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PREFACE.

HIS book is designed primarily for the use of ophthalmic

students. There are many excellent manuals on the
diseases of the eye, but in them the subject of Optics is
relegated to a single chapter where it is necessarily dealt
with in only a cursory way.

The student who refers to the standard works on Optics
will probably not find them exactly adapted to meet his
requirements. With a great deal of information about
rainbows and halos they will not tell him what is the
actual size of a retinal image, or what is the effect of a
decentred lens on the incident light.

Feeling the importance of a more accurate knowledge
of Optical principles than is at present attainable by those
who cannot afford to devote much time to the subject,
I have endeavoured to place at the reader’s disposal within
reasonable compass such a knowledge of Optics as would be
of use to an ophthalmic surgeon in his daily practice.

I am not without hope that this book may also be of
use to mathematical students as an introduction to more
advanced works on Geometrical Optics such as that by



V1 PREFACE,

Professor Heath. To this work and to Mr Preston’s excellent
Theory of Light I am under deep obligations, while my data
for the last chapter have been taken from Dr Landolt’s
article in the Traité Complet d’Ophtalmologie by De Wecker
and Landolt.

To illustrate all the points of fundamental importance
throughout the book a large number of examples have been
worked out. The student, to whom the subject is entirely
new, is advised to omit in the first reading the following
chapters, which require a slight acquaintance with the
Differential Calculus: Chaps. VI, IX, XIV, XV, XVI.

A. S. PERCIVAL.

16 ErvLisoN PLACE,
NEWCASTLE-UPON-TYNE.
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CHAPTER I

INTRODUCTION,

WHEN we say that we see the sun or a tree, we really
mean that we see the light that comes from them. The
sun of course sends out light of its own, whereas the tree
merely passes on or reflects the light which it receives from
something else.

It is obvious that in neither case do we see the thing
itself; we are only conscious of a certain sense-impression
derived from 1t. The nature of this sense-impression, the
way in which it is developed from a physical stimulation of
the retina, and the question as to which parts of the brain
are engaged in this development are problems that are still
engaging the attention of physiologists and anatomists.

The science of Optics however deals with none of these
questions; it 1s in fact confined to a study of the nature of
this physical stimulus called light, and the investigation of
its laws and properties. Now although 1t is the latter branch
of the subject that chiefly demands our attention at present,
a brief sketch of the nature of light will not be out of place,
as 1t may serve to render these laws and properties more
intelligible,

The phenomena of light can only be explained on the

P. O. 1



2 INTRODUCTION.

hypothesis that they are due to some sort of wave motion,
though the actual kind of wave is not definitely established.

Let us consider first the kind of waves most familiar to
us, namely water-waves. If a stone be thrown into the
centre of a tranquil pool, the surface of the water becomes
mapped out into a series of concentric circles, which steadily
increase in size until finally they reach the margin of the
pool. The immediate disturbance produced by the falling
stone sets up a further disturbance of the water which takes
the form of surface waves. Two points are specially worthy
of notice :

(1) The circles always remain concentric, with their
circumferences separated from each other by the same
distance. This shews that the disturbance is propagated
in all directions along the surface of the water at the same
rate.

(2) It is the wave that moves forwards not the water.
If a cork be floating on its surface it will be noticed that
as each wave passes it, 1t merely bobs up and down, and
is not carried along with the wave. The particles of water
merely rise and fall in succession as the wave passes over
them®, the extent or amplitude of their movement de-
termining the height of the wave.

Waves of course may differ from each other in frequency
and wave-length, as well as in height. The wave-length or
distance from crest to crest of two successive waves depends
both on their frequency, and the velocity with which they
are moving. Let us suppose the particles of water occupy
one second in rising and one second in falling; after the

1 The statement in the text is not quite accurate. The motion of an
individual particle of water that is subject to waves depends on the depth of
the water and other factors. If the particle considered be far removed from
the bottom, its motion is cireular,



INTRODUCTION. 3

lapse of two seconds any one particle is then in precisely
the same phase of its motion as that in which 1t was at
first. A wave crest will then be formed once in every two
seconds and if we further imagine these waves to be travel-
ling forwards with a velocity of 10 feet per second, the
length of the wave or distance from crest to crest must be
20 feet?,

But further, waves may differ from each other in a
still more essential way. We have been considering waves
that are due to the medium heaving up and down: a
periodic to and fro movement in a series of particles will
produce a wave of quite a different nature; in fact this
1s the kind of movement that gives rise to sound. There
may indeed be no motion at all, and yet, if it be periodic
in space and time, the disturbance in the medium is rightly
called a wave, for instance if the same conditions of tem-
perature or of electrical state recur regularly at equal
intervals of distance at the same time, and also present
themselves at equal intervals of time at the same place,
a wave of heat or a wave of electrical displacement may
be said to pass over the medium. A given medium then
may be quite competent to transmit some kinds of waves
though absolutely impenetrable to others. Sound-waves for
instance will travel readily through air, but not through
a vacuum, though this 1s quite transparent to light-waves.

I This relation is expressed by the simple formula
FT=A\,
where A denotes the wave-length, V" the rate at which the waves are moving,
and 7" the time it takes for one complete undulation to pass a given point.
This time T is sometimes called the undulation period, for it is the period
which a given particle occupies in going through the complete eycle of
changes that constitutes one undulation, from the crest of one wave to the
erest of the next. The period (T) is therefore the reciprocal of the wave

frequency, so the frequency may be denoted by }1 :

a9

=
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For our present purpose however it will be sufficient
to regard light as due to an up and down motion something
like that of the surface of the sea.

We have further to consider the nature of the medium
in which these light-waves are formed. It must obviously
exist in what is called a vacuum, as well as in all trans-
parent bodies. Indeed from several considerations we are
driven to regard it as a continuous substance permeating
all space and filling up the interstices of all matter. It
1s so subtle that 1t can flow freely through the pores of the
most solid objects without resistance, and yet it possesses
a certain rigidity, inasmuch as it can transmit transverse
vibrations. We may regard it as a kind of continuous jelly
or pitch, which, while 1t 1s so fluid that it offers no resistance
to bodies moving about in it, is yet capable of quivering
under the influence of a luminous object. Now this property
of quivering we ordinarily associate with rigid solids, for
it implies a resistance to change of shape. The two pro-
perties arc not however absolutely antagonistic. Pitch, for
instance, 1s a semi-fluid, and yet 1t can be made to vibrate
like a tuning-fork, provided that vibrations of sufficient
frequency are set up. The nature of the ether, as this
luminiferous medium is called, may appear a little more
intelligible when it is remembered that the wave frequency
of light-vibrations varies from 400 billions to 700 billions
a second according to the colour of the light. As far then
as the transmission of light i1s concerned, the ether may
be regarded as an extremely fluid kind of pitch capable
of being made to quiver billions of times in a second.

Let us now consider a luminous object, or rather, a
luminous point in free space. It is a source of energy and
may be regarded as a vibrating point causing the ether
which fills the space to quiver. When a disturbance is
caused in water, such as that due to a falling stone, a
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series of concentric circular waves appears to be formed on
the surface of the water. The light vibrations of ether
however are not limited to one plane, but are transmitted
equally in all directions throughout its substance, so that
a series of concentric spherical waves is formed which
spreads out and out through space. They always remain
concentric, and always preserve their spherical form as long
as the medium is homogeneous and isotropic?, for all the
waves will be moving on at exactly the same rate. The
laws of wave-propagation are well known ; the rate at which
waves travel through a perfectly homogeneous medium
depends solely on the nature of the medium and not at
all on the properties of the wave, provided of course that
the wave 1s of a kind which can be transmitted by the
medium considered ; sound waves for instance cannot be
transmitted by ether. The velocity of all the waves that
can be propagated through ether is equal to the square
root of the ratio of its elasticity to its density

my/E.

— —

The direction in which a wave travels is obviously at right
angles to the wave front, so that the light waves that we
are considering must travel in the direction of the radii of
their spheres, these radii being in fact called rays of light.
When we are merely considering the direction in which
light is travelling we may therefore confine our attention
to the direction of these rays, and it is chiefly to the con-
sideration of rays under varied conditions, or in other words,

! If a medium be not isotropie, i.e. if its elasticity in different directions
be unequal, waves due to vibrations in the direction in which the elasticity
is greater will travel quicker than those due to vibrations in the direction in
which it is less. Such conditions obtain in many erystals and produce the
phenomenon of double refraction.
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to the direction in which light travels when a change of
medium 1s encountered, that this book will be devoted.

Yet for the intelligent comprehension of even such laws
as will be here discussed, it 1s necessary to bear in mind
the nature of light, as being a rapid and regular succession
of waves of some kind in ether. Now a thorough conception
of all that 1s involved in the expression wave motion 1s
somewhat difficult to grasp, and it is convenient to regard it
now from one, now from another, point of view, according
to the problem before us. Let us take the case of water
waves agaln.

(1) We may confine our attention to the expanding
circle of disturbance, and consider the direction of its
movement.

(2) Or we may think of the actual particles of water
successively oscillating up and down, neglecting for the
moment the form of the wave so produced.

(3) Again since every particle exactly imitates the
movement of the particle first excited, 1t must exert on
those adjoining it precisely the same influence that the
first particle excited on its neighbours.

This leads us to the great principle of Huygens, which
may be briefly stated in the following way :—Every vibrating
particle sets up a new and independent wave system, so
| that 1nnumerable elementary wave systems are simulta-
| neously produced. These by their cooperation or inter-
. ference give rise to that resultant wave system by which
the medium appears at any moment to be moved.

Each elementary wave system acts independently, and
superimposes itself upon any others that may be simul-
taneously disturbing the medium. A familiar illustration
of this is afforded by the tiny ripples formed by falling
raindrops on the surface of the sea.
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The cooperation of two wave systems of equal ampli-
tude that meet each other can be easily observed in any
liquid. At all the points where two wave crests meet, the
surface of the fluid rises to twice the height of either:
where the troughs of the two waves meet, it sinks to double
the depth. At those points where the crests of one system
of waves coincide with the troughs of the other system, the
upheaving and depressing forces are in equilibrium, and
the surface of the fluid remains at its original level

The accompanying diagram (Fig. 1), which is a sectional
view of the spherical disturbances produced by light, may
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make this more clear. Let S represent the source of light
emitting light of a wave-length (A) S I. Then if T be the
undulation period, after the lapse of 7' the phase of S will
occur throughout the circle of particles denoted by I. For
instance, a crest will be formed at S at periodic intervals
of time T, Similarly crests will be formed at periodic in-
tervals of space A. The circles I, II, III will represent
crests.

Now, according to Huygens' principle, each particle in
these circles will set up a new and independent wave
system.

Let us consider circle II, which will have been formed
by S in the time 27" In the time 37" a crest due to S will
have been formed at III. Meanwhile each particle in IT
will have set up an independent disturbance which will
have extended i all directions a distance A. It will be
seen that the external envelope common to all these small
circles is continuous with ITI. The internal envelope is also
continuous with I. Therefore the crests due to these inde-
pendent wave systems originating from II correspond to
two wave-crests (I and III) originating from S.

In a similar way it can be shewn that all the crests
originally formed by S are reinforced by the new and inde-
pendent wave systems that are originated by each particle
on these crests.

F

Now in time 5 S will be in the trough of a wave,

therefore in time 27" this trough will have extended 11\
outwards. In time 37 all the particles in the circle 11
will have set up a trough-disturbance which will have
extended a distance A from the circle 11. It will be seen
that the external envelope of these elementary trough-dis-
turbances will be continuous with the circle 2, representing
the troughs formed by S in time 37. The internal envelope
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will be continuous with the troughs formed by S in time 7,
t.e. the circle of radius %’

Mathematical investigation confirms Huygens' theory
completely : by taking into account the effect produced by
each elementary wave, the form of the principal wave
system can be exactly foretold. Finally the phenomena of
diffraction shew that this is undoubtedly the real mechanism
of the undulatory movement. The simple conception of
the direct propagation movement from a single centre out-
wards is then erroneous. It is the inmumerable elementary
wave systems which, here reinforcing, there interfering with
each other, produce those expanding concentric circles of
the resultant wave system that we see. When the propa-
gation of the wave movement i1s free, the individual ele-
mentary waves withdraw themselves from observation, the
result of their combination being the only evidence of their
existence. In such cases the simple view of wave move-
ment as an expanding sphere or circle of disturbance (1)
i1s allowable. When however the transmission of light is
interfered with, should an obstacle occur which suppresses
any of the elementary waves, the adjoining ones immediately
assert themselves and may give rise to phenomena that
were never understood before the appearance of Huygens’
famous tract.

From a consideration of Huygens’ principle it will be
seen that the idea of an 1solated ray of light in the sense
of a single line of light is inconceivable, and the only in-
telligible meaning that can be given to the term ray is
the direction in which light is travelling.

We are now in a position to consider some of the laws
of light and from the conception we have gained of wave
movement, we shall find that they inevitably follow as a
necessary consequence of its nature. The radiation of light



10 INTRODUCTION.

in a homogeneous medium may be considered from the first
point of view that we have discussed. '

Law 1. TIn a homogeneous medium light from a luminous
point is propagated in every direction in straight lines. As
has been shewn above, a luminous point in free space gives
rise to a series of concentric spherical waves which spread
out and out in the direction of the radii of the spheres.
In other words, light travels away from its source in every
direction in straight lines.

Law 2. The amount of illumination varies inversely
as the square of the distance from the source of light.

The luminous object is obviously to be regarded as a
source of energy, inasmuch as it creates a wave disturbance
m the swrrounding medium. These waves will travel on
and on through the medium, and so convey away the energy
that instigates them, until they meet with some absorbing
obstacle which quenches them, when the energy will re-
appear in some other form, such as heat.

Now, since the light waves in free space have a spherical
contour, the energy of the source of light must be distributed
over the surface of these spheres. As is well known the
surface of a sphere is proportional to the square of its radius
(A =47r®); and as the total energy of each sphere is the
same, 1t follows that the part which is distributed over a
given area must vary inversely as the square of the radius
of the sphere. For instance, if the radius of the sphere be
doubled, its surface will be quadrupled; the light then
which falls on a given area of the large sphere will be one-
fourth of that which falls on an equal area of the small
sphere. For example, we find experimentally that the
illumination produced by one candle at a given distance 1s
equal to that produced by four candles at twice the distance.

Up to this point we have been considering light travelling
in a homogeneous medium so that its wvelocity remains

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































