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IT IS THE BOAST OF SCIENCE TO HAVE BEEN ABLE TO TRACE SO FAR THE BEFINED
CONTRIVANCES OF THIS MOST ADMIRABLE ORGAN ; NOT ITS SHAME TO FIND SOMETHING
STILL CONCEALED FROM IT8 SCRUTINY; FOR, HOWEVER ANATOMISTS MAY DIFFER ON
POINTS OF STRUCTURE, OR PHYSIOLOGISTS DISPUTE ON MODES OF ACTION, THERE IS
THAT IN WHAT WE DO UNDERSTAND OF THE FORMATION OF THE EYE 80 SIMILAR, AND
YET 80 INFINITELY SUPERIOR, TO A PRODUCT OF HUMAN INGENVITY,—SUCH THOUGHT,
SUCH CARE, SUCH REFINEMENT, SUCH ADVANTAGE TAKEN OF THE PROPERTIES® OF
NATURAL AGENTS USED A8 MERE INSTRUMENTS, FOR ACCOMPLISHING A GIVEN END, AS
FORCE UPON US A CONVICTION OF DELIBERATE CHOICE AND PREMEDITATED DESIGN,
MORE STRONGLY, PERHAPS, THAN ANY SINGLE CONTRIVANCE TO BE FOUND, WHETHER
IN ART OR NATURE, AND RENDER ITS STUDY AN OBJECT OF THE DEEPEST INTEREST.

J. F. W. HERSCHEL.
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PREFACE.

TuEe author of the following work has been engaged for more
than twenty years in teaching the structure, functions, and
diseases of the eye, to medical students. His course of lec-
tures on these subjects being limited to a period of three
months, or about sixty lectures, and intended chiefly as
a practical course on a branch of the healing art, he has
generally been obliged to curtail the very interesting matter
of the physiology of vision, more especially of late years, in
order that he might do that justice to the anatomical and
pathological departments of his subject, which the pre-
vious studies of his auditors, their ultimate views in attend-
ing to the eye, and the continual improvements taking place
in practical ophthalmology, seemed to him to demand. In
order to supply in some measure the deficiency arising from
this necessary abridgment, he has often been solicited to
publish a short systematical work on the physiology of vision.

As it is now presented to his pupils and the public, the fol-
lowing treatise is one of very humble pretensions. Its chief
claim to their indulgence is its being an attempt to explain

perspicuously, and in accordance with scientific principles,

one of the most interesting subjects of human inquiry, viz.
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viil PREFACE.

the_af _laws‘éf‘ vision, The author is well aware that on such a
sﬁbject, precise ideas only should be tolerated, and all vague-
ness rejected ; but as unfortunately the study of mathematics is
rarely made a preliminary to that of medicine, he has expressed
himself as much as possible in common language, and, when
mathematical truths were to be delivered, has in general
adopted geometrical expressions, which, though more tedi-
ous and less elegant than analytical ones, may readily be un-
derstood even by those who ar® unacquainted with the ele-
ments of Euclid.

It is scarcely necessary to say, that there is little original
in the following pages. All that the author has aimed at,
has been to present a short and intelligible view of the
labours ‘of former inquirers. In doing so, he has availed
himself of all the sources within his reach, of the number of
which some notion may be formed from the references at the
end of the chapters. To the writings of Porterfield, Young,
Brewster, /Bikif, and Miiller, he has been much indebted.

The range of subject embraced in the following pages has
been confined by a constant reference to the fact, that they
are intended chiefly for the use of those whose business it
will be to distinguish and to treat the various diseases to
which the eye is liable. At the same time, the'author trusts
that they will be found to contain such a view of this organ,
as may interest also the general reader, for whose benefit
he has made it his endeavour to combine the accuracy of a
philosophical treatise with the facility of a popular work.

Guasaow, 21st April, 1841,
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THE

POHYSIOLOGY OF VISION.

CHAPTER I

INTRODUCTORY OBSERVATIONS.

§ 1. Function of vision.

Prysiorocy is the science which explains the functions of
the different parts of the living body.

The function of the eye is to distinguish colours; and by
means of the colours reflected or emitted by surrounding ob-
jects, to enable us to recognise their presence, forms, sizes,
positions, distances, and motions. The immediate instrument
of visual perception, light, possessing a diversity of colours,
and being presented to the eye in different degrees of in-
tensity, produces particular impressions on the nerve of vision.

§ 2. General account of the optic apparatus.

The eyeball, the immediate organ of vision, is protected
by the bones forming a cavity called the orbit. Within this
cavity lies the cellular and fatty substance by which the eye-
ball is supported, and the muscles by which it is moved from
side to side, or fixed upon the objects of perception. The
blood-vessels which nourish the eyeball, and the nerves with

A



2 OPTIC APPARATUS.

which its different parts are furnished, are also contained
within the orbit.

The inside of the eyelids, and the anterior 5-12ths of the
eyeball, are covered by a mucous membrane called the funica
conjunctiva, upon the exterior surface of which the tears are
poured out from the lacrymal gland. ‘The mucus of the con-
junctiva serves to lubricate the parts, and render their motions
easy ; the tears wash awaythat mucus, as well as such foreign
particles as may alight on the surface of the eye.

The eyelids, fringed with the eyelashes, and surmounted
by the eyebrows, are opened and shut by particular muscular
forces, and complete the parts destined to protect the eyeball
—the tutamina oculi.

Although it is probable that none of its surfaces are truly
spherical, the human eyeball is generally described as formed
by two unequal spherical segments. The spheres to which
these segments belong, would, if continued, touch each other
internally at ¢, fig. 1. The one is
part of a small sphere ; and the other,
part of a larger. The diameter
of the larger sphere, 1, fig. 1. mea-
sures about 19-20ths, and that of the
smaller sphere, 2, 13-20ths of an inch.
The diameter of the base of the seg-
ment of the smaller sphere, a b, mea~
sures 9-20ths of an inch.

The external measurement of the
axis of the eyeball, ¢ d, fig. 2. is, in
general, equal to its transverse dia-
meter, e f. The eyeball, therefore, ¢
is spherical, except where the two
segments of which it is composed are
connected by a portion coincident ¥
with neither. The larger segment, or Fig. 2.
sclerotica, runs gradually into the smaller segment, or corneu ;
each suffers a slight alteration of form in being united, and thus
an annular depression, a b, is created at their junction.

The eyeball consists of many parts, and these present a
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variety of different textures. Its construction, generally con-
sidered, is that of several concentric spherical membranes,
closely applied to one another, within which are contained
certain transparent media, of different densities.

Its external shell is formed poste-
riorly by an opaque fibrous membrane,
the sclerotica, 1, fig. 3. already re-
ferred to ; while framed into the front
of the eyeball is the transparent cor-
nea, 2. In a horizontal section of the
eyeball, such as is represented in fig.
3. 5-6ths of the circumference of the
section are formed by the sclerotica,
and the remaining 6th by the cornea.

Within the sclerotica lies the cho-
roid coat, 3, lined by a pigment of a
dark brown colour. Fig. 8.

While the greater part of the choroid invests the retina, 4,
its anterior portion is in contact with the vitreous humour, 5.
In a horizontal section, the portion in contact with the vitre-
ous humour, and which receives the name of the ciliary
ring, or corpus ciliare, measures about one-fifth of the whole.
Around the crystalline body, the ciliary ring terminates in
about seventy plaits or folds, 6, called the ciliary processes.

If we look through the cornea into the interior of the eye,
we observe a membranous disc, called the irés, 7, nearly coin-
ciding with the common base of the two segments of which the
shell of the eye is formed. Nearly in its centre, the iris pre-
sents an aperture of variable diameter, known by the name of
the pupil, contracting and expanding in the living subject,
according to the brightness of the light, and the distance of
the object to which the eye is directed. The anterior surface
of the iris has a striated appearance, and is generally of a
bluish or hazel colour; its posterior surface, like the inter-
nal surface of the choroid, is covered with dark-brown pig-
ment.

Within the choroid, is the retina, 4, a transparent nervons
membrane, extending from the optic nerve, 8, at the back of
the eye, to within one-fourth of an inch of the circumference
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of the erystalline lens, 9, and forming a cup, of which a
horizontal section measures more than two-thirds of the cir-
cumference of a circle. :

The globular space within the concavity of the retina is
occupied by one of the transparent media of the eye, called
the vitreous humour, 5. It is a fluid, so supported by a cellu-
lar structure as to present a gelatinous degree of consistence.
Between the termination of-the retina and the edge of the crys-
talline body, the vitreous humour is covered by the ciliary ring
or corpus ciliare of the choroid, including the ciliary processes,
already mentioned. This ring measures about one-fourth of
an inch in breadth, but is somewhat broader on the temporal
than on the nasal side of the eye. !

Imbedded in the front of the vitreous humour, and close
behind the pupil, lies the crystalline lens, 9, enclosed within a
peculiar membrane or capsule.

The space between the crystalline and the cornea is oceu-
pied by a fluid called the aqueous humour. The iris, sup-
ported on both sides by this fluid, partially divides the cell in
which it is contained into two compartments, known by the
names of the posterior, 10, and anferior, 11, chambers, which
communicate by the pupil.

Such is a general enumeration of the parts of which the
eyeball consists. For an account of their structure and con-
nexions, recourse must be had to books of anatomy.! In
reference to their functions, the different parts of the eyeball
may be arranged in four classes, viz. 1. The external shell,
or consolidative coat,? formed by the sclerotica and cornea. 2.
The dioptric parts, i. e. refractive media, or lenses; namely,
the vitreous, crystalline, and aqueous humours, along with
which must again be reckoned the cornea, as it performs a
double office, serving at once as a lens and as portion of the
consolidative coat of the eye. 3. Parts subsidiary to the per-
fection of the eye as an optical instrument ; namely, the cho-
roid, which serves to absorb the rays of light, and the iris,
which is a diaphragm for obviating the spherical aberration of
the lenses. 4. The specially sensitive parts; namely, the
retina, and the extremity of the optic nerve, with which the
retina is continuous.
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The optic nerve, 8, quits the retina and the eye by an aper-
ture in the posterior part of the choroid and sclerotica, not in
the axis, but about one-fifth of an inch to the nasal side of the
axis, and a little above the equator? of the eyeball. It passes
back, through the orbit, and through a hole in the sphenoid
bone, into the interior of the cranium. There, at the distance
of about an inch and three quarters behind the eyeball, the
nerve from the right eye meets with that from the left. The
two nerves mingle, or partially decussate their fibres; then
separate, proceed under the hemispheres of the cerebrum,
traverse and adhere to the crura cerebri, embrace the tubercles
called corpora geniculata externa, communicate with the thala-
mi nervorum opticorum, and are supposed to end in the corpora
quadrigemina, a little behind the middle of the brain.

§ 3. Laws of light.

It is unnecessary, on this occasion, to enter on any inquiry
concerning the nature of light ; for the theory of vision rests
upon observations, totally independent of that question. So
far as our subject is concerned, it matters not whether the
change that occurs in space previous to the sensation of vision,
be the progress of a succession of material particles, or of a
vibratory movement of a line of other particles.

The facts upon which the theory of vision is founded are of
so general an application, in regard to the phenomena of light,
and the construction of optical instruments, that they are known
by the name of the laws of light. They are principally these
four :—

1. That from every luminous point, light tends to radiate
in every direction, in straight lines.

2. That falling upon certain surfaces, light is reflected from
them; and, in those cases, the angle of reflection is always
equal to the angle of incidence.

3. That on passing obliquely out of one transparent medium
into another of different density, light proceeds no longer in
the same straight line, but is bent or refracted.
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4. That light consists of differently coloured rays, possess-
ing different degrees of refrangibility.

From these few principles, established by experience, a vast
multitude of truths, equally certain with the principles them-
selves, and in fact, the whole theory of vision may be deduced
by the mere application of mathematical reasoning. The first
of the laws of light is the foundation of optics proper, or the
theory of direct light; the second is the foundation of catop-
trics, or the theory of reflected light; the third of dioptrics,
or the theory of refracted light; and the fourth, of chromatics,
or the theory of colours.

The above is the order in which the laws of light are com-
monly enumerated ; but, from the eye being a dioptric instru-
ment, and its catoptric effects being merely incidental, we
shall find it more convenient to take them up in the order of
1,8, 4, 2.

§ 4. Eaplanation of terms.

1. Any transparent body, through which light passes, as
air, water, glass, &c. is called a medium. Even empty space
is considered a medium.

2. The least portion of light, which emanates from a
luminous body, is called a ray. Although a ray of light,
regarded physically, is an Infinitesimal pyramid, having for
its vertex a luminous point, and for its base an infinitely small
portion of any surface illuminated by it, rays are represent-
ed, for the sake of convenience, by mere mathematical lines,
drawn in the directions in which the light is supposed to
move. .

3. A slender portion of rays, separated from the rest, is
called a pencil, and a greater quantity, a beam of light.

4. Pencils of rays are generally of a conical form. Rays
emanating from a point, as ®, fig. 4, and receding from each

—
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other as they advance, are called diverging rays; tending to
a point, as F, fig. 5, at which they at last unite, or would

Fig. 5.

unite, if not prevented, they are styled converging rays.

Rays of light are naturally divergent, but they are made
to converge artificially, by being reflected or refracted.

A pencil of parallel rays, fig. 6, consists in such as proceed

Fig. 6.

through all their course at equal distances from one another.

5. The point from which the rays of a pencil diverge, as
R, fig. 4, or towards which they converge, as F, fig. 5, is
called their focus* or focal point. Any point from which rays
proceed is also called a radiant or radiating point, or simply a
radiant,

The point from which rays are made apparently to diverge,
or towards which they are made apparently to converge, by
reflection or refraction, when in reality they diverge from or
converge towards another point, is called a virtual focus.

The point to which parallel rays are reflected or refracted,
receives the name of the principal focus.

The distance of the focus from the reflecting or refracting
surface is called the focal distance, or focal length. This gener-
ally refers to the principal focus.

The focus before reflection or refraction is called the focus
of incident rays ; and the focus after reflection or refraction,
the focus of reflected or refracted rays. Both together are
called conjugate foci ; and they are so related, that if either of
them be the radiant point, or the focus of incident rays, the
other will be the focus of reflected or refracted rays.

6. When a ray of light, falling or incident upon any surface,
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is turned back into the medinm in which it was moving, it is
said to be reflected.

7. When a ray of light passes out of one medium into
another, and has its direction changed at the common surface
of the two media, it is said to be refracted.

8. The angle contained between the incident ray and a
line drawn perpendicular to the reflecting or refracting surface,
or to a plane touching that surface, at the point. of incidence,
is called the angle of mczdence

9. The angle contained between the reflected ray and the
perpendicular to the reflecting surface at the point of incidence,
is called the angle of reflection.

10. The angle contained between the refracted ray and the
perpendicular to the refracting surface, at the point of inci-
dence, is called the angle of refraction.

11. The angle contained between the incident ray produced
and the reflected or refracted ray, is called the angle of devia-
tion.

If sF fig. 7. represent a veflecting surface, AB a ray inci-
dent upon it, B ¢ the reflected ray, and » = be drawn, through
B, perpendicular to s ¥, and A B be produced to ; then, s B P
is the angle of incidence, P B ¢ the angle of reflection, and ¢ B £
the angle of deviation.

If s¥ be the surface of a refracting medium, 4 B the inci-
dent ray, and B » the refracted ray ; then r B b is the angle of
refraction, and E B p the angle of deviation.

§ 5. General facts respecting reflection and refraction.

1. The incident and the reflected ray lie always in the same
plane; so do the incident and the refracted ray.’

2. All objects seen by reflection or refraction appear in that
place or direction, from whence or in which the rays were last
reflected or refracted to the eye. Thus, if the ray a B, fig. 7,
proceed from an object at A to B, and be thence reflected to
the eye of a spectator at ¢, the object will be seen not at a,
but as if at ¢, in the direction of the reflected ray ¢ B. And if
the ray o B proceed from an object at b, and be refracted in
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the direction B A to the eye
of a spectator at a, the ob-
ject will be seen not at o,
but as if at E, in the direction 4
of the refracted ray = a.
Hence it is that objects are s ¥
seen in mirrors, and that ob-
Jjects under water, if viewed == ==
D

poeE

obliquely, do not appear in E
their true places.

3. Reflection generally ac-

: : Fig. 7.

companies refraction; a cer-
tain portion of the light, falling upon any body, being re-
flected, while another portion enters the body, and is either
lost within it or transmitted through it.

R

! See Anatomical Introduction explanatory of a Horizontal Section of
the Human Eyeball, by Thomas Wharton Jones, prefixed to the Author’s
Practical Treatise on the Diseases of the Eye.

2 Tunica consolidativa of Scheiner.

3 According to Griffin, 1° 11’ above the plane passing through the
visual axis of both eyes. London Medical Gazette, xxii. 230 ; London
1838.

4 Focus, or burning point, so called because the sun’s rays being brought
together by reflection or refraction, are sufficient to set fire to a combustible
body, exposed at their point of convergence.

5 In double refraction, such as that of Iceland spar, there is an excep-
tion, for the extraordinary ray, as it is called, lies out of the plane of
incidence.
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CHAPTER II

RECTILINEAL PROGRESSION OF LIGHT, AND FORMA-
TION OF IMAGES BY RADIATION.

§ 6. Firstlaw of light.  Iis rectilineal progression.

The first of the laws of light is, that from every luminous
point, light tends to radiate in every direction, in straight
lines. The flame of a candle, placed in the centre of a sphere,
would, in obedience to this law, be visible at every point of
that sphere.

The truth of the law is illustrated by many facts of common
observation, For instance, if a beam of the sun’s light is
admitted into a dark room, through a small aperture, the
smoke or particles of dust floating in the air, by reflecting the
light, exhibit the form of the beam, which is always observed
to be rectilineal.

§ 7. Decreasing intensity of direct light.

It follows from the rectilineal progression of light, that its
intensity diminishes as the distance increases; and this in
proportion to the square of the distance. The light which
falls on the square aABcp, fig. 8, from the point &, at the dis-

Fig. 8.
tance & A, will at twice the distance, R E, be spread over a
surface EF G n, four times as large. Were light molecular,
the same number of particles diffused over the first square,
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would be diffused over the second. The density or intensity
of the light at the first surface is to the density or intensity at
the second, as the area of the second surface is to the area of
the first.

§ 8. Formation of images by radiation. Tenuity of light.

These general facts being premised, let us take a very sim-
ple apparatus for experiment, a card, a, fig. 9, and having

3 Fig. 9.

made a hole, about one-tenth of an inch in diameter, through
the middle of it, let us hold it towards a lighted candle. The
light, radiating in straight lines in every direction, strikes
partly on the imperforated part of the card, and is thereby
reflected or absorbed; but a part passes through the hole, and
if we hold up a sheet of paper, B, beyond the card, we will
observe an inverted image of the flame on the sheet of
paper; the rays of light from the upper part of the flame,
proceeding in straight lines, strike below, those from the
lower part strike above, and the image is inverted. Thus it
is, that, in consequence of the rectilineal progression of light,
images are formed by its mere transmission through a small
hole.

If we move the sheet of paper away from the card, the image
enlarges; if we carry it nearer, it diminishes. If we place
two lighted candles before the card, two images are formed
on the sheet of paper. If we move the candle which stands
nearer to us, we cause the image which is farther from us to
“shift, showing that the images are completely reversed. If
we hold up the card towards a row of lighted candles, rays of
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light flowing through the hole from all of them, form as many
images on the sheet of paper as there are candles, each image
being as clear and distinct as if there was only one, an experi-
ment which illustrates the tenuity of light; for if it did not
possess this property in a very great degree, the rays could
not pass through the hole from so many different sources with-
out confusion.

In this simple apparatus, we have the analogues of the most
essential parts of the eye. 'The card is the analogue or re-
presentative of the iris, the hole of the pupil, and the sheet of
paper of the retina. The rays of light from external objects,
entering the eye, are partly reflected or absorbed by the iris,
while the rest pass through the pupil, and arriving at the retina,
form there an inverted image of those objects. Along with
the formation of that image, there is an impression of an un-
known nature made on the retina, and by that impression, we
see.

§ 9. Analogy of the eye to the camera obscura.

. 'The formation of inverted images by the transmission of
radiating light through a small hole, or in other words by the
exclusion of its lateral pencils, is a phenomenon with which we
are familiar in another way. Every one has observed that if
he is sitting in a room with the shutters all but closed, there is
formed on the wall opposite to the window, or on the roof of
the room, an inverted picture or image of the external scene,
and of the passing objects in the street. The image is still
more distinct, if the windows are completely closed, and a hole
bored in one of the shutters, through which the light from
without is allowed to radiate, exactly as in the experiment
with the card. This is to convert the room into a camera
obscura, fig. 10. The images are formed within the room
as within the eye, and hence the eye is often called a camera
obscura. In fact, it was this experiment which led to the
discovery of the formation of the images of external objects,
on the internal surface of the eye, by means of the light trans-
mitted through the pupil.!
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Fig. 10.

To return to our experiment with the card, we shall find
that, although by enlarging the hole, more light is transmitted,
the image becomes less distinct; and if the hole be much enlarg-
ed, the image totally disappears. The same thing happens with
the camera obscura. Eularge the aperture in the window-
shutter, and the picture fades away. If the hole, in either
case, be very small, the image is obscvre, from the scantiness
of the light transmitted; if enlarged, the image is lost, from
the lateral pencils not being excluded. The image is most
distinct, when the aperture is of a moderate size; but even
then, it is impossible to form a vivid image by simple radia-
tion.

§ 10. Obscurity of the images formed by radiation.
Suppose a B, fig. 11,

to represent the lumin-
ous object, and ¢, AD,

the outermost rays of C
light, which, proceed- /
ing from a, can pass <

™M

<]

through the aperture
¢p in the card, or other
opaque lamina EF, and
BD, BC, the outermost 1
rays from B. Let cu
be the surface which
receives the rays after Fig. 11,

their transmission through c¢o. Itis plain, that the rays pro-

¥ H
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ceeding from A, must cross those proceeding from B; and
that the conme of rays from the upper extremity of the
object, A, is thrown on the lower part of the surface ¢ m,
while the cone from the lower extremity, B, is thrown on the
upper part of the same surface, so that, the image 1 K of the
luminous object A B is inverted.

In the passage of the rays of light from the object o B to the
surface ¢ H, there is noconcentration of the rays to focal points.
On the contrary, the cone of rays A ¢ p becomes broader and
broader till it falls on the surface ¢ u at L1, and the same holds
true of Bpc falling at x M, and of every cone of light which
may be supposed to proceed from every point of the object
aB. It is on this account that no vivid image can be formed
by mere radiation. To form such an image, some contrivance
must be had recourse to, which shall counteract the effect of
the first law of light, and, bending the rays from their recti-
lineal direction, bring each cone to a focal point.

§ 11. Inversion of the images formed by radiation.

The complete inversion of the image is a fact which should
be particularly studied, as the same inversion takes place within
the eye, where the pupil is the aperture for transmission, the
iris the opaque lamina serving to exclude the lateral pencils
of light, and the retina the screen for receiving the image.
The simple experiment with the perforated card, the lighted
candle, and the sheet of paper, sufficiently proves the fact of
the inversion, which may be illustrated, however, a little more
fully in the following way :—

Having arranged the apparatus so as to form a distinet in-
verted image, take a paper-folder, knife, or other opaque body,
and bring it slowly down between the candle and the perfora-
ted card, keeping it nearer to the former than to the latter.
-As the folder descends between the candle and the perfora-
tion, it will be observed that that part of the image on the
screen which is lowermost, becomes first eclipsed ; but if the
folder is brought from below, the uppermost part of the image
is the first to disappear. If, again, the folder is made to de-
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scend between the perforated card and the screen, closer to
the latter than to the former, the uppermost part of the image
is first eclipsed; if it be brought from below, the lowermost
part is the first to disappear. - If, again, the folder is intro-
duced close to the perforated card, and on either side of it,
the whole image is suddenly obscured. The- causes of these
various effects will appear at once by referring to fig. 11, in
which the interior rays of light coming from the luminous ob-
ject are seen to decussate before they reach the perforation;
the exterior, after they have passed through it. The folder,
placed near the candle, intercepts the cones acp, Bpc, before
they cross ; placed near the screen, it intercepts the same
cones after their complete decussation ; placed close tb the per-
foration, and on either side of it, the obscuration involves rays
belonging to each of the cones.

The same experiment may be performed as follows :—Close
one eye, and holding the perforated card about an inch before
the other, view the candle through the hole. If the paper-
folder is now brought down between the candle and the per-
forated card, but kept nearer to the former than to the latter,
the top of the flame will be eclipsed; but if the folder is
brought down between the eye and the hole, and nearer to
the former than to the latter, the bottom of the flame will be
the first to disappear. If the edge of the folder advances in
front of the eye from the right side, the left side of the
hole will be darkened, and the flame will become as if eclipsed
in a direction opposite to the motion of the folder. If the
folder be brought in from the left, the candle will disappear
from the right side. All this will be observed to happen
before the folder advances so far as to be opposite to the hole
in the card ; the reason of which will at once appear by refer-
ring to fig. 11. If the folder is brought in on either side
of the hole, and close to it, the whole flame is suddenly
eclipsed.

These facts sufficiently illustrate the rectilineal progression
of radiating light; and the inversion of the images formed by
the exclusion of its lateral pencils.
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§ 12. Size of the images formed by radiation.

We have already remarked that, if the sheet of paper be
moved from the card, the image of the candle enlarges; if we
bring it nearer, it diminishes. The Zinear magnitude of the
image, formed by radiation, will bear the same proportion to
that of the object, as the distance between the aperture for
transmission and the screen on which the image is received
bears to the distance between the same aperture and the ob-
ject. The absolute magnitude of the image, or the surface
covered by it, increases directly as the squares of the distances
of the screen from the aperture of transmission ; and decreases
inversely as the squdres of the distances of the object from
the same aperture. [ Thus, at one inch from the aperture, the
image covers a cerfain extent of surface; at the distance of
two inches it covers four times that surface, at the distance
of three inches, nine times that surface; and so on. If the
object is at the distance of one inch from the aperture, the
image will have a certain absolute magnitude; if the object
be removed to the Histance of two inches, the image will be
diminished to one-faurth ; if the object be removed to the
distance of three inches, the image will be diminished to one-
ninth ; and so on. |

1 To. Baptista Porta, Magie Naturalis Libri iv. fol. 119, Antverpie
1560.
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CHAPTER IIL

REFRACTION OF LIGHT.

§ 13. Third law of light. Its refraction on passing obliquely
Jrom onme mediwm into another of different density. Experi-
ments showing what is meant by refraction.

Ir light proceeds perpendicularly out of one medium into
another, however different their densities, it continues in the
same rectilineal course; but if it passes obliquely (that is, in
any direction but that of a perpendicular to the plane touch-
ing the surface at the point of incidence,) out of one medium
into another of different density, it deviates from its previous
rectilineal course, and takes a mew, but still rectilineal path
within the new medium. Thisis the third of the laws of light.

1. Take an empty tea-cup, and place it so that the light
from the sun, or from a candle falls upon it obliquely. The
portion of the cup farther from the light will be illuminated,
while the rest, B ¢ , fig. 12, will be in shadow. Let A B repre-
sent a ray of the light, passing over )
the edge of the cup, and falling on the * P
bottom of it at c. If we now fill up \
the cup with water, a remarkable B
change will be observed to take place
in the'direction of the ray am c. A Fig-12.
larger portion of the interior of the
cup will now be illuminated, and the | IO
shadow will be proportionably con-
tracted, while the ray of light A & will be observed bent into
the direction 8 . The ray A B p has a broken appearance, in
consequence of the sudden change in its direction, and on this
account the change in question is styled refraction.

In this simple experiment, the ray of light A B has passed .
out of a rare medium, air, into one of considerable density,
water, and it is plain that by this transition, the light has been
refracted towards p 7, a line perpendicular to the surface of the

B
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water at the point of incidence, B. A Bp is the angle of inci-
dence ; pB 7 is the angle of refraction, and is less than the
angle of incidence; ¢ B D is the angle of deviation.

2. Take again an empty tea-cup, and at the bottom of it
lay a sixpence, s, fig. 13. Place
the cup so that the edge of it
next the eye hides the sixpence
completely from view. Fill the _
cup with water, and the six-
pence becomes visible to the eye
which could not see it so long as
the cup was empty.

Let s A represent a ray of the
light reflected by the sixpence,
and passing over the edge of the cup. So long as the cup is
empty, this ray, agreeably to the first law of light, proceeds in
a straight line, s B, and cannot reach the eye at £; but as
soon as the cup is filled with water, the ray s a, on quitting the
water to enter the air, is refracted into the direction A &, and
the sixpence thereby becomes visible to the eye at E.

This experiment is the reverse of the former, for the light
is here passing out of a dense medium, water, into one which
is rare, air; and the refracted ray is bent away from the per-
pendicular pr. saris the angle of incidence; pAE is the
angle of refraction, and is a greater angle than the angle of
incidence; B A E is the angle of deviation.

Agreeably to a general fact formerly stated (§ 5), the six-
pence, to the eye at E, appears elevated into view, along with
the bottom of the cup on which it rests, and is now seen as if
it lay at &, in the direction of the refracted ray E a.

These two experiments, then, serve not merely to show
what is meant by refraction, but prove that refraction out of
a rare medium into a dense, is made towards the perpendi-
cular, so that the angle of refraction is less, in this case,
than the angle of incidence, while refraction out of a dense
medium into a rare is from the perpendicular, which is equiv-
alent to the angle of refraction being greater than the angle
of incidence.
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The incident ray 7, fig. 14, and
the refracted ray »* lie always on P
the opposite sides of the perpen- I
dicular, p, to the surface of the me-
dium, m, at the point of incidence. ;
The ray in the rare medium, 7, is
always farther from the perpendi- :
cular than the ray in the dense
medium, # ; in other words, the
angle, ¢, in the rare medium, is al-
ways greater than the angle, ¢/, in
the dense medium.

§ 14. Power of refraction possessed by different substances in
a different degrees.

Experiments, equally simple as the above, make known to
us another fact, namely, that the power of refracting light is
possessed by different substances in different degrees.

Returning to the first of the two experiments above related,
after we have ascertained that the presence of water in the
tea~cup refracts the light from its original direction-into the
course B D, fig. 12, if instead of simple water, we substitute a
saturated solution of salt in water, we shall find that this fluid
bends the light a little nearer to the perpendicular than simple
water, or in other words, the solution has a greater refractive
power than water. If we next try oil of turpentine, we shall
find it to bend the light still more towards the perpendicular
than the solution of salt, and oil of anise more than oil of tur-
pentine. '

Returning to the second experiment, after we have ascer-
tained that the presence of water in the cup, refracts the ray
s A fig. 13, into the direction A E, and enables us to see the six~
pence as if at ', if we use a saturated solution of salt, or if we
use oil of turpentine, or oil of anise, we shall find that a greater
bending of the ray, A E, from the perpendicular is produced by
these substances than by water, and that the sixpence appears,
therefore, still farther elevated than when water was employed.



20 REFRACTION OF LIGHT.

The ray of light, s a, fig. 15, proceeding from the sixpence,
must traverse the water, the
saturated solution, the oil of tur-
pentine, and the oil of anise, ex-
actly in the same direction, to
pass over the edge of the cup,
and yet, on quitting these seve-
ral media, it is bent by them
from the perpendicular, pr, in
different degrees 0, ¢, d, e, in proportion to the refractive
power of each. If the cup were filled with water, the eye
would perceive the sixpence from b; if with solution of salt,
from c; if with oil of turpentine, from d; if with oil of anise,
from e.

The fact that the rays of light are refracted in different
degrees on quitting obliquely, as well as on entering obliquely,
a dense medium, is es-
tablished by various ob-
servations, and may be
more fully illustrated in
the following manner :—

Let aB, fig. 16, re-
present a ray of light,
passing through air, and
incident obliquely on the
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