 

its image from the screen. 

This principle is used in many optical arrangements, 
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A. This photograph shows the converse 
effect of that illustrated by Fig. 22. Ripples 
are started from a point on the left, and 
pass over a glass sheet cut in the form of 
a lens. They diverge from the point, but 
the lens destroys the convergence; on 
the right of the picture the ripples have 
become rectilinear. The point is at the 
principal focus of the lens. The photo- 
graph was obtained by a time exposure, 
during which flashes of light lit up the 
ripples in time with the movement of the 

dipper which started them. (p. 41) 

for instance, the photographic camera. In this case the 

sensitive plate replaces the screen of Plate VII B; it is, of 

course, sheltered from any extraneous light by the body 

of the camera. The image of external objects is formed, 

inverted and much diminished, on the plate. 

The Optical Arrangement of the Eye 

The optical arrangements of the eye resemble in 

principle those of the photographic camera. The lens- 

Fig. 25. 

the cornea 

the retina 

the optic nerve 

aqueous humour 

the crystalline lens 

vitreous humour 

the iris diaphragm 

the blind spot 
( 

the yellow spot, or macula 

lutea 

shaped mass L, (Fig. 25) and the humours L, and L, SNe tong altige e eee ecter ear gte sel By ee ee 
that fill the spaces before and behind the lens all reduce was being taken in order to cut down the light fom the filament, which otherwise: would 
the speed of light as it passes through them, L, more , ) ae lee a ean ee ee ce Fogle 

than the others, and do so more in the centre than at the - | Oe eee a ee ie ee ee 
edges of the eye. ‘Thus, as before, the diverging waves ee Hee eae tite tens aes) 
that meet the eye are made to converge upon the retina, 

which corresponds to the screen of the camera. Here 

also the image of an external object which is formed 

upon the retina is very much smaller than the original 

and is upside down. 

The position of the screen in the photographic camera 
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is capable of adjustment. This is necessary because the 

focus of the rays from a distant point is nearer to the 

lens than that of the rays from a point close to. We are 

familiar with the sight of the photographer adjusting the 

position of his plate to suit the distance of his subject. 

We have the power, as we know, of observing the 

details of objects at various distances, and our eyes must 

therefore possess means of adjustment like the photo- 

graphic camera. These are provided by muscles which 

can alter the shape of the eye and its lens system. When 

we wish to read small print, for example, we are con- 

scious of an effort to contract the muscles about the eye: 

sometimes we find ourselves frowning in doing so. In 

this way we make the eye generally, and the eye lens in 

particular, thicker from back to front and less from side 

to side. ‘Thus the converging power is increased. Most 

of us can contract our eyes until we can see objects that 

are no further away than six to eight inches, but if we 

bring the objects still closer, our vision is blurred. The 

nearer we can bring objects to our eyes, without causing 

blurring, the larger the picture on the retina, and the 

more we can distinguish the details of what we are. 

looking at. 

Optical Defects of the Eye, and Remedies 

The normal eye can often make out the separate 

_ twigs on a tree fifty yards away when outlined against the 

sky and can also be adjusted to see fine details a few 

inches away. Such feats give an idea of the fineness 

of construction which enables minute objects to be 

separately brought to a focus on the retina. Yet we 
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know that all eyes are not equally efficient: some can 
do better at short distances, some at long. Some 

cannot see objects clearly wherever they are. These 

defects from the normal are easily explained by a few 

experiments. 

We set up an apparatus to represent the process of 

vision. The large flask in the figure is filled with a 

liquid containing a certain amount of suspended matter 

which allows the track of light rays to be followed 

Fig. 26. The rays from an arc at s are brought to a focus by the lens and 

the liquid in the flask. The focus is situated on the back of the flask. The 

lens and the liquid represent roughly the optical system of the eye: and the 
back of the flask represents the retina. . 

easily. At S is a bare electric arc or a ‘pointolite’ which 

provides a sufficiently concentrated source of light. Just 

in front of the flask is a lens,so chosen that the light from 

the lamp is brought to a focus on the back of the flask. 

(Fig. 26.) | 

The flask of liquid and the lens may be taken to repre- 

sent roughly the spherical eye ball and the eye lens 

(Fig. 25): the retina is represented by the back of the 

flask, and the rays that are focused there in the first 

arrangement of our experiment correspond to light 

which enters a normal eye and is focused on the retina. 

The rays from a point.are brought to a point. As we 

have seen already this is an important matter since in 

this way the information to be derived from the rays 1s 
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interpreted without confusion caused by rays coming 

from other points and falling on the same place. 

If the source S is moved, up or down or to right or 

left, the image s moves also, but down or up or to left 

or right. In fact there is the inversion that we have 

already seen to be a necessary accompaniment of the 

lens action. The ‘picture’ formed on the retina is upside 

down. Why then it may be asked do we not see objects 

Fig. 27. A source of light s throws a shadow of an object upon a screen 
close to it. The interposition of a lens — of not too short a focus — between 
the object and the screen does not make much difference to the shadow, 

merely causing slight reduction and blurring. 

upside down ? Because when we first began to interpret 

the sensations in our eyes we learnt how to distinguish 

high from low, the top part of an object from the 

bottom. But we never knew how this was done; we 

were content to learn by experiment. Most people are 

unaware that the retina picture is upside down: they 

have never met with any actual evidence that it is so. 

Unless they have observed the action of a lens and 

realised the function of the lens system of the eye, the 

reality will not have occurred to them. 

It is possible to demonstrate the effect by simple 

experiments.! In the first place we place a lens a little 

1 Silvanus Thompson, Light Visible and Invisible, p. 44. 
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distance away from a screen as in Fig. 27; and place 

some simple object close to the lens. It is then observed 

that the lens does not interfere with the casting of a 

shadow of the object upon the screen: and the shadow is 

right way up. 3 

Let the observer prick a hole in a card and, bringing 

the card close to the eye, look through the hole at a 

bright surface, the sky or a bright lamp shade (Fig. 28). 

Rays from a 

bright surface 

Figs. 28 and 29. The eye is placed close to the small hole in the card. Light 

from a bright surface, e.g. the sky, comes through the hole and floods the 

retina so that the hole looks large. Ifa pin and pin-head are placed between 

the hole and the eye, as in the figure, the shadow on the retina must be right 

way up in accordance with the previous experiment. But the appearance is 

as shown in the second of the two figures in this diagram: the pin seems to 
be wrong way up. 

Quite a considerable bright circle will appear to the eye, 

because a considerable area of the retina will be illumi- 

nated. The fact is that the lens is unable to bring to a 

point the rays that diverge so widely after passing 

through the small hole. Now let the pin be held so that 

the head comes between the hole and the eye. It may 

require a little time to get it into place. The shadow on 

the retina must be right way up (Fig. 27), but the inter- 

pretation of the brain will be that it is upside down. 

What the eye ‘sees’ is shown in Fig. 29. 
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It may be pointed out that the image on the retina 

differs from the original not only in being inverted but 

also in being greatly diminished. There is no more 

reason for supposing that we ought to see things upside 

down than for supposing that we ought to see them 

much smaller than they really are. 

If in the experiment of Fig. 26 we move the source 

of light S further away from the model eye, the rays are 

brought to a focus before they get to the retina and have 

begun to spread again when they arrive there. If the 

source S is made to approach the eye, the rays have not 

met in a focus by the time they get to the retina. In 

either case the image is blurred. The same effect must 

occur in the use of the eye unless some arrangement is 

introduced to avoid it. The lens and its accompanying 

optical devices can be modified by the action of the 

various eye muscles, and vision can be adjusted to 

circumstances within certain limits. This power of 

adaptation of various eyes differs greatly. The normal 

eye can be adjusted so that, on the one hand, the details 

of a landscape can be seen with marvellous clearness 

already referred to, and on the other, a book can be read 

comfortably at about ten inches away. But some eyes 

are so made that distant objects appear in a haze: only 

those that are close to can be clearly seen. Such short- 

sighted eyes may be assisted by lenses which are thinner 

in the centre than at the edges: these are known as con- 

cave lenses. Since the eyes converge the waves too much, 

they must be corrected by lenses which open the rays 

out by providing a greater check at the edges than at 
the centre. Conversely the eyes that cannot converge 
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the waves enough must be provided with lenses that 

are convex, that is to say thicker at the centre. Very 

many people find as they 

grow old that such lenses 

=A become necessary, be- 

cause the lens of the eye 

grows flatter with the 

years (Figs. 30 and 31). 

Magnification 

The larger the picture 

on the retina the easier 

it is to make out the de- 

tails of the original, pro- 

vided that each point of 

the original is brought 

sharply to focus. To 

a eel f SSS | ° 

B ==\ make the picture as large 

<==/ must be brought as close 

wi long - sighted eye as possible to the eye: the 

| ene limit is set by the power 

. of the eye system to alter 

===) the divergence of the rays 

===4 and bring about such a 

== convergence that thefocus 

can be aided bya convex lens is on the retina. If we 

Figs. 30 and 31. ‘These diagrams wish to examine an object 

show how eyes that are too long- closely we bring it as close 

sighted and too short-sighted are cor- 
rected for their defects. to our eyes as we can, but, 
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as we know, we have to stop short at a point which is 

pretty definite. That is the point where the power of 

the eye system begins to fail. There is no use in bringing 

the object still closer: the picture will grow, but the 

details will become obscure. In order to get over this 

difficulty it is customary to make use of a lens which adds 

to the converging power of the eye: the ordinary magni- 

fying glass in its various forms. With such a lens (Fig. 32) 

P 

Fig. 32. The unassisted eye can- 
not see clearly any object nearer 
to it than P Q, the image of which 

is p q. 

But the assisted eye can bring the 
object much closer and still form 
a clear image p’ 9’ on the retina. 
This image is much larger than 

pq. 

the object may be brought much closer and clearness is 
not sacrificed to magnification. The ordinary reading 

glass which we pick up in order to see fine print or the 
details of a picture does not magnify very much, and its. 

construction does not require an excessive care. The 

higher the magnification that is required, the greater is 

the claim upon the skill of the lens maker: good work 

is required for the construction of the lens that is used 

by the botanist or geologist, or the watchmaker. More- 

over, there is a limit to the method itself, in spite of the 

lens maker’s skill. The object to be examined cannot in 

all cases be brought sufficiently close to the eye to give the 
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magnification that is urgently required. A very different 

method is employed therefore. 

The Microscope and Telescope 

We may pause to remind ourselves how very much 

these matters mean to us. On either side of those magni- 

tudes which our eyes can see and examine unaided are 

wide ranges of magnitudes which are outside ordinary 

vision. It is of course true that lives could be lived 

without spectacles, magnifying glasses, microscopes, or 

telescopes. But it is also true that without them we 

should know nothing of all that life, friendly and 

unfriendly, which is bound up in the very small, and 

which affects us so closely. We should know no more of 

the stars than that they were bright points in the sky. 

In fact, we should be unaware of untold riches in the 

ordering of the world, and of the universe of which it is 

part. | 

In the new method we first make an image of that 

which is to be examined, and then apply our magnifying 

glass to thatimage. By so doing we gain in two ways: in 

the first place we can make the image much larger than 

the original, and in the second place we can get at it 

more easily. Suppose for example, that a small object 

PQ (Fig. 33), is placed close to a lens L and is brightly 

illuminated. An enlarged image is formed on a screen 

SS. The illumination must be strong so that the image 

may be sufficiently bright even when so greatly enlarged. 

We may now apply our magnifying glass to this image. 

We could receive the image on a white screen at SS and 

look at it from the front. But it 1s infinitely better to 
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look at the picture from the back using a lens as in 

Fig 32: the screen is not wanted then because the rays 

from any point in the original will be brought to a focus 

at a point where the screen was, and will then diverge 

and enter the eye as shown in the figure. Moreover, in 

this way the whole of the light goes to the eye, whereas 

the screen scatters it. 

AS 

Object glass 

: 

Fig. 33. The plan of the microscope. The brightly illuminated object 

Pp Q, scatters rays of light from which the lens L, called the object glass, forms 

an image at ss, much larger than the object. This is examined by a second 

lens called the eyepiece in the manner of the previous drawing, Fig. 32. 

This is the principle of the microscope. There are 

two essentials in the optical system, Fig. 33, first the 

object glass which makes the enlarged image, and 

secondly, the eyepiece by which it is examined. The 

magnifying power of a microscope depends on the 

construction of both these parts. And again it must be 

said that if the best results are to be obtained a very 

high degree of craftsmanship is required. 

When it is desired to aid the eye to see the details of a 

more distant object a similar arrangement is made. In 

this case, however, the object glass cannot be placed near 

to the object, and therefore the image which it makes 
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cannot be an enlargement. An image is made however, 
and the eyepiece or magnifying lens can help the eye 
to do far better by examining the image than the eye 
could do unaided. 

The greater the focal length of the object glass, the 
larger the first image: for which reason a powerful 
astronomical telescope is of great length. But then the 
question of illumination becomes important: since the 
light that comes through the object glass has to be 
spread over the whole of the image. Therefore, the 
object glass must be large if the magnification is large, 
and it is here that the expense of construction begins to 
limit what can be achieved. 

It may be well to repeat a method of approach to this 
question which we have already used in the case of the 
microscope. Suppose that a camera has been set to take 
a photograph. If we look at the ground glass screen 
before a sensitive plate has been put in its place, having 
arranged a black cloth to keep out extraneous light, we 
see a picture of the scene upside down. To this we might 
apply a magnifying lens so as to bring out the details. 
But having got the lens into position, it is clear that we 
shall do ever so much better if we take the screen away. 
The rays that were received at a point on the plate 
and were scattered in all directions now pass straight 
on into the eyepiece without being weakened by 
dispersion. 

Thus, to sum up, there are three stages in the 
advancement of powers of vision. In the first we use our 
unaided eyes: in the next, which applies only to the case 
of minute objects which we can approach nearly, we use 
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a lens or magnifying glass to help our eyes: in the third, 

we first make an image of the object by the use of an 

object glass, and then apply our eyepiece or magnifying 

glass to the image. All microscopes and telescopes are 

built on this principle, however they vary in detail. 

Great ingenuity has been spent on the design of instru- 

ments for special purposes, as for example, on the modern 

binoculars. The consideration of such instruments is 

outside our present purpose. 

Astigmatism 

It is a familiar fact that the eyes of different persons 

vary widely in their power of clear vision. Some of us 

cannot distinguish details at a distance, others find it 

difficult to read a book. We repair our deficiencies by 

using spectacles of proper design. There is no standard 

eye, adapted to the requirements of the average man. 

Since there is such variation in this respect, so great that 

we are frequently in need of artificial help to adjust our 

eyes to vision at useful distances, it is not surprising that 

in other respects eyes sometimes fail to conform to the 

normal, and in particular to the symmetrical form which 

may be taken as normal. Ifthe rays from a point source 

on the axis of a lens are to be brought to a point, the lens 

must be symmetrical about the axis. It is easy to see 

what happens when this is not the case. We take a lens 

which has been ground so that its curvature in the 

upright direction A B is less than the curvature in the 

horizontal direction CD. We find that the light from 

the point source cannot be brought to a point on the far 

side of the lens. The stronger curvature of the horizontal 
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section of the lens converges the rays at the sides more 
quickly than they are converged in the vertical plane. 
The result is as shown in Fig. 34. | 

At one point the rays all pass through a short vertical 
line: they all pass through a horizontal line a little 
further on. In between they are all compassed by a small 
circle. But they never pass through a point, for which 
reason the effect is known as astigmatism. No object near 

Fig. 34. An astigmatic lens is so formed . 
A deen 

that cross sections through its centre such 
C <M as are outlined by the dotted lines in the 

figure are not all alike. For instance, the 
faces of the section D Cc are more curved than those of AB. The rays from 
Ss after passing through the lens do not converge upon a point, but upon two 
short line foci, as shown in the figure. The first line is in the plane of the 

diagram, the second is perpendicular to it. 

or far can be seen clearly by an eye subject to this 
defect. Fortunately it is easy to devise and construct 
lenses which can counteract it. The astigmatic eye must 
have one direction of greatest curvature, and one of 

least, which need not of course be the vertical and 

horizontal directions (Fig. 34). A lens which reverses 

this difference will correct the fault. To an astigmatic 

eye lines on a piece of paper are best seen when drawn in 

certain directions. Such an eye looking at the diagram 

of Fig. 35 may see the vertical lines more plainly than the 

horizontal, or vice versa: or may observe a difference 
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at some moment while the page is slowly turned round in 

its own plane. This may be explained in the following 

way. 

Let us suppose that the lens of the eye is of the type 

shown in Fig. 34, and that the rays of light from a point 

source after passing through it converge first of a] 

upon a short vertical line upon the retina. Hach poet 

upon a vertical line upon which the eye 1s gazing will 

Si 
naaneane 

Fig. 35. A test for astigmatism of the eye. 

be drawn out on the retina into a short vertical line, and 

all these will overlap so as to make on the whole a line 

which is clear. But if the line on the paper is horizontal, 

and each point upon it is drawn out into a vertical line, 

the result is a hazy horizontal line. 

Mistakes of Interpretation 

In the foregoing pages we have been considering the 

eye as an optical instrument by which a picture of 

external objects is formed on the back of the retina: and 

we have examined various cases of the failure of the 

instrument to function. We have also seen that the 
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interpretation of this picture contributes to a sub-con- 
scious process by which the brain recognises the details 
of the scene. Just as there may be faults in the optical 
system, so also there may be faults in the interpretation 
due to want of experience, or to carelessness, or less 
avoidably, to the nature of the physiological processes 
by which the light is transformed into the nervous 

_ impulses, and these again into sensation. For example, 

Fig. 36. - 

Figs. 36 and 37. ‘T'wo well known illusions. In the upper figure 
are the horizontal lines equal? In the lower figure are the long 

lines parallel to each other ? 

I would suggest that the well known illusion of the 
relative length of the horizontal lines (Fig. 36) is largely a 
matter of not taking trouble. The lower line looks the - 
smaller because the eye locates its end somewhere in the 
arrow head and does not follow it to the tip. A practised 
draughtsman is not misled in this way, nor does he make 
the mistake of thinking that the two lines of Fig. 37 are 
inclined to one another, though a hasty glance may give 
rise to the illusion. : 
On the other hand, when a dark patch is contiguous 

with one that is lighter there is an illusion that the light 
patch is still lighter in that part of it which lies close to 
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the dark, while the darkness of the other patch is en- 

hanced close to the light. The peculiarity of each is 

‘thrown up,’ to use a commonplace phrase, by the 

presence of the other. In consequence the set of patches 

shown in Plate VIIc assumes a fluted appearance. 

Here there may be more than one cause at work: and 

I am not sure that their relative influences have been 

satisfactorily determined. One of the most effective 

is discussed by Shelford Bidwell in Curiosities of Light and 

Sight, viz., the unconscious variation of standard. The 

eye after regarding the dark patch is more impressed 

by light than it should be: its standard of brightness is 

temporarily lowered. This heightening by contrast 

may also be due in part to a certain physiological effect, 

namely, the actual fatigue of the retina caused by the 

incidence of the light which it is made to detect. 

As we gaze at the picture our eyes keep wandering 

from point to point of it. If we look at one of the 

patches of medium tone just after looking at a brighter 

patch we do so with eyes slightly fatigued: if after 

looking at a darker patch, with eyes that are rested. The 

patch may look darker in the former case than in the 

latter. Nevertheless, whether fatigue has anything to 

do with the effect or not, the variation of standard is a 

certain cause, because the fluted appearance, accord- 

ing to Bidwell, ‘is equally well shown when the dia- 

gram is illuminated instantaneously by the electric 

spark.’ 

A curious effect of the same kind was shown many 

years ago at a lecture given in the Royal Institution by 

Professor William Stirling: his diagram is given in 
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Plate VIIIa. The white bands seem darker at their 

places of intersection. It may be supposed that a point in 

_awhite band well away from an intersection is surrounded 

by more black and therefore looks brighter than a point 

in one of the squares where bands intersect. 

One of the most famous of illusions is the apparent 
enlargement of the moon when near the horizon. It is 

difficult to believe, when it rises a clear red disc against 

which distant trees or buildings stand in sharp outline, 

that it is no larger than when it is overhead. However, 

the fact is easily verified: a halfpenny at a distance of 

nine feet just obscures the moon whether on the horizon 

or high in the zenith. It is of course obvious that the 

angle subtended by the moon at the eye must always be 

the same since its distance does not alter. Atmospheric 

refraction, which we shall consider later, has only a 

very slight effect upon that angle, and indeed, it causes 

a small diminution of the horizon size. The illusion is 

not due therefore to any change in the size of the image 

upon the retina: nor indeed to any {ault of the eye. It 

must be an error of interpretation. There does not seem 

to be any reason for doubting an explanation often 

offered, that the cause is another example of a change of 

standard. Unconsciously we adopt a different scale for 

the measurement of objects in the sky, according to their 

distance from the zenith overhead. We see clouds 
floating towards the horizon and shrinking in their 

apparent dimensions while they do so. An aeroplane 

becomes smaller and smaller as it moves away, the sub- 

tended angle decreasing continuously, and it is a mere 

speck when it disappears behind a distant hill. But the 
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A. Where the white lanes meet in the diagram, there is an illusion 

of flickering shadows. (p. 62) 

ioe A photograph of an experimental arrangement showing the refraction of a beam of light 

as it crosses a surface between water and air. (p. 68) 
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moon does not change its subtended angle in this way, 

and when we see it close to the horizon we measure it on 

the scale which we have learnt to associate with that part 

of the sky: and so it looks enormous. If we saw an aero- 

| plane rising above the horizon from behind a distant 

| village, having the same size as when overhead, it would 

| seem to be larger than the village itself, and would surely 

be a terrifying spectacle. And yet that is what the moon 

does: so that there is nothing surprising in the fact that 
it may look large, in spite of all our experience of its 

behaviour and of our knowledge that it cannot really be 

eS any larger there than when it is overhead. The argu- 

} ment is illustrated in Plate Xa. 
The representation of the moon in a picture is generally 

far larger than it should be on geometrical principles. 

It may be that since no pigment can represent its 

brilliancy and importance, the painter therefore in- 

(p. 64) 

this being the ratio between the size of an object and 

It is a small crescent at equal distances from either side of the 

magnitude. 

As the moon subtends an angle of half a degree, its size in the picture should be the 

The actual 

hundred and twentieth part, approximately, of the focal length of the camera lens, 

PLATE IX (p- 63) 

| creases its apparent size in order to give it due import- 

| ance. Whether or no he is justified in doing so is a 

| question of artistic intention with which we have nothing 

todo. Ifa picture is supposed to give objects their true 

size when held at convenient arm’s length, it would be 

right to give the moon a diameter of nearly one fifth of 

an inch: if any other distance is supposed to be that at 

which the picture should be looked at, the size of the 

painted moon must be altered accordingly. | 

It is to be remembered that wherever the observer 

stands the moon subtends the same angle at his eye, 

whereas every other object in the picture changes its 

apparent size if the observer shifts his position. On the | 

other hand, from the geometrical standpoint, the size 
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its distance when subtending an angle of that 

circumstances are needed for the psychological effect. 

(on the right) The moon in this cloud photograph is not easily found. 
(on the left) The moon on the horizon is large compared with the telegraph 

photograph, and nearer the top than the bottom. B. 
not be expected to appear in a drawing like this, though it is possible to induce poles there; but small compared to the pole in the foreground. The illusion must it by covering up first one picture of the moon and then the other. A. 
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of the moon in the picture depends on how far the picture 

is held from the eye. Ina photograph it depends on the 

distance of the lens from the plate. A somewhat startling 

illustration is given in Plate IXs. | 

There is another type ofillusion with which we are all, 

no doubt, familiar, namely the apparent enlargement 

of distance in a photograph. When we see a photograph 

of a room that we know, we are at once struck by the 

fact that it appears much deeper than we think it ought 

to be. 

Geometrically speaking, the photograph cannot lie: 

the effect cannot be ascribed to distortion due to the use 

of a lens. It must again be due to mistaken interpre- 

tation, and in particular to the unconscious use of a false 

standard. We are so accustomed to find that distant 

objects are larger than their apparent size, that we adopt 

a different scale when we look at them or think of them. 

A beginner, drawing a landscape, makes the distant hills 

anything up to ten times their proper height. Con- 

versely, when the details of a room are shown in correct 

geometrical form, in fact in the form in which they are 

rendered on the retina, we overestimate the distance of 

the details at the further end. 

‘There is an illusion of motion which also is due to the 

use of a false standard. If we sit for some time in the 

train watching the landscape slide past the windows, 

our eyes become accustomed to the motion and take it to 

be a normal condition. If the train stops there is a tem- 

porary illusion that the landscape is moving forwards, 

or the train backwards. A simple experiment due to 

Shelford Bidwell (see Fig. 38) shows the effect very 
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well. A lantern slide is made of a square plate of metal 

in which a vertical slot has been cut. A spiral slot is cut 

in a plate which can be made to revolve about an axis 

which is perpendicular to the first plate. When the 

combination is placed in the lantern a bright spot is 

thrown upon the screen by the white light passing 

Fig. 38. The spiral slot is cut in a plate which revolves in front 
of the lantern: the straight slot in a plate which remains at rest. 
The purpose of the arrangement is explained in the text. Bid- 

well’s Curiosities of Light and Sight, p. 147. 

through the intersection of the two slots, the rest of the 

field being dark. The revolution of the second plate 

causes the spot to travel up the screen and disappear at 

the top: at the same moment another spot appears at the 

bottom and commences its travel upwards. Thus a suc- 

cession of spots is continuously on the move. After this 

has been going on for a quarter of a minute or so, the 

motion is arrested. It then seems to the watching eye 

that the spot is travelling downwards, and the illusion 

is maintained for several seconds. Such effects as these 
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are not to be ascribed to any failure of the optical 

mechanism of the eye: they have to do with interpreta- 

tion by the brain. Others will doubtless occur to those 

who have noticed them. There is, for instance, an illu- 

sion which the motorist sometimes experiences. When 

the country over which he is driving is rising gradually 

to distant mountains he is apt to be mistaken about the 

levels of the road. He overestimates the slope of the 

hills he runs down and underestimates those which he 

climbs. On the other hand, when he is travelling in the 

opposite direction, he is apt to plume himself without 

warrant on the performance of his car. The error here 

is due simply to misinterpretation of observation: it is 

rectified by taking better account of circumstances. 

Persistence of Vision 

The phenomenon known as persistence of vision is of 

a different type, for it is due to particular features of the 

eye structure which cannot be altered. An impression 

made upon the retina continues to be registered for a 

fraction of a second after the cause has ceased to act. 

Tyndall demonstrated the effect in a very simple way. 

The lantern projects a cone of light: a white stick is 

made to cross the cone quickly as if it were a sword 

slashing the light. The watching eye does not see the 

stick as it cuts through; it sees a white disc, such as 

would be produced, but more intensely, if a white screen 

were placed so as to intercept the light. The eye sees the 

disc in all its positions at the same moment. If an object 

such as a watch chain is whirled round in the light from 

an electric lamp fed with alternating current the bright 
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reflections from the links show the chain in a number of 

successive positions. The smooth working of the cinema 

film depends on the persistence of each impression for a 

reasonable time. 

General Instances of Refraction 

We have been considering the phenomenon of the 

refraction of light in relation to the natural optical 

system of the eye and to such artificial optical systems as 

WSS S 
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Fig. 39. The tank in the figure is filled with a slightly coloured 
liquid: and the front of the tank is made of glass, so that the path 
of the ray can be followed. A aoe forms the bottom of the 

tan. 

the microscope and telescope. Many familiar effects 

also depend upon refraction, and afford useful and 

interesting examples of its consequences. 

We remember that it occurs whenever waves pass from 

one medium to another if the velocity of the wave 

motion is different in the two media. Let us first 

examine the phenomenon with the aid of a few simple 

experiments. 

In the experiment of Figs. 39 and 40, a pencil of light is 

directed upon a mirror which deflects 1t downwards so 

that it enters the water in a tank. The water is tinged 

with a dye which makes the path of the ray visible, and 

one side of the tank is made of glass so that we can see 
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| 
| 

| 
| 
| 

what goes on within. A mirror is laid on the bottom of the | 
tank, so that the ray is reflected, passes through the water — 

of the tank once more and emerges into the open. The | 

bending of the ray as it enters and leaves is easily ob- | | 
served ; and we may see also that if the entrance is made 

more obliquely the angle of bending becomes greater. 

We may see also that the ray which is reflected from the 

mirror lying on the floor of the tank returns by a path 

which is symmetrical with that by which it entered. In 
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Fig. 40. This figure shows the path of a ray entering the water more 
obliquely than in Fig. 39. 

/ 

particular, the ray which almost skims the surface before 

it enters, skims it just as closely on leaving. | o 

This illustrates one important point, namely that the 

_ path of a ray of light is reversible. If we place a mirror. 

fair and square in the path of a ray of light, it goes back 

by the way it came, taking its reflections and refractions a 

in the reverse order. It gives an idea, also, of the amount | | 

of the bending when a ray of light enters water, and j . { 

shows the considerable increase in the amount when the 

obliquity is made greater. The refraction effect is 

demonstrated in Plate VIII. c : 
The ray of light that enters the room through the § | 4 

window is diverted from its original course while it is in 

the glass, but its direction is restored on emergence. 

Thus there is very little effect on the appearance of 
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objects outside. An experiment on the ripple tank 

shows clearly how this happens. A strip of glass with | 

parallel sides is laid on the floor of the tank: waves are 7 

generated in the usual way. While crossing the shallow | 

water the wave front is temporarily put out of alignment 

but recovers itself after the crossing. This effect is shown 

in Plate Xa and in Fig. 41. A good piece of window | 

Y) 2A Se NN 

A. Ripples passing over a rectangular piece of glass laid on the floor of 

the ripple tank; showing the temporary change of alignment. (p. 69) 

| 

| 
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Fig. 41. A rectangular sheet of glass is laid in the ripple tank, and waves 
sent across it. "The temporary change of alignment is rectified as soon as 

the ripples get across. This shows why the direction of a ray of light is not 
altered by a sheet of glass with plane parallel sides. 

glass does no more therefore than shift rays of light 

slightly to one side without altering their direction, — 

and this escapes detection. When, however, the two 
faces of a piece of glass are not parallel, objects seen | 

through the glass appear distorted: an effect which is | 

common enough in the case of glass of inferior quality. 
B The dotted lines underneath the boat show how the bed of the river a : t e.8 ‘ : ppears to the man 

in the Bede 4€ He foals doth HATE. CaceD We are nowina position to explain a well known effect. 

When we look down into water and can see the bottom q 

the depth always appears less than it really is. The eye | 

judges the distance of an object by estimating the posi- | 

tion of the point from which the rays seem to diverge. | 
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Owing to the bending of the rays on emergence the eye 
is deceived as is shown in Figs. 42 and 43. To the eye 
looking vertically downwards into water the apparent 

PSS SASS see e teases ieesiusesenee: N N N N N N : : N ? N N N N R N N & N Ns 

P 
Fig. 42. The rectangular outline is the section of a tank of water. An eye 
looks at an object P at the bottom of the tank immediately below. Owing to 
refraction the pencil of rays from P which enters the eye is opened out on 
leaving the water and seems to come from Q. The eye has to be drawn out 
of proportion so that the spreading of the pencil can be shown. The depth 

of Q is three-quarters of the depth of the water. 

depth is three quarters of the true. The apparent 
shallowing is greater when the rays are more oblique. 
Thus when one looks into an aquarium the back always 
appears to be curved, and the fishes take queer shapes 
as they swim about. Ifone poles a boat along in shallow 
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P 
Fig. 43. When the view is more oblique, Q is nearer to the 

surface, and does not lie immediately above P. 
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water in which the boat barely floats, it seems always that 

the water ahead is so shallow that the boat is going 

aground. Yet as one comes up to it the water seems " 

deepen and the boat can still move on. A stick which is 

partly under water seems to be bent where it passes 

through the surface because every part of it which is 

immersed is apparently lifted up. The effect is illus- 

trated in Plate XB. | j 

The refraction of the sun’s rays by the atmosphere 

Observer 

Earth San belo? 
the hortzon 

Fig. 44. The observer looking towards the horizon receives 
rays from the sun below the horizon, because the rays are 

bent in going through the atmosphere. 

has an effect on the apparent time of sunset. Since light 

travels more slowly in air than in space empty of material 

substances the sun’s rays are bent out of their original 

course before they reach the earth. The change in 

direction is at maximum when the rays strike the 

surface of the atmosphere at their greatest obliquity, 

and this happens when the sun is on the horizon. Then, 

as Fig. 44 shows, rays from a point P on the sun’s disc 

will reach thc observer at O, although his horizon lies in 

the direction of OH: a direction which lies on the surface 

ofstill wateratO. Thus the point P is still visible though 

itis below the horizon. The sun has set geometrically 

before it does so visually; the amount of the change 

of direction is such that the sun has set geometrically at 
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about the time when its lower edge just touches the 

horizon. | 

In the next chapter we shall consider the separation of 

white light into constituent colours during its refraction. 

We may anticipate so much as to observe that blues and 

greens are more refracted than yellow and reds. . Conse- 

quently, the last rays which reach us from the setting 

sun are of the former kind unless, which is nearly always 

the case, other conditions interfere. Hence arises the 

so-called ‘green ray’ which sometimes flashes out for a 

few seconds just before sunrise or just after sunset, and 

is looked for when the air is very still and uniform. 

Even when light passes from one gas to another it is 

bent if the densities of the gases are different: or from 

one part to another of the same gas if the density varies, 

as it may do on account of changes of temperature or of 

pressure. When a fire is lit in the open the objects 

quiver that are seen through the space above the flames 

because the rays of light are bent from side to side by 

the irregular mixture of hot and cold gases. The same 

effect is observed if one looks through the heated currents 

above a candle oralamp. In hot countries the air near 

the ground is heated by its contact with the hot earth 

and the details of the distant landscape are never still. 

Total Internal Reflection 

There is a phenomenon known as ‘total internal 

reflection’ which is responsible for many curious effects. 

If we refer back to the experiment of Fig. 40 we may 

observe that the ray that just emerged from the tank 

after reflection at the bottom was previously inclined at a 

72 

THE EYE AND VISION 

considerable angle to the surface of the water. We may 

ask ourselves what happens to a ray which strikes the 

surface from below at a smaller inclination. The ex- 

periment is easily made if the arrangement of the mirrors 

is altered. The mirror M, directs a pencil of light ver- 

tically downwards into the tank to a second mirror 

M, (Fig. 45). The inclination of the latter can be varied. 

_Strin 
attached to 

irror 2 

Fig. 45. Sectional diagram of a water tank arranged to show total internal 

reflection. A ray of light from the lantern is directed upon the mirror Mx 

and there reflected so as to strike the mirror M2. ‘The latter can be tilted by 

means of a string attached to it. In one position it reflects a ray which 

emerges from the water easily: in another the ray Just emerges and skims 

the surface: in a third it is internally reflected at the surface of the water. A 
mirror lies along the floor of the tank. 

By tilting it gradually from the flat the reflected ray is 

made to strike the under surface of the water more and 

more obliquely. At a certain inclination the ray just 

succeeds in emerging as we have seen before: when this 

point is past the ray cannot get out at all, and is reflected 

down again. The reflection is complete: more perfect 

therefore than if the surface of the water were replaced 

by a silvered mirror: whence the name given to the 

phenomenon. If the tank is long enough in comparison 

with the depth of water the reflection at the top surface 
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and the mirror at the bottom of the tank may be 

repeated several times. The effect is demonstrated in 

the photograph of Plate XIa. . a 
A very simple method of observing total internal re- 

flection is to put a spoon in a tumbler of water and look 

at the surface of the water from below, choosing a pro- 

per angle for doing so. Part of the spoon is reflected in 

the under surface of the water, and the brilliancy of the 

effect is surprising. 

Great use is made of total internal reflection in 

the construction of optical instruments, binoculars for 

example. In the simplest case a glass prism is used, 

two faces of which are perpendicular to each other. 

Light enters at one face and leaves by the other after 

perfect reflection at a third face which is equally 

inclined to the first two. 

Total internal reflection is beautifully shown by an 

experiment due to Tyndall and demonstrated by him at 

a Royal Institution lecture many years ago. The tank 

in the illustration (Plate XIs) is full of water which issues 

in a continuous stream from a jet near the bottom. The 

stream is unbroken all the way down to the cistern into — 

which it falls almost noiselessly. A lens is inserted in the 

wall of the tank opposite to the jet, and a beam of light 

is thereby concentrated on the inside of the stream as it 

issues. The light is reflected many times in succession at 

_ the external surface of the stream, so that it looks as if the 

water carried the light down it. One may often observe 

the same effect when one pours water from a jug into a 

basin, though it is not so clearly shown as in the special 

experiment. A similar arrangement, with a curved glass 
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A. This photograph of the actual experiment shows several total reflections at the 

surface of the water. It may be observed that the ray that finally issues is refracted 

in doing so. The mirror M, (Fig. 45) is rather more tilted than in the photograph of 
Plate VIII B. (pb. 74) 

B. An experiment due to Tyndall illustrating total 

internal reflection. Light enters the jet of falling 
water at its point of issue from the tank and is carried 
down by the stream. The light is supplied by an 
electric arc outside the tank and focussed upon the 
jet by a lens in the tank wall. The arc and the lens 

do not appear in the photograph. (p. 74) 
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beam of light to illuminate an object under the micro- 

scope. 3 

When the ground is strongly heated by the rays from 

the sun the layers of air in contact with it may become 

hotter than those at a little greater height. In such cases 

eve air 

eeoanmroaoemewvenereae f= £®2c = =awxerenmrcecuvwe e@oaoeane | & 

Heated air 

Ground 

Fig. 47. 

Figs. 46 and 47. When the lower strata of the atmosphere are 
hotter than those above them, rays of light may be refracted or 
even internally reflected in the manner illustrated by these 

figures. 

there is an opportunity for total internal reflection of 

light within the atmosphere which is a common cause 

of mirage. | 

Suppose that for simplicity’s sake we imagine the 

condition represented in the diagram where a well 

defined boundary separates the hot layer next the ground 

from the cold layer above it. Aray of lightmarked Ain 

Fig. 46 moves more nearly in a. horizontal direction 
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after crossing the boundary, because the velocity of 

light in hot air is greater than in cold. The ray marked 
B meets the surface at so small a glancing angle that it is 

totally reflected asin a mirror. The separation between 

hot and cold strata is never as sharp as the diagram 

shows: there is a gradual transition from the hot to the 

cold. This makes no real difference to the result. The 

path of the ray is curved as Fig. 47 shows instead of being 

sharply turned back as in Fig. 46. Thus the ray from a 

distant object may pass to the eye not only by the usual 

direct road, but also by the bent path as shown in 

Fig. 47. The eye may receive, as if they came out of 

the ground, rays that started from a tree or the sky 

behind it: and naturally the impression is given that 

there is water between the observer and the tree, water 

being always detected by its power of reflection. It is 

often possible to see this effect, on a hot day even in our 

own latitudes, when the pavements are raised to a high 

temperature and the eye, especially if it happens owing 

to the conformation of the ground to be more or less on 

a level with the pavement at a distance, may see there 

what appear to be reflections of the sky or of bright 

coloured dresses. 

Certain curious phenomena which are found to occur 

in broadcasting are to be explained in a manner which 

bears a strong resemblance to this account of the mirage. 

In the upper regions of the atmosphere are layers which 

reflect the radio waves and turn them down again upon 

the earth. If it were not for this, long distance trans- 

mission would be practically impossible, particularly 

when short waves, say 50 metres, are used, because the 
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waves would not follow the curvature of the earth with 

sufficient intensity. As we have already seen these waves 

are of exactly the same nature as those of light, so that 

the analogy is very close. The layers in question contain 

a number of electrified molecules and free electrons, the 

presence of which is due to radiation from the sun, 

particularly of wave-lengths shorter than those of light. 

These radiations spend their energies on partial disin- 

tegration of the molecules, stripping some of them of 

electrons which finally attach themselves to other 

molecules, so that both positive and negative charges 

and electrons are present in the atmosphere. There 

is a continuous recombination in progress, so that 

the state of the atmosphere is a balance between two 

processes. When the radiations are strong they bring to 

a higher pitch the electrification of the atmosphere 

through which they pass. Their energy is absorbed in 

the process, so that the air near the earth is never much 

affected. In higher regions the electrification is sufficient 

to have a noticeable effect on the propagation of the 

broadcasting waves. The reason for this is that in pass- 

ing from the lower strata of the air into strata where 

there is electrification, the waves are refracted, or turned 

to one side in the same manner and in the same sense as 

a ray of light is bent on passing out of the water into the 

air in the experiment of Fig. 39. This effect is observed 

_ experimentally, and it can be accounted for by calcula- 

tion based on the electromagnetic theory of light. For 

our present purpose it is enough to accept the 

fact. 

Now, just as the ray of light of Fig. 45 is reflected 
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internally, when it strikes the surface from below at an 

angle which is sufficiently oblique, so, under similar con- 

ditions, the radio waves are reflected at the electrified 

layers of the upper atmosphere. If the electrification is 

intense enough, reflection will take place even when the 

rays strike the layer perpendicularly. But it happens 

frequently, especially at night time when there is a lesser 

degree of electrification, that reflection takes place only 

when the obliquity is sufficient. The reflected ray re- 

turns to earth and may be detected at places sufficiently 

far away, while at intermediate places no signal is re- 

ceived. In just the same way, in the experiment of Fig. 

45 the reflected ray of light cannot strike the bottom of 

the tank at a point which is nearer the mirror M, than 

the point marked P on the diagram. 

The passage from an unelectrified atmosphere to a 

stratum that contains separated electricities is not abrupt: 

nor is there any need that it should be so. The more 

gradual it is, the more does the path of the reflected ray 

assume a curved form during reflection as in Fig. 47. 

There are at least two strata in the atmosphere which 

cause this reflection of radio waves: one of them at a 

height of rather more than a hundred kilometres, be- 

tween sixty and seventy miles. This has long been known 

as the Kennelly-Heaviside layer. There is another of 

very variable height, several times as far away from the 

earth’s surface: this was discovered in 1927 by Professor 

Appleton. Signals sent from East London College are 

received at King’s College in the Strand like sound 

echoes from a ceiling: and more than one echo is received 

for each signal. Thus the record of Fig. 48 indicates the 
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receipt of an interesting set of echoes. The wavy line is 

a time scale, 1,115 complete waves go to one second. 

The prominence marked G marks the moment when the 

signal was received by way of the ground, practically at 

the moment of its emission. At E, is the mark of the 

arrival of the first echo from the lowest layer. At F, the 

signal comes back again from the higher layer, at S is 

a small echo coming from a distance so great that the 

cause of it is as yet unknown. 

GER 5.8 GEyF, Ss G Ey Fy s 
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(e) 
Fig. 48. A record showing the reflection of radio waves in various ‘atmo- 

spheric layers. (E. V. Appleton.) 

It is interesting to observe that sound also finds layers 

in the upper atmosphere at which it may be reflected if 

it strikes them with sufficient obliquity. These layers 

are probably connected in some way with the layers we 

have been discussing. The absorption of the sun’s radia- 

tion to which the electrification is due must generate 

heat, and it has recently been calculated that there must 

be layers in the upper atmosphere where the tempera- 

ture is very high. In heated air sound travels more 

quickly than the normal, and thus the bending of the 

sound rays takes place in a manner quite analogous to 

the light effects which we have been considering. It is 

due to this effect that echoes of intense sounds can 

be heard, not only close to the source, but also at 

great distances, while nothing is heard at regions in 

between. 
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A very interesting example of the application of the 

laws of reflection and refraction 1s to be found in the 

gem-cutter’s treatment of precious stones: and particu- 

larly of the diamond. It is always surprising to read 

32 facets round the table 
oP ra (above the girdle) 

AKO <<” Girdle SNVAV/ 4 Girdle € 

in 24 facets round the -culet 
(below the girdle) 

Culet 

32 facets above 24 facets below 
(round the table) (round the culet) 

Fig. 49. The upper figure shows a section of the diamond 
cut as a brilliant: the lower figures show the arrangement of 

the facets above and below the girdle. 

that something like half the whole mass of a diamond 

may be cut away before the stone is supposed to have 

acquired its full virtue as a gem. The explanation is 

that the diamond must be shaped to one or other of 

certain standard designs, which have been found to give 

the best effects. The best of all is the ‘brilliant,’ said 

to have been invented by Cardinal Mazarin. It1is shown 

in elevation, and in plan in Fig..49. The two lower 
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drawings show the disposition of facets above and below 

the girdle. 

When the diamond is cut to this form it allows no ray 

to go through it from front to back. Ifit is held against 

the light with the culet towards the eye, and the table 

away from the eye, it looks black. All rays falling on 

from table facet 

2 12 from girdle facet 
3 2 ce j— 9 f 

ta l Y | 
fot \ A z from large facet 

ea it 4A f 
: ; j | hs ; A 73 
y ae Ay 1 Table A 4’ — from smaller facet 

Facet ae 1 \ | facet a ii ara 
»— La es yr haat 

f Pid 

y H 4s 
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Fig. 50. ‘The figure shows a few of the various paths by which a ray of light 
entering the brilliant from the front is refracted and ‘totally internally’ re- 
flected until it leaves again through the front, never succeeding in getting 

through the diamond. 

the front of the diamond are returned and emerge again 

on the front side. They will not in general, return in 

exactly the same direction: each ray will usually emerge 

at some other facet than that by which it entered. In 

Fig. 50 are drawn some of the paths by which light may 

enter and leave. In this way the diamond acquires 

the power of sparkling which is so much esteemed. 

Wherever it may be and however it may be held with 

respect to the eye, it is almost certain that the eye will 
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receive from the gem some ray which has originated in 

one of the sources of illumination in the room or from 

the light of the sky. It may be said to be continually 

reflecting light from unexpected sources. It cannot of 

course give more than it receives, but its reflections are 

so numerous and bright, and vary so frequently that they 

D C ? 

7 o, 

/ 
Deen da oe een 

Fig. 51. The refractive index of diamond is very large. A ray A’ OA just 
succeeds in emerging. Rays such as Q0Q’ are reflected internally. ‘The 

paths may be followed in either direction. 

give great pleasure to the eye. These are increased by 

the resolution of the white light into colours, which as 

we shall see presently always accompanies an act of 

refraction. 

The peculiar property of the material of the diamond, 

which is simply a crystallised form of carbon, 1s the very 

large refraction which it imposes on light that enters it. 

This is illustrated in Fig. 51. The rays A, B, GC, D, E, 

are bent on entering and proceed in the directions A’ 

B’ C’ D’ E’. Light moves much slower in diamond than 
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REFLECTED 
LIGHT 

FROM 5 
THE LANTERN 

DIAMOND 

A. Reflections from a single dia- 

mond. The light is admitted into a 
room through a small opening in 
the wall, as shown in the accom- 
panying drawing. The hole can 
also be seen in the centre of the 
photograph. The fine pencil of 
light is just visible up to the point 
where it strikes the diamond and is 
there divided into a great number of 
reflected beams each making a spot 

on the wall. (p. 83) 

B. The Same arrangement as the 

preceding but a zircon is substituted 
for the diamond. (p. 84) 

PLATE XII 

C.  Newton’s Experiment, from a 

drawing in Guillemin’s Forces of 
Nature. The ray of sunlight is 
resolved into a spectrum by the first 
prism: a portion of the spectrum is 
allowed to pass through a slit in the 
screen and fall upon a second prism, 
but no further resolution takes place. 

(pp. 85 and 88) 
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in air: the ratio of the velocities averages about 2.5, vary- 3 | 

‘ing with the wave-length. For this reason the total in- 

ternal reflection also has remarkable characteristics. 

Rays following the line A’O, B’O... E’O will emerge on | 

the lines OA, OB... But the first and last will only just H 

emerge and after doing so will skim the surface. Rays 
starting for O from the points 1, 2, along the lines 

PO, QO, will not emerge at all, and will be intern- 

ally reflected along the lines OP’, OQ’. The angle | 
A’OE’ is only 49°. Ifnow we consider the section of the 
diamond as shown in Fig. 50 we see how this large pos- 

sibility of internal reflection is put to advantage. A ray 

entering the crystal directly through the table and at 

right angles to it is totally reflected when it meets from 

within one of the facets below the girdle: it.strikes across 

and is again reflected in the same way, so that it emerges 

from the table in a direction which is simply the reverse 

of that by which it entered. If it enters by one of the | 
A. The -old inscription on the base runs:—THE FIRST REFLECTING TELLESCOPE | facets above the girdle, being still parallel to the axis of INVENTED BI SR ISAAC NEWTON AND MADE WITH HIS OWN HANDS IN THE YEAR 1671. . ‘ By permission of the Officers of the Royal Society. Height about 18in. (p.107) —_— the stone, it emerges by some other of the upper facets: 

and even if the original ray is inclined to the axis, it may 

still emerge at the front. One or two possible paths are 

shown in the diagram: they may represent movement of 

the light in either sense along each path. 

A lecture room experiment shows these effects very 

beautifully. A fine pencil of rays is allowed to enter the 

room from an arc light outside, and the diamond is held 
a few feet away from the point of entry, the table being 

square to the pencil. The whole wall of the darkened | 
| ee. ne me i a room is then starred with hundreds of reflections from 

B. Micro-photographs of bacteria (B Megatherium x 2000) by Mr. J. E. Barnard, F.R.S. 

irvassarvacontiii oe jake uch te 

(1) taken in visible light under the best attainable condition; the diamond, which, whenever the diamond is moved, 
(2) taken in ultra-violet light (2743 A). 

Objects which appear as round white discs in (1) are resolved into greater detail in (2). | =? 83 

(p. 109) 
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follow paths that interlace each other in intricate and 

dazzling patterns (Plate XI). 

Other stones like the sphene or the zircon show effects 

as fine: but they are not so valuable as gems because 

they are so much softer than the diamond. Reflections 

from zircon are shown in Plate XIIs. 
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apping discs are due to. 
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CHAPTER III 

COLOUR 

The Colour Spectrum 

Tuere is a quality of light which we call colour. We 

ask ourselves the question—on what feature of the 

light mechanism does colour depend ? 

If light be considered as a train of waves in a medium 

which we name as the ether, an answer to the question 

can be put into words at once. Colour depends upon 

the wave-length of light, that is to say, on the distance 

between the crest of any wave and its successor. The 

proof of this simple statement 1s better deferred for the 

moment, but it is convenient and helpful to bear the 

fact in mind. | 

The light from any source can generally be analysed 

into a series of components which severally give the sensa- 

tion of colour. The components cannot be sharply 

separated but melt into one another by smooth grada- 

tion. The simplest method of analysis depends on the 

use of a glass prism. This was the way by which Newton 

approached the long series of experiments which laid the 

foundation of physical optics and formed one of his 

greatest contributions to science. His arrangement 1s 

shown-in Plate XIIc and Is. A pencil of sunlight enters 

a dark room through a hole in a shutter, and falls upon 

a glass prism as the figure shows. On emergence the 
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analysis is complete: the light is drawn out into a 

coloured band known as the spectrum. The red end of 

the spectrum is formed by the rays that are least bent 

on going through the prism, the violet by the rays that 

Boys Men 
Fig. §2. In the upper part of the diagram alternate rows of men, larger circles, 
and boys, smaller circles, are marching over smooth ground and keeping their 
alignments and distances. The lower part is rough ground, and the rows of 
boys are swung round more than the rows of men. It is supposed for the 
purpose of the analogy that each row tries to keep its own alignment: and 
that the rows do not get in each other’s way. The distances between the 

rows do not represent wave lengths. 

are bent the most. Other colours are ranged between 

the two limits without any clear lines of demarcation, 

though a natural definition of colour finds in the spec- 

trum band, red, orange, yellow, green, and various 

shades of blue and violet. A colour photograph of the 

spectrum is shown in Plate XI Vb. 
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The red waves are found — we are again anticipating 

— to be the longest of those that we see in the spectrum: 

at the other end of the spectrum are the shortest. We 

have already used the analogy of a line of men on the 

march who come to difficult ground which cuts their 

front obliquely. Just as the line tends to swing round 

and become more nearly parallel to the line which 

separates the easy ground from the difficult, so the 

advancing waves alter their direction, and in the same 

sense. We may now extend the analogy. Ifthe march- 

ing ranks are formed of small boys and not of men, the 

deflection will be greater still because their short legs 

will be more impeded by the roughness of the ground on 

which they enter. If there are both men and boys, as 

the illustration of Fig. 52 shows, the men will become 

separated from the boys: the latter will swing their 

ranks round more than the men and will not only lag 

behind but will actually march away in a different 

direction. In the same way the waves that are short 

are separated by the prism from those that are long: 

and the analogy may serve as a reminder that the former 

are more deflected than the latter. 

Waves of all lengths or all colours travel at the same 

rate in free space. If it were not so, a star, disappearing 

behind some other heavenly body, for example the 

moon, would be coloured. Ifthe blue rays travelled the 

~ slowest the disappearing star would be blue: and corres- 

pondingly it would appear red when it emerged again. 

In a transparent medium light travels more slowly than 

in space, and in general the short or blue wave more 

slowly than the red. 
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The figures show an extension of Newton’s experiment. 

A small portion of the spectrum is allowed to pass 

through a hole in the screen and to fall upon a second 

prism. It then appears that the separation by the first 

prism has been complete: the selected pencil is not 

opened out into a spectrum like the original pencil and 

no new colours appear. There is indeed a slight en- 

largement because the two slits through which the light 

has passed must have a certain width and this leads to 

some overlapping. The second slit therefore lets through 

a selection of wave-lengths or colours which the second 

prism opens out somewhat. The narrower the slits 

and the more selective they become, the less is this 

effect. On the contrary, if the first slit is opened wide, 

the patches on the screen due to the several colours so 

overlap that in the centre all the colours combine to 

form white, as is shown in Plate XIVa. 

These experiments show that refraction by the prism, 

and indeed by any means which takes advantage of the 

variation of speed with wave-length effects an analysis 

which is immediately complete. To the eye it appears 

as a separation into colours: it will presently be shown | 

that it can be better defined as a separation into waves 

of different lengths. 

The Quality of Light 

Now comes a very important point. When the prism 

has effected its analysis, it is found to be impossible to 

make any further separation which the eye can detect. 

We have come to the end of the visible qualities of light. 

Light has velocity, which is the same for all wave-lengths 
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in free space, and varies otherwise with the wave-length 

and the nature of the medium through which the light 

is passing, whence refraction and spectrum analysis. It 

has intensity, obviously: and wave-length. This is all, 

so far as vision is concerned. There is one other charac- 

teristic known as the degree of polarisation, which 

depends in a very simple manner upon the direction in 

which the waves carry out their individual motions. 

Waves on the sea rise and fall: but in the case of light 

there is no such unique direction, the movement may be 

from side to side as well as up and down, or in any 

other direction intermediate between the two. This 

effect will come up for consideration in its proper place 

later on: it escapes the eye and is only mentioned now 

so that the list of the qualities of light may be complete. 

The nature of a ray of light is therefore specified 

completely, so far as the eye is concerned, when 

its intensity and its wave-length are defined. If the 

ray is complex, consisting of a mixture of rays of differ- 

ing wave-lengths, it is further necessary to state the in- 

tensity of each component: but that is all. There is 

indeed an infinite additional complexity of our colour 

sensations which is due, not to variations in the quality 

of light itself, but to variations in the reactions of 

eye and brain. ‘The former must be distinguished from 

the latter. 

The Range of Wave-lengths 

It will be observed that the method of picturing light 

to ourselves as a form of wave motion has so far, at least, 

been of excellent service. The essential qualities of 

89 



UNIVERSE OF LIGHT 

visible light are just those which a wave motion con- 

veniently represents. This being the case we naturally 

ask ourselves whether our experiences of the behaviour 

of other waves, water waves for example, suggest any 

effects to which we should expect to find parallels in 

the case of light. | 

Now, a very obvious characteristic of waves upon the 

. sea is the wide variation that exists in wave-length, that 

is to say in the distance between the crests of successive 

waves. At one extreme is the long ocean swell, at the 

other the tiny ripple that is raised by a light puff of 

wind. When we consider light from this point of view 

we are at once struck by a fact of singular interest. The 

only waves that are visible are those of which the wave- 

length is confined within a very narrow range. 

The wave-length of red light is rather less than the 

ten thousandth of a centimetre, that of the short waves 

at the other end of the spectrum is not quite half so 

much. All the other visible wave-lengths fall in between 

these two extremes. 

Are no other wave-lengths possible therefore? Is 

there something in light which has so far escaped us, so 

that our wave theory fails because it does not suggest 

the limitations to which vision is subject? 

Experiment shows that the wave theory has not failed 

us, and that the limitation is to be found in our powers 

of vision, not in what could be seen were our eyes > 

constituted differently. We have experiences now of an 

enormous range of wave-lengths, from those which are 

used in broadcasting, and are measured in hundreds of 

metres, to those which are emitted by certain radioactive 

L018) 
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substances and are tens of thousands of times shorter 

than anything that we can see. The range over which 

our eyes are effective is only a minute fraction of the 

whole, on whatever scale we make out our estimate. 

For the time we keep ourselves to this narrow range, 

naturally of immense importance to us since all the 

phenomena of vision fall within it. All matters of colour 

depend upon the way in which the waves of this region 

are produced, are affected by reflection from bodies at 

their surfaces, or by transmission through them, and 

finally are received and interpreted by eye and brain. 

The Action of a Pigment 

We set up an arrangement by which the light from an 

arc lantern issues from a slit and falls upon a lens which 

makes an image of the slit upon a screen. We place a 

prism in front of the slit and the narrow white image 1s 

drawn out into the coloured spectrum as in Plate XIVD. 

The spectrum may be looked upon as a series of over- 

lapping images of the slit due to the various wave- 

lengths into which the prism resolves the incident light. 

We place a piece of red glass before the slit: this wipes 

out all the colours in the spectrum except the red (Plate 

XIVeE). We observe that there is no conversion of one 

colour into another: the only action is destructive. A 

piece of red glass does not acquire its characteristic 

_ property by turning other colours into red: it destroys 

all but the red. This is indeed the essential feature of all 

coloration: colour is due to a sifting and to a removal of 

all colours except residues: which latter make the colour 

of the object that has been responsible for the sifting. 
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If we look carefully at the red image that is left upon 

the screen when the red glass is in use we see that while - 

the top and bottom of the image are sharp, the sides are 

not. The former are the images of the top and bottom of 
the slit, and light of every wave-length puts them in line. 

But the vagueness of the sides shows that it is not light 

of exactly one wave-length which makes the image, but 

light drawn from a narrow range of wave-lengths about 

the red. Thus there is a little overlapping. 

If we use a piece of yellow glass the overlapping be- 

comes very marked (Plate XIVrF). In fact the spectrum 

seems, when we first look at it, to have been hardly 

affected, but a closer inspection shows that the extreme 

_ blue end has gone. It is surprising that the yellow glass 

should allow such a complex set of wave-lengths to pass. 

We are inclined to say that the colour of the yellow is 

pure. Since we find by experiment that the light trans- 

mitted by the yellow glass contains a great variety of 

wave-lengths each of which would separately affect the 

eye in a different way, we must conclude that the prism 

and the eye do not give us the same definition of ‘purity.’ 

This is an extraordinarily interesting feature of the 

process of vision. Before we consider this in detail 

however, let us proceed a little further with the pheno- 

menon of coloration. 

Coloured liquids, like coloured glass, produce colour 

by the destruction of colour. This process is also the 

cause of the coloration of solids. When we lay a wash 

of water-colour upon a piece of white paper we do not 

produce light of new quality, but destroy some that 

already existed. The white paper on which we paint 
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reflects all colours that fall upon it. We lay down a 

sheet of a transparent liquid, through which light 

passes twice before it reaches our eyes, once on the way 

to the white paper below, and again after reflection 

there. If this liquid absorbs all the wave-lengths 

except the red, then red alone is returned to the eye: 

we have laid down a wash of red. If the liquid absorbs 

the violet only, then the paper reflects to us a yellow: 

if the liquid absorbs red only, the resulting colour is a 

greenish blue and so on. When wash after wash of 

different colours is laid upon the paper the number of 

destructive agents is increased: and of course in unskilful 

hands the residue of colour that reaches the eyé may be 

dull and dirty. 
A different plan is followed in oil painting. The 

pigment contains ‘body,’ that is to say a solid substance 

which reflects and scatters the incident light, and does 

the duty of the white paper in water-colour painting. 

Thus the light does not reach the canvas: and. one 

layer of paint may be thick enough to hide completely 

a layer on which it is laid. The same effect is pro- 

duced in water-colours by mixing the paint with 

Chinese white. | 

The fact that a pigment produces colour by destruc- 

tion of colour is of course in direct contradiction of the 

idea that one colour can be converted into another as 

we are apt to suppose. Here again, we see that the wave 

theory informs us rightly. We know that a set of waves 

cannot change directly into a set of waves of different 

wave-length. An ocean swell does not become a set of 

ripples in passing through an opening or on being 
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reflected from a wall. Red light is not to be expected 
therefore to become blue or vice versA when it passes 
through a coloured transparency, or is reflected from 
an object. The source of light is the source of all the 
colours in the light. We must suppose that in some 
way the white light from the sun contains the whole 
range of spectrum colours before it is analysed by the 
prism. 

If we analyse in the same way the light from any other 
source we find in general, that the spectrum colours are 
not generally the same. The spectrum of the yellow 
flame of a paraffin lamp, for example, contains none of the 
short wave-lengths. Even the spectrum of the sun varies 
from time to time. A piece of blue cloth acquires the 
colour by which it is named because in full daylight its 
dye absorbs most of the light that falls upon it and returns 
only deep blue to the eye. In the light of the paraffin 
lamp it looks black because the light does not contain 
the only colour which it can reflect: it reflects nothing 
therefore. 

If we take a bunch of primroses of nominally 
‘pure yellow’ and cause the colours of the spectrum to 
fall successively upon it, the colour of the bunch changes 
with its position. In the red the flowers look red, in the 
yellow they appear in their natural colour, in the green 
they look green, but in the deep blue they look black. 
This last is the only ‘wave-length’ which they do not 
reflect. In the same way the colour of any object, as it 
appears to us, depends not only upon its own pigment- 

ation, but also upon the light which makes it visible. 

The sunlight as it streams into a room may strike first 
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a white wall or a coloured wall or carpet, and the whole 

colour scheme of the room is affected thereby. 

What then is ‘white’ from which all our colours seem to 

be derived by analysis? We are apt to say, of course, 

that it is the ordinary light of day. But, as we have 

seen, the latter varies in quality: the photographer knows 

that well. As the sun sinks towards its setting the light 

becomes relatively richer in orange and red. On the top 

of a high mountain it contains more blue than on the 

surface of the earth. White daylight is not therefore 

easy to define. There is a certain average composition 

of wave-lengths which we call ‘white’: and the definition 

is sufficient for ordinary use. If greater precision Is re- 

quired the relative strengths of the components should be 

specified, either directly, or indirectly, in terms of some 

light standards which can themselves be correctly and 

fully described. There is no such thing as a light which is 

absolutely white: whiteness is a quality of our own 

definition. We can with better cause speak of the sur- 

face of a piece of paper or other body being white, be- 

cause the natural meaning of such a term would be that 

the surface reflects, or scatters completely light of every 

quality. It is a passive quality, as compared with the 

active quality of light. A white surface looks red in red 

light, blue in blue light, and so on. But even then the 

name is earned by the power of reflecting equally the 

visible rays within the narrow range that is perceived by 

the eye: if we went outside that range it might be neces- 

sary to revise our terms of description. A transparent 

and colourless liquid like benzene allows the visible rays 

to pass. But if our range of vision included the lengths 
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just shorter than those of violet, we should call benzene a 
coloured liquid, because it absorbs these ultra-violet 
rays. | | | 

The Reactions of the Eye to Colour 

So much for the part that the quality of light plays in 
producing the sensation of colour. We must now con- 
sider the reaction of the eye to that which it receives. 

It is convenient to begin with an experiment. We 
take two arc lanterns and arrange them so that, with the 
help of circular apertures and lenses, they cast two bright 
white discs upon the screen: we can move one of the 
lanterns or lenses so that the discs overlap. Ifwe place a 
piece of blue glass in front of one of the lanterns and a 
yellow glass in front of the other, the over-lapping por- 
tion receives blue light from one lantern and yellow from 
the other. To the eye, this portion is white. Now we 
knew that yellow and blue paints when mixed together 
make a green: and there is an apparent contradiction. 
But this is soon resolved. If we place both blueand yellow - 

glasses in front of one of the lanterns, the disc which that 

lantern throws is actually green. This is what we should 

expect, because the yellow glass as we have seen cuts out 

the blue end of the spectrum, and we may easily show 

that the blue glass cuts out the red. If a ray of light, 

originally white, is made to go through both glasses only 

the middle of the spectrum is left, which is prepon- 

deratingly green. But when we throw the blue and 

yellow discs upon the screen and find the overlap to be 

white, we are not causing successive absorptions to be 

made. We are doing something quite different: we 

are causing blue light and yellow light to be received in 
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the eye at the same time. The combination in the over- 

lap contains all the colours of the spectrum, and though 

the central colours may be in excess yet the eye accepts 

the whole as a reasonable white. 

If we make the same experiment with red and green 

glasses we obtain the same sort of result. ‘The overlap is a 

yellow: when the two glasses are placed in front of the 

same lantern they intercept all the light and the screen 

is dark. Examination with the aid of the prism shows 

that the red glass cuts out all but the red, and the green 

glass cuts out the red, and part of the blue. Thus no 

light can get through the two together while the overlap 

yields every colour but blue: and as we have seen already 

the eye then sees a yellow (Plate XIVB). 

In such experiments we come across the extraordinary 

fact that a colour which seems pure to the eye may bea 

very complex compound of many qualities of light, each 

of which could by itself produce its own colour. At a 

certain point in the spectrum is a yellow which is due to 

light of a very restricted range of wave-lengths: while the 

yellow that can pass the yellow glass contains nearly 

every visible wave-length. Further enquiry shows that 

there is no limit to the number of ways of composing a 

yeliow which present one and the same appearance to 

the eye. This is very remarkable because the behaviour 

of the ear, in its own sphere, is so curiously different. In 

the world of sound intelligence is conveyed by wave mo- | 

tions in a manner analogous to that which we have, at 

least temporarily, assumed as characteristic of the uni- 

verse of light. But in the former case the carrying 

media are certainly material, the air or other gases, 
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liquids, or solids. In the case of sound as in that of 

light the length of the wave affects the sensation. The . 

shorter the wave-length, the higher the pitch of the note 

and vice versa. For the lowest note of the piano the 

wave-length is many feet: for the highest it is only one or 

two inches. So far the analogy between light and 

sound is complete: but it breaks down when combina- 

tion effects are compared. We have seen that when 

two beams of light of different wave-lengths are together 

thrown into the eye a sensation of pure colour is per- 

ceived: the eye is incapable of recognising a mixture, and 

of analysing its components. But in the case of sound 

the ear can always recognise as such a mixture of dif- 

ferent frequencies: a chord is analysed, and it may or 

may not give pleasure according to its composition. 

This is an essential contribution to music: how great it is 

we may realise if we consider the appalling consequences 

that would follow the replacement of every chord by 

some average note to be recognised as a ‘pure’ tone. 

Many have attempted to construct an instrument by 

which the appeal to our senses is to be made through the 

play of colour upon a screen: each key is to throw in 

light of a particular colour. The attempts have always 

failed badlyin that nothing so powerful as music has been 

achieved. It may well be that the failure is due to the 

incapacity of the eye to resolve a ‘chord’ of colour. 

There is far less analogy between the eye and ear than 

some have thought who have proposed to make ‘colour 

organs.’ ‘The simultaneous projection of several colours 

upon different parts of a screen might be considered to be 

the analogue of the projection of several sounds into the 
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air at the same time; but analogies are proverbially 

unsafe as bases for argument. 

It is generally held that the ear mechanism comprises 

a set of receivers each of which responds only to sounds 

_ lying within a narrow range of frequencies. It may be 

likened to a room full of sharply tuned wireless sets. The 

eye cannot be compared to anything so diverse and 

selective: its receivers must be fewer and less special. 

Naturally, a very large amount of research has been spent 

in the attempt to understand the receiving mechanism. 

It is not surprising that the solution of a problem so 

intricate is not yet fully in hand. Certain main conclu- 
sions have been reached however, and there is a general 

agreement that—to use for descriptive purposes the 

analogy with the wireless—there are three receivers, 

each widely responsive, like a radio-set which cannot be 

tuned sharply. Two respond best to the ends of the 

visible spectrum, and one to the wave-lengths in the 

middle: each is responsive to some extent to the greater 

part of the spectrum. Our sensations of colour de- 
pend on the relative responses of the three to the light 

_which enters the eye. If any one of the three, say that 

which is most responsive to red, is missing or only partly 

efficient, the eye is more or less insensitive to the presence 

of red: there is a difficulty in distinguishing red flowers 

from green leaves. Quite a number of people are 

colour blind because of such a defect: the red receiver 

being the one that is most usually at fault. The owner 

of the eye may be totally unaware of its defect. John 

Dalton, the famous pioneer chemist did not know that he 

was colour blind until the fact -was discovered by 
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Thomas Young when Dalton was forty years old. 

Theories of the exact ranges of these receivers are mainly 

based on comparisons between the perceptions of the 

normal and the colour blind eye. 

We can now see how it is possible to devise various 

combinations of wave-lengths which will seem alike to 

the eye. A particular colour sensation is due to the 

stimulations of the three receivers in proper proportions. 

Since every wave-length can stimulate at least two and 

often all three, but in different proportions, a required 
sensation can, within certain obvious limits, be ob- 

tained by the use of any three wave-lengths provided 

their relative intensities are properly adjusted. 

Complementary Colours 

If we suppose that these receiving organs can be tired 

by use and become less efficient, we can readily find an 

explanation for the frequent appearance of comple- 

mentary colours, so called. If we look steadily at some 

brightly coloured object for a few seconds and then 

look away at an illuminated surface, preferably white, 

we see a patch of a different colour which floats before 

our eyes and moves as we turn them. The explanation 

is that the receivers are not equally fatigued. . If we 

have been looking at red, the red receiver is more 

fatigued than the others, so that when white light is. 

thrown into the eye the other two receivers are more 

fully stimulated and a bluish green appears. 

A striking example of the effect can be obtained by 

using the whole spectrum, as thrown upon the white 

screen by the arc light. We gaze steadily at a fixed 
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point in the spectrum, which we mark in some way, and 

after about a quarter of a minute we put the arc out and 

light up the room. Something like a reverse spectrum 

then appears, blue and green where the red was before, 

and red in place of the blue: in the centre purple 

replaces some of the brighter colours there. 

Fig. 53. The-disc is rotated in the direction which is indicated by the arrow. 
The lamp, which is red, is visible at intervals through the open sector. It 

appears green, and not red. The disc must be well illuminated. 

One would expect the complementary colours ob- 

served in these ways to be much feebler than the 

original, but there is a very curious experiment which 

shows that the contrary may be true. We prepare a cir- 

cular cardboard disc of about eighteen inches diameter, 

cut out of it a sector and divide the remainder into black 

and white halves as in Fig. 53. We mount the disc so 

that it can be turned round its axis at the rate of two or 

three times a second. We put a red lamp at L as the 

figure shows: we light up the front of the disc strongly 

and make it revolve. As it turns we see the red-looking 
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filament for a short time, then the white half of the disc, 

then the black, then the filament again and so on. When 

the white part of the disc hides the lamp we must, as we 

know, see a green reaction. The interesting fact is 

that this green is so much stronger than the red that 

when the disc is in motion we do not see the latter 

at all. The reaction produces more effect than the 

original action. It is most curious to see the green 

filament replace the red. If we turn the disc the other 

way, the colour of the lamp is unchanged, it remains 

red; for in this case the black sector covers the lamp just 

after we have seen the latter, and there is no light to 

excite the secondary reactions. 

Colour Illusions 

Effects of this kind are due to peculiar features of our 

eyes, over which we have no control. Other effects are 

no doubt due in part to the adoption of false standards: 

we have already seen instances of this, and now find that 

in matters of colour it may also be operative. If for 

example, we lay side by side three patches of colour, red, 

purple and blue, in the order given, we find that there is 

difficulty in persuading ourselves that the purple is uni- 

form (Plate XIVj). It seems reddish where it touches the 

blue, and bluish where it touches the red. We may sup- 

pose that we look at the red for a moment, so that we tire 

our red receiving organs, and then when our eyes look at 

the purple its red is not so fully seen. We may suppose 

also that near the red we form a false standard of what we 

mean by purple, making it too red because we are 

momentarily accustomed to an excess of red. The two 
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explanations are not one and the same, but it may be 

difficult to decide between them. 

The effect is, of course, made use of freely in the 

various modes of painting and of decoration in which 

colour is employed. One ‘brings out’ a certain colour, 

or alters its apparent hue by putting the appropriate 

colour beside it. 

If we hang a picture on the wall, its appearance may 

be affected by all the various influences which we have 

been considering. There is in the first place the quality 

of the light that enters the room or that we provide 

purposely: the light is modified on reflection from the 

various objects in the room before it reaches the picture, 

and finally our perceptions are modified by the surround- 

ings and by the coloration of the objects on which our 

eyes have rested just before we looked at the picture, or 

which we may look at from time to time. Presumably 
the ideal way to present a picture is to give to it illumina- 

tion of the same intensity and quality as that under which 

it was painted, and to surround it as the artist intended | 

it to be surrounded. A painting made out of doors in 

bright daylight does not then present the same appear- 

ance to the eye as it does at night when lit by ordinary 

sources of artificial illumination, and looked at by eyes 

that have changed their standard when the daylight 

failed. If the light from a paraffin lamp falls upon a 

piece of white paper alongside which is a piece of the 

same paper illuminated by daylight — the experiment 

is not difficult to arrange in the laboratory — the former — 

appears orange brown as compared with the latter. Yet 

at night the former may be our standard of white; and 
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objects of other colours show, of course, similar varia- 

tions. In these days of bright and plentiful illumination 

the difference between day and night is not so great, 

but even the brightest and whitest ‘half-watt’ electric 

light does not correspond to daylight. It is necessary to 

reduce very considerably the intensity of the long wave- 

lengths of the artificial light by the use of a blue globe if 

a near approach to daylight is to be attained. The 

electric light contains the blue rays, but in insufficient 

quantity. The use of daylight lamps has been much ex- 

tended of late for various reasons; shops require them if 

they must display goods where only artificial light is 

available: sometimes the artist or the decorator is glad 

of their help. It is startling to see the alteration of the 

relative values of colours when the nature of the illum- 

ination is concerned. Two pieces of cloth may look green 

in daylight: by artificial light one is green and one 
brown, and so on. 

The Colour Effects of Lenses 

A lens is unable, unless special and quite elaborate 

precautions are taken, to bring to a focus all the light 

from a bright source, because whenever white light is — 

bent out of its course the blue is bent more than the red. 

Fig. 54 shows how the rays will go: the blue rays come 

to a point nearer to the lens than the red rays do. If 

we put a piece of white paper at A, it has a red fringe, 

if we move it to B, the fringe is blue. Nowhere are all 

the colours brought to the same point. 

The eye shows this effect. It is often possible on look- 

ing at the bright sky through an opening, a window for 
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example, to see a red or blue edging to the rectangle of 

the window, the particular colour depending on the cir- 

cumstances which influence the focusing of the eye. 

This inability to focus all wave-lengths at the same time 

troubles us very little. In the case of optical instru- 

ments when magnification is required a corresponding 

inability would be fatal: fortunately it is possible to 

design ‘achromatic’ lenses — as we shall see in a moment 

— so that the difficulty is got over. 

Fig. 54. Allens brings the blue rays to a focus at a point A nearer 
to the lens than the focus of the red rays at B. 

The lack of achromatism in the eye has some curious 

results. Since red rays are less bent than blue, the lens 

system of the eye must be more compressed if it is to be 

adapted to the vision of a red object. Now, the extent 

of the strain that we have to put upon our eye muscles 

is a partial indication of the nearness of an object: the 

greater the strain the nearer we think it to be. We 

are apt therefore to misjudge distances, estimating the 

distance of red objects as less than that of blue, other | 

things being equal. This is probably the reason why a 

red room looks smaller than a blue room. Perhaps we 

associate blue with distance, from our experiences out of 

doors: but the former reason seems to be the stronger. 

The red letters in a brightly coloured poster seem to 

stand out in front of the blue. Also, if there are objects 

blue and red of the same size and at the same distance 
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from us, we are apt to think that the blue are the larger 

because we suppose them to be further away than the red. 

A very interesting illustration of this curious illusion 

is to be found in the French tricouleur. The three ver- 

tical bands, red, white and blue, are not of equal width. 

Originally the widths were to be equal, but it was found 
that the blue looked larger than the red. A Commis- 

sion of Enquiry examined the question and recom- 

mended that the widths of blue, white and red, should 

be in the proportion 30, 33 and 37: these figures being 

chosen as the result of experiment. With this arrange- 

ment the bands seem to the eye to be of equal value. It 
may be supposed that the eye would naturally imagine 

the blue to be further away than the red, and this being 

the case, the fact that the angles subtended by blue and 

red are actually equal, would lead to the further inter- 

pretation that the blue is larger than the red. It must 

be said however that modern writers consider the full 
explanation to be more complicated. (Hartridge, Journal 

of Physiology, 52, 222, 1918). 

In a blue light vision is clear at closer distances than 

in a red light. The shorter wave-lengths are brought to 

a focus on the retina when the longer converge to a point 

behind it, even when all the converging power of the eye 

is brought to bear. This accounts, at least in part, for 

the fact that the details of one’s immediate surroundings 

are more distinctly seen in a blue light than in a red. 
The separation of colours that accompanies every at- 

tempt to bend a ray of white light becomes a serious 

matter when optical instruments are used to reinforce 

the powers of the eye, because the. magnification is 
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the eye causes, and is accompanied by a greater separa- 

tion of colours. In the view given by a poor pair of 

binoculars the brightly illuminated parts are surrounded 

by troublesome colour fringes. In the high magnifica- 

tions of more powerful instruments the effect would be 

intolerable if it were permitted. 

It is curious that Newton believed the difficulty to be 

insuperable: for which reason he abandoned the use of 
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Fig. 55. A diagram showing the arrangement of Newton’s telescope. 

the lens as the object glass of his telescope and employed 

a spherical reflector instead. The mirror could form an 

image to be examined at close quarters by an eyepiece, 

just as a lens could: and there would be no separations 

of colour. In the diagram of Fig. 55, M is the large con- 

cave mirror which would form an image at A were it 

not that a small plane mirror turns aside the rays from 

M so that an image is formed at B. There the eyepiece 

takes charge. If the image had been at A, the head of 

the observer would have been in the road. A picture 

of this telescope is shown in Plate XIITa. 

There is, however, a way of avoiding the coloration 

which was first put into practice by John Dollond, who 

in 1758 presented to the Royal Society the first achro- 

matic telescope. Its construction depends on the fact 
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that the separation of colour which accompanies bending 
is not proportional to it for different qualities of glass. 
Two lenses can be constructed, one of crown glass, the 
other of the heavier flint glass, which will separate the 
spectrum colours equally and yet refract the ray as a 
whole through different angles. The passage of a beam 
of light through a convex lens of crown glass might be of 
the character shown in Fig. 56a, the blue rays being 
focused at B, and the red at R. 

Again a concave lens of flint glass might behave to the 
same beam as shown in Fig. 565. The bending as a 
whole is less than in the case of the crown glass, but the 
separation « is the same in the two cases. 

If now the two are combined, the colour separations 

will be compensated but not the bendings as a whole. 
The converging power of the crown lens is greater than 
the diverging power of the flint lens. The two together 
will act as in the Fig. 56c. 

In this way a beam of rays is brought to a point with- 
out the production of colour: the combination is achro- 
matic. Yet this statement must be qualified, it would 

be better to say nearly achromatic. Any two wave- 

lengths such as have been indicated by B, a point in the 
blue, and R, a point in the red, can be brought together 

again at the same focus in the way described. But the 

spectrum of wave-lengths is not spread out in the same 

way by the two lenses: the B and the R may be brought 

exactly together, other points in the spectrum are only 

made to coincide nearly. The evil is greatly corrected, 

but is not quite removed. | | 

In the case of the microscope a further step to clear 
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vision is obtained by restricting the wave-lengths used 

to a narrow range. Of course this affects colour: but 

colour may be less desired than sharp outline. Some 
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io. <6. The top figure shows a lens of crown glass. Its converging power 

Ee adicsted by the magnitude of the angle 81. The amount by which it 

separates blue from red is indicated by the angle a. The middle figure shows 

a flint glass lens, with a diverging power indicated by 82, less than Br: but it 

produces the same separation of red from blue as the other lens. ‘The two 

together, in the third figure, do not separate blue from red, but possess a 

converging power f1-(2. 

of the best microscopic work has recently been accom- 

plished by the use of monochromatic rays in the ultra- 

violet, rays which affect a photographic plate though 

they are invisible to the eye. Such for example 1s the 

photography of bacteria illustrated in Plate XIIIs. 

Thése colour questions add greatly to the difficulties 

of the maker of optical instruments. The higher the 

“magnification that is asked for, the greater the skill 
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required to design the lenses. Our knowledge both of 

the very great and of the very small is derived largely 

from the employment of the telescope and the micro- 

scope: and we owe therefore a great debt to those who 

have devoted themselves to their perfection. 

The Rainbow 

The sparkling colours of the drops that remain hang- 

ing from leaves or fence wires when the sun comes out 

again after rain are due to a combination of refraction 

and reflection. In the retreating shower the colours 

gather together to make the rainbow. How this hap- 

pens is explained in the two adjoining figures. 

Surns rays 

Fig. 56a 6 ‘ Fix 'S6 Ss 
84, 8: 

Fig. 56a. The circle represents a spherical drop of water. Parallel rays from 
the sun enter at the top of the figure, and emerge after two refractions and one 
reflection; the numbers show their separate courses. Most of the emerging 
rays are nearly parallel to a line making an angle of 41° with the original rays 

(actually 42° for red, 40° for blue). 

Fig. 56b. Consequently, an observer at 0, looking along any line which makes 
an angle of 42° with the direction of the sun (which is behind him) receives 
red from every drop in that line. These lines make a cone about Os as axis. 

A blue cone lies within the red. 

It will be observed that the rainbow does not lie at 

any particular distance from the observer, though its 

colours lie in certain directions. 

CHAPTER IV 

THE ORIGINS OF COLOUR 

The Principle of Resonance 

We have seen that colour is very generally produced 

by the destruction of colour. The light from the sun 

is a complex which can be analysed by a prism into 

a series of different qualities. These are distinguished 

by the eye as separate colours and by the physicist in his 

laboratory as different wave-lengths. We have seen 

something also of the curious mechanism of the eye 

whereby colours and mixtures of colours are perceived 

and passed on to the brain for interpretation. 

Let us now consider more closely how this destruction 

of colour is accomplished. The light from the sun falls 

on the objects about us, leaves, grass, flowers, birds, 

insects, the earth itself and everywhere there is colour. 

Everywhere therefore, there must be destruction of 

colour. How is this accomplished? What is the pro- 

cess by which pigments fulfil their task ? 

It is well to observe at this point that, although the 

majority of the colorations surrounding us are due to 

pigments, there are certain other methods of producing 

colour which are extremely interesting and important 

and are moreover the cause of some of the most beautiful 

of all colour effects. They are generally considered 

under the two heads of diffraction and interference. 
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We will take them in their turn; but for the moment 

let us confine ourselves to the method of the pigment, 

which, at least quantitatively, is the principal cause of 

colour. 

The secret lies in a principle known as that of reson- 

ance, the effects of which are indeed very common and 

easily to be observed. Let us take a very simple case, 

namely the action of one tuning fork upon another of 

like pitch. The two fixed on their appropriate sounding 

boxes stand side by side upon the table. One of them is 

strongly excited by drawing a bow across its prongs. 

It is allowed to sound for a few seconds and is then 

brought to silence by a touch of the finger. It is then 

found that the second fork is sounding, although it has 

never been touched: it has been set into motion by the 

first. After the second has been sounding a while, it may 

be stopped in its turn, whereupon the first may be found 

to have taken back some of the energy which it gave 

and to be sounding feebly. 

It is essential that the tuning forks should be in tune. 

Ifa piece of wax is fastened to one of the prongs of either 

of them, the handing of energy backwards and forwards 

ceases, and the resonant effect no longer appears. 

There are other examples in plenty. If one sits down 

before a piano and gently presses one of the notes so as 

to take the damper off the string, and then sings strongly 

the note, the string will resound and be heard when the 

voice ceases to sound. No other note will answer in the 

same way: the voice and the string must be in unison, 

except that a response may occur because each source of 

sound is not quite simple, containing overtones as well 
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as the fundamental, and therefore there may be other 

opportunities of correspondence. 
It has sometimes been the boast of a powerful singer 

that he can shatter a glass bowl without touching it by 

singing to it loudly on a note which the bowl would 

itself give out if struck. 

But the commonest of all resonant effects in these days 

is the foundation of the working of wireless transmission. 

When we tune in we are availing ourselves directly of the 

resonance principle: we turn the knobs of our receiving 

set until the period or frequency of the electrical vibra- 

tions in its condensers and coils is exactly the same as 

that of the wave system coming from the sending station. 

The various stations emit waves of different frequencies, 

which differ exactly as one colour differs from another. 

Each station has its own special frequency, its own 

colour. Our receiving set is a ‘pigment’ absorbing a 

particular colour: and we have the power of changing 

the pigment until it absorbs the colour we want. The 

more perfect sets allow of the most accurate tuning, with 

the best response to the station looked for, and the most 

complete ignoring of all others. | 

If we ask ourselves why tuning should be so necessary 

and so effective we have only to think of some particular 

case where the motion is so slow that we can watch it. 

Imagine a child in a swing and someone who is setting 

the swing in motion. The swing has.a natural period of 

to and fro movement: a frequency, meaning the number 

of swings in a minute or any other set time. If the 

impulses are given always at the right moment the 

amplitude of the swing continously increases until 
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the energy of each impulse is all used up in con- 

tending with the resistance of the air and other opposing 

forces. But if the impulses are given irregularly, or even 

regularly when the time betwéen each impulse and the 

next is not that of the swing, the successive impulses 

defeat each other. One push may be given when the 

swing is receding, which is right, and another when it is 

coming, which will tend of course to stop the motion, 

and so on. A long series of regularly timed impulses 

will have no effect unless the timing is right, because the 

impulses will, at regular intervals, be for and against 

the movement. 

When the one tuning fork sets the other in motion, 

each impulse is extremely feeble, being conveyed only 

by the air: but, the timing being perfect, the effects 

accumulate. When men march in step over a bridge it 

may be that there is danger because some vibrational 

period of the bridge coincides with that of the march: 

and the bridge may be weak and unable to stand it. 

Sometimes soldiers are told to break step when crossing. 

So it is with other cases of resonance, feeble impulses 

being effective when the timing is good. 

The absorption of light of a particular wave-length by 

a pigment is also a resonance effect like all those that 

have been mentioned: and it particularly resembles that 

of wireless reception because it is electrical in nature and 

acts upon ether waves which differ only in length from 

those used in broadcasting. The wireless receiver 

absorbs the long ether waves, something in the pigment 

absorbs the short waves of light. 

The wireless receiving set contains an arrangement of 
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electrical condensers, and coils of wire which are 

properly adjusted to each other. The atoms and mole- 

cules are the receiving sets of light: and this we know, 

even though we find it a difficult and complicated matter 

to compare them item by item with the larger sets. 

There are, however, general features of the atom and 

molecule considered ‘as resonators which are extremely 

interesting, and these we may now examine. Let us 

think of some of the great colouring matters of the world. 

There is just one preliminary point which we must 

consider because the connection between reception and. 

absorption must be made clear. One tuning fork 

excites another: and some of the energy which it emits 

- must be spent on the process. Just so every wireless 

receiving set absorbs a certain amount of energy from 

the ether. It may, by means of certain arrangements 

known to the wireless expert, be stimulated to the 

abstraction of energy from a store which is attached to its 

system, but that is another matter. 

Imagine a tuning fork to be emitting energy in all 

directions. In one direction the sound waves come to a 

space where there are a great number of forks of the 

‘same pitch as the first. All of them are put into action 
to some extent, and energy of the waves is absorbed 

from the wave system in consequence. Clearly there is 

so much the less energy to go on in the original direction 

to which we have been confining our attention. It is 

true that the battery of receiving forks will all be emitting 

the same note, but the sum total of what they emit 

cannot be greater than what they took, and moreover 

they spread it in all directions. Thus there is certainly 
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less to go on in the original direction. In other words, 

the battery of forks has acted as an absorber. If the first 

source had been comprised of two or three forks of 

different pitches beside the one that is of the same pitch 

as the battery of forks, the latter would not have picked 

any energy from the sound waves coming from the extra 

forks; the battery’s action would be selective, absorbing 

one wave-length and allowing the others to pass on. 

The analogy with,the action of a pigment is obvious. 

The pigment is an assemblage of similar atoms and 

molecules all of which are capable of emitting and ab- 

sorbing light of certain definite wave-lengths. We use 

the plural here, for the tuning fork is really far too 

simple a source of musical sound to represent the many 

possibilities. of vibration which the atom or molecule 

possesses. The spectrum of white light which has gone 

through a space containing these complex vibrations 

must show a number of gaps. | 

The Vibrations of Atoms and Molecules 

Atoms and molecules are of very small dimensions. 

We may introduce here the unit of length which 1s 

convenient for the expression of their magnitudes, the 

Angstrom unit, which is the hundred millionth of a 

centimetre, nearly the two hundred and fifty millionth - 

part of an inch. Ninety-two different kinds of atom are 

known to exist. Molecules consist generally of a few 

atoms, two, three, four, and so on: it is a large molecule 

which is made of twenty or thirty or more atoms. The 

diameters of the atoms are of the order of one, two or 

three Angstrom units. | 
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Various methods of investigation have led to fairly 

accurate measurements of these small magnitudes. 

Indeed, the methods of X-ray analysis can determine 

them with great precision, at least when the atoms and 

molecules are built into crystalline structures. The 

chemist has, in very many cases, been able to form an 

idea of the plan of the molecule: he can tell how the_ 

atoms are disposed with respect to each other, and the 

neighbours to which each atom is attached. This is done 

by laborious examination of chemical reactions, which 

term covers all those processes under which molecules 

of different kinds when brought together exchange atoms 

and form fresh combinations.. This matter is very much 

too large for discussion here: it is sufficient to observe 

that such investigations are of the greatest importance, 

especially so in that branch of chemistry which concerns 

itself with the molecules particularly involved in the 

structure of living organisms. The properties of the 

molecule depend on the arrangement of the atoms, as 

might well be expected: just as the nature of a house 

depends on how its various constituents, bricks, planks, 

tiles, etc., are disposed. The X-rays have recently come 

to the aid of the chemist in this work: we shall see later 

how they may add definition and fresh knowledge to 

that which the chemical methods reveal. 

Now, although we cannot describe the mode in which 

a molecule vibrates as easily as we can describe the 

movements of a tuning fork, yet we find that we are able, 

in some cases, to see certain connections between the 

‘notes’ of a molecule and its structure. And as it is very 

interesting and often of industrial importance to discover 
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any such connections, the molecules that especially 

give rise to colour have been studied with great Care. 

The points that are most examined are the notes, or 

natural frequencies, and the composition and form of the 
molecule. : 

Chlorophyll 

Let us begin with the chlorophyll molecule, one of the 

most interesting, and from the point of view of the life 

processes, the most important of all molecules. It is 

extremely complicated, and the study of it has not gone 

very far. But it is not unnatural to take it first, because 

it colours for us all the world of vegetation, and more 

than that, it takes in for us the energy of the sun’s rays 

and converts it to our use. On the one hand it fills our 

eyes with beauty whenever we go out of doors, on the 

other hand it helps the world to make the first step in the 

life process. Moreover, coal and oil on which we 

depend so much are stores of energy derived by chloro- 

phyll from the sun’s rays in past ages. 

If we throw a spectrum upon the screen in the usual 

way, using a prism to open out the rays from the sun or 

from an electric arc, and if we then place a cell contain- 

ing chlorophyll in the path of the rays — a preparation of 

nettle leaves gives us chlorophyll readily and conveniently 

~we find that the long wave-lengths are strongly ab- 

sorbed, except for a narrow band in the deep red (Plate 

XIVc). Other fainter bands are to be seen in other parts 

of the spectrum, and the extreme blue has disappeared. 

But it is the absorption of long wave-lengths that is 

important. The chlorophyll molecule responds to this 

particular range of wave-lengths in the sun’s light, and 
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so takes up energy. The chemist has shown that so 

fortified, if the term may be used in a broad sense, the 

chlorophyll molecule can combine with the ubiquitous 

molecule of carbon dioxide (carbonic acid). In this way 

are formed the ‘carbo-hydrates’ — starches and sugars — 

which are the foundations of the activity of plants. As 

we eat the plants, or eat the animals which eat the plants, 

we also derive our activities from the absorption of the 

red rays of chlorophyll. 

Surely one of the most remarkable of all observations 

is that which shows us this one particular molecule as 

playing so great a part. It is the same in all plants: 

it is known indeed that there are two different forms of it, 

but, apart from that, every plant of every description 

makes use of the same molecule for the same purpose. 

Our interest is increased if we take into account that 

haemoglobin which plays so important a function in 

animal life is of an allied structure. There is some great 

secret, not yet known, which is involved in this universal 

use of one particular form of molecule. Its composition 

is known: it contains fifty-five atoms of carbon, seventy- 

two of hydrogen, five of oxygen, four of nitrogen and one 

of magnesium; truly a complex affair. But only a very 

little has been discovered as to the arrangement of these 

atoms, which remains a problem of outstanding interest. 

The Colours of Flowers 

The colours of the flowers must attract us next. Here 

again the whole scheme depends on a small number of 

basic forms, though of course there must, in this case, be 

many derivatives, since the colours are of such infinite 
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variety. One of the most important of these forms is that 
of carotin, a colouring matter which in one of its varieties . 

~ was extracted from carrots a hundred years ago. The 
molecule is compounded of forty carbon atoms and 
fifty-six hydrogen atoms, but little is known of the 
manner in which they are linked together. Another 
plant pigment is xanthophyll, which differs from carotin 
only, so far as composition is concerned, in the possession 

HH H 
Fig.57. The diagram shows the arrangement of the atoms in the primitive 

of the anthocyanin molecules which give colours to the flowers. 

of two oxygen atoms in addition to those already named. 
These two and their variants are mainly responsible for | 
the yellows and reds of flowers. The former is found for 
example in daffodils, cowslips, and dandelions; the latter 
in marigolds, buttercups, celandine and sunflowers. 
These colouring matters are found in the leaves of 
plants as well as in the flowers, and when the chlorophyll 
disappears as the year advances they remain to give us 
the colours of autumn. Quite lately it has been found 
that Vitamin A is produced from carotin by the action 
of ultra-violet light. 

Then there are very interesting substances known as 
the anthocyanins which also provide the colours of many 
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flowers. In this case the structure and composition are 

both known and it is possible to observe how certain 

changes in form produce changes in colour. The stand- 

ard structure is shown in Fig. 57, where the curious 

linkings of carbon and oxygen into six-sided rings is a 

feature of the plan. Carbon atoms lie at every junction 

of straight lines, except at the one marked O where 

there is an atom of oxygen: they are not specially indi- 

H H 

‘Fig 58. The anthocyanin which gives red to the rose is formed from that 

of Fig. 57 by attaching an acid group loosely to the oxygen atom and replacing 

hydrogens by hydroxyl groups (hydrogen + oxygen) at certain points. The 
molecule is now acidic. 

‘cated in the figure. Hydrogens are attached at the 

points marked H. The order in which the atoms are 

linked together has been determined by chemical 

methods. 

The arrangement is probably planar, but there is no 

certain knowledge of this. Certain other molecules 

_which contain hexagonal carbon rings — benzene rings — 

have been shown by X-ray methods to be planar, and 

it has also been shown in those cases that the hexagon is 

regular in form, having a length of side of 1.42 Angstrom 

units. (One AU =1/100,000,000 of a centimetre.) 

Anthocyanins are responsible for a large number of 
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the reds, mauves, purples, and blues. In Fig. 58 for 

instance is the variety that gives its colour to the rose: the 

principal addition to the basic form of Fig. 57 is the acid 

H H 

Fig. 59. ‘The acid group is removed and a hydrogen of one of the hydroxy] 
groups is replaced by potassium marked kK. ‘The molecule is now alkaline in 

character. It gives blue to the cornflower. 

group of atoms which is attached to the oxygen atom. 

If this be taken away and an alkaline character be given 

to the molecule by putting a potassium atom in place of 

the hydrogen at one end of the molecule, we have the 

anthocyanin that gives the blue colour to the cornflower 

(Fig. 59). In some parts of the country the children 

plant the blue wild hyacinth near to ants’ nests, 

eon 
Fig.60. The primitive of anthoxanthin is formed from that of anthocyanin 
by the addition of an oxygen atom, strongly bound to one of the carbons in 

the middle ring, replacing a hydrogen atom at that point. 

T22 

THE ORIGINS OF COLOUR 

where the formic acid turns the blue of the flower into 

red. 

There is a slight modification of the anthocyanin 

skeleton molecule as shown in Fig. 60 where an oxygen 

atom has been attached at one point. This causes the 

molecule to be soluble in water; it is responsible for the 

colour of the primrose and presumably this is the reason 

why primroses become so colourless when wet. 

Dyes 

From time immemorial men have extracted dyes from 

plants, but curiously enough they have rarely used the 

natural colouring matters of leaves and flowers. They 

have made use of constituents of the plant which play no 

part in the coloration of the plant itself. The natural 

colours are too fugitive. The alterations in hue which 

follow the changing seasons are proper to the scheme of 

Nature, but man looks for something more lasting when 

he sets out to decorate his implements or his house or 

himself. So for example, he has extracted indigo and 

its near relation woad from the roots of certain plants 

which he learnt to cultivate. From these and their 

derivatives the dyer has made many well known colours. 

The structure of the indigo molecule is well known: 

it is shown in Fig. 61. Since it was finally determined in 

1883 by A von Baeyer, its synthetic manufacture has 

entirely replaced the older and more laborious process 

of extraction from the plant. There is a curious and 

interesting feature in the manner of its use. Indigo 

itself is insoluble in water: which is indeed a strong 

recommendation to its use since it is to provide the 
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colouring matter of objects which will be exposed to the 

weather. But the dyeing process requires a solution into 

which the textile material may be dipped. To get over 

the difficulty, the dyer treats the indigo chemically in 

a way which results in the addition of hydrogen atoms 

H O O H 

| | | | 

No No Loo NoS® 
et C=C eee 

Ne aye i ey, a 
| | | | 
H 4H H 4H 

Fig. 61. The indigo molecule, drawn to show the result of the determina- 
tion of its atomic arrangement by chemical methods. 

to the molecule (Fig. 62). So changed the molecule has 

the power of attaching itself to a water molecule: that is 

to say the indigo becomes soluble in water. 

At the same time it becomes colourless, which illus- 

trates very well a point we have been trying to make, 

namely, that the molecular absorption of light is of the 

nature of a resonance. We saw that the pitch of a 

tuning fork was altered when wax was attached to one or — 

H H 

| | 
H O O H 

APY Sey Rt aeteet Tae 
N\cF Nc4 ne WA OANA 

Ege ewer ee Jes 
| | | 
H H H 

Fig. 62. The indigo molecule, altered so as to become soluble, 
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both of the prongs. We loaded the fork, and the 

vibrations were therefore made to slow down. So in the 

same way, if there is any parallelism, we should expect 

that the ‘note’ or ‘notes’ of a molecule could be altered 

by weighting it, that is to say by adding atoms in the 

proper places. The dye chemist does in fact experiment 

with such additions: he tries to find out what he should 

add and where he should add it. He is of course bound 

to secure ‘fastness’ at the same time: the ordinary 

experiences to which his dyed material is to be sub- 

jected must not loosen or remove any additions that he 

has made. | 
The range of visible wave-lengths is very small: and 

it is easy to shift the note to a very different part of the 

spectrum, or even to push it out altogether. This is 

what has happened to the indigo. molecule when it is 

made soluble in water. It no longer absorbs the long 

waves and leaves the blue: it leaves them all, and the 

solution is colourless. 

This, however, is no hindrance during the dyeing. 

_ The material is dipped into the solution of the indigo and 

the dye is attached to the fibres. Now, the hydrogen 

atoms which have been added to the indigo molecule are 

very easily removed again by exposure to the air. As soon 

as the material is removed from the dye-bath the mole- 

cule begins to return to the normal form which gives the 

indigo colour. The stuff is then fast to moisture, and the 

dyer has achieved his purpose. 

The woad with which our ancestors decorated their 

bodies two thousand years ago, and the Imperial 

purple of Rome which was extracted from the shell fish 
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Murex are based on the same molecular structure as 

indigo. 

The colours of leaves and flowers are, of course, the 

most widely displayed of all that we see in the world 

about us: except those of the sky and the sea which we 

shall consider presently. These latter, like the colours of 

the blue distance and of the sunset, are not due to pig- 

ments and are to be explained in a totally different way. 

There are also the colours of the earths and rocks, some 

of them so brilliant that they have been made use of as 

paints; these also derive their colour from the absorption 

process, and therefore are to be classed with the pigments 

we have been considering. 

Diffraction 

But now we must break new ground, and go on to 

observe certain ways of providing colour, which differ 

entirely from those methods of partial absorption which 

we have just been examining. , 

We took note before of the remarkable fact that a ray — 

of light pursues its way with little loss to either side, and 

we saw that it was not very easy to understand how this 

might be if light were to be considered as a form of wave 

motion. Newton had indeed made this his principal 

objection to the wave theory. Experiments with water 

waves such as we may perform on the ripple tank always 

show a certain amount of sideways spreading: and it 

might be thought, with Newton, that this effect should 

manifest itself in the case of light also in such an obvious 

way that the wave theory ought to be given up. But, as 

a matter of fact, that which seemed a fatal objection has 
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turned out to be most striking evidence in its favour. 

Closer examination has shown that sideways spreading 

may become very small and difficult to detect if the 

length of the wave is small compared to the width of the 

ray. In the case of light the ratio of the former of the 

two quantities to the latter is often very small indeed, so 

that the spreading is quite difficult to observe, fortunately 

for the purposes of vision. 

Fig. 63. Ripples started by the vibrating bar v move up to the barrier B in 

which there is a relatively wide opening. The.continuation of the advance 
of the waves shows for some time the form of the opening. 

This point is of the greatest importance to our theories 

of light. Let us therefore examine it carefully and guide 

ourselves by experiment. 

If we set two barriers in the tank (Fig. 63) leaving a 

space between them and make ripples roll up to the 

opening and pass through, we see at once that there is 

always some of this sideways spreading. The waves on 

the farther side are to some extent continuations of the 

original wave motion on the nearer side and are parallel 

to them. On either side of the new wave system there 
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are what we may call wings which show the sideways 

spreading of which we are speaking. The wider the 

opening the more important is the middle portion which 

implies a regular onward movement of the original 

system of waves, and the less important are the wings. 

If we make the opening very small, the wings and the 

centre become merely semi-circles, and the disturbance 

V 
eet SS 

Fig. 64. In this case the opening in the barrier is relatively small, and the 
continuation of the advance of the waves takes the form of semicircular 

ripples. 

after it gets through the hole spreads equally in all 

directions, as in Fig. 64. 

When we speak of the size of the opening, we must 

mean its size relative to the length of the wave. An 

opening which may be large for short waves, may be a 

small opening and lead to the semi-circular spreading 

of Fig. 64 when the waves are long. 

We cannot reproduce on the tank the proportions 

which hold in the case of a ray of light. Our ripples are 

always too large for our openings. In the case of light 

an opening an inch wide is some thirty thousand times as 
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large as the wave-length: we can easily imagine how 

negligible is the wing portion as compared with the 

centre. It would be necessary to enlarge our tank 

thousands of times and to open in the same proportion 

the opening between the barriers before we began to 

observe effects which copied those of light. We do, 

however, learn from the tank experiments that sideways 

spreading must always take place to some extent: and we 

realise that under ordinary circumstances we shall see 

nothing of it in the case of a ray of light. Under extra- 

ordinary circumstances such as we can produce in a 

laboratory we can observe it; we are able, in other words, 

to show that light can turn a corner when the conditions 

are right. Moreover, the tank experiments help us to 

see that since the wave-length plays a part in this effect, 

the long waves and the short waves may not turn the 

corner with equal facility, and colour might so come into 

existence. ‘This is indeed the case, but as the whole 

effect is not easy to see under ordinary conditions, the 

separations into colour are still less obvious. 

But now if we proceed to make special arrangements 

for our experiments in the tank we may find our way to 

an explanation of why the colorations in the case of 

light can become very strong. We place in the ripple 

tank a barrier pierced with a number of openings which 

for our preliminary experiment may be arranged in any 

way and need not be all of the same size. When ripples 

are made to advance towards this barrier, and in portions 

to break through it, we observe that the wave systems 

that emerge on the further side recombine in a short time 

and reform the old front. Each system that emerges 
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The 

object of this experiment is to show the combination of 

Each shows how a set of sem1- 

circular waves would spread away if the opening were 
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Although it looks complicated it 

indicated by the dotted line, which is parallel to 

consists only of sets of semi-circles drawn about the 

the original wave front. 

if 
f
e
 

When the ripples (Fig. 64) spread from a number of openings a 

We can draw a diagram which will enable us to 

Now imagine the first barrier to be replaced by another 

tell what will happen in this case: more easily indeed 

in which the openings are regularly spaced. They need 

not be the same size, but it is convenient to make them 

front is eventually formed, 

system as in Fig. 65, but it merges its actions with those 

Fig. 65. 

than we can observe in the actual experiment because 

semi-circular wave systems into one straight-fronted 

the tank is hardly large enough. This diagram 1s repro- 

UNIVERSE OF LIGHT 

from an opening would spread away in a semi-circular 

of all the others and so in the end a straight fronted wave 

appears and progresses in the original direction. 

duced in Fig. 66. 

centres of the openings. 

system. 

SO. 
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the only one in the barrier. In the actual case the sets oe be Sab 

are compounded into one system, and as in the former | i gee 9-8 : Bad 

experiment a train of waves is formed which may be ss 28 ba% 

looked on as a continuation of the original train, but of ME LL: “8 E 5 E | 

less energy. The front of this train is parallel to the Vink Be ace 

original wave-front and gathers definition as it moves é Ws 2° Sg ee | 
away from the barrier. So far the experiment is exactly B Mes Ce a gees 

the same, except that the spacings of the openings are <} NER 83 Vf, EEL 
now uniform, as that of Fig. 65. Vester ee [ oe ae 

But now a new effect appears, which can only occur MRS a oe: 646 BS e8 
when the openings are equally spaced. . In addition to \ NSE E > oj ) KOLO ae es 

the wave-front which carries on the old line of advance, NoS Kae 3 a Wes eeng 

another wave-front forms itself in an oblique direction Wess 589 NNN SS : ae 

parallel to the line OB in the diagram. It is formed by a \ AE EE: WSs Ze ye 
combination of waves belonging to the separate semi- Rte ae Nive buss 
circular systems: these waves did not, however, pass yy. CS & + RASS 8 are 

through the openings at the same moment, but at suc- YOR gs iS _ 25 ES 

cessive intervals. The front touches, for example, the first Gi - ee > \ ries Be 2 

circle belonging to the first hole, the second belonging Lis aoe KS ‘3 2 ze | 

to the second hole, and so on. It can be most easily Ce tes \/ Bae 3 | 

observed in the diagram if the page of the book is held y ge es ga ' 
nearly on a level with the eye, so that the diagram is seen ae ; = = 2 2 | 
in strong perspective, and the line of sight is directed ) + “ 38 o£5 5 

parallel to OB. The diagram of Fig. 67, which is an Ves ec Re | ee 2 8 

extract from the fuller diagram of Fig. 68 may help to | Ns as | beng | 

make this clearer. Since a new wave-front forms in this ae: ga33 | 

way a diversion of energy in a new direction takes place. - = 3 

We have what is usually called a diffracted beam. The ic 38 Pee 

effect 1s constantly observed in the optical laboratory, } oh: Fee 

and indeed is the foundation of a certain very accurate : i: gz% 

means of analysing light, as we shall see presently. Be 2s § 
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By turning the diagram round in its own plane and 
looking in succession along the lines OC and OD one 
may see that there are other directions in which wave- 
fronts are formed after the disturbance has passed 
through the screen, and other diversions of energy. We 
speak of the diffracted pencils of the first, second, third 
order, and so on. In the diagram the wave-length is 
one quarter of the spacing of the openings: for which 
reason, as the diagram shows, there are three diffracted 
pencils on each side of the original direction. 

Nothing of this sort happens if the openings are not 
spaced equally along the barrier. Only when the 
spacing is regular can the straight wave-front touch a 
selection of the semi-circular waves and be the result of 
their joint action. This is illustrated in Fig. 68. 

It is to be observed that the deflection of a diffracted 
ray of light is less the smaller the wave-length and the 
further apart the openings are spaced. In Fig. 67 the 
diffraction effect of the first order is shown for waves of 
two different lengths. A pair of photographs shown on 
Plate XVa supply a further illustration of this point. 
These show diffraction effects of many orders. 
The optical experiment is easily shown. A set of 

parallel straight lines is drawn on a piece of glass, some 
thousands to the centimetre, the whole covering a rec- 
tangular portion of the glass a few centimetres each way. 
This is known as a diffraction grating. It is an ex- 
tremely difficult matter to rule a really good grating: and 
the best come from a very few ruling engines which are 
well known. ‘The gratings prepared by the late Pro- 
fessor Rowland of Baltimore have a great reputation. 
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There is an excellent ruling engine at the National 

Physical Laboratory. 

The light from the arc emerges from the lantern 

through a narrow slit, which is focused upon the 

screen. The slit and the lens have not been mentioned 

in the theory as explained above, but are necessities if the 

images upon the screen are to be clear and bright. Sup- 

posing that the slit is vertical and the grating 1s placed so 

that its lines are parallel to the slit, then Fig. 69 will repre- 

Fig. 69. The rays from the lantern pass through the slit s, 

~ an image of which is formed by the lens L upon the screen on Be 

i i i f the lens. Part of ight. The grating G is placed in front of | 

ae light is then diffracted. Images of the slit appear in blue 

at Br, B2... and in red at R1, R2.... Thus spectra are tRo 

formed. The spectrum of the first order lies between Br and 

R1; of the second between B2 and R2 and so on. 

sent a horizontal section of the arrangement, except that 

the wave-lengths and the spacings of the grating cannot 

be drawn as fine as they should be. ‘The clear spaces of 

the glass correspond to the openings in the screen of 

Fig. 66 and the rulings, being opaque, to the parts of the 

barrier between the openings. The various wave- 

lengths are then diffracted in different directions, the 

red most, and the blue least, and a spectrum appears 

upon the screen showing the same array of colour as the 

prism produced for us before. Moreover, the spectrum 

is repeated in the second and higher orders, and each 

135 



UNIVERSE OF LIGHT 

time it is more extended and the colours are better 
separated. 

This method of obtaining a spectrum has the great 

merit of informing us of the wave-length of each dif- 

fracted colour. The diagram of Fig. 67 shows that 

there is a relation between the wave-length, the spacing 

of the grating and the angle which the diffracted ray 

makes with the original direction. We can observe the 

last factor, the second was settled during the ruling, and 

so the value of the first quantity can be deduced. In this 

way the wave-lengths are determined with extraordinary 

accuracy. 

The grating may be ruled on a piece of good reflecting 

metal, as for example the speculum metal that is used for 

the mirrors of reflecting telescopes. The light is then 

reflected from the grating surface, and exactly the same 

results are obtained as when the light was transmitted 

through the grating ruled on glass. 

The colours of the wing cases of certain beetles, some 

of the colours of butterflies’ wings and of birds’ feathers, 

as for example the colours of the peacock’s tail, are 

diffraction effects. The peacock’s feathers show no 

bright colour when looked through; they show only 

a brown. 

Sometimes diffraction colours of this same sort are 

obtained by the special treatment of a material. The 

colours of mother-of-pearl are due to the presence of 

fine groovings on the polished surface. The substance 

has been formed in layers and the process of manufac- 

ture cuts across them and leaves a set of parallel ridges. 

If an impression be taken of the mother-of-pearl in 
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wax, the colours appear on the wax also: the coloration 

is due to form, not to pigment. The colours of sky and 

sea are also largely due to diffraction, but the manner 

of their production must be given special consideration. 

We shall discuss them later. 
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Fig. 70. Ocean waves sweep round the two sides of an island 

and combine as shown. 

Interference 

It will be well now to examine a different but allied 

cause of colour, known as the principle of interference; 

allied, because it also can be explained as a direct con- 

sequence of the wave theory. Itisa characteristic effect 

of wave motion which we may often observe on the 

surface of the sea, when two sets of waves sweep through 

one another. There is an islet off the South Australian 

coast (Fig. 70) which divides the swells coming up 
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from the Antarctic and causes two wave systems to 
sweep round it and cross one another obliquely as they 
approach the shore. It is curious to watch the result. 
Where crest meets crest the water leaps up in spray: 
where hollow meets hollow there is a double depth. 
When the crest of one system would at some spot raise 
the water up, and a trough of the other would at the 
same time depress it, the water stays still, neither 
rising nor falling. It is this mutual interference of crest 
and trough which has given the principle its title: but 
there is a certain insufficiency in the name because it 
refers to one phase only of the general action, which 
action might more appropriately be referred to as the 
addition or combination of waves. It is only at specified 
points that the two wave systems interfere to mutual 
destruction, at others they combine to produce double 
effects. | 

On a smaller scale we have seen the same effect in the 
ripple tank: the form of the surface of the water at any 
moment is simply the sum of the forms of the separate 
wave systems. here is therefore nothing in the inter- 
ference phenomena which we may not observe and 
watch whenever we look down at the surface of moving 
water. At sea, for example, we may see a set of ripples 
riding on the surface of a larger wave, and this again on 
an ocean swell. Any one set moves on the curved sur- 
face of the larger set as if the latter had been plane. 
When therefore Thomas Young lecturing at the Royal 

Institution in the first years of the nineteenth century 
enunciated the principle of interference and applied it to 
explain certain remarkable optical effects his genius 
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seized hold of an effect which any one may see at any 

time. 

The principle does not differ in reality from that of 

diffraction, both being consequences of the additive 

character of wave motions, but the two are generally 

distinguished from one another, the distinctions applying 

rather to the nature of the effects examined under the 

two heads. 

Let us take as an example of the effects of interference 

the colours of the soap film. Young himself chose the 

same example, and gave its explanation in his book on 

Natural Philosophy. 

The soap film is a thin layer of water held together by 

the mutual attractions of the molecules of which soap 

is composed. It is transparent to light. When a ray of 

light falls upon the film, a portion is reflected at the first 

surface it encounters, and another portion at the second. 

The two subsequently move away together and they 

interfere in the same sense as the two wave systems 

that swung round the islet in the manner already des- 

cribed. There is, however, a peculiar regularity in 

the soap film reflection. The set of waves reflected from 

the first surface is added to the second set which has 

traversed the film twice, and has therefore lagged behind 

a little. The two necessarily overlap: and where 

crest meets crest there is a double effect and so on. 

Now the lag of one reflected system behind the other 

depends upon how much ground is lost in crossing the 

film twice: and this again depends upon the thickness of 

the film and the direction in which it is crossed. The lag 

may be reckoned in wave-lengths of the particular 
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quality of light. Suppose that it amounts to a whole 
number of wave-lengths, one, two, three or more. Then 

a OOS oo SE a 
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Fig. 71. A train of waves falls upon the thin film aa. The film may be of any transparent material. ‘The waves strike the upper surface and are re- 
flected as shown, as for example bcd 
the part cd has not yet met the film; If cd is the crest of one.part of the wave, bc is the crest of the other. The waves pass on, losing only a part of their energy by reflection at the first surface, and meet’ the second. Here they lose half a wave-length in the act of reflection, as explained in the text. 
The dotted line ef shows where the crest of the reflected wave would have been if the reflection at the second face had been of the same character as that at the first. The loss of the half wave-length puts the reflected wave 
back to gh. Reflection takes place as if at the surface shown by the dotted line k Rk: the extra delay has the tie . adding apparently to the thickness 

of the film. 

the two sets of waves run absolutely together, crest and 
crest, trough and trough. They add together and make 
a wave of double the extent of movement up and down: 
and therefore, it may be shown, of four times the energy 
of either one of the reflected rays. 

It must now be observed that it is necessary to add 
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half a wave-length to the lag calculated geometrically. 

This is due to a certain physical effect. One reflection 

takes place in air at the surface of water, and the other 

in water at the surface of air. The two differ in charac- 

ter: the latter loses half a wave-length in the act of 

reflection as shown in the diagram (Fig. 71). The 

effect is the same as that which has similar results in the 

case of organ pipes: where the reflections of the sound 

wave from open and closed ends show a like difference. 

It may easily be seen that some such allowance must be 

made, for if the film were reduced to vanishing, the two 

reflections would then be exactly in step, and yet there 

could be no reflection if the film were not there. The 

half wave-length loss accounts perfectly for the absence 

of any reflection when the film is very thin, because it 

throws the two exactly out of step: the crests of one 

reflection fitting into the hollows of the other reflection, 

mutual interference and destruction being the result. 

It is a matter of ordinary observation that a very thin 

soap film reflects no colour: this part of the — 1s 

generally described as the black spot, though with care 

it can be made so large that the term ‘spot’ is quite 

inadequate. 

If therefore all the causes of lag amount in all to a 

whole number of wave-lengths there is a strong reflection. 

But the same lag will, in respect to some other wave- 

lengths, amount to a whole number and a half. In that 

case the two reflected pencils destroy each other entirely, 

and there is no reflection of the light of that particular 

wave-length; all the energy involved in it passes on 

unchecked. Thus the film sorts out the various colours, 
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reflecting some and transmitting others: it is coloured 
when looked at from either side. 

The colour reflected at a particular angle of reflection 
depends, as we have seen, upon the thickness of the film. 
If a circular wire frame is dipped in soap solution and 
then held in a vertical position the liquid will gradually 
drain downwards, so that the thickness increases with 
the depth. Consequently the colours appear in hori- 
zontal bands. One of the most beautiful of all optical 
experiments is provided when a fine jet of air is projected 
obliquely. against the film, setting up whirls on the 
surface. Just as in whirlpools in open water the rotation 
about the centre causes the liquid to move outwards to 
the circumference: The colours then form themselves 
in ovals about the centre. Very rich colours are quickly 
obtained in this way, because the whirling and blowing 
tend to thin the film, and as we know from experience 
the colours of a soap bubble improve as it becomes 
thinner and are at their best just before the black spot 
forms or the bubble bursts. 
The explanation of this enrichment is not far to seek, 

and is of especial interest because Young wrote about it, 
and figured it in colour in his book (Plate Ip). 

Suppose that the lag of the one reflection with respect 
to the other is two thousandths of a millimetre. The red 
wave-length which is 0.8 thousandths does not appear in 
the reflected beam because 0.8 x 2.5 = 2; so that the 
lag is two and a half of such wave-lengths. Two other 
wave-lengths within the. visible spectrum will also 
be absent, viz. 0.57 thousandths and 0.44 because 
0.57 X 3-5 = 0.44 X 4.5 = 2. That is to say the lag 
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is equal to three and a half wave-lengths and four and 

a half wave-lengths respectively. In all there will be 

gaps in the deep red (0.8), the yellow (0.57), and the 

blue (0.45): no other gaps fall within the visible spec- 

trum. The colour of the reflected light will be a com- 

pound of what is left. 

Suppose that the lag is larger, say four thousandths 

ofa millimetre. There will then be a greater number of 

gaps in the spectrum of the reflected light, and they will 

be less widely spaced. We have 4 equal to 0.73 X 5.5, 

0.62 x 6.5,0.53 X 7.5,0.47 X 8.5, and 0.42 X 9.5: and 

these wave-lengths, 0.73, 0.62, 0.53, . . . all fall within 

the spectrum. Now when the spectrum is deprived of 

several portions equally spaced, it is found by experiment 

that the compounding of the rest is only feebly coloured. 

It is in fact only when the film is so thin that the lag is 

only half a wave-length or one and a half wave-lengths, 

quite a small number, that the coloration is strong. 

Young showed this by examining the light reflected 

from the soap film by means of a prism. He narrowed 

down the light by means of a vertical slit and placed his 

prism in the path of the light which the slit allowed to 

pass, obtaining a spectrum just as we obtained one from 

the light of the arc. The result is shown in Plate Ip, which 

is reproduced from his original drawing. The picture 

is turned through a right angle. It will be observed 
that the gaps, taken as a whole, present the appearance 

of diffuse bands running obliquely across the picture. 

The reason is that the gaps are few and far between in 

the spectrum of the top of the film (left), and numerous 

towards the bottom where the film is thicker (right). 
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Young used this simple explanation of the colours of 
thin films in support of the wave theory. Newton 
himself had foreshadowed the explanation, but he had 
thought of it only as an auxiliary and complicated 
hypothesis, which he required to complete his theory of 
corpuscles. Young, by thus establishing the inter- 
ference principle, made a great step forward in the 
showing that the wave was sufficient for the phenomena 
that were then known. An example of the colours of 
thin films is shown in Plate Ia. 
We do not see on a great scale the simple colour effects 

of the thin film, but in minor ways they occur often 
enough. ‘They account for the colours of tempered 
steels which are coated with thin films of iron oxides. 
They make the bright colours which appear when petrol 
or other oils spread in thin sheets over water surfaces. 
We see them in cracks of glass or other transparent 
substances: and they are prettily shown in a form known 
as Newton’s rings when a lens is laid upon a sheet of 
glass so that there is a thin film of air between the two. 
bodies, and, as the thickness of the film increases from 
the centre outwards the colours appear in the form of 
concentric rings, the centre being at the point of contact. 
The principle of interference appears again in a 

different part of our field when it explains the X-ray 
effects by which the structures of crystalline structures 
are determined. And yet again it is of importance to 
the electrical engineers who have to deal with the 
summation of alternating currents of electricity, which 
surge like waves along the conducting wires. 
The principle has a very strong application to acoustics — 
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accounting for beats and other phenomena of musical 

sounds. When the tuning note is given on the wireless 

there are points in the room where crests of sound waves 

continuously meet troughs and there is comparative 

silence, and again, there are places where the sound is 

always strong. The interference takes place between 

the original sound and its reflections from the walls of 

the room and from objects in the room. As we move 

our heads about we hear the consequent variations in 

intensity. 
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CHAPTER V 

THE COLOURS OF THE SKY 

The Selective Scattering of Light 

THE various colours of the sky, its fundamental blue, 

the haloes which sometimes surround the sun and 

the moon, the red and gold and green of sunrises and 

sunsets, these and other effects are due to reactions © 

between the waves of light and the molecules and 

particles of various sorts which compose the atmosphere 

and float in it. There is no colouring matter in the — 

atmosphere, nothing that behaves like a pigment which 

absorbs certain colours and allows others to pass on. 

There is separation of colours but no destruction. It 

was at one time suggested that the air contained, or 

was itself, a blue gas, which absorbed the red. But if this . 

were so the sun and moon and stars would appear more 

and more blue as they drew near to the horizon and their 

rays had to traverse a greater quantity of air before - 

reaching the eye. We should see a paler blue over- 

head and a darker blue lower down: which jis not 

the case. 

The wave theory suggests a better explanation. Light 

must be scattered by particles floating in the air just as 

the waves of the sea are turned aside and scattered by 

rocks that rise above its surface. The short waves of 

light that compose the blue end of the spectrum must 
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be more easily turned aside than the longer red waves, 

just as ripples are turned aside by a rock over which the 

larger waves heave themselves and then go on. Thus a 

separation takes place and colour is produced. On this 

hypothesis we should expect that the light of the sun 

would incline towards yellow or even red towards sun- 

rise and sunset, because the longer traverse of the air 

would remove the blue rays more completely. At the 

same time the blue that is turned to one side will make 

the blue of the sky. 

Examples of this effect are very common. The smoke 

rising from a chimney looks blue against a dark back- 

ground, especially when the particles of carbon that 

cause the scattering are very small, as when they come 

from a wood fire or from a coal fire which has not been 

recently renewed. Carbon is of course black in the 

lump, but the scattering by the very fine particles in the 

smoke is more effective than the pigmentary absorption. 

For a good blue the particles should be smaller than the 

wave-length of light, and in such a case the absorption 

effects are relatively small. If, on the other hand, the 
smoke is viewed against a bright background of luminous 

cloud, or even against the sun itself, the colour that 

comes through is brown or red. 

The smoke from the burning end of a cigarette is 

blue as it rises in the air, but that which has been in the 

mouth is grey. In the latter case the particles have been 

covered with moisture from the warm breath and the 

increase in size is responsible for a more pronounced 

scattering of the longer waves. 

A red light carries better than a whiter light in a 
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misty atmosphere, because the water particles do not 

scatter the long waves of the red so much as those of the 

blue. The details of a misty view can be photographed 

with greater ease if a yellow glass is placed before the 

lens, since the scattered blue is then absorbed. The 

motor driver is apt to be dazzled by the scattered rays 

that return to his eyes, and red glasses are often placed 

before the head lamps in order to cut out the shorter 

waves. So also red flares are used to help the traffic in 

a fog. Recent experiment has shown however that the 

use of red light is of doubtful benefit because fog particles 

are large enough to scatter all the visible wave-lengths. 

The infra-red waves which we shall presently consider 

are long enough to escape scattering. 

Molecular Scattering 

Thus the wave theory can easily account for the. 

appearance of colour when rays traverse an atmosphere 

containing fine particles. These might be dust or they — 

might be particles of water vapour: both have been 

suggested as the effective agents. Tyndall ascribed the 

blue of the sky to the latter. But the late Lord Rayleigh 

showed by calculation that it was unnecessary, in the 

search for a cause, to look further than the molecules of 

the air itself. The air molecules are of course, very small, 

much smaller than the wave-length of light, but the 

cumulative action of a vast number of minute amounts of 

scattering by the separate molecules is enough to account 

for the light that we receive from the blue sky. Near the 

surface of the earth there is much matter in suspension in > 

the atmosphere and scattering is due to this also. But the 
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earth’s dust cloud does not rise above 3,000 feet, and at 

the Mount Wilson Observatory in California 5,000 feet 

above sea level it has been possible to measure the 

intensity of the light from the sky, and to compare the 

result with the figure deduced from Rayleigh’s theory. 

A complete agreement is found to exist. 

The light that is scattered sideways from sun light 

which penetrates the lower levels is not so pure a blue 

as in the upper levels where there is no dust to add 

longer wave-lengths to those which are due to the air 

molecules themselves. In northern latitudes, particu- 

larly in this country, there is generally much moisture 

in the air, and the blue of the sky is pale and watery as 

compared with the deep blue of countries in lower 

latitudes. These countries do not always enjoy the 

brilliant blue nevertheless: sometimes the hot dry wind 

rushes down and raises clouds of dust, until the blue has 

gone and the sky has become colourless and darkened. 

Then, it may be, the rain pours down carrying the dust 

with it, and literally washing the sky. 

Tyndall used to show a beautiful experiment in 

illustration of this theory that the blue was due to fine 

particles in suspension. A glass tube about three feet 

long was mounted as shown in Plate XVB. Its ends were 

closed by glass plates, so that a beam of light could be 

sent through it. It was first evacuated, and then filled 

with a mixture of air, hydrochloric acid and the vapour 

of butyl nitrite. In a few minutes chemical reactions 

caused the formation of very fine particles which re- 

mained suspended in the gas. The particles were uniform 

in size, which was an important point. They scattered 
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the blue to one side, and as they began to form and then 
grow, an observer viewing the tube from one side was 
aware first of a faint deep blue which gradually grew 
stronger and lighter in shade as the particles increased in 
size. According to his own enthusiastic description: 
‘We produce a blue which rivals, if it does not transcend, 
that of the deepest and purest Italian sky.’ 

In another form of this experiment, which is very 
easily shown, a glass tank is filled with a solution of very 
dilute thiosulphate of soda. A ray of light goes through 
the tank and is projected upon the screen where it forms _ 
a white circle; dilute hydrochloric acid is added, and 
particles of sulphur then separate out in a minute or two, 
and grow in size: and as they do so the colour of the light | 
that gets through the tank becomes yellow and then red, 
and the white circle is changed first into a yellow sun 
and then into a red sun at setting. Meanwhile the water 
in the tank is first a blue and in the end is grey like a 
fog. A coloured photograph of this effect is shown in 
Plate XI Vu. | 

Tyndall believed that, if he removed all the dust and 
all the vapour from his glass tube, there was nothing left 
to scatter the light, and that nothing could be seen, from 
one side of the ray, as it went along the tube. In this 
he was mistaken, but his experiment showed well the 
existence of scattering by particles and the dependence 
of the scattered colour upon the particle size. 

The present Lord Rayleigh pointed out that it should 
be possible to observe the scattering of light by air mole- 
cules even in a tube of the size employed by Tyndall. 
He pointed out that there is light from the sky even 
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when it is lit by the moon only, and therefore that, as 

sunlight is half a million times stronger pean moonlight, 

the light scattered by sunlight in traversing an amount 

of air equal to two millionths of an atmosphere should be 

as easily seen as the moonlit sky: in fact, that the 

scattering of a few inches of air should be enough to be 

visible. This proved to be the case, when the experiment 

was made with the appropriate optical instruments. 

Much of course of the gorgeous colour of the sun and 

sky in the morning and evening is due to scattering by 

dust and water vapour superimposed upon the effects 

due to the air molecules. Sometimes the smoke of a 

fire, a bush fire perhaps, adds a deep red to the color- 

ation. When Krakatoa ejected quantities of the finest 

dust into the air at its eruption half a century ago, the 

colours of the sky all over the world were strangely 

beautiful for many months afterwards: because the dust 

drifted round the world and took long to settle. 

When we look through a slightly misty atmosphere at 

hills that are far away they seem to be blue: but of 

course they are not sending us blue light. The blue 

comes from the molecules and particles of the atmo- 

sphere which lie between them and us; a part of the sky 

intervening space. 

cai an int PO generally, of drops which are 

large enough to scatter all the colours of the spectrum, 

and so when the clouds reflect the sun’s rays to our eyes 

they are masses of shining white. When they lie 

between us and the sun they may intercept all the light 

and appear black; at the edges only enough light passes 

and is scattered to show the silver lining. 
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The Colour of the Sea 

The blue colour of the deep sea is to be explained in a 
similar way. This has been a more difficult matter to 
prove, and even great observers like the late Lord 
Rayleigh were in doubt about it. Undoubtedly much 
of the blue of the sea is due to reflection from the sky: it 
might at first be supposed to be sufficiently explained in 
this way. We cannot but observe that under a blue sky 
the sea also looks blue, especially when a light wind 
chases ripples upon the surface, and the slopes of the 
ripples reflect to us the light from above. Under a 
leaden sky the sea looks grey. 

Near the shore the water is green because there is fine 
sand in suspension which scatters the short waves, and 
when the sun shines through to the sand there is reflected 
yellow to be added to the scattered light. If there is 
seaweed the deep ruddy browns combine with the blue 
and green to make purples. Sometimes water, fresh or 
salt, contains so much suspended matter in a fine state of 
division, or so much air in the form of fine bubbles that 
even a small amount of water looks green. The glacier 
fed water of Lake Pukaki in New Zealand is green even 
in the bucket: and no doubt the phenomenon is not 
infrequent. | 

Thus there are examples in plenty which show how 
suspended matter can give blue to the sea: and yet it can 
be shown that the molecules of the water scatter a blue 
as do the molecules of the air. Lately, Sir C. V. Raman 
of Calcutta concluded from observations made during 
an ocean passage that the violet blue of the deep sea 
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PLATE XV 

A. These two photographs are due to Professor Andrade. They represent 

the spread of ripples on a mercury surface. The ripples start trom, ne i 

where dippers strike the surface at regular and frequent ne a . 

photograph on the left is taken by an electric spark; that on the tee y 2 

flash lasting one second. Interference is easily seen: and the separation into 

radial tufts represents the genesis of diffracted beams, which are many in 

number because the dippers are wide apart. (p. 134) 

B. The tube which Tyndall used in his experiments on the light scattered by 

fine particles suspended in the air. (p. 149) 

C. Eriometers made and used by Young. In each of these 

is a fibre holder, a screen with small holes and a sliding scale. 
The mode of use is described on p. 162. 



PLATE XVI 
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B; But in this sketch th i 3 e€ water is muddy and shad i i i two sketches should not be extended to eee ero ee r ae ee two as wholes. The mudd i i aE 
p y water is actually illumi : 

wie 
inated by the sun: i ould not conveniently be brought out by a relative adjustment of the fee ie pp such simple sketches. (p. 153) aia 
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was to be explained in this way: and he made experi- 

ments in the laboratory which actually demonstrated 

the scattering from a ray of light passing through very 

pure water. 

A ray of light striking the surface of smooth clear 

water is not scattered in all directions from the place 

where it strikes. The surface is not therefore visible; 

there are no details upon it to be distinguished. A tree 

overhanging clear water casts no shadow on the surface. 

There is, however, a shadow if the water is muddy and 

the suspended particles are sufficient to scatter the light 

before it has penetrated far, because in that case the 

eye can see a difference where the sunlight does not 

strike the water. Such a shadow is not to be confounded 

with the reflection of the tree: the former is on the sur- 

face, the latter is as far underneath as the tree is above. 

A cloud casts a shadow on a sparkling sea because it 

cuts off light which the ripples and waves reflect into 

our eyes: on a smooth sea we may sce the reflection of the 

cloud in the water. If one looks over the side of a 

steamer at its shadow on the water, one sees that the 

shadow does not extend to those parts of the surface 

where the sea is pure and deep blue in colour. The 

shadow is visible only where the motion of the steamer 

has churned up the sea and filled it with air bubbles. 

There the walls of the bubbles turn the light aside into 

the eye, so that if the light is cut off by the steamer’s 

bulk, the scattering ceases and there is a shadow. 

On the water of a muddy river the shadow is strong 

and complete (Plate XVI). 
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Haloes 

The haloes that at times surround the sun and moon 
are also scattering effects occurring under special cir- 
cumstances. When suspended particles are very small, 
they scatter in all directions: and when they are large 
compared to the wave-length of light they reflect like 
solid objects or drops of water. There is a critical size 
between these two extremes which is the cause of the 
halo; viz., when drop and wave are approximately of 
the same dimensions. We had a parallel case when we 
observed the action of the diffraction grating, in which 
case the spacings of the grating were of the same order 
of size as the wave-length of light (see Fig. 66). It was 
only when this rough equality of dimensions was ob- 
served that the diffracted beams of the grating were 
observable. If the centres of the openings were too far 
apart they acted independently: if they were too close 
together the secondary wave-fronts of Fig. 66 could not 
be formed. It is so also when drops cause diffraction 
effects, the drops must neither be too big nor be too 
small. 

It is easy to see that if a drop of water suspended in 
the atmosphere has any diffraction effect at all, that is to 
say, if it causes any separation of colours, it must make 
a halo because there is no other way in which the effect 
can be displayed. If light of a particular.wave-length is 
specially scattered in some particular direction, which is 
the essential feature of diffraction, and if a screen is put 

to receive the scattered light, it must appear on the 

screen in the form of a ring of which the centre is C 
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(Fig. 72), which is the centre of the projection of the 

drop upon the screen. That is so because the particular 

direction spoken of may be disposed in any way about 

the line DC, so long as it always makes the same angle 

with DC. We might expect also that the less the wave- 

length the less the angle between the particular direction 

of scattering and the original direction, so that the halo 
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Fig. 72. If the diffracted ray from the drop D makes an angle equal to 
ADC with the original direction D c, then the diffracted rays as a whole will 
form a ring upon a screen, as in the figure, because all such directions as 

DA, DB, DE, DF make the same angle with DC. 

due to a single drop must be coloured, the blue being 

on the inside of the ring. We can easily demonstrate 

the effect experimentally. Before doing so, however, we 

may consider the theory in rather more detail because in 

doing so we find further evidence of the power of the 

wave hypothesis. 

We begin with picturing to ourselves an experiment 

which can actually be performed in the laboratory if 

due care is taken. Suppose that we make two small 

holes, whose centres are A and B, in a card SS (Fig. 73): 

and that we place the card before a point source of 

light as the figure indicates. We say a ‘point’ source, 
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because a broad source would give so many over- 
lapping pictures that the effect to be observed would be 
blurred. On the further side of the screen, two sets of 
spherical waves diverge from A and B and eventually 
strike the screen SS. At some points on the screen the 
two sets are in phase when they strike and add their 
effects together. At others they interfere and there is 

S 

From pont source 

at a distance 

f 
Dotted lines show advancing waves Cielo a? eel ae 

S 
Fig. 73. ‘Two small openings in a screen admit waves of light from the left. 
At c the two sets of spherical waves that open out from a and B reinforce one 
another and there is light. If DB is longer than DA by half a wave-length 
there is no light at D because the two sets of waves interfere on Young’s 
principle. There is light again at Er, when EB is longer than EA by a whole 
wave-length, and the two sets of waves are again in the same phase. Other 
lines of light and darkness occur alternately. The positions of the lines 
depend on the wave-length, for blue they are closer together than for red. 

darkness. For instance, at C, a point on the screen in 
the plane of the diagram and equidistant from A and B, 
the wave systems add together and there is light. This 
applies not only to C, which lies in the plane of the 
paper, but to all points on the screen which are equl- 
distant from A and B whether they lie in the plane of 
the diagram or not. There is, in fact, a line of light as 
indicated in the next figure by the horizontal straight 
line through C; this figure shows the appearance on the 
screen regarded from the front. 
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At a point D on the screen, such that DA is longer 

than DB by half a wave-length, the two sets of waves 

continuously oppose one another, and there is darkness. 

This applies also to points lying on a line, as shown in 

Fig. 74: the line is slightly curved because at points to 

the right and left of D the distances from A and B are 

greater than at D, and the point where the one distance 

light 

darkness - 
-_ - - -~ oo 

a” oo” coe es, 

Ses pon gid ote NEE aor “~~~. darkness 
FIRE Cig age 

Poe light 

Fig. 74. The screen ss, of Fig. 73, is looked at from the front. Light ap- 
pears along the firm lines, shadows along the dotted lines. There is a succes- 
sion of such lines, of which only a few are drawn. Each is anarrow spectrum. 

is half a wave length greater than the other is a little 

further away from the horizontal line through C. Thus 

there are formed upon the screen sets of bright lines. 

The process involves a separation of colour because the 

position of points such as D and E and of the lines that 

go through them depend upon the wave length. Thus 

the blue lines lie closer to the horizontal line of Fig. 74 

than the red: in fact the lines form a set of spectra. 

Suppose now that we spin the card containing the 

two holes A and B about an axis which is perpendicular 

to the card and passes through the middle point between 

A and B. The figure on the screen will rotate simul- 

taneously. The two holes become a ring, or, if they 

originally touched, which they might have done, a 
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large circle.. The figure on the screen becomes a halo 

with C as centre and a radius rather larger than CE. 

It is easy to demonstrate this last point by drawing 

two black lines on a card to represent the bright curves 

through E and E’, and then rotating this card in its 

own plane about Cas centre. Ifthe lines of the drawing 

are coloured, the halo is imitated still more closely. 

Thus the light that passes through the two circles as 

they rotate produces a halo: and though the rotating 

circles are not quite equivalent to a single large hole it 

is clear that no great error arises in taking them to be so, 

and no great difference in the appearance of the halo 

would be made by rectifying the defect. 
The actual experiment is difficult to carry out except 

under carefully chosen conditions because of the small- 

ness of some of its dimensions. If the centres of the 

holes A and B were half a millimetre apart, and the 

screen were a metre away the radius of the halo would 

be about two millimetres: also it would be very feeble 

as well as small. 

We have one more step to make before we complete 

our explanation. For it will be observed that we have 

been showing how a halo can result from the passage of 

light through a small hole: whereas we want to see the 

consequence of its passage round a small obstacle. But 

the one can be shown to be the equivalent of the other, 

the same halo follows from either of the two arrange- 

ments. ‘That this should be so is a simple but very in- 

teresting consequence of the wave theory to which atten- 

tion was drawn by Babinet in 1837: his argument was 

as follows:— 
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Suppose that the screen SS were made of glass. If the 

glass were clear everywhere there would be no halo. Ifit 

were blackened all over except for a small hole, the halo 

would be formed. Now, the case of the glass when all 

clear can be looked on as the joint effect of two other 

cases: the first all black except for the hole, and the 

second all clear except for a black spot occupying the 

position of the hole. The joint effect of the last two is 

the same as that of the first, the ‘all clear,’ which we 

know to have no effect at a point such as E. The last two 

must therefore so mutually interfere that they destroy 

each other. A wave motion can only be destroyed by an 

equal wave motion which has the same wave-length, but 

is so adjusted that the crest of one fits the hollow of the 

other, and vice versa. Thus the last case, viz., the black 

spot on the clear screen must also produce a halo of the 

same character as the small hole in the black screen. 

The difference between the two which causes mutual 

destruction when they are superimposed is not one which 

our eyes can detect: the one system of waves is merely 

shifted forwards or backwards with respect to the other 

_by half a wave-length. 

We can now proceed to actual experiment. To make 

a halo of convenient size for observation the particle 

must be very small indeed, something like a tenth to a 

fiftieth of a millimetre in diameter. The halo due to one 

such particle would be too weak to be seen. But we may 

easily combine the effect of thousands of such particles. 

If we place a glass screen in front of a fine pencil of light 

and breathe upon it, the minute drops that settle upon 

the glass will add their haloes together especially if they 
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are all of approximately the same size. For, although 

the particles occupy different positions, their diffuse 

haloes are practically superimposed on one another. 

The combination gives us a visible effect (Fig. 75). A 

clean piece of glass left face upwards in a quiet room for 

some time gathers enough fine dust to show haloes: but 

if we breathe upon the glass the number of drops is so 

Fig. 75. Light from the lantern issues through a small opening at A and is 
focused by the lens L upon a hole in the side of the box shown on the right 
of the diagram. Passing through the hole into the box, which is blackened 
inside, it is lost to view. The glass sheet G covered with fine dust or drops 
of moisture causes the halo which appears on the side of the box: the dis- 
appearance of the main beam allows the relatively faint halo to be easily 

visible. 

large that the effect is much enhanced. At first the 

drops are very small, and it is curious to see how the 

rings due to the dust that is already there are reinforced 

by other rings which spread over the screen and then 

contract rapidly as the very small drops evaporate and 

coalesce. All colours are found in the rings, and in a 

dark room the effect is beautiful. It is usual, in arrang- 

ing the experiment, to provide a hole in the centre of 

the screen through which the main ray of light passes 

and is lost to view: otherwise the dazzle which is due to 
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its striking the white screen obscures the delicate colours. 

The halo round the moon or sun is due to similar 

causes, but it must be observed that the eye does not 

receive the different colours from the same drop (Fig. 76). 

Suppose M is the moon and E the eye. A drop suspended 

in the atmosphere at D would, as in the experiment just 

M 

Fig. 76. The drop at D sends red light to the eye, and the drop at D’ sends 
blue. Hence a coloured halo round the moon, which is seen in the direction 

EM. 

described, produce a halo on an intercepting screen of 

which the centre would be where MD met the screen. 

The eye is, let us say, in the outer part of the halo where 

it receives red from D. It does not receive blue from the 

same drop because the blue ring is inside the red and does 

not fall on the eye. But a drop at D’ produces a halo 

from which the eye may receive blue. Thus the eye 

receives red from D and blue from D’, and as the effect 

is symmetrical about the line ME which joins the moon 

to the eye, the observer sees a halo round the moon, blue 

inside and red out. The result resembles exactly that 

which in our experiment appeared upon the screen: there 
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is only the slight difference in the manner of formation. 

For a good halo the drops should be of uniform size, 

so that the separate haloes are superimposed and add 

their effects. The larger the halo is, the smaller are 

water drops that produce it. 

It is easy to reproduce the experiment for the indivi-: 

dual observer. It is necessary only to look at a bright 

point of light through a plane piece of glass on which 

a thin covering of little drops has been deposited by the 

breath. 
Thomas Young made an interesting application of the 

diffraction principle in his ‘eriometer,’ an instrument 

which he devised for the measurement of the diameters 

of wool fibres. It is still in practical use. When a fine 

fibre is held in a beam of light, and transverse to the 

direction of the beam, bright lines appear on a screen on 

which the shadow is cast, running alongside the shadow 

on either side. The explanation is similar to that | 

which has already been used for the case of the two small 

holes, and it is unnecessary to go into it. Ifa number of 

fibres pointing in all directions which are perpendicular 

to the ray of light are placed in the path of the ray, the 

various pairs of lines will lie criss-cross on the screen: and | 

if there are enough of them the effect will be the same as 
if a single strong pair had been spun round, as in a pre- 

vious reference to Fig. 74. That is to say there will be 

a halo, and the diameter of the halo depends on the 

fineness of the fibre. 

The instrument is illustrated in Plate X Vc where the 

eye looks through a mass of fibre mounted on a pin ata 

small bright spot: the latter being due to a light or bright 
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surface behind a screen in which is a small hole. The 

bright spot is seen to be surrounded by a ring. | 

Diffraction effects may be continually observed. The 

street lamps at night show a coloured star when looked at 

through the top of one’s umbrella. The arms of the star 

are parallel to the warp and weft of the umbrella 

material. Or one may see the same effect through a silk 

curtain, or through any fine and not too opaque woven 

material. The children look at the bright fire through 

half closed eyes and see, as they say, straws coming out of 

the flames. A glass pane wiped with a greasy cloth 

leaves furrows in parallel rows which show red and 

green coloration. 

A diffraction effect always produces colour by. separa- 

tion of wave-lengths, and in this it is distinct from the 

result of a pigment which is due to a selective destruction 

of colour. It can be shown, as the above examples will 

illustrate, to be the natural and special consequence of 

a wave theory. During the hundred years after Young 

diffraction was studied in a great variety of its forms, and 

the perfect satisfaction which it gave in the explanation 

of observed results and the prediction of others as yet 

unknown was, and is, a chief support of the wave theory. 

It must be true as far as it goes. 



CHAPTER VI 

THE POLARISATION OF LIGHT 

The Qualities of Light 

THERE is a certain quality of light which the eye cannot 

observe or measure. Direction, intensity, colour can all 

be observed and are used in the process of vision: these 

qualities or their analogues are common to all kinds of 

waves, ether waves, water waves, and the air waves of 

sound. The additional quality differentiates between 

various forms of wave. It has reference to the mode of 

motion within the wave itself; not the forward motion 

of the wave system, but the motion in the medium 

through which the wave is passing. 

For example, when waves travel over the surface of the 

sea, the water at any one spot rises and falls as the waves 

pass by. It is only the form of the wave that travels 

forward, not its substance. A ship, or other object 

floating on the surface is not carried forward by the 

wave: it merely rises and falls, swaying a little forwards 

and backwards. A swimmer lying on his back in the 

open sea is heaved up and down as the waves pass under 

him, but they do not carry him along. Only near the 

shore where the motion takes a different character, and 

is not strictly a wave, but a ‘breaker,’ is the water 

hurled up the beach and the swimmer with it. The 

sea-wave is a ‘transverse wave, the motions of the water 
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being transverse to the direction in which the wave 

system is travelling. 
The motion of the air in a sound wave is quite dif- 

ferent. The air molecules move backwards and for- 

wards in the line of motion of the system, and not from 

side to side. Tyndall, in his Christmas Lectures placed 

a row of boys in front of the lecture table, each boy with 

his hands on the shoulders of the boy in front. He gave 

a shove to the boy at one end of the row, whereupon the 

shove, like a pulse, ran along the line and the boy at the 

other end fell on to a mattress prepared for him. All 

motions were along the line. If, with less violent action, 

he had rocked the last boy backwards and forwards, the 

successive impulses would have travelled along the line 

as a system of waves, and would have represented in 

greater detail the passage of a sound wave through the 

air or any material substance. The molecules of the 

air correspond to the boys: their to and fro motions 

being, of course, incomparably quicker than were realised 

in Tyndall’s experiment. 

Lastly we may think of a flick given to a rope, of 

which one end is held in the hand while the other is fixed. 

A pulse runs along the rope, and this resembles the 

movements of a light wave more closely than either of the 

preceding cases. It is a transverse wave, like a wave on 

the sea, not a ‘longitudinal’ wave like that of sound. 

But the sea wave is limited as to the directions in which 

water movements take place; the water rises and falls, 

but does not move at all from side to side horizontally in 

a direction perpendicular to that of travel. ‘The rope 

supplies a more complete analogy: the transverse 
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movements may take place in any direction perpendic- 

ular to the rope. And this is what must be supposed 

to be possible in the case of light, in order to account 

for certain phenomena. 

The importance of the hypothesis lies in the oppor- 

tunity which it affords of endowing light with a new 

quality which is not indeed perceived by the eye, but can 

be detected in other ways, and must somehow be ac- 

counted for. As we shall see, it is usually detected by the 

use of crystals of certain kinds: it may then be observed 

on a great scale in the light from the sky, and in reflection 

from the surfaces of transparent bodies like the sea. 

As this question is of great interest and importance, 

and its examination by a succession of workers has con- 

tributed greatly to our present ideas of light, and as its 

history illustrates beautifully the gradual growth of a 

scientific idea, let us consider it from its beginnings in the 

time of Newton and Huygens. “There is brought from 

Iceland, which is an Island in the North Sea, in the 

latitude of 66 degrees,’ writes Christiaan Huygens in 

1678, ‘a kind of Crystal or transparent stone, very re- 

markable for its figure and other qualities but above all 

for its strange refractions... We know now that most 

crystals have similar properties, but doubtless the ‘stone 

from Iceland’ was notable on account of its size and 

clearness and of the magnitude of the phenomenon. 

Huygens says that Erasmus Bartolimus first drew atten- 

tion to the crystal, but he writes his own treatise! never- 

theless, ‘for I have applied myself with great exactitude to 

1 Huygens’s Treatise on Light. Translated by Silvanus P. Thompson 
(Macmillan). 
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examine these properties of refraction in order to be quite 

sure before undertaking to explain the causes of them.’ 

Photographs of pieces ot Iceland Spar are shown in 

Fig. 77. The figure is redrawn from that which Huygens gives in his 
Treatise. For convenience of representation the crystal is supposed to be 
cut so that o P, 0 Q and OS are all equal, in which case 0 T is the axis through 
O, and ORTS is a section containing the axis. The ray AB is._perpendicular 
to the face 0 P RQ; it divides into the ordinary ray B D, which is in line with 
AB, and Bc which is not: both rays lie in the plane oRTS. On leaving the 

crystal they resume their original direction. 

Plates XVII, XVIII. We now know that its composition 

is CaCQO,, calcium carbonate. The spar cleaves easily 

along certain planes so that it takes naturally the form 

of a rhomb. This is to be seen in Plate XVIIA, most 

clearly in the case of the separate piece lying on the 

table below the larger pieces used in the optical experi- 

ment: also in the photograph of Plate XVIIIa. At two 
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corners of the rhomb (Fig. 77) O and T the angles of 

the faces are all obtuse, being 102° nearly. 

The point which first attracted the interest of Huygens 

was the curious division of every ray (special cases 

excepted) which entered the crystal, into two rays pro- 

ceeding in different directions through the crystal; 

though they resumed their original directions on emerg- 

ing they were still distinct from one another and pur- 

sued different, but parallel, paths. Fig. 77, which is 

copied from Huygens’s Treatise, will make the effect clear. 

The ray AB is supposed — for the sake of simplicity — to 

strike the crystal at right angles to the surface. It then 

divides into two rays BC and BD which on emergence 

become the parallel rays CE and DG. The illustration 

in Plate X VIIa shows the effect clearly. In this arrange- 

ment a ray of light is directed upon a piece of spar: its 

path in the air before it strikes the spar is made visible 

by the aid of a little smoke. Inside the spar the double 

track is invisible because the crystal is so clear that there 

is very little to scatter the rays. But on leaving the | 

crystal again the two portions become visible in the 

smoky air. 
This separation of one ray into two can also be made 

evident by laying a piece of spar upon a sheet of paper 

on which there is a black dot or mark of any kind: the 

dot then appears double. In Plate XVIIIa is shown the 

doubling of a line of print. 

If now we try this experiment for various positions of 

the spar in relation to the incident light we find, as 

Huygens did when he undertook the examination of the 

problem, that the two portions into which the ray divides 
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differ in their behaviour. One of them follows the 

ordinary rules of refraction. For instance if we lay the 

spar upon a paper on which there is a single black dot 

and turn the spar round, keeping it in contact with the 

paper, one of the images remains at rest: just as would 

be the case were a piece of glass substituted for the spar 

Fig. 78. ‘This diagram shows the relation between the ordinary and extra- 

ordinary images of a black spot seen through the crystal of Iceland spar. 

The observer sees black spots at So and se of which the former is the nearer. 

If the crystal is turned round, to 0’ P’ R’ Q’ for example, the spot So does not 

move, but Se moves to 8’e; which latter point lies on 0’ R’. 

If the crystal is moved about on the paper without rotation, neither spot 
moves. 

(Fig. 78). The other revolves in a circle about the 

first, and its position is clearly connected with the form 

and position of the crystal.. The line joining the two 

images is parallel to the bisector of the larger angle of 

the face. The one that stays still seems much nearer 

than the other. Clearly its refraction is greater: the 

light that makes it must travel more slowly in the 

crystal than that which makes the other. 

The ray that obeys the ordinary rules is called the 

- ordinary ray, and the other the extraordinary. Huygens 
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set himself to find out the rules which governed the 

direction of the extraordinary ray. In this he was com- 

pletely successful: his Treatise describes the ingenious 

methods by which he obtained his solution. He was not 

able, however, to explain the physical behaviour of 

these rays, nor to connect them with the nature of the 

crystal: his account of his failure is as interesting as that 

of his geometrical successes, as we shall now see. 

Fig. 79. A set of waves passing through apertures in a screen 
into a medium where its velocity is less than before. Circular 

ripples are shown forming one of the wave fronts. 

His earlier work on the reflection and refraction of 

waves at surfaces separating air from glass or water, or, 

in general, one transparent body from another, had led 

him to employ a certain geometrical construction, 

which in effect we have already employed ourselves. 

Suppose that an advancing wave meets a screen 

pierced with a number of apertures. In the experiment 

of Fig. 66 the wave front 1s parallel to the screen, but we 

will remove this restriction and imagine the approach 

to be made obliquely as in Fig. 79. Each opening 

becomes in its turn a source from which circular ripples 

spread on the other side of the screen. ‘These gradually 
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merge into one wave front, as we have seen before. If 

the velocity on both sides of the screen is the same, the 

new wave front is parallel to the old. If the velocities 

are different the inclination of the front is altered 

(Fig. 79, also Figs. 20 and 21). Now it cannot make 

any difference if the apertures are altered either in 

number or size. ‘There might be a very large number 

all close together: indeed, there need be no screen’ 

at all. 

We should note one further point before we proceed. 

The ripple from A in our experiment is shown as having 

reached the point B where it contributes its quota to the 

wave front. If A were blocked there would be a defi- 

ciency of disturbances at B; in the optical analogy there 

would be a deficiency of light. If the screen were 

merely figurative, defining a boundary between two 

transparent media, an obstruction at A would cast a 

shadow at B. We may therefore say that AB is the 

direction of the ray of light after refraction. The direc- 

tion before refraction was CA. This was how Huygens 

analysed the phenomenon of refraction. 

If a similar mode of explanation was to be successful 

in the case of the crystal, some extension or modification 

was necessary. ‘The extraordinary ray could not be 

due merely to the existence of a second light velocity in 

the crystal, to be represented by a second set of spherical 

waves. ‘I'wo velocities would make two rays it was true, 

but both should follow the ordinary laws of refraction 

whereas the extraordinary ray followed rules of its own, 

which brought in the disposition of the crystal to the 

‘incident ray. 
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Huygens saw therefore that the rules of the extra- 

ordinary ray could not be referred to spherical waves; 

and he tried ‘what Elliptical waves or rather spheroidal 

waves, would do.’ They proved to be sufficient for the 

solution of his problem. It was entirely natural that he 

should try the spheroid since it was the next simplest 

surface to the sphere, which had been ruled out as too 

simple. The spheroid, of which the earth supplies a 

well known example, is formed by the revolution of an 

ellipse about one of its axes, which becomes the axis of 

the spheroid. His waves were to spread in spheroidal 

surfaces. Huygens found that they must be of the 

oblate kind, as in the case of the earth; of which the 

polar diameter or axis is the minimum diameter. 

These spheroidal surfaces must obviously be related 

to the form of the crystal, which means that the axis 

of the spheroid must be connected with the lines of the 

rhomb. The conception of the spheroidal surface would 

be meaningless otherwise. At once there comes into 

view an explanation of the observed fact (Fig. 77) that 

the extraordinary ray follows a direction which is con- 

nected with the crystal form. | 

If this is so, there is only one possible direction which 

the spheroidal axis can take: it must coincide with the 

direction of the axis of the crystal. This is the direction 

of that line through O (Fig. 77) where the three angles 

are all 102°, which is equally inclined to the three faces 

meeting in O. It may be well to remind ourselves 

that an axis in a crystal is not a particular line, but a 

particular direction. An axis may be drawn through 

any point. In Fig. 77 the axis drawn through O does 
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not go through the opposite corner of the rhomb unless 

PO, OQ, and OS are all equal: which is merely a matter 

of the way in which the spar is cut. The position of the 

axis refers to the properties of the crystal and not to its 

dimensions. 

Now let us see how Huygens used his new conception 
i] 
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Fig. 80 Fig. 81 

The two figures 80 and 81 illustrate Huygens’s construction for the ordi- 
nary and extraordinary rays in Iceland spar. 

for the explanation of his observations. ‘Take the case 

represented in Fig. 77 where the ray AB represents a 

series of waves advancing upon the crystal, their front 

being parallel to the crystal face. A wave-front (Figs. 80 

and 81) strikes the face of the crystal, and its further pro- 

gress is to be calculated, according to the Huygens 

method, by drawing wave surfaces spreading away from 

various points of incidence L MN. The figure for the 

case where the ordinary laws of refraction are followed 

shows the wave surfaces spherical, as on previous occa- — 

“sions and the dotted lines show the progress of the ray. 
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The ordinary ray behaves as if the crystal were like glass. 
But for the extraordinary ray the wave surfaces are 
spheroids with axes parallel to the axis of the crystal. 
These spheroids in Fig. 81 replace the spheres of Fig. 80: 
it is now seen that the wave-front in the crystal moves 
obliquely and thus the experimental observations are 
accounted for. Huygens measured the amount of the 
deviation of the extraordinary ray from the ordinary in 
this case and was thus able to determine the form of the 
spheroid. | 

This extension of his methods was found to account 
completely for every experimental observation of the 
geometrical relations between the incident ray and the 
two rays into which the crystal divided it. It was a 
remarkable achievement. 

The ‘Surprising Phenomenon’ of Huygens 

Further than this Huygens could not go because the 
existence and nature of the quality which we call polari- 
sation were not realised by him. His difficulties are 
best set out in his own words. He describes as follows a 
‘surprising phenomenon touching the rays which pass 
through two separated pieces; the cause of which is not 
explained.’ The figure which he drew to illustrate his 
observations is reproduced in Fig. 77, and his descrip-_ 
tion is as follows (the photographs of Plate XVIIa, B, c 
show the actual effects) :— 

“The phenomenon is, that by taking two pieces of this 
crystal and applying them one over the other, or rather 
holding them with a space between the two, if all the 
sides of one are parallel to those of the other then a ray 
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of light such as AB, is divided into two in the first piece 

namely into BD and BQ, following the two refractions 

regular and irregular. On penetrating thence into the 

other piece each ray will pass there without further di- 

viding itself into two: but that one which underwent the 

regular refraction as here DG will undergo again only a 

regular refraction at GH: and the other, CE, an irregular 

refraction at EF... . Now it is marvellous why the rays 

_CE and DG, incident from the air on the lower crystal 

do not divide themselves the same as the first ray AB. 

One would say that it must be that the ray DG in passing 
through the upper piece has lost something which 

is necessary to move the matter which serves for the 

irregular refraction: and that likewise CE has lost that 

which was necessary to move the matter which serves 

> That is to say, one must: 

expect an ordinary ray to be always an ordinary ray, and 

an extraordinary to be always an extraordinary. He 

goes on ‘but there is yet another thing which upsets this 

reasoning. It is that when one disposes the two crystals 

in such a way that the planes which constitute the prin- 

cipal sections intersect each other at right angles. . 

then the ray which has come by the regular refraction, as 

DG, undergoes only an irregular refraction in the lower 

piece, and on the contrary the ray which has come by the 

irregular refraction, as CE, undergoes only a regular 

refraction... .’ That is to say, the ordinary ray has 

become the extraordinary, and vice versa. A principal 

section is one that passes through one of the edges that 

meet at the obtuse corner (Fig. 77) and bisects the angle 
_ between the other two edges, for example OST R in Fig. 77. 
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‘But in all the infinite other positions, besides those 

which I have just stated’ (viz. that for which the principal 

sections are parallel and that for which they are perpen- 

dicular), ‘the rays DG and CE divide themselves anew 

each one into two, by refraction in the lower crystal, so 

that from the single ray AB there are four, sometimes 

of equal brightness, sometimes some much less bright 

than others, according to the varying agreement in the 

positions of the crystals: but they do not appear to have: 

all together more light than the single ray AB. 

‘When one considers here how, while the rays CE, 

DG, remain the same, it depends on the position that 

one gives to the lower piece, whether it divides them both 

in two or whether it does not divide them, and yet how 

the ray AB above is always divided, it seems that one 1s 

obliged to conclude that the waves of light, after having 

passed through the first crystal, acquire a certain form 

or disposition in virtue of which, when meeting the 

texture of the second crystal, in certain positions, they 

can move the two different kinds of matter which serve 

for the two species of refraction; and when meeting the 

second crystal in another position are able to move only 

one of these kinds of matter. But to tell how this occurs, 

I have hitherto found nothing which satisfies me.’ So 

he ‘leaves to others this research.’ He could not guess 

what his ‘certain form or disposition’ might be: the ray 

of light after leaving the first crystal had acquired 

‘sides’ to use the term current for long afterwards. His 

reference to the ‘two different kinds of matter’ is in 

consonance with his own way of explaining the double 

refraction and need not trouble us now. 
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PLATE XVII 

A. Two blocks of Iceland Spar are placed in parallel positions. They are large 
blocks in the possession of the Royal Institution which have not been cut to form 
regular rhombs, but the natural edges are easily seen to be parallel. The single 
ray from the lantern, made visible by diffusing smoke through the air is doubled by 
the first prism, and the separation is again increased by the second. Observe that 
the white spots which mark the points of emergence are on a line which is parallel 
to the bisector of the obtuse angle of the face on which they lie. (pp. 167, 174, 177) 

B. Here the second block is turned round, the faces where the rays emerge being 

kept parallel in the two crystals. The two rays from the first are now further 
subdivided. There are four spots on the face of emergence from the second block. 

(pp. 174, 177) 
C. The second block has now been turned round by 180° from its position in VIJ.A. 

It happens that the two blocks are of nearly equal thickness and the two rays that 
emerge from the first block are reunited when they leave the second. (pp. 174, 177) 
The faces of emergence are shown on a larger scale in additional photographs, in 

order that the spots may be seen more clearly. 

THE POLARISATION OF LIGHT 

The observations of Huygens are illustrated by the 

photographs (Plate XVII). The ray of light in Plate 

XVIIa is divided into two by its passage through the 

block of Iceland spar on the right of the picture, the tracks 

before and after being made visible by scattering from 

the smoke which has been blown into the air. A second 

block of spar is set so that its edges are parallel to those 

of the first. The orientations of the two blocks are 

identical; in other words their positions are similar. In 

this case there is no further division of the rays; the pas- 

sage through the second block merely causes a wider 

separation of the two paths already existing. ‘The rays 

can be followed by observing either their tracks in the air 

or the bright spots, due to scattering at unpolished sur- 

faces, where they enter and leave the blocks. It may 

be observed that the line joining the blocks is parallel 

to the bisector of the obtuse angle of the faces through 

which they pass in agreement with the indications of 

previous figures. | 

In Plate X VI Is the second block has been turned round, 

the axis of the movement being the direction of the rays. 

There are now four rays after the passage through the 

second block. ‘The point of view has been altered so 

that the further subdivision may be clearer. ‘This is 

one of the ‘infinite other positions’ of Huygens. 

In Plate XVIIc the second block has been turned 

through two right angles; and now, it will be observed, 

the two rays that emerge from the first block are re- 

united after passage through the second. The two pieces 

of spar happen to be very nearly of the same thickness, 

and their actions compensate each other. 
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The Experiment of Malus 

A century passed with no further attempt at an ex- 

planation of the mystery. But in 1808 Malus happened 

to be looking through a piece of Iceland spar at the 

light of the setting sun reflected in the windows of the 

Luxemburg Palace in Paris, and was surprised to find 

that the two images were not of equal intensity. On 

turning round the spar which he held in his hand, just 

as one of the pieces of spar is turned in Fig. 78, an opera- 

tion which he would quite naturally perform because of 

the fascination of seeing the two images revolve round 

each other, he observed that they grew and diminished 

in intensity. This is just what happened in Huygens’s 

experiment Fig. 78: Malus had thus found that light 

reflected from a piece of glass also had ‘sides.’ He 

invented the term ‘polarisation’ to describe the condition 

of such a ray, implying that there was the same sort of 
difference — as one looks along the ray — as exists between 

various directions that may be drawn on a compass card: 

a line joining N and S poles differs from a line joining 

E and W, or any other direction. It was not a very 

good choice of words because ‘polarity’ is rather the 

property of direction accompanied by difference at the 

two ends; it applies to an arrow, but not to a curtain 

rod. 

It is easy to repeat the experiment (Plate XVIIIs). In 

the photograph the block of Iceland spar is so placed 

that the ordinary and extraordinary rays lie in the same 

vertical plane. A piece of glass is placed so that any 

reflections lie in the same plane. It will be observed 
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PLATE: XVIIT 

A. The photograph shows the doubling of objects seen through a prism of 

Iceland Spar. (p. 168) 

B. The block of Iceland Spar breaks up the original light ray into two. The line 

joining the two spots where they emerge is parallel to the line bisecting the obtuse 
angle of the face on which the spots lie. The light vibrations in the lower ray, which 
is the ordinary ray, are perpendicular to this line, that is to say, they are parallel to 
the piece of reflecting glass. A portion of the ray is reflected as the figure shows. The 
vibrations in the upper ray, which is clearly the extraordinary ray because it is out of 
alignment with the original ray, are parallel to the line joining the spots. It is not 
\ reflected. (p. 178) 

ke es 

Cc. The figure is taken from Tyndall’s Heat, a Mode of 

Motion, p. 244. It shows the arrangement of an experi- 
ment due to Senarmont. (pp, 185, 186) 
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that the ordinary ray is reflected and the extraordinary 

ray isnot. The rays have ‘sides.’ 

This was at the time when Young was developing his 

principle of the interference of waves, and was trying to 

rehabilitate the wave theory which had long been under 

a cloud. The philosophers of that time were firm 

adherents of a corpuscular theory of light based on 

Newton’s work, and Young met with great opposition. 

The discovery which Malus had made intensified his 

difficulties: for he could not suggest any way in which 
the wave theory, as he imagined it, could have ‘sides.’ 

That was because he had not grasped all the possibilities 

of the theory. He assumed that the vibrations were like 

those of sound, and took place in the line of advance of 

the wave system. His picture of the process was based 

on the supposed behaviour of bodies like steel or glass 

or water in the manner of Tyndall’s experiment with the 

row of boys. Such movements have nothing of a side 

to side character. It was a long time before Young saw 

that the difficulty could be overcome by the assumption 

that light waves were of the transverse kind. ‘This may 

seem curious when one reflects that the waves on the 

surface of the sea are transverse waves; but it may be 

suggested that the very fact of these waves being con- 

fined to the surface would prevent their being thought of 

as illustrating the passage of a wave motion through the 

body of the water. Many must have felt or be feeling 

the same difficulty. It is one of the continually recurring 

consequences of the use of analogies. 
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The Transverse Vibrations of Young and Fresnel 

Eventually Young found the way ‘of escape. In 

January 1817, nine years after Malus made his discovery, 

he wrote to Arago: ‘I have also been reflecting on the 

possibility of giving an imperfect explanation of the 

affection of light which constitutes polarisation, without 

departing from the genuine doctrine of undulation.’ 

He suggested the possibility of a ‘transverse vibration 

propagated in the direction of the radius, the motions of 

the particles being in a certain constant direction with 

respect to that radius: and this,’ he added, ‘is polarisation.’ 

He had not thought at the time of this writing that the 

motions of the particles might be at right angles only, 

and not in various oblique directions to the ray of light. 

But he had made a very great step forwards. The 

brilliant young French engineer, Fresnel, grasped the 

significance of this suggestion and proceeded to show that 

it could be made the basis of a theory which would 

cover all the phenomena of the movements of light 

within a crystal, including the separation into two rays 

as well as the polarisation. Fresnel had at that time 

actually worked out for himself the theory of the inter- 

ference of light, not knowing that Young had already 

accomplished the task in England: but he at once 

acknowledged that he had been anticipated and de- 

fended Young’s position enthusiastically. He wrote 

Young. in 1816: ‘But if anything could console me for 

not having the advantage of priority, 1t was for me to 

have met a savant who has enriched physics with so 

great a number of important discoveries, and has at 
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the same time contributed greatly to strengthen my 

confidence in the theory I have adopted.’ Young 

replied in terms equally courteous. The dominant 

position of the wave theory during the nineteenth 

century was certainly due, in the first place, to the com- 

bined labours of these two men. 

As soon as the transverse character of the wave of 

light was established all went well with the further 

development of the wave theory, until the end of the 

century. It was strong enough to bear extension in a 

great number of directions, and the writers and experi- 

menters found that they could rely upon it to explain 

very intricate phenomena. 

The consideration of all these developments would carry 

_us far away from our main purpose, which is a sketch in 

broad outline of the part that light plays in the universe. 

And of course, many of them cannot be investigated 

without mathematical calculation, and reference to 

other theories, particularly those of electricity and 

magnetism. We may however return to the observa- 

tion of Huygens and see how the conception of a trans- 

verse polarisation resolves his difficulties. And at the 

same time we may see how the whole matter is bound 

up with the ideas of crystal structure which in recent 

years have been developed so largely. First of all let us 

restate our definition of the terms which we use. In a 

polarised ray the. movements or vibrations are all 

parallel to one direction, which is of course perpendicular 

_to the ray. A wave motion on the sea can be said to be 

polarised because all the motions are vertical and per- 

_pendicular to the horizontal direction in which the waves 
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are moving. It is not necessary to form a mental picture 

of what it is that moves in the ray of light: it is sufficient 

to conceive a wave motion with its attendant phenomena 

of interference and the rest. 

An unpolarised or normal ray has no special direction 

of movement, except that all movements are transverse 

to the direction of the ray. Most light rays are nearly 

free of polarisation, though some amount of it is of 

frequent occurrence because reflection is apt to produce 

it. It will be remembered that the eye cannot tell 

whether a ray is unpolarised or partly or wholly polarised. 

Let us suppose now that a normal or unpolarised ray 

breaks up on entering a crystal into two rays of equal 

strength which are each completely polarised: and that 

the vibrations in the two are at right angles to each 

other. This will satisfy our experiments. In Plate XVIIa 

for example, the primary ray contained transverse vibra- 

tions of every orientation, but the two rays issuing from 

the first block are to be considered as polarised. On 

entering the second block the vibrations of the ordinary 

ray (the lower one in the figure, continuing the primary) 

are in such a direction that there is no further subdivi- 

sion. The ordinary ray of the one continues as the 

ordinary ray of the other: all its vibrations are already 

in the right direction for this to happen. So also the 

extraordinary ray continues as the extraordinary. But 

when the second block is placed as in Plate XVIIB the 

vibrations of each of the two rays that leave the first 

block are in such a direction that they cannot pass 

through the second block in the manner of either an 

ordinary or an extraordinary ray. Each has to be 
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further subdivided. In Plate XVIIc the ordinary ray of 

the first block becomes the extraordinary of the second, 

and vice versa. ‘The action of the first is reversed by the 

second. If this hypothesis is correct, the effects must be 

due in some way to crystal structure. What is there in 

crystal structure which can be the cause of them ? 

Polarisation due to Crystal Structure 

The fundamental fact is the existence of atomic ar- 

rangement in the crystal, which is thereby endowed 

with all its characteristic properties. And we may ob- 

serve that these properties are of universal occurrence 

because all solid substances tend to be crystalline and 

- are in fact much further on the way to that condition 

than is obvious to the eye. The X-rays have greatly 

extended our knowledge in this respect. The atoms 

and molecules of which the crystal is built are disposed 

in regular array according to some definite pattern which 

is characteristic of the crystal. There is the same kind 

of difference between a crystal and a piece of glass as 

between a woven fabric or a block of wood on the one 

hand and a piece of: unstretched indiarubber on the 

other. Various properties of the wood depend on 

direction: such as heat conductivity, resistance to 

crushing or tensions, contraction during seasoning and 

the like. | 

In the crystal the arrangement is on a far finer scale 

and cannot be perceived by the eye; atoms and molecules 

are too small to be seen. That the arrangement is 

regular has long been inferred on the ground that 

_the external form of the crystal is so perfect and 
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characteristic; the X-rays have now given us the power of 

discovering the pattern and placing therein the atoms in 

their relative positions. Some patterns are very simple, 

such as rocksalt or diamond. Such are, in fact, so 

i size, are the causes of the attention that has been given qi 

to the spar. 

In Fig. 82 is shown the model of Iceland spar, giving | 

the position of the atoms as the X-rays have placed them. | 

As in every crystal there is a fundamental unit, and the ( 

model is sufficiently large to include a few repetitions of | 

it or of portions of it. In each unit there are one atom | 

of calcium, one of carbon, and three of oxygen. The | 

model has clearly the same form as the spar of Fig. 77: 

this we must expect, for in fact the spar itself is merely a 

sufficient repetition of the fundamental unit. In the d 

figure is shown, in addition to the model as a whole, | 

various sections of it, in a series of drawings marked B. 

These sections are cut perpendicularly to the line EC, | 

and show the atoms arranged in alternate layers, first 

| 
| a calcium layer, then one containing only CO, groups, 

& : that is to say, carbons each with three oxygens arranged 

A : b symmetrically round them and so on. The CO, group 
e q an ; ‘ . , 

Fig. 82. ‘The figure a represents the arrangement of the atoms of which is most clearly seen at r in the picture of the middle 
Iceland spar, caco3 is composed. The clear white circles represent atoms 
of calcium, and the black circles represent carbon. The oxygen atoms are 
not shown in this figure, in order to avoid confusion. The arrangement of 
the atoms in successive layers, perpendicular to the principal axis EC are 

layer. In the second and sixth sections it only appears 

in part. Ifwe cut out of the crystal a plate lying parallel 
shown in the figure B. The oxygens are represented here by small black 3 . | i 1 
aonier ah oe — the relative positions of the atoms id no more. q to these planes and perpendicular to EG, such a plate | 

€ distance between the successive layers of B is 2.79 Angstrém units, : - at qs |j 1a : i 
tab the erga era Siete trl of aninch. The sizes and shapes of the a cll Cort ay ae it is like that of a wire 
atoms are not indicated in the figure, being far less easily determined than | « i i 1 1 is | 

the relative positions of the centres of the atoms. netting with . hexagonal mesh. The direction EC is i 

; a4 known as the axis of the crystal because there is this 
simple that the effects we are now linking up with 
structure are not manifested by them: a certain com- 
plexity is required for their production. In Iceland 
spar the complexity is sufficient and is such as to have i 
a large effect. These circumstances and the perfect 
form of crystals which can be obtained of a considerable 
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symmetry about it. If we make physical experiment | 

with such a plate the symmetry manifests itself at once. Tem | | 

‘ For example, the crystallographer Senarmont made | 

_ measurements many years ago on the heat-conductivity i 

of quartz, in the manner shown in Plate XVIIIc. Quartz, . 
| _jike Iceland spar, belongs to the class of crystals which 
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possess a single axis of symmetry: many of their physical 

properties are therefore similar. He cut a plate of 

quartz perpendicular to the axis and drilled ‘a hole 

through its centre. The plate was then coated with a 

thin layer of white wax. A wire passing through the 

hole was heated by an electric current and the wax 

began to melt. Senarmont found that the melted 

portion was circular in outline showing that the heat 

had spread equally in all directions from the wire. If, 

however, he cut the plate so that it was not perpendi- 

ular to the axis the outline of the melting was no longer 

circular. It was an oval as in the figure. The greatest 

departure from the circular form occurred when the 

plane of the plate included the axis. In fact, the ex- 

periment showed that conductivity was greatest along 

the axis and least in any direction perpendicular to it. 

In any other direction the conductivity lay between the 

two extremes. | 
Even in the complicated arrangement of the atoms in 

Iceland spar we can see how much less symmetry exists 

in a plane containing the axis than in a plane which is 

perpendicular thereto. The arrangement of the cal- 

clum and carbon atoms in a plane containing the axis 

is shown in Fig. 83. There is none of the symmetry 

shown by the hexagonal arrangement of Fig. 82. 

Thus the peculiar structure of Iceland spar — and 

indeed of the majority of crystals— causes physical 

properties and happenings to depend on the direction 

in which they take place within the crystal. We have 
taken the spread of heat as our example. Now when 

light passes through a substance, the essential process is 

186 

= 
Ne  e 

THE POLARISATION OF LIGHT 

a vibration which, though we refer it to the ether, is 

somehow affected by the matter of the substance. We 

may well expect therefore that when light is going 

through a crystal the rate of travel will depend on the 

relation between the direction of the vibration and the 

characteristic directions of the crystal structure. All 

vibrations perpendicular to the axis of the crystal must 

be similar in character, as in the analogous case of the 

spreading of heat. Consequently all rays in which the 

vibration is perpendicular to the axis travel at the same 

E G 

A & 

Fig. 83. The figure shows the arrangement of the atoms of 
the spar in the plane EACG (Fig. 82). This corresponds to 

the plane OS TR of Fig. 77. 

rate. These are in fact what Huygens called the 

ordinary rays. All others travel at different rates and 

form extraordinary rays. 

But when a ray enters a crystal its vibrations are 

initially in all directions perpendicular to itself. Why 

then should a sorting take place, so that in the crystal 

there are only two directions of vibration, one of them 

perpendicular to the axis and forming the ordinary 

ray, and the other the extraordinary ray ? 

The answer to this question is common to many other 

instances of subdivision of energies of vibration. The 

vibrations of a steel rod will serve as an example. 
Suppose first of all that the rod is circular in section. If 

it is held loosely at the centre and struck at one end it 
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bends to and fro at a certain rate and gives out the cor- 

responding note. It does not matter where it is struck. 

But if the section is slightly elliptical the effect is less 

simple. The rod bends more easily one way than the 

other. If it is struck on the flat side of the ellipse at P 

(Fig. 84) it vibrates more slowly than if the stroke is 

given in the perpendicular direction at Q; the note is 

lower in pitch in the former case than in the latter. 

Suppose now that it is struck at R. It does not give out 

Fig..84. A steel rod of elliptical section sounds a higher note when struck 

Siiliis Nighinols ore api Welw toe cfr) bak not hasteat eeeneding 
pitch. 

a note intermediate between those due to strokes at P 

and Q, but a mixture of these two. This is the im- 

portant point. The energy of vibration imparted by the 
stroke at R divides itself at once into two parts; one of 

them is stored up in the vibrations of the slower kind, 

the other of the faster. IfR is nearer to P than to Q the 

slower tends to preponderate and vice versa. 

The sound that is made when a bar is struck in this 

way is due to the regular disturbance of the form of the 

bar, which disturbance sets up pulses in the air, that is 

to say, sound waves. The disturbance itself consists in 

an alternating movement of the bar between two posi- 

tions in which it is bent as shown in Fig. 85. The 

lower note is due to the blow at P, because the bar is in 
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that case more easily bent. The disturbance may also 

be thought of as a pulse running up and down the bar. 

It is set in motion by the blow and travels with a speed 

depending on the stiffness of the bar on the one hand and 

its massiveness on the other. When it arrives at an end 

of the bar it is reflected. This way of representing the 

disturbance is equivalent to the other if due account 

is taken of the complicated process of reflection at 

the ends which is not so simple as in the case of a 

awn = x, <= « 
-- secetl tyr 

~ 
= 

Fig. 85. The vibrating bar of Fig. 84 takes alternately the 
two forms shown by the dotted lines. 

stretched string. If the bar were infinitely long, the 

pulses due to the stroke would run along it and never 

return, so that there would be no sound. One pulse, 

namely that which is caused by a stroke at P, moves 

slower than that which is caused by a stroke atQ, The 

latter therefore would leave the former behind. 

Light traversing a crystal shows the analogous effect. 

If it travels along a line, forming a ray, its vibrations are 

in one or other or both of two directions which are at 

right angles to each other. There is something in the 

crystal corresponding to the stiffness in the bar, so that 

the two vibrations travel at different rates and one gets 

ahead of the other. It happens that in Iceland spar 

the ‘stiffness’ is least for vibrations which are perpen- 

dicular to the axis, and is the same for all such vibrations, 

just as the conductivity was the same for all such 
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directions in the Senarmont experiment (Plate XVIIIc). 

Consequently, one of the vibrations in a ray travelling 

in any direction is perpendicular to the axis. In Fig. 77, 

for example, it is perpendicular to the plane of the 

paper. ‘The other must be perpendicular to the first as 

in the case of the bar. If this one happens to be parallel 
to the axis it travels at the fastest speed of which it is 

capable within the crystal: and the nearer it comes to 
A D 

U 

ordinary 1a, Y > 

e 

B Cc 
Nicol’s Prism. 

Fig. 86. A long piece of Iceland spar is cut into two pieces which are 
cemented by Canada balsam. The cut is so made in relation to the form 
of the crystal that only one of the two rays into which incident light is divided 

is able to get through the apparatus. 

that parallelism the faster it travels That is why the 

surface of its spread is a spheroid and its axial direction 

is the same as that of the crystal. The former vibration 

travels at the same rate whatever the direction of the 

ray and so its outward spread is described in terms of 

spheres. ‘Thus the problem of Huygens is solved, in the 

sense that an explanation can be given in terms of 

mechanical effects and laws which are well-known. 

Experimental work with polarised light is greatly 

facilitated by the use of a device due to William Nicol. 

A piece of Iceland spar is cut in two and cemented 

together again by Canada balsam: the cut is made along 

the line BD in Fig. 86. Now light travels in the balsam 

at a greater rate than one of the two rays in the spar, 
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namely the one which is called the ordinary ray, and 

obeys the regular laws of refraction: but the rate in 

balsam is less than that of the other ray in the spar. 

Both rays travel at the same rate in the balsam; polarisa- 

tion does not affect the rate at which light travels in a 

liquid. It is only in crystals that the speed of travel is 

affected by the relation between the direction of vibra- 

tion and the crystal form. By the ingenious disposition 

which is represented in Fig. 86, the ordinary ray meets 

Fig. 87. Two Nicol prisms are similarly arranged. The first divides the 
incident light into two parts, and allows one of them to pass: the second 
makes no further subdivision, nor does it stop the ray that has passed through 

the first. But if the second is turned round through go® about a line parallel 
to the long edges, the pair between them intercept all the light.. 

the Canada balsam at such an angle that it is totally 

reflected (see Fig. 45), while the other ray goes on. Half 

the energy of the original ray is thus absorbed in the 

Nicol’s arrangement, while the rest emerges in the form 

of polarised light. Good pieces of spar are rare, and a 

large Nicol’s prism is very valuable. 

If as in the diagram (Fig. 87) a light ray is made to pass 

through two Nicol prisms in succession, the amount of 

light that emerges finally depends on the arrangement 

of the prisms. If the first is so set that the vibrations of 

the light that gets through it are —let us say —in the 

plane of the diagram, then if the second is disposed 

exactly as the first, the light will go through the second 

without any further loss. But if the second be turned 

round through a right angle, it will entirely absorb the | 

polarised ray that falls upon it and no light emerges 
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from the pair. The effect is shown in the photographs 

of Plate XIXA, s. | 

With the help of a Nicol we can even demonstrate, 

more easily than before, the polarisation of light reflected 

from a transparent surface. 

The beam of polarised light falls upon a piece of glass at 

G (Fig. 88). The Nicol is then gradually turned upon its 
a 

Fig. 88. The figure shows a polarised ray meeting a piece of plane glass, 
and experiencing a feeble reflection: nearly all the light goes through. But 
if the piece of glass — or the Nicol — is turned through 90° about the line of 
the ray which is passing through it in the diagram, the reflection becomes 

strong. The experiment of Malus. 

axis and it appears that when the principal section of 

the Nicol is in the plane of the paper, as shown by 

the diagram, the reflection is poor; but when the 

Nicol has been turned round through a right angle 

from this position the reflection is strong. This im- 

plies, according to our conception of the way in 

which polarisation takes place within a crystal, that 

light is best reflected by a piece of glass when the 

vibrations are parallel to its surface. (See also. Plate 

XVIIIs.) The glass plate should make an angle of 

about 35° with the ray of light. We are repeating the 

experiment of Malus. 

Since light reflected from the surfaces of transparent 

substances is polarised more or less, the many natural 

reflections at the surface of the sea and other waters 

must cause the effect to be not uncommon. We may 
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B 

A ray of light emerging from one Nicol prism passes through a second when the me 

are set parallel to each other. The white arrow stuck on each prism lies in the principa 

plane of the crystal. The ray fails to get through the second wheni it is set perpen- 

dicular to the first. The paths of the rays are made visible by means of smoke in the air. 

(p. 192) 



THE POLARISATION OF LIGHT 

remind ourselves, however, that the eye cannot detect 

polarisation directly: use must be made of a polarising 

device like the Nicol prism or the piece of glass held at 

the proper angle. It is possible when standing in certain 

Pp positions near a picture to get rid 

of the troublesome glass reflections ae, 
F : : urn 

by looking through a Nicol prism 

and turning it round until it ex- 

tinguishes the reflections, which it 

can do because they are polarised. 

But it is only possible to achieve 

this when the observer stands in 

the proper positions, and is not a 

practical help to the visitor to the 

gallery. Itis possible in the same 

way to extinguish —in certain O- 
‘ Fig. 89. The observer at 0 

cases ~the light reflected from is looking up at the sky in 
the direction op. If he 

the surface of the sea and to look places a Nicol prism before 
his eye, so that the principal 

down into its depths: and some- plane-azcp of Fig. 86- 
: is in the plane oP s, which times the method has been used Contains op and the line 

° joining the observer to the 
by the observer in an aeroplane. {un at s, the sky appears 

° ‘ dark. If the prism is turned 
But again the pian is not very about its axis through a right 

practicable angle the sky brightens again. 

The Polarisation of Light from the Sky 

There is one extremely interesting case of the natural 

occurrence of polarisation, namely, in the light of the 

sky. It is interesting in the first place because it illus- 

trates once more the capacity of the wave theory to 

explain natural facts, and in the second place, because 

its experimental investigation has been very ingenious, 
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and moreover, has led to some very beautiful demon- 
strations. 

The polarisation of the light from the sky is easily 

P 

Fig. 90. Instead of a Nicol 
the observer may use a piece 
of unsilvered glass M as in 
Plate XVIIIB and reflect the 
light into his eye at E. With 
the arrangement in the figure 
he obtains a brighter reflec- 
tion of the sky than if he 
turns the glass mirror about 
the line PM or about the 
vertical direction of its stand 

so that he himself when 
observing the reflection has 
to look in a direction per- 
pendicular to the plane of 

the diagram. 

observed by the aid of a Nicol’s 

prism (Fig. 89). Suppose that S is 

the sun, P a scattering particle, 

and O the eye of the observer. If 

the prism is so held that the prin- 

cipal section of the prism is in the 

same plane as SP and PO, then 

the sky appears dark. But if the 

prism is turned through a right 

angle about its axis, it appears 

bright. The same experiment may 

of course be made with a piece 

of glass but not, it is to be observed, 

with a silvered mirror. If the 

arrangement is as in Fig. go, the 

eye at E will see a reflection in the 

mirror at M: but if the stand 

carrying the mirror is turned 

through a right angle so that the 

latter faces us as we look at the 

diagram the reflection grows 

darker. 

We have been supposing that 

the vibrations of the light that 

get through the prism take place in the principal 

plane. Thus the vibrations of the waves that are 

scattered by P towards the mirror or the eye in these 

figures are perpendicular to the plane of the paper. 

‘4 

THE POLARISATION OF LIGHT 

Now the wave theory leads us to expect that this would 

be the case. The point may be made clear by an 

analogy. 

Two ropes, say twenty or thirty feet long, are tied at 

their middle points and held moderately taut by four 

men, one at each of the ends (Fig. 91). The man atA 

Fig. 91. ‘Two ropes knotted together at E and held at the four ends. If 
a vibration in the plane of the diagram, as indicated by the wavy line, is 
originated at A, it will set B E in motion but not EC, nor E D: but if the vibra- 
tion is perpendicular to the plane, E c and E D will be set into motion as well 

as EB. 

sends a series of pulses along the rope in the direction AE. 

In the first instance, they are vertical vibrations, up and 

down. When they arrive at E, and the knot at that 

point begins vertical movements, pulses travel in con- 

sequence along EC and along ED; the original move- 

ment is also propagated along EB. But if the vibration 

which A gives to the rope is from side to side, as indicated 

by the dotted line, then no motion is transmitted along 

EC and ED because E cannot move in any way which 
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will cause transverse movements to run along EC and 
ED, unless the original vibration sent by A has some up 
and down component in it. In this second case, a 
certain movement does go through E to the part EB and 
the pulses sent by A get through to B as a transverse 
movement continuing that along AE, because the knot 
at E yields sufficiently to let this motion through. In 
the actual phenomenon there is, of course, nothing to 
correspond to this difficulty in passing E which appears 
in the rope analogy. Light from A gets past E in allcases. 
The object of the experiment is to present an analogy 

to the scattering of light by a fine particle such as a 
molecule of the air. Vibrations along AE are dis- 
persed or scattered along EC or ED provided they are at 
right angles to the latter, but not if they are parallel. In 
intermediate cases they are partly scattered along EC 
and ED. 

Now let us consider the case of Fig. 90. Light waves 
are sent out from the sun at S and move along SP. If 
their vibrations are in the plane of the paper, they do not 
start a transverse vibration which can move along PM: 
this corresponds to the first case of Fig. 91. But if the 
vibrations are perpendicular to the plane of the paper, 
they are able, when they meet the scattering particle at 
P, to start transverse waves along PM, again as in the 
case of the ropes. The original light from the sun which 
travels along SP must be supposed to contain transverse 
waves of every kind: that which runs along PM will 
consist specially of waves in which the vibrations are 
perpendicular to the plane of the diagram. The light 
of the sky is therefore polarised. 
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Some very beautiful laboratory demonstrations of 

these points can be given. Light from a lantern is 

polarised by the Nicol’s prism N and reflected by a sil- 

vered mirror M arranged so as to send the reflected 

beam downwards into the jar J (Fig. 92). The reflected 

° aie ° Ein e , @ . . d 

Fig. 92. Light from the lantern L is polarised by the Nicol prism N an 
P tacted by the mirror M into the tall jar, which is filled with liquid con- 
taining finely divided matter in a state of suspension. The amount of light 
scattered varies with the direction of scattering as explained in the text. 

ray is still polarised. Suppose, for example, that the 

vibrations are horizontal and perpendicular to the plane 

of the diagram when leaving the prism: they will still 

be so when traversing the jar. Let the jar be filled with 

clean water in which a little gum, mastic has been 

dissolved: the gum is held in suspension in the form of 

very fine particles. These scatter the light: but not 

equally all round. ‘Lo an eye at E in the plane of the 

paper the jar will seem to be luminous. But if the 

observer walks round the jar so that he now regards it 

from the side, as the diagram on this page is regarded, the 

jar appears dark. ‘The same alteration takes place if 

the observer stands still and the Nicol’s prism is turned 

round. If there are various observers in the room, the 

jar seems bright to some and dark to others. 
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The effect is very striking: and, in a varied form, it is 
extraordinarily beautiful. A quantity of sugar is dissolved 
in the jar. Sugar, like many other substances, has a 
curious effect on polarised light which is passing through 
it, in solid or in solution. The direction of vibration 
changes along the path, going round it as if on a screw. 
When the light enters the sugar solution at the bottom of 
the jar the vibrations are, let us say, at right angles to the 
plane of the paper in Fig. 92. As the light descends in 
the jar the vibrations change their direction and at a 
certain depth they are zn the plane of the paper. The 
eye no longer receives scattered light. Lower down — 
again the brightness of the jar seems to the eye at E to be 
restored. Now these alternations occur at intervals 

which vary with the wave-length, the blue being 
screwed round much faster than the red: and as a result 
the jar is filled with a gorgeous display of colour, increas- 
ing in intensity from the top to the bottom. Colour 
can be made to fill the whole jar from the top down- 
wards by placing a quartz plate in the path of the 
light between the prism and the jar. Such a plate, cut 
at right angles to the axis of the crystal has the power, 
like sugar, to cause a rotation of the direction of vibra- 
tion; and its introduction, therefore, causes the various 
wave-lengths to be already separated when they enter 
the jar. 

CHAPTER VII 

LIGHT FROM THE SUN AND THE STARS 

SrarRs appear to us as bright points which move 

together across the sky. Astronomers have shown us 

long ago that in so doing they are telling us of the 

rotation of the earth rather than of their own movements. 

Very patient and skilled observation shows that there 

are relative motions amongst them, yet so small that the 

constellations have retained their form since man was 

first able to describe them. In the last hundred years 

the power of interpreting the messages brought by light 

has increased greatly. We are in touch with the stars. 

They are no longer a mere medley of bright points irreg- 

ularly spread over the sky; nor even of suns that emit 

light like ours and are scattered through the depths of 

space. They have become to us parts of an active 

- universe of which our own solar system is also a part. We 

can measure their distances, their weights, their lumin- 

osities, their compositions, their movements, and even 

estimate their historic past and their future. Our world of — 

knowledge and perception has suddenly increased, and 

we begin to have understanding of its greater laws. 

The very ancient science of astronomy has in times 

past relied almost entirely upon observations of the 

positions of the heavenly bodies. Light has been used as - 

a means of measuring angles and so of plotting the 

apparent motions of sun, moon and stars upon a celestial 
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sphere. The very great extension of astronomical 
knowledge which has occurred in the last hundred years 
had its beginnings in the examination of light itself and 
not only of the direction from which it came. The 
quality of the light from the sun, and its intensity are 
characteristic of the nature and physical conditions of 
the source: their study provides new means of enquiry, 

and at the same time, gives new possibilities to the means 

that have been so long in use. 

The Distances of the Stars 

The older observations could, and did, afford oppor- 

tunities for measuring distances in space. Such measure- 

ments are of the highest importance and interest: it is a 

natural source of wonder that the stars are not merely 

bright spots on a sphere of which the earth is the centre, 

but bodies to be ranked with the sun in magnitude and 

temperature and other qualities, spread through vast 

spaces and not confined to a single sheet. Therefore, 

one of the first efforts of the astronomer has been to 
determine distances: and it is still one of his most 
exacting tasks. 

To begin with, it is necessary to choose a unit of 
length. The measurement of distance necessarily takes 
the form of comparison with some standard unit: and this 

unit must be in a form which the astronomer can handle. 

Bars of metal prepared and maintained with extreme 

care by the government officials of various countries 

serve as the basis of all measurements of length, the 

standard metre and the standard yard being the two 

which are most in use, almost to the exclusion of all 
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others. From these units the astronomer has a long way 

to go before he comes to the measurement of the great 

distances of the stars. The journey must be accomplished 

in stages, each of which results in the knowledge 

of some definite distance in terms of the unit, and 

each distance is at least some thousands of times as 

ereat as that which has been measured in the previous 

stage. 

First, the surveyor is entrusted with the task of finding 

the number of times which the unit is contained within 

a length of some miles drawn upon the surface of the 

earth, in a north and south direction. At the two ends 

of this line the astronomer sets up his telescopes and 

measures the difference in latitude. He might, for ex- 

ample, choose a star which at a certain moment Is due 

south of both observatories, to which therefore the 

measured line would point. At that moment the height 

of the star above the horizon would be observed in both 

telescopes; the height being measured in degrees. The 

difference in the two angles is known as the difference in 

latitude. If the earth were flat there would be no 

difference, because the direction of the horizon would 

then be the same for both places and the star is so far 

away. The amount of the difference in the actual case 

depends on the curvature of the earth, and can be used 

to measure the curvature. 

Thus if P, Q (Fig. 93) are the two points on the earth's 

surface, and PS,, and QS,, the lines pointing to the star 

S, lines which are practically parallel, and if PH,, QH, 

are the horizontal lines at P and Q, then the difference 

between the two measured angles $,PH, and S,QH, is 
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the angle between PH, and QH,; and this is the aunts 
between the lines drawn from P and Q to the centre of 
the earth. Thus PQ and the angle PCQ are both known, 
and therefore PC, the radius of the earth is found. The 
earth is not quite round: it is a spheroid and not a sphere. 

S 

C 
Fig. 93. An observer at P sees the horizon in the direction Pp Hr. The angle 
St P Hr is the angular height of the star s above the horizon. The ancle 
S2 Q H2 is the angular height of the same star as observed by an ahaaivee ak 
Q. The difference between these angles is the angle PcQ, which is the 

difference in latitude of the two observers. 

The polar radius is 3,950 miles almost exactly, and the 
equatorial radius is about 13 miles more. 

This completes the next stage: the earth itself becomes 
a base line for wider measurements, because now that its 
form is known the actual distance between any two 
points upon it can be calculated from measurements of 
latitude and longitude, measurements which can be 
made with the aid of telescopes and clocks only: there is 
no need to measure such distances step by step with a 
metre or a yard rule. 
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In such measurements as these, we find the use of the 

telescope as an instrument of precision. It is not merely 

a magnifying instrument as most of us employ it. To 

the astronomer it is far more. The object glass makes a 

picture of some part of the heavens at its focus in the 

manner explained in Chapter II. A set of fine wires or 

spider threads can be arranged in the same focus so that 

the eye, with the aid of the eyepiece sees them both 

together: and the telescope may be moved until the 

star or other object under investigation falls on some 

one of the lines. If now the motion is renewed until 

some other star falls on the same line, the amount of 

that motion can be measured in terms of the angular 

‘scales attached to the telescope. In another class of 

experiments the telescope may be left fixed, and the 

apparent movement of the stars may be followed until 

another star lies upon the line; in this way the time of 

rotation of the earth enters in. Such measurements have 

been improving for centuries and have now reached a 

high degree of perfection: on which account the astron- 

omer has been able to extend his measurements further 

and further into space. 

The next stage is the measurement of the distances of 

the moon and the sun: the latter being the one that is 

necessary for still further advance. Ifthe time at which 

the moon passes some definite mark in the sky, say a star 

or the edge of the sun during an eclipse, 1s observed at 

two different points on the earth’s surface, it becomes 

possible to calculate the distance of the moon from the 

earth. For such measurements give the velocity of the 
moon, in much the same way as the speed of a car 1s 
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found from the time observations of two policemen a 

known distance apart. _ 

In the diagram PM, and QM, are parallel, or if only 

approximately so the fact may be allowed for, and so 

M, M, is equal to PQ, a known distance on the surface 

of the earth. The velocity of the moon then being known 

.S. and.also the time taken to go 

round the earth, the radius of 

the orbit can be calculated at 

once (Fig. 94). — 

In much the same way, though 

the calculation is not so direct, 

the distance of the sun from the 

earth is derived from observa- 

| _ tions on the times when Venus 

at 6 sete ee oe eclipsed by the moon when leave the sun’s-disc, as they do 

Tre etter The eclipee make occasionally, the observers being 
piace Mhen the moon is at at known distances apart upon 
the same as PQ, which is the earth. The difference to be known. Hence the velocity 

of the moon is found. § observed is very small: even if 

the observers were at the opposite ends of the earth and 

could then make good measurements it would only 

amount to about five minutes. 

In this way the radius of the earth’s orbit has been 

found to be nearly 93 million miles. And now the as- 

tronomer has acquired a base line from which he can 

make his final leap into the spaces of the stars. 

The value of such a base line in determining the rela- 

tive motions of the earth and the stars was appreciated 

long before it could be made the base of any calculation, 
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To use a simple analogy due to Jeans, a child in a swing 

sees the nearer objects around him move to and fro on a 

background of objects that are farther away. So observ- 

ers on the earth should see some of the stars move to and 

fro with respect to others, the movement keeping time 

with the swing of the earth in its orbit about the sun. 

No one made a successful observation of this kind until 

1838, for the simple reason that the motion to be ob- 

served was. excessively minute, far smaller than was 

expected and much beyond the powers of detection of 

comparatively inefficient instruments. In that year 

three stars, 61 Cygni, « Centauri and « Lyre were 

found to be executing motions against the celestial back- 

ground, which, though exceedingly small, were unmis- 

takable. These stars are so far away that their light 

takes several years to reach us: in the case of oc Centauri, 

for example, the time is 4.31 years. The immensity of 

the distance is best realised if this time is compared with 

the 500 seconds which light takes to travel 93 million 

miles ori its way to the earth. 
Only a few of the nearest stars can be treated in this 

way. The rest are so distant that the finest telescopes 

can see no difference in their positions when viewed from 

opposite points of the earth’s orbit. It is marvellous that 

so much has been done in respect even to these few, for, 

roughly speaking, they are a million times as far from 

us as the nearest planets. The astronomer speaks of their 

distances in terms of light years. 

1 The Universe Around Us. 
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The Velocity of Light 

We have not hitherto considered the value of the 
velocity of light: none of the visible effects we have been 
discussing are concerned with its actual magnitude. But 
we must now form some idea of the velocity if the term 
‘light year’ is to have any definite meaning. 
The time taken by light to travel a measured distance 

upon the earth is so very small that it can be detected 
only by instruments of great precision: Galileo tried such 
an experiment and failed. It is not surprising that the 
first measurements, which supplied indeed the first 
proofs that light had a velocity, were made in connec- 
tion with the time taken by light to travel over the 186 
million miles of the diameter of the earth’s orbit. 

According to the often told story, Olaf Romer at the 
end of the 17th century was observing in Paris the times 
of eclipse of Jupiter’s moons behind his disc. From a 
series of observations he calculated the average time of 
rotation of each moon. He then observed that when 
the earth and Jupiter were at their least distance from 
each other, each eclipse occurred about eight minutes 
before the time calculated on a basis of averages. When 
the two planets were as far from each other as possible 
each eclipse was eight minutes too late. He rightly con- 
cluded that the variations from the calculated result 

were due to the fact that light took time to cross the 
orbit of the earth. It is easy to imagine a simple analogy. 
Ifa business man in England were in the habit of receiv- 
ing a letter from Australia every week, which letter was 
always forwarded on to him wherever he might be, and 
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if he were in the habit of travelling backwards and for- 

wards between London and Dublin, he would get his 

letter before the average time if it came to him in London 

and after that time if he were in Dublin: and the differ- 

ence between the time taken by a letter to reach him 

in Dublin and the corresponding time for London would 

be the time taken by the letter to go from London to 

Dublin. In this way, since it takes 1,000 seconds nearly 

to cross the earth’s orbit, if this be assumed to be 186 

million miles the velocity of light will be 186,000 miles 

a second. There are other ways of determining this 

magnitude, and it is now known very accurately. This 

is the velocity of all waves in the ether of space: in trans- 

parent bodies like glass and water it is somewhat less, 

and the air a very little less. It is often pointed out that 

this being so the music transmitted by radio may reach 

distant countries by way of waves in the ether before, 

being carried by sound waves in the air, they reach the 

other end of the concert hall. 

In these applications of the measuring rod to the 

spacings of the stars, light is used as a means of deter- 

mining direction only. It has served this purpose for 

thousands of years, though not very effectively until 

Galileo first used the telescope. And still the continuous 

improvement of the telescope increases the accuracy of 

the angular measurements and adds to the value of the 

observations. On the other hand, it is quite a new 

science which observes the quality of the light from a star 

and draws inferences therefrom as to its nature and 

movements. 

207 



UNIVERSE OF LIGHT 

The Analysis of the Light from the Stars 

The first step in the acquirement of this knowledge is 

made when we use a prism or a grating to analyse the 

light. In every case we find the same spectrum colours, 

running from red to violet, for our eyes perceive these 

alone of the complex which each star emits. But the 

emphasis in different parts of the spectrum is not always 

the same: it varies from star to star. A blue star is 

always hotter than a red star. The temperature of the ~ 

star can in fact be determined from the position of 

greatest emphasis. This would not be possible were 

it not for a very remarkable natural law, namely, that 

the quality of the light emitted by a substance depends 
only, except in special cases, on the temperature and not 

upon the nature of the substance. If, for example, we 

gaze into a hollow in a glowing coal fire, a red hot cave 

with as small an opening as possible, where everything 

is at the same high temperature, we do not see the out- 

lines of the pieces of coal inside, nor of pieces of metal or 

china if they are well inside the hole and have acquired 

the fire temperature. Being at the same temperature, 

coal, metal and china all send out radiation of the same 

quality and so they cannot be distinguished from one 

another. .In a furnace where the temperature is raised 

by a blast the quality of the light is not the same as that 

of the light from a coal fire. It is whiter because the 

emphasis has been shifted towards the blue end of the 

spectrum: more blue rays are present. Ifa temperature of 

6000° Centigrade could be reached the light would have 

the quality of daylight because that is the temperature 
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approximately of the sun. Some of the stars are 

hotter still and the blue rays increase still more in rela- 

tive intensity. Thus the temperature of a star is told 

by the quality of its spectrum, that is to say, by the 

relative distribution of energy among the various wave- 

lengths. This implies previous determinations in the 

laboratory of the way in which the quality varies with 

temperature, and since laboratory temperatures cannot 

match those of the hot stars there is some uncertainty 

in the star measurements. It is necessary to assume that 

a law which holds over the laboratory range will hold 

also for temperatures beyond the range of actual 

experiment. Examples of star spectra are given in 

Plate XXa. 

A very simple experiment illustrates this connection 

between quality and temperature. We throw upon the 

screen the spectrum of the light from an electric arc, 

and then cut off the current. As the glow of the carbon 

fades and its temperature declines, we see that the 

spectrum disappears but the blue goes first and the red 

last. 
Spectrum Analysis Applied to the Stars 

By a still closer observation of the spectrum of a star we 

can find its nature. When the light is analysed by the 
prism, it is found that the spectrum is, allowing for the 

effects of temperature, like that of any other glowing 

mass, as for example, the carbon in the arc lamp, with 

an important exception. A number of clearly defined 

ranges of wave-length, generally exceedingly narrow 

ranges, are missing. 
We have met already with such cases of absorption of 
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radiation when considering the origin of colour: there is 

here however a difference in that the abstractions from 

the spectrum are so very precise and sharply defined 

and are generally so numerous. Illustrations of this 

peculiarity may be seen in the reproductions of spectra 

in Plate XXa. | 

The explanation is ready to hand: we can base it on the 

analogies which we used before, namely, those of the 

tuning forks, and the wireless sets. We must look rather | 

more closely into the comparison than previously, be- 

cause we need to see the important connection between 

sender and receiver in the various modes of radiation, 

sound, radio waves, and light. 

Our first point is simple enough. A single tuning fork 

gives out a very pure note: in other words, the sound 

which it emits consists of air waves of a definite fre- 

quency. ‘This sound wave spreads out in all directions. 

If in one direction it passes by another tuning fork of 

exactly the same pitch, it will set this second fork going 

and of course it will spend energy in doing so. Thus the 

sound travelling in this special direction is weakened : 

there has been absorption. Nor is this loss made up by 

the sounding of the second fork, because the latter 

spreads its sound in all directions and cannot make good 

the loss in the particular direction. This is the basis of 

the absorption and production of colour, as we have 

seen already. It will be observed that the emitter and 

receiver are of the same pitch. Just so a radio station 

emits waves which are sharply adjusted within a certain 

range of frequency: if care were not taken in this respect 

broadcasting would be impossible. And if the receiver 
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can be sharply tuned to the same frequency, it will ab- 

sorb some of the energy distributed from the central 

station, which energy is diminished thereby. A wireless 

set can be made to radiate at least feebly, and if it does 

it emits waves of exactly the same pitch as that of the 

sending station to which it responds. Some wireless 

sets as we know can be tuned very sharply: if the radio 

station is sending out waves which adhere closely to their 

proper frequency such sets will only respond if the tuning 

is carefully done, and then the response will be strong. 

In the same way an atom may be set into vibration by 

heating the body or gas of which it is a part. If the 

radiation which it emits meets a number of atoms capa- 

ble of vibrating with exactly the same frequency -— or it 

may be frequencies — its energy is absorbed in part and 

passes on diminished. And here again the matter of the 

exactness of tuning is important. An atom by itself, 

uninfluenced by neighbours, is like a good radio trans- 

mitter, its emitted vibrations lie within a very narrow 

range. We should say ranges rather than range, be-. 

cause an atom’should be compared rather with a bell or 

a violin string than a tuning fork. ‘The fork is exceed- 

ingly simple, emitting little more than one note; whereas 

bell and string and atom each emit a number of notes 
at one and the same time. Each note, however, is very 

sharply defined and can be tuned to with great exactness. 

This sharpness of tuning is characteristic of the atoms in 

a gas, for in this condition the atoms are independent of 

one another for most of the time: collisions occur, but the 

times during which the atoms are so close to one another 

as to influence each other’s vibrations do not last long. 
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Thus a multitude of atoms forming a gas will resemble 

a good radio station if they are emitting, and a good or 

‘selective’ wireless set if they are receiving. 

If then a ray of light containing all frequencies passes 

through a crowd of such ‘selective’ atoms there will be 

a sharp absorption or selection of particular frequencies, 

and the spectrum will show a number of narrow gaps, . 

as illustrated in Plate XXa. If the gas is emitting, it 

will send out light of the same frequencies as that which 

it absorbs. This effect is shown in Plate XXs. 

The Spectrum of the Sun 

The spectrum of the sun shows an immense number of 

these sharply defined gaps or ‘lines’ as they are generally 

called. When the temperatures of various substances, 

iron, calcium, hydrogen, etc., are raised by heating until 

they become luminous vapours, it is found that they emit, 

each of them, light of a certain number of sharply de- 

fined frequencies. It is also found that these correspond 

line by line to the lines in the spectrum of the sun. The 

conclusion is obvious: the light from the sun must have 

gone through clouds of these atoms somewhere, and in 

respect to such substances as iron or calcium, or most 

other elements, this must have happened on the sun 

because in no other part of the path of the light has 

there been enough heat to bring the substances to the 

state of a luminous gas. If therefore, the spectra of the 

sun and stars and other luminous bodies be analysed and 

compared with the spectra emitted in the laboratory by 

the various elements brought to the condition of lumin- 

ous gases, it becomes possible at once to say whether or 
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no these elements exist in the heavenly bodies as well as 

on the earth. These investigations were first carried 

out on the great scale by the enthusiasm of Huggins, 

Lockyer and their contemporaries. From that time to 

this they have increased in interest and importance 

because it has been found that there is far more in them 

than mere correspondences between the positions of 

definite frequencies in the two classes of spectra. The 

frequencies characteristic of each element depend on the 

condition of the element, which may be stripped of one 

or more of its electrons and at each such alteration may 

alter its notes: the condition depends on the temperature 

and the density of the gas, and thus the analysis of stellar 

spectra gives information of the state of the star as well 

as of its composition. 

The elements that are found on the earth are found 

also in the stars. In one notable case the existence of 

an element was proved by Lockyer’s observation of the 

sun’s spectrum before it had been handled in the labora- 

tory. Certain well marked lines were found which 

corresponded to nothing then known, and Lockyer 

deduced the presence of some new substance which he 

called ‘helium’: it was not until long afterwards that it 

was extracted from cleveite and other minerals. It is 

now well known as the best gas for the inflation of 

dirigible balloons, since it is almost as much lighter than 

air as hydrogen is, and it is not inflammable. In > 

the laboratory it is an object of extraordinary interest, 

since the atom of helium is the alpha particle which 

radioactive substances emit. On account of the trem- 

endous speed of its emission it can enter the domains of 
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other atoms and make its way into the very nucleus, 

which it may even break, and by which it is usually 

deflected. Observations of these effects were the main 

origin of the modern atomic theories, for in the hands of 

Rutherford and his fellow workers they established the 

nuclear theory of atomic structure and all that has been 

built thereon. 

But now there is one very important question to which 

some answer must be found. We have supposed that a 

radiation is emitted by the sun, which would have given 

a complete spectrum, were it not that on its way to us 

it has passed through an atmosphere surrounding the 

sun and containing the various elements in the form of 

gases. ‘These gases themselves must be luminous and be 

emitting light of the very frequencies which we suppose 

them to have been absorbing and therefore causing black 

lines to appear in the spectrum. What is the origin of the » 

original radiation? It must be so plentiful that its 

absorption in the sun’s atmosphere makes a difference 

which the luminosity of the atmosphere itself does not | 

make good. And its energy is distributed all over the 

spectrum: it is not limited to a number of definite fre- 

quencies. 

We have already seen that independent atoms would 

issue their proper frequencies exactly. But they are not 

wholly independent: they spend a certain fraction of their 

time in each other’s neighbourhood when their motions 

cause them to collide. During those moments they do 

not issue their proper frequencies so strictly. If they 

are so crowded together as to spend a large part of their 

time under each other’s influence the ranges of proper 
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frequency will spread until they meet and overlap and 

the whole spectrum is emitted. In a roughly analogous 

way, if a number of tuning forks, each on its stand, were 

thrown anyhow into a box which was then shaken vio- 

lently, a medley of jangling sound would issue which 

would no longer be confined to the particular notes of the 

tuning forks. In the body of the sun the atoms are 
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Sirinenial section through A 

Fig. 95. The little furnace is made of refractory materials. Inside it an 

arc is formed by the electric current. Metals are dropped in at the hole on 

top. When the hole is left open the vapours escape and the light that issues 

at A can be resolved into a bright line spectrum. When the plug P Is inserted, 

the vapour fills the tunnel ending in a, and the light has to go through it. 

Dark lines now appear in the spectrum where there were bright lines before. 

crowded together and violently agitated by the tremend- 

ous temperature: and it is in this way that we can account 

for the continuity of the ‘spectrum. The somewhat 

cooler atmosphere surrounding the sun removes certain 

frequencies and hence the spectrum lines. 

We can imitate these conditions by a laboratory 

experiment. A small electric furnace is made by passing 

the current through two carbon pencils which are 

inserted in the walls of the fire-clay enclosure, as shown 

in Fig. 95. The pencils are first made to touch and 

then drawn somewhat apart in the usual way. A piece 
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of sodium is placed in the arc. Then intensely yellow 

vapour rises up in a cloud and leaves the furnace at the 

top: a small tunnel-like opening at the side of the 

furnace allows the light from the arc to pass through a 

lens and a prism and so to form a spectrum upon the 

screen. The bright yellow line of sodium is very con- 

spicuous. We now stop up the opening over the arc 

and the incandescent gas can only find its way out at the 

second opening. The light has then to cross some inches 

of this vapour before emerging: and now the yellow line 

has disappeared and a black line appears in its place: 

the vapour has taken out of the light fromy the arc the 

very frequencies which it emits itself. 

When there is a total eclipse of the sun the incandescent 

vapours of its atmosphere can be seen to extend far be- 

yond the obscured disc: and their spectra consist of a 

series of bright lines as we should expect. 

It is an interesting and important point that a lumin- 

ous gas which gives a ‘bright line’ spectrum will give a 

full spectrum if there is enough of the gas. There is 

always a certain amount of general radiation as well as 

that of particular frequencies of the atoms of which the 

gasis made. Now the latter is absorbed in going through 

the gas more than the former, and so it happens that it 

comes only from the external layers, while the latter, 

the general radiation, can come from greater depths. 

If the depth of the gas is great enough the two 

effects compensate so as to give equal weight to the two 

varieties of radiation, and the spectrum is complete. 

It becomes that which is characteristic of the temperature 

and is independent of the nature of the emitting body. 
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Thus the completeness of the spectrum of a heavenly 

body does not mean that it is a solid, but merely that 

there is enough of it. 

The Motions of the Stars to and from the Earth 

By another form of careful observation it is possible 

to determine the rate at which a star is approaching or 

receding from the earth. For if, say, the star is rushing 

towards the earth it is crushing up the waves from the 

rear and all the wave-lengths are artificially shortened, 

and become more refrangible. Just so an approaching 

motor-car crushes up the sound waves, and, as it recedes, 

draws them out. All day the motor-cars go by and the 

pitches of all the noises made by a car drop at the 

moment of passing. If the car is travelling at 25 miles 

an hour the drop is nearly a semi-tone. If the star gave 

a complete spectrum free from lines we should not be 

able to detect this shift, because the wave-lengths that 

gave the extreme violet would have been shortened and 

become invisible, while at the red end wave-lengths just 

too long to be visible would now be shortened and enter 

the red. All the wave-lengths would be shortened some- 

what, both visible and invisible: but the visible colours 

would be supplied to our eyes just the same, and we 

should see no change. There is however an observable 

shift in the lines of the spectrum, an effect which was 

first described by Doppler. And as the positions of 

the lines can be very exactly measured, and as the 

shift is proportional to the speed of the star relative to 

the earth, it becomes possible to measure the relative 

motion of the two bodies along the line joining them. 
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An illustration of this effect is given in Plate XXc. 
The two spectra that are shown in this illustration are 
due to light received from the two edges of the sun, 
eastern and western. In one case, the source of light is 
coming towards the earth, on account of the sun’s 
revolution, in the other it is receding. In both cases the 
light has passed through the earth’s atmosphere, and 
certain lines in the spectra are due to absorption by 
oxygen. The two spectra are put together so that. 
these lines fit, so that the wave-lengths in the two cor- 
respond exactly. It will then be observed that other 
lines are slightly out of adjustment. These lines are due 
to absorption by the sun’s atmosphere. The lack of 
adjustment is due to the Doppler effect, the lines being 
shifted slightly towards the short wave end in the case 
of light coming from the approaching edge of the sun and 
vice versa. ‘The presence of the oxygen lines makes it 
possible to register the two spectra exactly. The shifts 
in a star’s spectrum are not so easily displayed as in this 
case. It is to be observed that the shift is the same for 
all the sun’s lines. 

These measurements are independent of distance and 
so arises the curious situation that, while most of the 
stars are too far away to be seen moving across the sky, 
motions of approach or recession can be measured with 
considerable accuracy. In this way for example, it is 
found that the distant nebulae, or at least the few that 
give enough light for the experiment, are receding: and 
apparently those that are furthest away are going the 
fastest, whence the modern conception of an expand- 
ing universe Many stars approach and recede at 
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regular intervals: and it is clear that each such star 

has a dark companion about which it is revolving. 

But all such deductions belong to the fuller study of 

astronomy, and so do other questions such as the 

luminosity of the various stars and the inferences that 

can be drawn from a joint knowledge of luminosity 

and temperature. It is enough for our present pur- 

pose to have seen how full of information are the 

characteristics of the light that comes to us from all 

parts of the universe. tf 

We may pause a moment here to consider a familiar 

peculiarity in the light from the stars. ‘Their twinkling 

is an effect due to the want of uniformity of the atmos- 

phere. It is analogous to the quivering of objects seen 

through the heated air above a fire in the open or a 

candle in the room. The rays of the star take a course 

which wavers somewhat on its way to the observer. 

Sometimes its light is partially cut off for a moment 

because some portion of the intervening atmosphere, 

differing slightly in refractivity from its surroundings, 

swings the rays to one side. Colour also appears, be- 

cause the red rays that reach the eye from a star do not 

come by quite the same road as the blue, and the inter- 

fering portion of the atmosphere cuts out the one colour 

and not the other. This effect is not obvious to the eye 

gazing at the star, but is readily seen if the reflection of 

the star is observed in a mirror which is slightly and con- 

tinuously shaken. The point of light is drawn out into 

a string of coloured jewels. A still closer examination 

by the aid of the spectroscope shows that the spectrum 

of the star is continuously traversed by dark patches 
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are the methods of photography. Plates can be sensi- 
tised so as to be responsive to many such qualities of 
radiation. In fact the ordinary forms of plate that have 
been in use for many years are particularly sensitive 
not only to the shorter waves of the spectrum but also to 
those which lie just outside and are known as the ultra- = 
violet. The difficulty has been to render plates sensitive | 
to the longer waves: but in recent years this has been 

| successfully accomplished. Quite lately the results of this 
advance have attracted great interest. One of them 
illustrates excellently some of the points we were con- 
sidering at an earlier stage. 
We saw that the red rays were less turned aside by 
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PLATE XX 

These photographs are due to the Ilford Company. The lower is taken with an infra-red filter, 
the other according to the usual conditions. Note that the blue sky appears black since it 
does not scatter infra-red rays. On the other hand, the grass and the trees reflect much infra- 
red and therefore appear white. The whole tone system is abnormal because the rays are not 
those which are used by the eye. Note also the extraordinary rendering of detail, especially 

in the far distance. (p. 221) 

LIGHT FROM THE SUN AND STARS 

the atoms and molecules of the air and by the dust and 

vapour in the air than the blue rays at the other end of 

the spectrum. Consequently if a plate is sensitive to 

the red rays, and still more if its sensitivity extends into 

the infra-red, it can register the image formed in the 

camera of objects which to the eye are obscured by haze. 

Mountains have been photographed many scores of 

miles away. The recent issues of The Times have con- 

tained beautiful photographs of distant landscapes, e.g., 

across the English Channel, or the Irish Sea taken at a 

time when the eye could see nothing of them. The 

photographs of Plate XXI, due to the Ilford Company, 

are fine examples of this use of the infra-red rays. Of 

course the photographic camera always has one great 

advantage over the eye in that the strength of its impres- 

sions increases with time: an advantage of great value in 

astronomy also. Thus screens which may be used to 

cut out the shorter waves are not therefore useless if 

they cut down the red and infra-red rays to some. 

extent: it is only necessary to increase the time of 

exposure. The waves are of course still small enough 

to render fine detail. 2 
In these photographs green vegetation always comes 

out strongly. It will be remembered that chlorophyll 

does not absorb the deep red, and therefore the light 

reflected by leaves and grass has a strong effect on the 

specially prepared plates. In consequence of this action 

the trees, bushes and grass look as if they were covered 

with snow. 
To the physicist the infra-red rays are of especial 

interest because they are due to the vibrations of 
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molecules rather than of atoms, and their study helps 

to an understanding of molecular structure. 

By the term ‘ultra-violet rays’ is meant generally the 

invisible part of the sun’s radiation which reaches the 

earth’s surface and consists .of waves shorter than those 

that are visible. There must be wave-lengths still 

shorter in the light that leaves the sun, but the atmos- 

phere absorbs them. The limit is 0.00003 cm, rather 

more than the hundred thousandth of an inch: no radia- 

tion of shorter wave-length reaches us on the surface of 

the earth. The absorption of the radiation heats the 

atmosphere, so that at heights of 100 miles and more 

above the earth’s surface the air is much hotter than it 

is at the surface itself. Such a layer differs so much 

in condition from the air below that it reflects strongly 

both the radio waves and sound waves, as we have 

observed already. 

| Fluorescence 

The ultra-violet rays have many energetic actions of 

which some are only beginning to be appreciated. One 

of the most remarkable is that of causing certain bodies 

to fluoresce, and this has been long known and used. 

If we throw the spectrum of an arc light upon a screen 

which has been painted with sulphate of quinine we see 

colour long past the violet end, in fact the ultra-violet 

becomes visible. ‘This effect is greatly enhanced if we 

use lenses and prisms made of quartz instead of glass. 

Quartz allows the ultra-violet rays to pass far more 

- freely than glass, which is indeed opaque to the shortest 

wave-lengths. It is to be remembered that glass is to 

us a transparent substance because it does not absorb 
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the visible rays: but if our eyes were so constituted that 

we saw rather the ultra-violet, or, it might be, the infra- 

red, we should transfer the term, ‘transparent’ from 

glass to quartz in the one case, and to rock salt in the 

other. 

When we look at the colour which appears all over 

the prepared screen where the ultra-violet light strikes 

it we see that it is of a bluish tinge throughout almost its 

whole extent. This blue is not a new colour at all: 

when examined by the spectroscope it is found to have a 

wave-length belonging to part of the visible spectrum. 

The ultra-violet has not become visible, but has excited 

a visible colour. Radiation of one wave-length has 

disappeared, and light of another has taken its place. 

This appears at first sight to contradict our experiences 

with wave motions: we have always assumed that neither 

reflection nor refraction nor diffraction changes the 

length of a wave, and have not observed any such effect in 

the course of our ordinary experiences. But there is no 

contradiction: our assumptions have been correct and 

conformable with experience. It is no ordinary reflec- 

tion or refraction, but is, on the other hand, something 

very extraordinary indeed. In fact it is the first sign 

that our wave theory is incomplete: not that it is wrong, 

nor do we have to retract any of our statements about it. 

We find only that there are phenomena which we cannot 

_ make it cover: and as we proceed this will become more 

— Clear. 

There is a very interesting laboratory experiment 

which illustrates the position we have reached in our 

present argument. Sunlight is introduced through a slit 
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in the shutter of a darkened room: and by lenses and 

prisms a spectrum is thrown upon the surface of a basin 

of water, into which some eosin or other strongly fluores- 

cent dye has been thrown (Plate Ic). The red and 

yellow rays go right through the liquid and strike the 

bottom of the basin: but all the rest are held up at the 

surface. Their colour has gone and in place of the green 

and blue there is a dark green strip which looks like a rib- 

bon floating on the water. It extends far beyond the blue 

end of the spectrum as can easily be verified by floating 

a scrap of white paper into the coloured strip. If the 

slit is fine, the principal lines of the sun’s spectrum are 

clearly seen: and some will appear in the ultra-violet 

portion, which further illustrates the point that there 

is no objective difference between the radiation that we 

can see and that which we cannot. The blue and green 

rays of the spectrum penetrate but a little way into the 

liquid: their conversion into rays of lower frequency is 

complete within a very short distance of the surface. 
The red rays go through with very little hindrance. It 

will be observed that there is a marked ‘degradation’ 

in this phenomenon: the disappearing colours are re- 

placed by others which are on the whole nearer the red 

end of the spectrum. See also Plate XIVc. 

Fluorescence is no uncommon effect: one of the readiest 

ways of observing it is to look at the surface of a mineral 

lubricating oil in a glass vessel, where the blue tinge is 

due to this fluorescent action. 

As we have already observed, the air is a strong 

absorber of the very short wave-lengths, so that sunlight 

contains only such as do not fall below a certain limit. 
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Now we have many ways of producing waves shorter 

than any that reach us from the sun: and we find that 

the fluorescent action increases rapidly as the length 

is diminished. A mercury vapour lamp is a very strong 

source of short wave-lengths: which, if the tube in 

which the light is produced is made of quartz, emerge 

into the open. It is dangerous to the eyes to look at such 

a tube: the sunlight would also be injurious if the short 

wave-lengths were not absorbed by the atmosphere. 

Under the mercury vapour lamp many substances glow 

brilliantly, which show no such effect in daylight. The 

colours excited in this way are very various, and the 

whole effect is singularly beautiful. Screens can be made 

which intercept all the visible rays and allow only the 

ultra-violet to pass: in which case the fluorescing objects 

seem to be self-luminous. We may look towards the 

source of the rays, which of course we cannot see, for if we 

are at a little distance away the diminished rays will 

do no harm for a time. We then observe a strange effect: 

the whole room seems to be full of a luminous haze. It 

is due to fluorescence excited by the ultra-violet light in 

the humour of the eye: the effect is entirely subjective. 

If we interpose a screen so as to cut off the rays from our 

eyes the whole effect disappears. 

The Discharge of Electricity by Ultra-Violet Light 

Another remarkable property of ultra-violet light is its 

power of discharging negative electricity from certain 

metals on which it falls, particularly from the alkali 

metals and from zinc. This is readily demonstrated. 

An electrical machine is made to produce a succession 
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of sparks between two knobs. One of the latter is of 

zinc, clean and freshly amalgamated with mercury: the 

machine is so worked that this is the negative knob. ‘The 

other knob is connected to earth. Under these circum- 

stances the machine loads up the prepared knob with 

negative electricity until the charge upon it puts the air 

between the knobs into a state of greater tension than 

it can bear: there is a breakdown and a spark passes. 

If now the ultra-violet light from some source 1s 

thrown upon the zinc knob the sparking ceases. In fact 

the negative electricity cannot accumulate on the knob 

because the ultra-violet light discharges it as fast as it 

gathers. Ifa glass plate is put between the light and the 

knob the sparks start again, because the glass intercepts 

the rays though transparent to visible light. It 1s 

strange to see the sudden cessation and renewal of 

sparking as the glass is interposed and withdrawn. | 

From these and similar experiments we gather the 

impression that the shorter the wave-length the stronger 

is the action, and this suggests that the experiments 

should be repeated with wave-lengths that are as short 

as possible. By so doing we may be in a position to make 

some of the phenomena more obvious, and we may more 

easily come to a general understanding of them. ‘This 

turns out to be the case. We employ the X-rays. We 

must first of all make sure that they can be considered 

as ether waves with as much justice as light. We can 

then consider their properties and we shall find there, 

exhibited much more vividly, the same phenomena as 

are shown by ultra-violet light. We shall see, to some 

extent at least, how the wave theory cannot take account 
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of many most striking facts of observation, and needs 

supplementing in some way which we do not perfectly 
understand as yet. We plunge into questions which, 

because they are not yet resolved, give our present 

researches an extraordinary fascination. 
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CHAPTER VIII 

THE RONTGEN RAYS 

Ir was in 1895 that Réntgen discovered a new 

form of radiation, to which, as its nature was so 

uncertain, he gave the name of the X-ray. Its relation 

to known forms of radiation became at once a subject 

of the keenest investigation. Within a few weeks of his 

discovery Réntgen established its principal characteris- 

tics, without coming to a definite conclusion as to its 

nature. It was not until 1912, when von Laue showed it 

could be diffracted like ordinary light, that it was recog- 

nised with certainty as an ether wave of extremely short 

wave-length. Laue used a crystal for his diffraction 

grating in a manner which we will presently examine. 

The X-ray is therefore identical with light in respect to 

its nature, but differs greatly in quality: a state of things 

which is very favourable to an extension of our general 

knowledge of such radiations. It is of particular interest 

because a study of the shortened wave shows that our 

wave theory, while confirmed in the applications we 

have been making of it, is incomplete: it is incapable in 

its old form of absorbing a very considerable number of 

new facts. A more comprehensive scheme is shaping 

itself slowly, and thus arises a situation of the greatest 

interest. 

The X-rays are generally produced as a consequence 

of the electric spark or discharge in a space where the 
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pressure of the air or other gas is extremely low. The 

electric spark has for centuries been a subject of inter- 

ested observation, but no great step forward was made 

until it was arranged that the discharge should take 

place in a glass tube or bulb from which the air had been 

pumped out more or less completely. The spark became 

longer, wider, and more highly coloured as the pressure 

Fig. 96. The cathode or negative terminal is on the right at a. The rays 
proceed in straight lines across the tube and excite fluorescence on the oppo- 

site wall. A metal cross b casts a sharp shadow. 

diminished. When Crookes so improved the air pump 
that pressures of the order of the millionth part of atmo- 

spheric pressure became attainable a phenomenon 
appeared which had not been previously observed. The 
negative terminal became the source of a radiation 
which shot in a straight line across the bulb and had 
mechanical effects. It generated heat whenever it 
struck the opposite wall or some body placed to intercept 
it: it excited vivid fluorescence in glass and many 

_ minerals: it could turn a light mill wheel if it struck the 
vanes. And, a most important property, the stream 
could be deflected by bringing a magnet near it. This 
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was an extremely important observation for it sug- 

gested that the stream consisted of electrified particles in 

flight. Such a stream would be equivalent to an electric 

current and would therefore be susceptible to the force 

ofa magnet. Illustrations of Crookes’s experiments are 

given in Figures 96, 97, 98, and 99. They are taken from 

Fig. 97. The rays excite a vivid icucaretios in the diamond mounted in 
the centre of the tube. 

the original blocks used in the published account of a 

discourse which he gave at the Royal Institution in 

April 1879. Crookes believed that the stream consisted of 

molecules of some kind. He argued that his air pump 

had attained such perfection that the comparatively few 

molecules left in the tube could move over distances 

comparable with the length of the tube without coming 

230 

THE RONTGEN RAYS 

into collision with other molecules. Such a condition, 

he said, was as different from that of a gas as the latter 

from that of a liquid. At the end of a paper con- 

tributed to the Royal Society in the same year (1879) he 

wrote in a dim but interesting foreshadowing of the 

future which was partly to be verified: 

‘The phenomena in these exhausted tubes reveal to 

physical science a new world —a world where matter 

Fig. 98. The cathode rays are limited to a narrow pencil by means of a slot 
eed | in front of the cathode ata. The deflections of the stream by a horse- 

shoe magnet are then observed easily. 

exists in a fourth state, where the corpuscular theory of 

light holds good, and where light does not always move 

in a straight line; but where we can never enter, and in 

which we must be content to observe and experiment 

from the outside.’ ’ 

J. J. Thomson, Wiechert and others showed that the 

stream consisted of particles carrying negative charges of 

electricity, and that these carriers were far smaller than 

even the hydrogen atom. The name ‘electron’ was 
given to them. It appeared that electrons could be 

torn away from any kind of atom, if sufficient electric 

force was supplied by the induction coil or other electric 

contrivance for producing the requisite power; and that 

the electrons from all sources were exactly alike. Evid- 

ently the electron was a fundamental constituent of 
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matter. The stream of electrons was called the cathode 
ray because it issued from the negative or cathode 
terminal, | 

Rontgen was investigating the cathode ray phenomena 
when he found that photographic plates near by became 
fogged although no light could have reached them. 
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Fig. 99. The cathode a is made in the shape of a saucer: this is found to 
have the effect of concentrating the rays to a point. Normally a screen c 
intercepts the rays, but the magnet g deflects them so that they get over the 
top of the screen and strike the vanes of the little wheel ef, which then spins 
rapidly. If the disposition of the magnet is reversed, the rays go under c 

and the wheel spins the opposite way. 

He traced the cause to a radiation issuing from his glass 

bulb, and in particular from the place where the cathode 

rays struck the wall: and proceeded to examine the 

general characteristics of the new rays upon which he 

had stumbled. 

In many respects they resembled light. They moved 

in straight lines and cast sharp shadows, they traversed 

space without any obvious transference of matter, they 

acted on a photographic plate, they excited certain 

materials to fluorescence, and they could, like ultra-violet 
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light, discharge electricity from conductors. In other 

ways the rays seemed to differ from light. The mirrors, 

prisms and lenses which deflected light had no such 

action on X-rays: gratings as ordinarily constructed 

did not diffract them: neither double refraction, nor 

polarisation was produced by the action of crystals. 

Moreover they had an extraordinary power of pene- 

trating matter. Nothing seemed to hold them up 

entirely, though everything exerted some power of 

absorption: heavier atoms were more effective than 

lighter. Hence arose the quickly observed power of 

revealing the inner constitution of bodies opaque to 

light: bones cast shadows much deeper than those 

due to the surrounding flesh. 

If the velocity of X-rays could have been shown 

without question to have been the same as that of light 

it would have established their identity: but the ex- 

periment though attempted was too difficult. Barkla 

showed that a pencil of X-rays could have ‘sides’ or be 

polarised if the circumstances of their origin were pro- 

perly arranged, but the polarisation differed in some of 

its aspects from that which light could be made to ex- 

hibit. Laue’s experiment brought the controversy to 

an end, by proving that a diffraction of X-rays could be 

produced which was in every way parallel to the diffrac- 

tion of light: if the diffraction phenomena could be de- 

pended upon to prove the wave theory of light, exactly 

the same evidence existed in favour of a wave theory of 

X-rays. 
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Laue’s Experiment 

Let us now consider. the details of Laue’s famous 
experiment which has had such striking consequences, 
The plan of it was very simple. A fine pencil of X-rays 
was to be sent through a crystal and a photographic 

Fig. 100. The X-rays pass through a fine opening in a lead screen and 
impinge upon the crystal as shown. Laue’s diffraction pattern is formed 

: upon the photographic plate. 

plate was to be placed to receive the pencil after it had 

emerged on the other side, Fig. 100. Laue surmised that 

beside the main image on the plate which would be 

caused by the incidence of the pencil there might be 

other subsidiary images. He based his forecast on a 

consideration of effects of this kind, which, as we have 

seen, occur in the case of light. When a train of ether 

waves falls upon a plate on which parallel lines are ruled, 

or is transmitted through such a plate, or passes through 

an atmosphere in which fine particles of uniform size 

are suspended, there are regular deflections of the energy 

in various directions constituting ‘diffracted’ pencils. 

We have met with and considered several illustrations 

of this effect. In all cases of this kind it is a necessity 
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that there should be no great disparity between the 

length of the wave on the one hand, and that of the 

regular spacing or particle diameter on the other. Laue 

thought that previous failures to find diffraction in the 

case of X-rays might be due to a want of observance 

of this condition. If the X-ray wave-lengths were 

thousands of times shorter than those of light, as he had 

reason for believing, it was useless to look for diffraction 

effects with ordinary gratings in the ordinary way. One 

ought to employ gratings in which the lines were drawn 

thousands of times closer together than in the usual 

practice. This is not practicable: no one can draw 

millions of parallel lines to the inch. 
It was possible, however, that Nature had already 

provided the tool which could not be constructed in the 

workshop. The crystal might be the appropriate 

grating for the X-rays, because its atoms were supposed 

to be in regular array, and the distances that separated 

them were, so far as could be calculated, of the same 

order as the wave-length of the X-ray. Whether these 

anticipations were well or ill founded, they became of 

little consequence when the experiment was made in 

1912 by Laue’s colleagues, Friedrich and Knipping, and 

was completely successful. A complicated but sym- 

metrical pattern of spots appeared upon the photo- 

graphic plate, which, though unlike any diffraction 

pattern due to light, was clearly of the same nature. It 

was soon found that every crystal produced its own pattern 

and that the experiment opened up not only a new 

method for the investigation of the nature of X-rays, but 

also a new means of analysis of the structure of crystals. 

239 

a EE eae See Se ee 



UNIVERSE OF LIGHT 

Examples of these patterns are given in Plate XXIIa,z 
They may be compared with Plate XXIIIc. 

In order that these points may be clear it is necessary 
to examine, at not too great length, the details of the 
experiment and its implications. We have already 
examined certain phenomena of crystalline structure in 
the case of Iceland spar; but it will be convenient to 
reconsider the subject and to discuss it more generally. 
The most striking and characteristic features of a 

crystal are its regularity of form, the polished evenness 
of its faces and the sharpness of its edges. If we compare 
crystals of the same composition we find that the angles 
between faces are always exactly the same from crystal 
to crystal: while the relative values of the areas of the 
faces may vary considerably. In technical terms, the 
faces of different specimens may be unequally developed. 
It is natural to infer that there is an underlying regularity 
of structure, involving the repetition in space of a unit 
which is too small to be visible. As a simple analogy 
we might take a piece of material woven, as is customary, 
with warp and weft at right angles to each other. 
However it might be torn, it would form pieces with 
right angles at all the corners: but the pieces would 
not necessarily be square. There would be two princi- 
pal directions at right angles to each other: and all tears 
would take place at right angles to one or other of them. 
If the two directions were exactly alike, in all the 
characteristics that could be examined, if for example, 
they tore with equal ease, and if the frayed edges were 
the same on all sides, the warp and weft must be identi- 
cal: they must be composed of the same threads and have 
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the same spacings. We could rightly say that the 

material is founded on a ‘square’ pattern. This would 

still be the case even if both warp and weft were not 

simple but complex: if for example, each of them 

contained coloured threads at various intervals. So long 

as the scheme of repetition was the same in both we 

should still say the pattern was square: as for example a 

tartan might be. 

The analogy of a woven material is insufficient to 

represent all the complications of a crystal structure; 

because warp and weft cannot be inclined to each other 

at any angle except ninety degrees: but it illustrates 

the important point that in any structure built of repe- 

titions in space, the angles of the whole must be always 

the same, while no such restriction applies to the areas 

of the faces. The unit that is repeated in every direction 

determines the angular form. If, for example, the unit 

of a composition in a plane had the form of the small 
unit (Fig. 101), the whole might have various shapes such 

as are illustrated in the same figure. ‘The edges need not 

always include the same angles as the edges of A but they 

would necessarily be inclined to one another at angles 

which from specimen to specimen would be invariable. 
So also in the solid crystal various faces might be 

developed which would, in regard to the angles made 

with each other, display the same constancy of mutual 

inclination. As this is what we should expect if the 

crystal is composed of units repeated regularly in all 

directions, and as the facts agree with expectations, we 

assume that our preliminary conceptions of crystal 

structure are correct. 
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What will happen when a train of ether waves meets 

such a crystalline arraugement ? 

A crystal can be thought of as a series of layers spaced : 
at regular intervals, just as in two dimensions a regular 
assemblage of points can be thought of as a set of rows 
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Fig. ror. The unit of a planar design is included in the outline a. The 
multiplication of the unit may assume various forms, a few of which are bd 
shown. ‘The mutual inclinations of the edges are limited to certain definite 

angles. 

equally spaced. Also, just as in the simpler case the 
rows might be made up in various ways as in Fig. 102, 
so also any one crystal can be divided up in an infinite 
number of ways into parallel sheets. 

It is convenient to consider the problem of the 
diffraction of X-rays in stages: first taking the scattering 
by a single unit, then by a sheet of units, then by the 

whole crystal which is made up of a succession of sheets. 
The unit in a crystal is made up of a certain number 

of atoms arranged in a certain way: the composition 
and arrangement vary from crystal to crystal. When 

the train of waves meets the unit each atom in it scatters 
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and can be regarded as the centre of a series of ripples 

spreading outwards in spherical form. At a little 

distance these melt into one another, and in the end 

there is but one spherical wave having its centre some- 

where within the unit. There is however this peculi- 

ee ae 

Fig. 102. The points in the figure can be arranged in rows in various ways. 

arity about the wave, that it is not equally strong in all 

directions. To take a simple case, imagine the unit to 

consist of two atoms A and B, separated by a distance 

equal to half the length of a wave, as in Fig. 103. The 

oncoming waves arrive simultaneously at the two. 

The waves scattered by A and B start off together. In 

the direction ABC the two systems are always in oppo- 

sition: a crest of one set fits into a hollow in the other. 

In this direction they destroy each other’s effects. The 

same happens in the reverse direction BAD. But in 

every other direction there is no such complete 
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interference: in a direction such as that marked by the 
arrow P they support each other to some extent, and more 
so as the direction P is separated from Cor D. In this 
case the combination of the scattered waves will have a 
spherical form, but it will not be equally intense all 

com? 
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Fig. 103. Waves represented by the vertical lines are moving upon the 
two atoms A and B which scatter a small fraction of their energy. The two 
are half a wave-length distant from one another. - The spherical waves that 
spread away annul one another in the directions ABC or BA D, because the 
crest of one fits into the hollow of the other. But energy is scattered in al] 
other directions such as are indicated by the arrows marked P. This is really 

a particular case of Fig. 73. 

round. There will be points C and D where the wave 
vanishes as the figure shows. 

Other arrangements of the atoms lead to other 
distributions of intensity on the spherical surface: and 
the more complicated the arrangement the more com- 
plicated the distribution. 

This complexity has however no effect on the develop- 
ment of our argument and is described only to make the 
picture more real. The one important point is that 
whatever the composition and arrangement of the unit, 
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all the units behave alike. As far as we are concerned 

for the moment we may disregard the inequality of the 

distribution of the energy on the surface of the scattered 

wave, and remember only that the waves are in the ne 

spherical, and that they may be regarded as originating 

Fig. 104. Waves pp, p’p’..... sweep over a row of points where some 
scattering takes place. The most of the energy goes on, but a fraction is 

: reflected in the form of waves qq, qq ....- 

from regularly arranged points which represent the 

positions of the units. 
We now go on to consider the combined effect of the 

units in a sheet. Suppose that the dots in Fig. 104 

represent some of the units of pattern in a sheet which 

is at right angles to the paper. A set of waves is shown 

in section by the straight lines pf, p'p’, etc. As each 

wave sweeps over the points, spherical waves spread 

away from the point in turn, and a reflected wave is 
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formed by their combination. This is in fact another 
instance of the application of the Huygens principle. 

We have a case of simple reflection, differing only from 

reflection by a mirror in the fact that only a portion of 

the original energy is carried away by the reflected 

wave. We know by experiment that in the case of a 

single sheet this portion is extremely small: the X-rays 

often sweep over millions of sheets before they are 
finally spent. 

An analogous effect is frequently to be observed in the 

case of sound. A regular reflection can take place at a 
set of iron railings, the bulk of the energy going through. 

We hear such a reflection when we pass the railings in 
a car. 

It is to be observed that the even spacing of the units, 

and of the dots which stand for them in Fig. 104 is not 
necessary so far as the effect of a sheet is concerned. 

Nor need the railings be regularly arranged, in order to 

produce an echo: a reflection can even be observed from 

a hedge. Regularity is not important until we con- 
sider the possibility of reflection by many different sets 
of planes within the crystal. 

In the diagram Fig. 105 we represent a section of these 

sheets by the lines S, S, S,, and so on; we draw them as 
full lines and not as rows of dots because it is of no im- 
portance where the units or the representative dots lie in 

each sheet. For convenience also we show by straight 

lines the directions in which the waves are travelling in- 

stead of the waves themselves. Thus aPa, represents a 

case of reflection in a single sheet which we have just been 

considering. Besides the set represented by aPa, there 
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is another case of reflection represented by 6Q 4,, another 

by cRe,, and so on. The dimensions of the figure are 

grossly exaggerated in certain directions so as to show the 

argument more clearly. The distances between the 

layers are in actuality minute compared to the width of 

the pencil. Each ray, like 5Q, represents a train of 

Fig. 105. The diagram illustrates the reflection of a train of waves by a 
series of regular spaced sheets, each capable of reflecting a small fraction 

of the energy of the train. 

waves moving on so broad a front that the various 

reflected trains overlap one another sideways. 

The reflected set represented by 6Q6, has had 

further to go than aPa,, before it re-appears and joins 

the latter. Ifwe draw perpendicular distances PM and 

PN the extra distance is MN. i 

And again the set cRe, lags behind 6Q), just as 

much again as this lags behind aPa,, because the sheets 

are spaced at even distances. Behind this other reflec- 

tions follow at regular intervals. The wave reflected 

by the crystal is the sum of all these. We may represent 

the summation by Fig. 106 in which curves represent- 

ing the reflected sets of waves are put one below another: 

each lagging behind the one above it by the distance 
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MN. ‘These waves are to be added up; for instance, 

along the vertical line shown in Fig. 106 we are to add 

together Oa, Ob, Oc, etc., giving positive signs to those 

that are above the horizontal line and negative to those 

that are below. Usually the sum of those quantities will 

Fig. 106. A diagram to show how the reflected waves of Fig. 105 add up 
to nothing unless they are all exactly in phase with one another. The quantity 
OG —@0 + Of t. she aw. is zero because there are as many positive as 
negative terms in the millions that must be added together. The exception 
is when the reflections are all in phase, the crests of one set being exactly 

above or below (in this kind of figure) crests of all the other sets. 

be zero, because they are just as likely to be above as 

below the line, and in their millions every possible size 

up to a maximum is to be found. The meaning of this 

is that there is no reflected pencil: its constituents have 

destroyed one another. ‘There is one exception to this 

rule. If the lag is exactly one wave-length or two, or 

three, or any whole number of wave-lengths, so that the 

curves shown in Fig. 106 lie exactly below one another, 
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then the sum of them all is just a multiple of one of them, 

and as the multiplier is large the reflection is large also. 

The reflected energy cannot of course be greater than 

the incident, but calculation shows that over a very small 

range on either side of the reflecting angle the reflection 

is complete. 

The amount of the lag depends on two things, the 

angle at which the rays strike the crystal and the spac- 

ing of the sheets. Ifthey are nearly perpendicular to the 

sheets, the lag is twice the distance between two sheets 

that are neighbours: and this is its maximum value. 

The more oblique the incidence the smaller the lag; at 

glancing incidence it becomes very small. ‘Thus pro- 

vided the wave-length is not too great there must 

always be some particular angle of incidence at which 

the lag is exactly one wave-length or even more wave- 

lengths: and at these angles the reflection leaps out 

strongly. 

If our primary rays are of one wave-length we must 

turn the crystal round until the angle is right. If the 

angle of incidence has a fixed value we may get a re- 

flection by throwing a mixed beam upon the crystal, out 

of which rays of the right wave-length will be selected for 

reflection while the rest pass on. The late Lord Ray- 

leigh once showed at a lecture in the Royal Institution 

an analogous experiment in acoustics. As its dimen- 

sions are on a scale so much larger than those of X-rays 

and crystals, it helps to an appreciation of the latter 

case. Sound waves are produced by a whistle of very 

high pitch, known as a bird-call. The waves are only 

an inch or so in length, much shorter than the waves of 
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ordinary speech, but hundreds of millions of times longer 

than the ether waves of X-rays. The note 1s so high that 

many ears, especially those of older people cannot perceive 

it. A set of muslin screens, about a foot square are | 

arranged in parallel sequence, upon a system of lazy-tongs 

which allows the common spacing to be varied. The 

screens may for our purpose be taken to correspond to the 

sheets of Fig. 105: each can reflect a small fraction of an 

incident sound wave, but allows the bulk of it to go on. 

If now the whistle and the set of screens is arranged as 

in the photograph, Plate XXIIc, the sound may be " - A. X-ray. diffraction spectrum of rocksalt. i 
e ° , ae . . é id I 

reflected by the screen. The reflected sound, if it Laie B, An ge hah Ga ge | 
° ee aliophilite, = 23 ; ii 

exists, is very easily detected by means of the ‘sensitive ) . Bannister | 

flame.’ This is a luminous gas jet issuing under great : | 

pressure from a long narrow tube with a fine nozzle. 

The pressure is adjusted until the flame is on the point 

of flaring, under which circumstances a high pitched’ 

sound causes it to duck and flare in a most striking way. 

The rapid alternations of pressure in the sound wave are 

the direct cause of the effect. ‘The sensitive flame is so 

placed that it can detect the reflected sound if there is any, 

but it is screened from any direct action of the bird-call. 

It is then found that if, by means of the lazy-tongs, the 

common spacing of the screens is altered gradually and 

continuously the flame passes through successive phases 

of flaring and silence. ‘The explanation is the same as 

that of the X-ray effect just described. If there is 

flaring it means that the reflections from the successive 

screens all conspire, and this happens if the spacing is so 

adjusted that the lag of one reflection behind another is_ | : i] 
fA photograph of the apparatus used by Lord Rayleigh and described on pp. 245-6. | 

The whistle is at W, the set of screens at S, and the luminous gas jet at J. The dotted 
lines show roughly the course of the sound waves that affect the jet. The photograph 

246 shows the appearance of the jet when there is no sound, or when the screens (seen edge- 
ways in the picture) are not placed so that their reflections reinforce one another. Owing 
to a peculiarity in the form of the nozzle at J, the jet does not respond to sound pro- 
ceeding directly from W to J. When the screens are properly spaced the jet broadens 

and ducks to a fraction of its normal height. 

a whole number of wave-lengths. 
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A. A model showing the structure of dia- 
mond. Each ball represents a carbon atom 
in respect to position only, but not in respect 
to form or size. The distance between the 
centres of two neighbouring atoms is 
1.54 Angstrom Units (One unit is the 
hundred-millionth of a centimetre.) (p. 249) 
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B. The arrangement of the molecules in a 
crystal of stearic acid iD 1 A kach. zig-za 
See the carbon atoms of a ee 
molecule. The distance between fhe 
centres of two neighbouring carbon atoms 
is 1.54 Angstrom Units, as in diamond 
The two models A and B are built an 

different scales. The terminal 
groups and the hydrogens are 
not shown. (From a diagram due 
to A. Muller, Davy Faraday 

Laboratory). (p. 249) 

Cae, set of optical diffraction spec. 

tra, due to Fraunh6fer — from 
Guillemin’s Forces of Nature. The 
light is diffracted in each case by 
a screen containing a regular 
arrangement of fine openings, e.g. 

a part of a feather. The original Zz 
coloured, but the differences in 
colour are not shown in this repro- 
duction. These optical spectra may 
be compared with the X-ray spectra 
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Rayleigh used the analogy for the purpose of ex- 

plaining the brilliant colours of crystals of chlorate of 

potash. These crystals have 

a peculiar formation, being 

composed of alternating layers 

of the crystalline material 

differing only in the orienta- 

tion of their crystalline axes. 

The thickness of the layer 1s 

thousands of times smaller 

than the spacing of the muslin 

screen, but again thousands of 

times larger than the spacings 

of the layers in which the 

crystalline units are disposed. 

It is of the order of the wave- 

length of visible light. ‘The 

same argument holds in all 

three cases. 

We have one more point 

to consider before we can 

appreciate Laue’s experiment. 

Fig. 107. The dots represent 
the units of a cubic crystal. The 

scale would be about 100,000,000 
to one. The direction marked 

x is that of the incident X-rays. 
There are reflections in the 
direction y due to planes parallel 

to a b, and in the direction z due 

to planes parallel to cd; also in 

other directions not indicated. 

We have to remember that there is not only one way; 

there are an infinite number of ways in which a 

crystal can be divided into parallel sheets. Suppose 

that Fig. 107 represents for example the disposition of 

the units in a cubic crystal: a section by the plane of 

the paper is all that can conveniently be shown in 

such a diagram. We may consider the division into 

sheets to be made parallel to a b and as far as this set 

of sheets is concerned, there will be a partial reflection 
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of X-rays. Out of the original pencil which must con- 

tain a variety of wave-lengths asharply defined selection 

will be reflected in the direction Y consisting of those 

for which the lag is equal to the wave-length: the lag 

depends as already said on the spacing and on the 

angle of incidence. © 

The crystal can also be divided into sheets which cut 

the plane of the diagram in lines parallel to ¢ d. In this 

case reflection takes place at a different angle, and the 

rays reflected are of a different wave-length. The 

reflected ray moves away in the direction Z and makes 

another spot on the photographic plate. 

Thus many reflections occur simultaneously and make 

their impressions on the photographic plate. If the 

crystal is of a cubic design and the incident rays are 

parallel to one edge the pattern that is formed will be 

symmetrical about two straight lines at right angles as 

in Plate XXII. If, on the other hand, the crystal is of a 

hexagonal design we have a six-sided figure as in Plate 

XXIts. All these agreements between observed results 

and calculated expectations are perfect, and it is ob-— 

vious that the fundamental hypothesis is correct. The 
X-rays have as much right to be spoken of as ether 

waves as light itself. 

The two illustrations of Laue photographs (Plate XXII) 
differ much from each other: their difference illustrates 

the remarkable diversity that is found in such photo- 
graphs. Every crystal writes its own signature. It isin 
some cases easy to deduce the structure of the crystal 

from the picture which is characteristic of it. In others . 

the task is accomplished with difficulty: in a still greater 

248 

THE RONTGEN RAYS 

number of cases the solution is more than present tech- 

nique and skill can accomplish. Since every solid sub- 

stance contains parts that are crystalline, and since in 

many of them the whole is an aggregation of crystals, it 

will readily be understood that a knowledge of crystal 

structure often affords an explanation of the properties 

of the substance. One or two examples are given in 

Plate XXIIla,p, but 1t would be out of place to con- 

sider this subject in detail, and indeed impossible, for 

it has grown so rapidly that a considerable treatise is now 

required to give any reasonable account of it. We must 

be content with the proof that the X-rays can be con- 

sidered as ether waves. 

It is easy to include in the same list certain rays 

which are emitted byradio-active substances. These are 

known as gamma rays. Soon after the first develop- 

ments that followed on Laue’s experiment it was shown 

that gamma rays could be reflected by a crystal of rock 

salt in exactly the samé manner. If the X-rays are ether 

waves, the gamma rays must be ether waves also. They 

have greater penetrating powers than X-rays, being 

able to pass through inches of lead and yet to retain an 

appreciable fraction of their original strength. 

At the other end of the scale are the ether waves used 

in broadcasting. These are produced by electric 

machinery. ‘The proof that they are of the same nature 

as light was given by Clerk Maxwell when he calculated 

the velocity of such waves and found it to be the same as 

that of light. And since then the assumption that light 

is an electromagnetic disturbance has led to many 

calculations which have been verified by experiment 
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To sum up, therefore, we find that we can observe ether 

waves of widely differing lengths. We begin with the 

great waves used in radio work, hundreds of metres in 
length: these are produced electrically. By reducing 
the dimensions of the electrical generators we can corres- 
pondingly reduce the length of wave, and in this way it 
has been found possible to work with waves two or three 
centimetres in length. Below this is an awkward gap to 
fill for technical reasons, but we pick up the thread 
again when we come to the vibrations known as the 
infra-red, where the wave-lengths are a few ten-thou- 
sandths of a centimetre. Then comes the visible range 
of which naturally we know so much more than we do 

of the rest: it is very narrow, for the extreme red has a 

wave-length of somewhat less than one ten-thousandth 

of a centimetre and the extreme blue about half so much. 

The whole is confined, we may say, within one octave. 

The ultra-violet comes next, by which term we generally 

mean the wave-lengths that are just outside the visible - 

and range up to an indefinite value, let us say to the 

hundred thousandth of a centimetre. Then follows a 

difficult region where the rays are highly absorbed by the 

atmosphere and all work must be carried on in a vacuum. 

It has been difficult to bridge across this gap and reach 

the X-rays on the further side: the task has been success- 

fully accomplished however in recent years. In the 

X-ray region experimental work becomes easy again, 

thanks to the new methods of the crystal grating: and so 

we pass on to the gamma rays of increasing penetration, 

and finally it may be to the ‘cosmic’ rays which are said 

to come from space, are extremely penetrating, and 
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\aacteria THIS TABLE shows the relative 

magnitudes of various objects 
which we observe and measure. 
It is like a set of shelves on 

Infra red waves 
Visible waves ‘ 

6 which we place specimens of 

Molecules objects and magnitudes from the 

7 very great to the very small. On 

Xx 8 Atoms a middle shelf marked zero, we 

rags have the centimetre, and the 

Y "ays og thickness of a pencil to represent 
objects of that order of magnitude. 
On the shelf above we place an 1 

Cosmic rays ? object of about ten centimetres 
11 in size; the width of a hand will 
12 serve. The shelf above takes 

: ; objects of about a hundred centi- 

13 Atomic nuclei metres, for example smaller 
objects of furniture. The width of 

14 a street will represent the thousand 

centimetres, the height of a tower might be ten thousand centimetres or a 

hundred metres, and soon. Below the zero shelf comes first a shelf holding 

something of the order of a millimetre in thickness, as a card; then the hair’s 

breadth on the next shelf and so on. Bacteria are at various heights on the 

third and fourth shelves down; molecules on the sixth and seventh, atoms 

nearly down to the eighth. On the other side of the vertical line the various 

wave-lengths are shown in the same way. Distances are sometimes given 

in figures. The sun’s distance is fifteen million million centimetres or in 

symbols 1.5 x 1018, This goes therefore on the thirteenth shelf up. 
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appear to be akin to gamma rays. It may be con-. 

venient to set outthese magnitudes in a table: and at the 

same time to add a few other magnitudes for com- 

parison. 

This short survey of the range of ether waves may be 

concluded by a few words of description of the methods 

by which the wave-lengths are measured. Most of them 

depend on the use of the diffraction grating, as explained 

on p. 135. Ifa ray of light falls perpendicularly upon 

a grating as illustrated in Fig. 69 the diffracted pencils 

pass off to right and to left: and the angle which these 

pencils make with the original direction of the ray 

depends upon the ratio between the wave-length and 

the distance of repeat of the grating. When a grating 

is prepared in the ruling machine, the number of lines 

to the centimetre is a matter of the arrangement of the 

working parts of the machine and is known. As soon, 

therefore, as the angle has been observed the calculation 

of wave-length is an easy matter. 

The grating method can be applied to infra-red and 

ultra-violet also. It can even be applied to the X-rays 

but this has been accomplished only recently. The first 

measurements of X-ray wave-lengths were based on the 

use of the crystal as a diffraction grating. As soon as 

the structures of simple crystals like rock salt or calcite 

were known, it became possible to calculate the distance 

of repeat in the crystal pattern. The weights of the 

atoms are known with fair precision from chemical and 

physical considerations. In rock salt for example, the 

atoms are arranged in straight rows: the weight of a 
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cubic centimetre of the crystal is known, and the weights 

of atoms of sodium and chlorine are known also: from 

these figures the spacings of the crystal can be calculated. 

When the reflection of a pencil of X-rays by a crystal is 

observed (see Fig. 105), and the angle of reflection noted, 

the wave-length of the X-ray becomes known. Fuller 

accounts of these measurements are given in books 

_which describe the new methods. 

More recently the diffraction of X-rays by ordinary 

gratings has been observed. It is necessary that the 

incidence should be very oblique, since there is so great 

a difference between wave-length and the spacing of an 

artificial grating. It will be remembered that such a 

diffraction experiment seemed at one time to be too 

difficult to attempt, for which reason Laue proposed the 

use of the crystal. Naturally however the proof that the 

‘X-ray was entirely akin to light and the importance of 

the measurement encouraged the further attempt which 

succeeded. It is possible that this new way is more 

accurate than that which made use of the crystal. It 

is certainly more direct. It is worth observing that by 

means of the crystal methods, the wave-lengths of X-rays 

can be compared with each other, and the spacings of 

- crystals with each other far more accurately than either 

can be compared with the standards of lengths. 

The wave-lengths of gamma rays may also be found 

with the aid of the crystal. There remain only the 

long waves of radio, and these are known by observa- 

tions of frequency,*that is of the number of vibrations 

per second. The general velocity of ether waves is 

known, and therefore the frequency gives the length. 
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CHAPTER IX 

THE WAVE AND THE CORPUSCLE 

In- the preceding chapter we have seen that a wide 
range of ether waves is at our disposal for experiment. 
Certain of them which lie within a narrow range are 
visible to our eyes: others may be detected by their 
action on a photographic plate. The very long radio 
waves are perceived by the aid of a combination of 
electric devices known as a wireless set. We shall have 
occasion to consider other methods of detection in what 
follows. 

The characteristic phenomena which have induced us. 
to consider visible light as a form of wave motion in the 
ether are displayed throughout the whole range of the 
radiations: especially the phenomena of diffraction, of 
which we have made much use. It is to be expected 
that any other phenomena which we may find to be 
displayed by one quality of radiation will be displayed 
more or less by the rest. 

There is one particular phenomenon which is shown 
markedly by the radiations of the shortest wave-lengths, 
and to a less observable extent by the longer waves: it 
is known as the photo-electric effect. At this point the 
wave theory which has helped us so far fails to suggest 
an explanation. It is this fact and others associated 

with it that show our wave hypothesis to be incomplete, 
and lead to the curious position of physics at the present 
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Fig. 108. This figure like those 
of Figs. 96,97, 98 and 99 is 
from a block-used to illustrate 
the lecture given by Crookes at 
the Royal Institution in 1879. 
The glass is blown into the form 
of a bulb; the negative pole or 
cathode is at the bottom: there 
is an anode or positive pole at 
the top but its position is 1m- 
material. The target is a piece 
of platinum wire b: which might 
also have served as the anode. 
The cup-shaped cathode con- 
centrates the stream upon the 
target. As Crookes described it, 
‘The platinum wire not only. 
gets white hot, but you can see © J 
the sparks coming from it on all 
sides, showing that it is acu? 
melting.’ The experiment was ar- 
ranged to illustrate the develop- 
ment of heat, it was not known 
then nor for twenty years after- 
wards that the platinum was 
radiating X-rays. The bulb in 
the figure is aboutsix inches high. 

time. In 1905 Einstein sug- 

gested that the corpuscular 

theory had been set aside too 

hastily. 

The Photo-electric Effect 

The photo-electric effect 1s 

easily described. When light 

strikes any material substance 

it causes the atoms of the sub- 

stance to emit electrons, whence 

the name: since X-rays and 

gamma rays are also to be 

classed as forms of light the 

name is made to cover the 

effect in their casé.also. And 

since the emission‘ of electrons 

is in their case a very notable 

occurrence, easily observed and 

easily measured, it is simpler 

to investigate the effect with 

the aid of these shorter wave- 

lengths. It is to be observed 

that the effect is continuously 

manifested as we pass from 

one wave-length to another: 

it is only because it is so much 

more easily investigated by 

means of the short waves that 

we use them in preference 

to the visible rays which were 

299 

II i 



UNIVERSE OF LIGHT 

known to show the property before X-rays were dis- 
covered. 

Perhaps the easiest way of obtaining a general view 
of the phenomenon is to begin with the production of 
the X-rays in the X-ray bulb, and afterwards to follow 
them as they make their way outside. 
The elements of the X-ray tube or bulb are (a) the 

containing bulb itself, which is made at least in part of 
glass and (5) the two metal conductors, the cathode, and 
the anode or anti-cathode or target or positive terminal. 

We have already observed some of the phenomena which 

attend the discharge of electricity through such a tube 

when it has been largely exhausted of air. A stream of 

electrons is ejected from the cathode like water from a 

jet. It moves in a straight line, but can be deflected by 
a magnet: 1t has mechanical effects, and it heats wherever 

it strikes. Also X-rays radiate from the place of impact 

wherever that may be. The cathode ray stream pays no 

attention to the position of the positive terminal; if the 

target is used as the positive it must be put in the right 

place when the tube is being made, so that the electron 

stream may strike it. The positive terminal has the 

appearance of being idle, but this cannot be so in 

reality because it is wanted to complete the electric 

circuit. It must impart the positive electricity to the 

atoms and molecules that are to carry it; these, being 

relatively massive do not acquire the self-revealing speed 

of the electrons in the cathode stream. The confinement 

of the stream within definite bounds and the directness 

with which it leaves the cathode and makes its way 

across the tube are most remarkable. When there is a 
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little gas in the tube the stream is visible because of the 

collisions between the flying electrons and the gas mole- 

cules. The track of the stream is then a fine luminous 

pencil. Experience shows that its form is largely in- 

fluenced by the shape of the tube and the cathode; more 

immediately by the action of the electric charges which 

accumulate on the walls of the tube. | 

Crookes supposed that the stream consisted of radiant 

matter projected from the cathode. 

He had to fight for his idea, because it appeared that 

if it struck a thin place in the tube wall, it could 

penetrate and emerge into the open air, being faintly 

visible in a darkened room. The same penetration 

could be observed when very thin screens were placed 

in the path of the rays within the tube. Consequently, 

it was argued, the rays could not be due to particles 

carrying electric charges, as Crookes imagined, but 

must be some sort of wave. At that time it was not 

thought possible for particles of any sort to go in straight 

lines through material sheets however thin. Crookes 

was perfectly correct however, and was completely 

justified when J. J. Thomson showed that the stream 

consisted of negatively charged ‘corpuscles,’ to use his 

first designation, or electrons as they were named sub- 

sequently. Thomson was able to measure the charge 

of the electron, and its mass, and showed that under all 

circumstances and for every kind of X-ray tube the 

charge and mass were the same. The mass was very 

small: the hydrogen atom, believed until then to be 

the smallest particle in the world, was 1,845 times as 

big. The universality of the electron showed it to bea 
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fundamental constituent of all atoms: as is well known 
now, the normal atom can be described as consisting of 
a positive nucleus and a sufficient number of electrons 
to counterbalance the positive nuclear charge. 
The speed of the electron, as it shot away from the 

cathode, was determined by electrical and magnetic 
methods, and it appeared, as one might expect, that the 
greater the electric power applied to the tube the swifter 
the flight of the electron. -To be more exact it is neces- 
sary to use technical terms: a potential of ro volts pro- 
duced a speed of one hundredth of the velocity of light: 
1,000 volts nearly one tenth: and at 100,000 volts the 
speed was not far short of that of light itself. Yet, how- 
ever great was the applied potential, the speed never 
exceeded the velocity of light: it approached a final value 
more and more slowly as the potential was raised. | 
The modern X-ray tube is a very carefully designed 

instrument (Plate XXIV). The essential parts remain the 
same, but experience has shown how important is 
design if good results are to be obtained. Into these 
details we need not go. 

We have next to consider how the X-rays originate. 
It was Réntgen who first discovered their existence, as 
explained already, and showed that they came from the 
spot where the cathode ray stream hit the wall of the 
tube or any target placed to receive them. The energy 
of the cathode ray stream is in part converted into the 
energy of the X-rays. By far the greater part of the 
energy of the stream is converted into heat at the place 
where the rays strike: and in any but the very weakest 

|| tubes the heat developed is such that the glass wall of :, 3 

(p. 258) 

By means of this motion, and by water 
The reflected rays are received by a 

The target is within the cylinder resting 

he right of the bed. The rays pass through the 

great quantity for the purpose of crystal analysis. 

ated. 

——— 

Pigs te AATY 

g 2,000 times a minute. 

= “= ee peo ter eee 

tae snd 

camera mounted on slides; it stands a little below the middle of the picture. 

long narrow tube on the left to the crystal holder in the bottom left hand corner. on the left of the lathe-bed. The motor which drives the target is on t cooling, the heat generated by the impact of the cathode rays is dissip A machine for producing X-rays of relatively large wave length in The target is a mass of steel weighing 2 cwt. and revolvin 
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the tube is quickly punctured if the current is left run- 

ning. It is usual to provide a solid and massive target, 

of some metal of high atomic weight such as platinum 

or tungsten. Even this may become red hot unless a 

water cooling device is included in the design of the tube. 

We now picture to ourselves the X-rays, whatever 

they may be, streaming away from the place where the 

electrons strike the target. The photographic plate is 

used to find their direction and intensity. It is quickly 

found, as already stated, that they move in straight lines, 

and have the power of penetrating — still moving in 

straight lines — any material on which they fall. It also 

appears that their penetrating power varies greatly ac- 

cording to the conditions under which they are gen- 

erated. ‘The faster the electrons in the cathode ray 

stream, the more penetrating are the X-rays which the 

electrons produce. The quality depends also to a certain 

extent on the nature of the target which the electrons 

strike. The higher the atomic weight the greater the pro- 

- portion of penetrating X-rays in the general complex; 

though to produce penetrating X-rays from any target 

the electrons must be sufficiently swift. ‘The target in the 

X-ray tube employed for medical purposes is usually 

made of tungsten: in the special case of crystal analysis, 

it is more common to use copper or iron because a ‘soft’ 

or less penetrating radiation is required. 

Penetration is the property to which attention is paid 

by workers who use X-rays for various practical purposes, 

including those of medicine and surgery. To take a 

simple case, rays that are too ‘soft,’ that is to say have too 

little power of penetration, do not provide the surgeon 
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with a useful picture of a broken limb. The rays cannot 
penetrate the flesh sufficiently well, and when the photo- 
graphic plate is placed beneath the limb to receive the 
rays, the flesh casts almost as deep a shadow as the bone. 
When a higher potential, that is to say more volts, are 
applied to the tube, the velocity of the electrons increases, 
and the rays become more penetrating: the flesh ceases 
to cast a strong shadow, but the bones which contain 
calcium and other heavy atoms still absorb the rays so 
well that a shadow which is bold and easily discernible 
lies within the lighter shadow of the flesh. If the volt- 
age is too high, even the bones may cease to intercept 
the rays sufficiently and their shadows become weak also. 

It is readily shown by the methods of crystal analysis 
that the penetration of the X-ray depends directly upon 
its wave-length. The effect of increasing the velocity 
of the originating electrons is to shorten the wave-length 
of the X-rays to which they give rise. If the intensity 
of the cathode stream is increased, that is to say, 
the number of electrons which strike the target in 
a second, the intensity of the X-rays increases also. 
A photographic plate which is exposed to them blackens 
more quickly. ‘The quality of the X-rays, in other words 
their wave-length, does not depend at all upon the 
number of electrons in the cathode stream, but on their 
velocity only. The number of electrons determines 
intensity, speed determines wave-length. 
Now we come to the photo-electric effect. The X- 

rays cause the ejection of electrons from any body on 
which they fall. It is in doing this that they spend their 
energy. The effect is not upon the body as a whole but 
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upon the separate atoms of which the body is composed. 

The rays treat, so to speak, with the atoms individually 

and do not pay any attention to the way in which the 

atoms are assembled into molecules or the molecules 

into the solid. An X-ray stream flowing past a given 

~ atom has a certain chance of acting upon that atom and 

causing the ejection of an electron. It is an extremely 

small chance in any case; the energy of the rays would 

be very quickly used up if they were successful with every 

atom over which they passed. There are millions of 

millions of failures to one success. But whatever the 

magnitude of the chance, it is not altered by any attach- 

ment of the atom to other atoms. Ofcourse this cannot 

be true of all wave-lengths; we are indeed familiar with 
the fact that the absorption of light waves depends very 

much indeed on chemical composition. But in the case 

of X-rays the effect is at least negligible. A few examples 

of the effects of chemical composition have been found, 

but they are rare and so smal] that their observation is 

difficult. 

If we include within the term ‘ejection’ cases where the 

action of the X-ray upon the atom causes the shifting 

of an electron from its proper place within the atom 

to some other place within the same atom, so that the 

ejection is incomplete, we describe, practically in full, 

the action of the X-ray. It has no other effect on 

material substances, and manifests its presence in no 

other way. Just as the moving electrons in the X-ray 

tube originated the X-rays, so now the X-rays start 

electrons into motion. When the X-rays fall upon the 

silver salts on the photographic plate they start electrons 
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into activity, and it is they that cause the chemical 

action which forms the essential process of the plate. 

When they penetrate the human body, the action upon 

the body tissues is due to the electrons which are set in 

motion. It is as if the body was subjected to the action 

of explosive shells. 

It becomes a matter of great interest to enquire what 

sort of velocity these elec- 

trons possess that are 

ejected by atoms under 

M the influence of the X- 

rays. Long ago various 

attempts were made to 

answer this question. One 

of the first was due to 
Innesin 1907. [Themethod 

was simple, and itis easy to 

Be fi, i he hice oe describe. The X-rays steame 

essential principle of Innes’s a plate of some material 

ee ie MM _ and electrons are 
ejected from it in all directions. Two screens L and L’ 

are pierced with small holes atQ and R. The electrons 

that go through the holes strike a photographic plate at 

P, and ROP is a straight line. The diagram (Fig. 109) 

gives an indication of the arrangements of plates and 

screens, but does not show all the usual details required 

when sensitive plates are used. 

Now a stream of electrons in flight can be bent aside 

by a magnet as we have already seen, in fact the path 

becomes circular and the stream tends to return into 

itself. The amount of bending depends on the strength 
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of the magnet on the one hand, and on the charge, 

velocity, and mass of the carriers of the electricity on 

the other. When Innes carried out his experiment the 

charge and mass of the electron had been measured by 

J. J. Thomson; and it was rightly assumed that electrons 

were the carriers in this case. Innes brought a magnet 

up to a determined position near his apparatus. The. 

stream of electrons which now registered its effect upon 

the photographic plate was not that which went in the 

straight line, but a curved stream S’ROQP’, forming an 

arcofacircle. By observing the relative positions of Q,R, 

and P’, it was possible for Innes to find the radius of the 

circle. He knew the strength of his magnet and could 

then calculate the one quantity which remained un- 

known, viz. the velocity of the electron. 

A result of first class importance emerged from these 

observations. It was found that the electrons were mov- 

ing with a high speed, which was comparable with that 

of the electrons in the bulb where the X-rays were 

generated. The speed did not depend upon the intensity 

of the X-rays: a fact which was easily established 

by repeating the experiment when the distance of 

the bulb from the plate MM was varied. Even 

when the bulb’s distance was increased eight times so 

that the intensity of the rays falling upon the plate 

was diminished sixty-four times, according to the law 

of the inverse square, there was no change in the 

position of the spot P’. A longer exposure was of 

course required to obtain a visible effect upon the plate: 

but this would naturally follow upon the diminution 

of the number of electrons in the stream. The 
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number of electrons was less, but their velocity was 

unchanged. 

On the other hand, it appeared that when the elec- 

trons in the X-ray bulb were made to move faster, and 

the X-rays therefore became more penetrating, the 

electron stream in the experiment also became more 

rapid. | 

Change in the nature of the plate MM made some 

difference, but it was not great. Raising the atomic 

weight, as for instance replacing silver by gold, caused the 

appearance of some rather faster electrons in the general 

complex. ‘The speeds in fact lay within a certain range, 

the fastest exceeding the slowest speed by about 20 %: and 

while the lower limit remained the same the upper was 

somewhat raised. Compared with the other observa- 

tions this, as was surmised then, and as we now know, was 

only a secondary effect. 

The observations made by Innes were confirmed and 

extended by other workers. 

Thus the whole combined phenomenon presents a 

comparatively simple aspect. It begins when electrons 

are shot at a target in the X-ray tube with, let us say, a 

definite velocity, although in practice it is difficult to 

confine that velocity within very narrow limits. In the 

intermediate stage. there is a transference of energy by 

the agency of the X-rays through the walls of the tube 

into space outside. In the end electrons appear, 

moving with velocities of the same order — as a matter of 

fact not quite so great —.as the original electrons. It is as 

if a stream had disappeared underground and reap- 

peared somewhere else: only we cannot of course assume 
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that the same electrons are in evidence in each case. We 

cannot mark them as we might colour the water of the 

stream. ‘The materials of the tube and of the plate MM, 

and the disposition of the experiment, are of little or no 

consequence. We begin with electrons moving with a 

certain velocity in one place, and we end with electrons 

moving with nearly the same velocity in another place. 

It is convenient to imagine a great enlargement of the 

whole process, as in this way we get an idea of the rela- 

tive magnitudes of electrons and atoms and of the dimen- 

sions of the experiment. Suppose that the target in the 

X-ray tube is magnified a hundred million times and be- 

comes comparable with the moon. The electrons with 

which it is bombarded are still too small to be seen by 

the naked eye. The distance of the moon from the earth 

will now correspond roughly to the distance which 

separates the X-ray bulb from the observer under 

ordinary conditions. An atom is then about the size 

of a cherry or a plum. The moon is peppered with the 

extremely fine invisible corpuscles representing the 

electrons. Immediately similar corpuscles begin to 

jump out of the earth in various places: one, let us say, 

out of a stone lying on the top of a mountain in the 

Andes, the next out of a drop of water in the Indian 

Ocean, the next out of a leaf in an English wood, and 

so on. The successive events are remarkably isolated 

from one another. And whatever may be the speed of 

the corpuscles that are fired at the moon, these secondary 

corpuscles possess similar speeds, which vary with those 

of the primary. | 

It is clear that it is beyond the capacity of the wave 
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theory, as we have pictured it, to include these strange 

phenomena as ordinary characteristics of wave motion. 

The essential difficulty lies in the explanation of the 

transference of energy from the one place to the other. 

For we cannot but assume such a transference. We 

might at first sight suppose that the energy of the 

electron which leaps out of the atom when the X-ray 

falls upon it comes from the atom itself, and that the 

X-ray does no more than prompt the atom to action, 

as when we pull the trigger of a gun. But if this were 

so we should expect every atom to shoot off its projectile 

with its own characteristic velocity, whereas we find 

that the velocity of the secondary electron is independent 

of the nature of the atom from which it springs. It 

depends rather on the quality of the prompting X-ray. 

and it is impossible to conceive of the velocity of the 

shot from a gun as depending on the quality of the man 

who pulls the trigger. . 

The unsatisfactory nature of the ‘trigger’ hypothesis 

is intensified when we consider an experiment of a 

different kind which can be performed with the rays 

from radioactive substances. These radiations are of 

three kinds, alpha, beta and gamma. The first of these 

consists of streams of helium atoms, which do not con- 

cern us here: the second consists of electrons moving at 

very high speed, higher in general than that of the elec- 

trons in the X-ray tube. The third consists of radiations 

of the same nature as light and X-rays, as we have seen 

already; they are more penetrating than X-rays, and 

bear much the same relation to the beta rays that X-rays 

do to the electrons to which they are due. When gamma 
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rays pass over atoms, a very minute proportion of the 

latter emit electrons which have much the same velocity 

—as the beta rays which are emitted by the radioactive 

substance, which emits beta rays and gamma rays at the 

same time. The whole process, in this case, has obvious 

parallels with the interaction between electrons and 

X-rays: it is in fact the same process on a different scale. 

Whatever holds for the one case must hold to some extent 

for the other. 

Now experiments, which need not be described in 

detail, show that when gamma rays excite a beta, the 

latter does not leave the atom in any chance direction, 

but continues more or less in the direction of the gamma 

ray. Such a result is difficult to understand on any 

trigger theory: how could we imagine that if a man 

runs up to a gun and pulls the trigger, using no other 

force, the direction of the shot will bear any relation to 

the direction from which the man came? 

The trigger hypothesis must be abandoned. The 

X-rays in some way bring to the atom the energy which 

is imparted to the emitted electron. How can we sup- 

pose this to be done ? 
As an X-ray, considered as a wave, spreads in a 

widening circle from its origin, its energy is spread 

thinner and thinner on the spherical surface. Yet we 

have seen that the speed with which the electron is 

emitted is independent of the intensity of the X-rays. 

Shall we suppose that the energy has to be stored up in 

each atom until it reaches a certain amount when there 

is a kind of explosion? But it would take a very long 

time, as calculation easily shows, to accumulate the 
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energy. An atom is a very small object compared to the 

size of the widening sphere on which the wave energy 

lies: 1t can abstract so slowly that it would take longer 

than the lifetime of an ordinary X-ray bulb to collect 

a sufficient amount. Yet the X-rays are effective the 

moment the X-rays are turned on. Moreover it would 

again be difficult to understand why the velocity of the 

ejected electron has nothing to do with the atom from 

whence it comes, but depends on the velocity of the 

electron in the original stream. We may see the diffi- 

culty more clearly if we again imagine an example on 

a larger scale. Suppose we drop a plank into the sea 

from a given height, say too ft.: there is a splash and 

waves spread away over the surface of the water. They 

pass by boats and ships without any effect, and then 

after travelling thousands of miles they find a ship on 

which their effect is disastrous: a plank is torn out of 

the ship’s side and hurled, ninety feet into the air, or 

fifty feet, or twenty, all such numbers seem equally 

ridiculous. Yet this is a fair parallel to any explana- 

tion of the photo-electric effect on the simple wave 

theory. 

There is only one way out of the difficulty; it is quite 

simple and direct; and it meets all the experimental 

facts which we have just been considering. In order to 

bind the facts together we must use as our theory the 

conception of the X-ray as something corpuscular 

which picks up the energy of the electron in the X-ray 

tube at the moment and the place where it strikes some 

atom in the target. It moves off as a definite entity. 

It has powers which enable it to penetrate the glass of 
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the bulb and other substances, but in the end one of its 

innumerable encounters with atoms reverses the pro- 

cess which gave it birth, its energy is transferred to an 
electron which moves off in the manner observed under 

experiment. It cannot matter much what atom brings 

about either the first change or the second: and the 

speed of the second electron may well be equal to, or 

approach in some measure, the velocity of the first. 

There may well be relations between the direction of 

motion of the X-ray, or gamma ray, and of the electrons 

which originate them or are originated by them. 

This is a corpuscular theory: we have therefore come 

to the point where we find phenomena which suggest 

the use of the corpuscle, rather than that of the wave 

which has hitherto served us so well. 

But what sort of corpuscle shall we suggest as capable 

of performing these duties? Many years ago (Philo- 

sophical Magazine, October 1907 et sqq.) I suggested that 

it might be a combination of an electron with some 

positive mass bearing a compensating electric charge, a 

‘neutral pair.’ Such a pair being without charge might 

be expected to penetrate matter with an ease impos- 

sible to either of its constituents alone, since its electric — 

and magnetic forces would be confined within very 

narrow limits. I then supposed that the pair might be 

made up from the two corpuscular radiations of radio- 

active substances; it might consist of one electron and 

one positively charged atom of helium. The suggestion 

seemed the less unlikely because it had not then been 

clearly shown that the X-rays were of the same character 

as light. But when it became clear that the X-rays were 
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as much of the nature of waves as light, and light as 

corpuscular as X-rays seemed to be, it was no longer 

possible to regard lhght and X-rays as the distinct 

phenomena which the neutral pair hypothesis implied. 

The packet of energy which takes the place of Newton’s 

corpuscle 1s now called the photon. Light of all wave- 

lengths, X-rays, infra-red rays and so on, can be con- 

sidered as taking the form of a stream of photons. The 

idea of a neutron is not however entirely done away 

with, as evidence has recently been put forward of its 

existence in the form of a close combination of one 

electron, and one positively charged element or 

proton. 

By a most ingenious device C. 'T. R. Wilson was able, 

in 1911, to confirm in a novel fashion the experimental 

results and the deductions therefrom which have just 

been described. His method provided an ocular 

demonstration which was convincing. The method 

turns upon certain physical effects which may require 

a brief explanation. 

In the first place it must be observed that an electron 

moving through a gas is able to remove electrons from 

some of the atoms through which, or near which, it 

passes. Its speed must exceed a certain limit, about a 

hundred million centimetres per second, if it is to possess 

this power: indeed, if it has a lower speed it can make 

no way through the gas but apparently is held up and 

absorbed by almost the first atom it encounters. An 

eleetron set in motion by an X-ray may start off with 

ten to a hundred times this speed, an electron set in 

motion by a gamma ray possesses a still greater velocity. 
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The path of the first through air or any gas at ordinary 

temperature and pressure may be reckoned in milli- 
metres or centimetres, that of the latter in metres. The 

track in either case, short or long, is marked by atoms 

from which electrons have been separated, and other 

atoms to which the removed electrons have temporarily 
attached themselves. There are therefore both positively 

charged and negatively charged atoms lying along the 

path which the electron has taken. Recombination at 

once sets in, the atoms with superfluous electrons 
restoring them to those which have been deprived: but 
for a few seconds or minutes both kinds persist. 

The second feature of this beautiful experiment is the 

use which is made of a well known effect. When a 

gas is allowed to expand, it becomes colder: it has to 

spend energy in the process and so must draw on its 

store of heat. If the gas contains moisture there is a 

tendency for the latter to condense. Meteorologists 

explain in this way the formation of clouds and rain 

which often follows on a sudden lowering of atmospheric 

pressure. 

When moisture condenses in this way it is peculiarly 

liable to collect round atoms or particles which are 

charged with electricity. 

The mode of the experiment will now be clear. If 

there are electron tracks with their electrified débris in 

a damp gas which is allowed to expand suddenly, the 

moisture will in the first place condense along the tracks, 

and these under suitable illumination show as white 

streaks against a dark background. In this way the 

paths of the electrons become visible. 
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because they are bandied about from the atoms they meet. 

act through the electron motions which they originate. 

gas. Sometimes the turns are very sharp: in such cases 
Tracks due to X-rays. 

raph, but no straight lines are to be seen as in XXV C. The visible tracks a 
some of the atoms they have encountered. 
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PLATE. XXVI 

A. In this photograph a fine pencil of rays proceeding from right to left meets 
a copper screen. It excites a cloud of electrons in the copper; and it will be 
observed that it has a tendency to carry the electrons with it. There are more 
on the side where the X-rays emerge after passing through the screen than 

on the side where they enter. (p. 272) 

B. A photograph due to the diffraction of electrons 
(G. P. Thomson.) A stream of electrons has been 
made to fall upon the surface of a crystal, and the 
photograph has been placed so as to receive the 

diffracted beams. (p. 276) 
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the electron has penetrated some way into the atom, 
having struck it fairly centrally. It has thus come nearer 
than usual to the nucleus and has swung quickly round 
it like a comet that has gone near to the sun. The 
dotted character of the track is due to uneven action on 
the atoms struck and traversed by the rays. Sometimes 
a single electron is displaced, sometimes a little group 
near to one spot: sometimes again an electron is ejected 
by the primary electron with such violence that by its 
acquired energy of motion it is able to tear away a few 
more electrons from atoms which it meets. As the 
electron nears the end of its path its action becomes more 
violent. With diminishing speed it stays longer in each 
atom that it enters, and the results are more serious. 
In the beginning of its path its higher velocity allows it 
to traverse the atom quickly and less damage is done. 
The beta rays shown in Plate XXVc make this much 
clearer; their speed is so great in some cases that the 
drops are scattered only thinly along the path, which is 

_then comparatively straight, and the path becomes 
difficult to distinguish. It will be noticed that the more 
penetrating the X-rays the longer the tracks of the 
electrons which they produce. 

In a preceding chapter we saw that ultra-violet light 
was capable of discharging a conductor electrified nega- 
tively. This action is identical with that of the X-rays 
when they set electrons in motion. The ultra-violet 
light causes an ejection of electrons from atoms on which 
they fall. The speed in this case is far less, and the effect 
is only observed under favourable conditions. The 
electrons move so slowly that the nature of the substance 
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The trial has been made, and it turns out that the 
duality is shown here also. Indeed the effect is very 
easily demonstrated when the proper arrangements are 
made: though it has only been in recent years that the 
realisation of its possible success has led, after much 

careful searching, to the proper design of the experiment. 

When a fine pencil of electrons is directed upon a crystal, 

a diffraction pattern appears, which, though characteris- 
tic, is obviously of the same character as a pattern due 
to X-rays. The example shown in Plate XX VIB is due to 

G. P. Thomson. The penetration of electrons is ex- 
tremely small, so that extremely thin crystalline films 
must be used: alternatively effects may be obtained by 

reflection from a crystal surface. Once however the 

technical difficulties are overcome the effect is obvious. 

Here electrons behave like waves. 
Lastly there is the atom itself, which no one has ever 

thought of as anything else than a particle of matter. 

The experiment is now more difficult, but it appears 

likely that in this case also a stream of atoms impinging: 

upon a crystal shows a diffraction pattern. Thus 

through the whole range of the fundamental entities 

with which we are acquainted there runs this dual 

behaviour: all can behave like corpuscles or like waves 

according to circumstances. Our distinction between 

radiation and matter becomes one of degree and not of 

kind. 

This short summary of the matter necessarily omits 

a great number of experimental results, and of theoretical 

connections and parallelisms which, if they could have 

been included, would have represented it in bolder lines 

276 

THE WAVE AND THE CORPUSCLE 

and greater details. But space and time in their prosaic 
sense have set a limit. 

This widening of our view of the nature of things is 
surely one of the most remarkable consequences of 

modern research. No one could have anticipated this 

fundamental universality. A lifting of the mist has 

shown us links and similarities in the prospect where 

we had imagined separations and differences. Light, 

visible and invisible, X-rays, the emissions of radioactive 

substances, electrons, matter itself, are now seen to have 

common properties and to be united in some manner 

which we do not yet fully understand. The most 

‘obvious defect in our appreciation is our difficulty in 

understanding the nature of that which can at one 

moment be thought of as a wave, and in the next. 

moment as a corpuscle. How are we to picture this 

seeming contradiction to ourselves ? 

Probably we come now to a point where personal 

leanings lead to a choice in a mode of expression. The 

facts are that a number of natural phenomena can best 

be linked together on a wave theory, and another 

equally striking set can be expressed very clearly in 

terms of the theory of the corpuscle. Now, as Jeans has 

already said, we have no right to expect that we should 

always be able to represent new phenomena and new 

ideas in terms already in use. Our use of the wave and 

the corpuscle are each correct in its own place: if we 

had better illustrations for our use we might better be 

able to avoid contradiction. Even now, the develop- 

ment of the new subject of wave-mechanics shows how 

we may gradually feel our way to a better position. 
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When a local wind raises waves on a limited area of the 

surface of the sea, the waves travel away as a group, a 

distinct entity. The velocity of the group as a whole is 

not that of the waves within it, which continually move 

through from the rear to the front and there die away. 

There are two distinct features, the group as a whole, 

and the waves within it. The group as it goes contains 

a certain amount of energy: its waves, if their paths 

cross, will show all the phenomena of interference. 

Here is a parallelism with the photon in both its charac- 

teristic forms. The attempts to express the properties of 

radiation in this novel way have already been strikingly 

successful. | 

It is obvious indeed that we cannot bind for ever any 

phenomenon and its developments in terms of our 

present choosing. When Whewell described, in his | 

History of the Inductive Sciences, the gradual develop- 

ment of the wave theory of light, he pointed out that 

every new discovery fitted perfectly into the scheme 

which the theory prepared for it, and exclaimed that 

this was the mark of a true theory as against a false: 

the corpuscular theory of Newton had been set aside, 

the wave theory had for ever taken its place. This 

brilliant mind did not foresee the interruption in the 

latter’s continuous success. The two old theories, and ~ 

no doubt the new wave-mechanics, and conceptions 

yet unformed, are only of use as ties that bind together 

groups of discovered phenomena, and enable us to 

think more clearly and to determine new lines of re- 

search. If, as in our present case, there are contradic- 

tions which perplex us, they must be due to imperfections 
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in our theories and illustrations: and we need not 

strain over much to resolve them. The resolution will 

come in its own time, when research has added to our 

knowledge and lifted our minds to higher points of view. 

Meanwhile we have come into possession of a wonderful 

principle which unites all forms of radiation and all 

kinds of matter. We may rightly speak of light as 

constituting the universe when we give the word the 

full meaning which this prospect reveals to us. 
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