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PRE FAC]

—_— T

Tae ossecT of this little work is to give to a large
circle of readers an answer, based on the present state
of science, to the question, What is the Nature of
Light ?-

In the first fourteen Chapters the laws of reflexion,
refraction, dispersion, and absorption of light are demon-
strated by experiment without reference to any theory
of the nature of light. This comes forward prominently
for the first time in the fifteenth Chapter, in discussing
Fresnel’s mirror experiment, and the conclusion arrived
at being in favour of the undulatory theory, it is shown
that this theory is not only in accordance with all the
facts hitherto known, but also affords the most satis-
factory explanation of the phenomena of double Re-
fraction and polarisation, both of which receive subse-
quent consideration.

Mathematical reasonings are wholly omitted in
the text; where these are required or appear to be
desirable for the more thorough and complete knowledge
of the phenomena described, they are given in the most
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elementary form, and are added as an appendix to the
Chapters.*

Numerous wood-cuts are introduced, many of which
are taken from the Atlas of Physics of Johann Miiller ;
the majority, however, are new, as 1s also a chromo-
lithographic plate of spectra.

I trust that this attempt to render a branch of
Physics, which at first sight seems from its delicate
nature to lie somewhat beyond the grasp of the general
public, intelligible, will meet with a kindly reception
and consideration at their hands.

ErvaxeeN, July 1874,

* The theory of spherical mirrors and lenses, for example, and tha
elementary theory of the rainbow, are added as Appendices to the Chapters
in which these subjects are discussed,
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O RGE E ClaSe

CHAPTER 1.

-BOURCES OF LIGHT.

1. None of our senses supplies us.with such ex-
tensive and exact knowledge of the external world as
that of sight. The eye penetrates into the unfathomable
abysses of space, and receives intelligence from regions
the most remote and inaceessible ; it reveals to us the
delicate cells of which living beings are composed,
and perceives the animalcules that people the waters,
whilst the manifold forms' which it discloses to the
mind are rivalled only by the exquisite beauty and
charm of colour with which the physical world appears
to be decorated. ;

The visual organm, like every other special sense,
possesses a peculiar form of sensibility, that of per-
ceiving luminous rays, a faculty which admits of no
more precise definition and explanation than the cor-
responding sensations of sound or heat, of taste or smell

The sensation of light can only be excited in our
minds by a stimulus of one kind or another acting upon
the retina, which is the delicate expansion of the optic
nerve lining the posterior part of the eye-ball. The

B



2 OPTICS.

stimulus exciting the sensation may be either me-
chanical, as by a blow, or by pressure made upon the
eye; or electrical, as by the passing of a current of
electricity.; or it may even be produced by the motion
of the blood in the vessels of the retina itself.

External objects can therefore only be perceived by
our eyes, or be seen by us as the result of something
proceeding from them, which reaches our retina, and
stimulates it to activity. This something we call light.

The science of light (optics) has a twofold problem
to solve. On the one hand it has to investigate the
laws of light, and on the other to enquire into the
phenomena of vision. The former constitutes Physical
Optics ; the latter, Physiological Optics. The former,
or physical optics, is the proper subject of the present
course of lectures.

2. Every form of matter when sufficiently heated
has the power of emitting rays of light, and thus be-
comes self-luminous. This condition is termed incan-
descence, and the self-Jluminous worlds, as the sun and
fixed stars, are doubtless in a condition of intense in-
candescence. All artificial sources of light depend upon
the development of light during incandescence. For
the illumination of our streets and houses at night we
make use of a combustible gaseous combination of
carbon and hydrogen, which forms the chief constituent
of ordinary coal-gas. When this hydrocarbon burns,
that is to say, when its elements unite with the oxygen
of the air, it undergoes, with coincident evolution of
heat, partial decomposition. Carbon is separated in
the solid state, and floats in a finely-divided and in-
candescent state in the interior of the burning vapour,
nd this constitutes the flame. The presence of these
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particles of carbon may be easily shown by holding any
non-combustible body in the flame, when the carbon in
fine powder will be deposited upon it, forming a layer
of soot. The combustion of the particles of carbon
takes place at the border of the flame, where they are
first brought into contact with the oxygen of the air;
but if the supply of oxygen to them be insufficient in
quantity, they escape in a partially unburnt condition in
the form of a dark cloud; and the flame is said to smoke.

The brightness of the flame is owing to these solid
incandescent particles, for the burning gas itself pos-

FiG. 1.

EBunsen's burner.

sesses only a feeble illuminating power. This fact may
easily be demonstrated by means of a Bunsen’s buirner
(fig. 1). TIn this form of burner ordinary gas conducted
through india-rubber tubing streams into the tube of
the burner, Air enters, however, through an opening
(shown in the adjoining sketch), as well as through a

P2
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second opening opposite to it, and mixes itself with the
gas in the interior of the tube. If the mixture issuing
from the tube be now ignited, it burns with an extremely
feeble flame which deposits no soot on bodies held in
it. TFor now oxygen is admitted not only to the border
of the flame, but throughout its whole mass, and the car-
bon is accordingly burnt into carbonic acid before 1t can
separate in the solid form, so that the flame is composed
of incandescent gases alone. Its illuminating power is
therefore very feeble ; on the other hand, in consequence
of the more perfect combustion that takes place it
possesses a far higher temperature than the flame of
ordinary gas. It is used as a heat-producing flame, and
its temperature can be still further raised by a short
conical chimney supported on six metal arms arranged
in the form of a star. If a solid body be introduced into
this feebly-luminous flame, such, for instance, as a piece
of platinum wire (see the figure), the incandescent metal
olows with a brilliant light. The luminosity of a
Bunsen’s burner can be restored by shutting off the
entry of air, either by closing the holes with the finger
or by the rotation of a slide which covers them. The
light then becomes much more brilliant, with abundant
formation of smoke, its temperature at the same time
falling considerably. :
The flames of candles and lamps, whether the sub-
stance burnt be tallow or wax, rape-oil or petroleum,
do not differ essentially from that of an ordinary gas-
barner. The same hydrocarbon gas which constitutes
the essential constituent of common gas is burnt also in
them. The hot wick which draws up the fluid material
about to be burnt plays the part of a small gas factory,
the produce of which is used on the spot. The flames
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of candles and of lamps all owe their luminosity to the
incandescence of particles of carbon floating in them.

3. A petroleum lamp burns, in the first instance,
with a dull murky flame, giving off a large quantity of
smoke, but it acquires a high degree of luminosity
when the glass chimney is applied, for the presence of
the chimney causes a strong draught, supplying the air
requisite for the thorough combustion of the gas with
which it was previously insufficiently intermingled.
The brilliancy of a petroleum flame is thus materially
exalted by an increased supply of air, whilst that of a
Bunsen’s burner, as has just been seen, is almost
abolished by the same means. The contrary effects
observed in these two cases admit of easy explanation.
In the latter instance the amount of air supplied is so
great that scarcely any of that separation of the particles
of carbon takes place, which is so necessary in order that
a bright light should be produced. But in a petroleum
lamp, the introduction of a moderate quantity of air,
by effecting the combustion of the superfluous particles
of carbon, causes a higher degree of heat, and con-
sequently a more lively incandescence and illumination
of the still remaining particles.

From all this it is obvious that in order to obtain
the highest illuminating power of a flame in which
hydrocarbonaceous compounds are undergoing combus-
tion, the regulation of the supply of air is essential.
A still greater degree of illumination may be obtained,
if, instead of air, which only contains one-fifth of
OXygen, an appropriate quantity of pure oxygen is
conducted into the flame. A burner constructed with
this object in view is here shown (fig. 2,) and is termed
the owzygen lamp or burner. In this burner coal-gas
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flows through the upper horizontal tube into a wide one
closed below. Through the middle of this runs a second
PG, . narrow tube, which is a eontinuation
of the lower horizontal one, and con-
ducts oxygen from an adjoining gaso-
meter. At the orifice the interspace
between the two tubes is closed by
a funnel-shaped plug, perforated
by a series of small openings from
which the coal-gas escapes. When
this is ignited the oxygen is turned
on and enters the interior of the flame, the proportion of
the two gases being regulated by means of two stop-
cocks, shown in the figure.
The ecircular flame can
thus be easily rendered
intolerably bright.

4. If more oxygen be
admitted than is necessary
to produce the greatest
degree of illumination, the
brilliancy of the flame is
diminished, but its heat
becomes correspondingly
inereased in intensity. If
a bundle of iron wire be
held in the flame the metal
burns with vivacity, giving
off beautiful sparks and

Dramipondis Lt falling in molten drops.
On the other hand, if an infusible and incombustible
substance, as chalk or magnesia, be introduced into
the hot flame, it is raised to white heat and emits

Oxygen lamp.

Fia. 8.
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a blinding glare. To obtain this—Drummond’s lime
light, as it has been named, after its inventor—the
arrangement (shown in fig. 3), may be conveniently
used. Its construction is easily intelligible from what
has been previously stated. The bent burner, shown
separately at the side, consists of a tube traversed by a
smaller one, which last conducts oxygen into the flame
of coal-gas issuing from the annular intervening space
between the two tubes. The obliquely directed flame
plays against a cylinder of magnesia or lime, supported
on a convenient stand, and raises it to a white heat. The
stop-cocks serve to regulate the proportion of the gases.

5. In the sources of light that have hitherto been
considered there has always been a flame; that is to
say, a stream of burning gas, by the heat of which a
solid body is brought to incandescence and is the cause
of the light. In the Magnesium Lamp, of which a
deseription will now be given, a solid body, magnesium,
with its silvery lustre, is burnt in the open air, and the
solid product of its combustion, magnesium oxide
(magnesia), shines with a splendid light.

The construction of the magnesium lamp made by
Salomon and Grant, of London, is represented in fig. 4.
~ A cylindrieal box, &, contains two caoutchoue rollers,
which, by means of clockwork set in motion by the key
¢, cause a coil of magnesium wire, on the wheel K, to
be slowly unwound and passed through the tube Rf, in
proportion to the rapidity with which it is burnt at f.
After the end of the magnesium wire has been ignited,
the clockwork is set in motion by pressure on the lever
m, whilst it is stopped by removing the pressure.

6. None of these means of illumination, however
brilliant are those of the lime light and of tle mag-
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nesium lamp, are comparable with the dazzling light of
the eleetric current passing between carbon points,
which is only surpassed by the light of the sun itself.

TiG. 4.
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The mapgnesinm lamp.

The apparatus shown in fig. 5 may be used for the
production of the electric light. Two metal rods, to the
extremities of which pieces of hard gas coke are attached,

Electric light between carbon points.

are made to slide through tubes: supported on insulating
olass stands. Bach rod is connected by a wire with one
pole of a voltaic battery of about 50 Bunsen’s eells. 1t
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the carbon points are brought into apposition they
become intensely incandescent at the points of contact,
and they can then be withdrawn for some distance from
each other without interrupting the current or the light
it produces. |
Between the carbon points an arc of glowing par-
ticles of carbon appears, the so-called Volta’s are of
| Jlame, which effects the conduction of the current at the
point of interruption. This flickering are of flame is
far less bright than the carbon points themselves; the
particles of carbon of which it is composed detach
themselves from the positive pole, which is the hottest
of the two, and fly across to the negative pole. Asa
result of this, after a short time the positive pole be-
comes shortened and even excavated, whilst the negative
preserves its pointed form. At the same time combus-
- tion of both poles takes place to a certain extent,
owing to the action of the atmospheric air; and the
positive pole, which is exposed to the destructive action
of two agents, is more rapidly consumed than the
negative. The light-phenomena are as brilliant in
vacuo as in air; and since the combustion of the carbon
1s thus avoided, the positive pole, which furnishes the
particles of carbon for the arc of flame, alone wastes
away. This experiment shows that the source of white
heat is not here the process of combustion, as in the
above-mentioned cases, but results from the glow
produced by the electrical current.
7. The resistance which the current has to overcome
In passing from one carbon point to the other is greater
In proportion as the distance between them increases,
owing to their burning away. The strength of the
current, however correspondingly diminishes, till it is

e
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no longer capable of forming an incandescent are
between the opposite poles. The current is then in-
terrupted, and the light dies out. Hence if practical
use i1s to be made of the electric carbon light, it is
obvious that care must be taken to keep the carbon
points always at a proper distance from each other,
and for this purpose apparatuses have been invented
which automatically approximate the points in propor-
tion as they are burnt away, and these have been named
carbon-light requlators or electric lamps.

The Regulator of Foucault and Dubosq, the con-
struction of which is shown in fig. 6, is a master-
piece of ingenuity and mechanical adaptation. A com-
plete account of this complicated machine would
here be out of pla,cé It will be sufficient to say that
by means of clockwork the two carbon points are made
to approximate to each other, the inferior (positive)
pole moving rather faster than the other, in view of the
greater rapidity with which it is burnt off. Before the
current reaches this it circulates round the coil of an
electro-magnet; as long as the carbon points preserve
their proper distance from each other the electro-magnet
is sufficiently strongly magnetised to fix an iron detent,
and thus to check the clockwork. As soon, however,
as the distance between the carbon points, in conse-
quence of combustion, becomes greater, the strength of
the current diminishes and the electro-magnet is ren-
dered less powerful—the detent is accordingly set free,
the clockwork acts, and the carbon points approximate,
which again re-establishes the current in its former
intensity ; the keeper is then again attracted and the
clockwork checked anew. By means of the automatic
action of the Regulator, not only are the carbon points



SOURCES OF LIGHT. 11

ut the are of flame can be maintained unbroken for

ours together in the same place.

Fi1s. 6.
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Electrie lamp.

8. All bodies that do not themselves produce light
an only be seen by means of the light they receive and
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reflect to our eyes from self-luminous bodies. Amongs
the heavenly bodies, the moon and planets belong to thii
class, for they are illuminated by the sun, as are mosy
terrestrial objects. The light falling upon such non
luminous bodies is diffusely reflected from their surface:
that is to say, in such a manner that every illuminate
point throws out rays from the surface in eve
direction,

Every illuminated body, reflecting light diffusely, play
the part of a source of light. It shines with borrowed
light. Our earth, like the moon and planets, is in this
position, in comparison with the self-luminous starss
The faint light which the new moon presents, and which
makes that part of her disk visible which is not directly
illuminated by the sun, is only the reflection of the eartil
illuminated by the sun’s rays.

9. Light, proceeding from a self-luminous or from
an illuminated object, must traverse the humours o
the eye before producing a sensation in us by excitingg
the retina. Bodies which, like the contents of the
globe of the eye, or like air, water, glass, etc., permii
light to pass through them, are called transparent; ou
the other hand, those which transmit no light are saié
to be opaque. This difference, however sharply exs
pressed it may usually appear to be, is not due to anj
absolute difference, for every opaque body if reducec
to a sufficiently thin film becomes transpavent, whilss
transparent bodies permit the passage of less light i
proportion to their thickness. In the abyss of the se
the darkness of night prevails, because only a sparing
amount of light is capable of traversing a mile or more
of water. On the other hand, the most opaque bodiess
like the metals, can be rendered so thin that a subduec
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ight glimmers through them. Foucault has, in fact,
roposed to cover the object-glass of a telescope in-
nded for solar observation with a thin precipitate of
ilver, in order to protect the eye of the observer from
Bhe glare, without loss of definition.
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CHAPTER IIT.

RECTILINEAR PROPAGATION OF LIGHT,

10. Ax opaque body is illuminated on that side of
its surface only which is turned towards the light, its
opposite surface, as well as a space covered by it, the
shadow, remains dark. The shadow of a body is pro-
jected upon a plane surface held in the shadow-space
as a similarly formed dark spot, which occupies that
part of the plane to which the access of light is pre--
vented by the body throwing the shadow. It may
easily be demonstrated that all straight lines conceived:
to be drawn from any point of the shadow thrown upon:
the plane to the source of light, strike against the:
opaque body, and that only those points of the plane:
receive light which are so placed that straight lines:
drawn to them from the source of light ure not arrested!
by the shadow-giving body.

From these facts the conclusion may be drawn:
that light proceeding from a lwminous body whilst tra--
versing a homogeneous mediwm is propagated in every:
direction in straight lines, which are called rays of light..
Those rays which we may conceive to be drawn from.
the luminous point s (fig. 7), to the circumference of!
the shadow, graze the surface of the body throwing the:
shadow and collectively form a cone which invests the:
body like a ring. The line formed by all the points off
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contact is the limit between the front illuminated and
the back unilluminated surface of the body. The
shadow which the object throws upon any plane or
eurved surface is nothing but the section of this cone

neG. 7.
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of contact-lines by the plane in question. It conse-
guently holds a direct geometric relation to the form
of the object, and forms a simple outline image of it
or silhouette. Shadows supply to our eyes, which as
it were unconsciously follow the geometric relation
between the form of the shadow and that of the object,
valuable means for the correct judgment of the real
form of bodies in space. The painter uses them to
malke his figures stand out from the canvas., In tech-
nical drawings of machines, scaffolding, ete., which are
to serve as: plans for the artificer, in addition to the
elevation there must afways be a ‘ground plan,” in
order that the perspective relations of the building may
be understood. But if in the former the strictly geo-
metric shadows were given, the second might in many
cases be dispensed with.

11. If the body casting. a shadow be illuminated,
not by a single luminous point, as has been supposed in
the foregoing illustrations, but by a bright body which
possesses innumerable luminous points, we must, in
order to know the nature of the shadow, imagine a
shadow cone for each luminous point ; the space behind
the opaque body which is common to all these cones
receives no rays from the luminous bodyand is termed the
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nucleus of the shadow ; but thisis surrounded by a space
which is only in shadow as regards a part of the luminous
body, whilst it receives light from the rest of it and is
consequently partially illuminated. It is termed the half
shadow or penumbra. Fig. 8 shows the case of a large
luminous sphere, 4, opposite which is a smaller opaque
one, B ; the simple construction shows what determines

FiG. 8§ and FiG. 9.

Shadow nncleus, acd penumbra.

the limits of the nucleus of the shadow and the pe-
numbra. The conical nucleus of the shadow terminates
in a point at S, whilst the penumbra stretches away
constantly widening to infinity. A plane held in the
shadow at m n, perpendicular to the axis of the cone,
receives the image represented in fig. 9, where a central
dark spot is seen corresponding to the nucleus of the
shadow, and is surrounded by a less dark area, the shade
of which gradually diminishes from within outwards till
it is no longer perceptible. If the plane be closely
approximated to the body giving the shadow, the broad
dark nuclear shadow loses but little of its definition,
the half shadow surrounding it appearing only as a
narrow border. If placed at a greater distance, the
penumbra, exceeds the nucleus of the shadow in breadth,
and only au ill-defined shadow results. An explanation
is thus afforded why we are unable to point out the
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exact spot where the shadow of a steeple ends on the
oground. So if a knitting-needle be held in the sun
immediately in front of a sheet of paper, it throws a very
well-defined shadow ; but if it be removed to a distance
of only three or four inches from the sheet no accurate
outline can be traced of its ill-defined shadow.

Our planetary system affords striking illustrations
of such shadow cones as are shown in fig. 8. The .
shadow nucleus behind the moon is nearly equal to the
radius of the moon’s orbit, and can, therefore, when the
- moon intervenes between the sun and the earth, which
1s only possible at the time of the new moon, reach the
surface of the earth. The sun is then totally covered
by the moon, or there is said to be a fotal eclipse of the
sun over those parts of the earth which are in the
nuclear shadow ; whilst in those parts which lie in the
penumbra a sickle-shaped portion of the sun’s disk
remains visible, and the eclipse is only a partial one.

The nuclear shadow of the earth extends behind it
to a distance of 216 of its semidiameters, and thus
reaches far beyond the radius of the moon’s orbit,
which amounts to only 60 semidiameters of the earth.
At the time of the full moon it may happen that the
moon lies wholly or partially in the earth’s shadow, and
the interesting spectacle of a lunar eclipse is presented
to us.

12. To an observer placed at the point S of the cone
(fig. 8), the smaller but nearer sphere B appears to be
of exactly the same size as the larger but more remote
sphere 4, the latter being precisely covered by the
former. The apparent size of an object is determined
by the angle which the rays of light, passing from its
outermost points to the eye, form with one another,

(v
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the so-called visual angle. The same body is seen
under a smaller visual angle, and of correspondingly
smaller size the further it is removed from our eyes,
and two bodies of different size appear under the same
visual angle if their distances are inversely as their
diameter. If we are acquainted with the real size of
an object we can determine its distance from us by
the visual angle under which it appears to us; and, vice
versd, if the distance and the apparent size be given, we
can determine its actual size. Astronomers employ
these simple data to determine the size and distance of
the heavenly bodies. It has been found, for example,
by appropriate observations, that the semidiameter of
the earth, seen from the sun, would appear under a
visual angle of only 86”. This is termed the parallaz
of the sun; and from thence the calculation has been
made that the distance of the earth from the sun
amounts to 24,000 semidiameters of the earth, and after
this distance is determined it results, from the visual
angle of 32" under which the sun appears to us, that its
diameter is 112 times greater than that of the earth.
The same operations by which the astronomer ob-
tains his results school us from our youth upwards to
form every day and every hour an unconscious estimate
of the size and distance of terrestrial objects by the
measurement of the eye. The visual angle under which
o human form or other object of known size appears to
us supplies us with a datum from which we estimate
its distance, and this distance again enables us to form
a judgment in respect to the size of neighbouring
objects. The rays of light which reach the microscopi-
cally small earth from the various parts of the mighty
mass of the san, do mnot form a greater angle with
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each other at most than 32, which expresses the ap-
parent size of the sun, and may therefore be regarded
as being almost parallel. If a beam of the sun’s rays
be allowed to enter a chamber through a wide opening
in the window shutter, it may be easily followed by the
illumination of the floating particles of dust, and it may
be shown that it has everywhere the same diameter,
and must consequently be composed of parallel rays.
13. If now the chamber be completely darkened,
and a very small opening of from 1-3 millimétres
(z5th—3th of an inch) be made in the shutter, a very
pretty appearance may be observed upon a paper sereen
placed opposite to the opening. The neighbouring
buildings are seen with their roofs, chimnies, and
windows ; the green tree tops waving in the wind, men
walking in the streets, white clouds sailing over the
blue sky, in fact a complete picture of the external
world is as it were painted in delicate colours upon the
screen. But this picture is inverted ; what is in reality
above appears in the picture below, what is there on the
left is here on the right, and vice versdé. When the screen
13 brought nearer to the opening, the picture becomes
smaller but clearer; when it is removed to a greater dis-
tance it becomes fainter but its size is increased. If
the circular opening be replaced by a square one of equal
area, the picture undergoes no change, nor does any
alteration occur if the square be changed to a triangle
of equal area; but when, on the other hand, a series
of continuously larger and larger openings be used, the
picture will be found to become progressively brighter,
whilst its outline becomes more and more confused and
blurred, until, when the opening is several centimétres
c2
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in diameter, no definite picture can be discerned upon
the screen, but only a uniformly illuminated surface.
The mode of production of this charming picture is
best explained by a repetition of the same experiment
in a simpler form. A lighted candle is placed in front
of a screen perforated by a small opening (0, fig. 10),
and behind it a white paper screen (S) is held which
receives the inverted image of the flame. Amongst the

Fig. 10.

Projection of an image through a small aperture.

innumerable rays of light which, for example, the high-
est point, 4, of the flame emits, only a small conical
fasciculus (4 a) traverses the aperture and forms upon
the sereen a small bright spot («) which, in conse-
quence of the rectilinear course of the rays of light 1s
only illuminated with the light of the point 4, whilst no
other part of the screen can receive light from this
point. In the same way, the spot b, situated upon a
higher part of the screem, is only illuminated by the
lower point, B, of the object. Now since every point
of the object sends its luminous rays separately to
different points of the screen, the continuous serial
ddition of innumerable bright spots forms an image
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which, as is immediately intelligible from the figure,
resembles the object, and is larger in proportion as the
screen is removed from the aperture. The larger the
image, the feebler is its illumination, because the same
quantity of light is then distributed over a larger
surface.

The small spot of light, a, must necessarily be cir
cular or square or triangular, in accordance with the
shape of the opening. But since the adjoining light
spots overlap each other, its particular form is of no
importance ; and the result is the same in regard to
the entire image, whatever may be the form of the
aperture. If the rays of the sun penetrate through a
partially closed window shutter they throw upon the
floor of the room bright elongated and rounded spots
of light. These are so many images of the sun’s disk
thrown by the various irregularly formed chinks and
apertures of the shutter. The illuminated spots do
not appear circular but elliptical, because the surface
of the floor on which they fall is not perpendicular to
the direction of the sun’s rays. The spaces between
the leaves of the thick foliage of a tree act in the same
way, and produce numerous elliptical images of the sun
on the shaded floor of the forest. In partial eclipse of
the sun these light-spots in the shadow thrown by
trees assume a distinctly sickle-shaped form.

It is now obvious why small openings are alone
capable of forming such images, for they only are
capable of effecting such a division of the rays of light
as 18 essential for the production of an image: large
openings, which allow rays of light to fall upon the
screen from all or very many points of the object, are
not appropriate for the purpose.
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14. If there be a luminous point at L (fig. 11), and
a, b, ¢, d be an opaque screen, A, B, €, D would be the
shadow which this screen would throw on a second
screen placed parallel to it. If the second screen be
just twice as distant from the source of light as the
first, the area of the shadow will be four times as large
as the screen which throws the shadow. If the latter
be removed, the same number of rays, which was pre-
viously received by it and illuminated its surface, is
now distributed over an area of four times the size; a

Fi1z. 11

Dimination of the ilumination in the ratio of the square of the distance,

given portion of the surface 4, B, C, D, receives, con-
sequently, four times less light than a corresponding
portion of the surface a, b, c, d, and will be therefore
proportionately less strongly illuminated. The source
of light thus gives, at double the distance, only the
fourth part of the illumination which it can give at
unity. If the second screenbe at3, 4, 5 . . . times the
distance of the first from the source of light, the shadow
falling upon it will be 9, 16, 25 . . . times larger than
the shadow-throwing screen, and will, according to 1its
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distance, be 9, 16, 25 . . . times less brilliantly illumi-
nated.

We thus acquire a knowledge of the law, that the
amount of illumination diminishes in proportion to the
square of the distunce from the source of illumination.

The apparatus shown in fig. 12 may be employed
to demonstrate the truth of this law by experiment. A
sheet of white paper is stretched on a frame, supported
on a stand S, in the centre of which 1s a spot of oil,
made with stearine. The grease spot allows more
light to pass through 1it, and consequently reflects less

Fia. 12.
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Bunszsen's Photometer,

than the unstained part of the paper. If therefore
the paper be illuminated more strongly from behind,
it appears bright on a dark ground. On the other
hand, it appears dark upon a bright ground if it be more
strongly illuminated on the front surface; whilst, with
equal illumination on both sides, the spot becomes
invisible, since it can then appear neither darker nor
lighter than the adjoining paper. The flame of a
candle, a, is now placed upon one side of the screen,
whilst four such flames are placed upon the other side
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at b, and the screen is removed to such a distance from
them that the spot is no longer visible. This will be
found to occur when the distance of the quadruple flame
from the screen on the one side is double that of the
single flame on the other side. This experiment, in
which a source of light four times as strong as another
gives the same illumination at double the distance,
corroborates the law above laid down.

This law being admitted, the same apparatus, fig. -
12, may be employed as a means of comparing the
brillianey of two sources of light. If, for example, the
flame of a candle be placed in front and a gas flame
behind a paper screen, and this be moved till the grease

Fig. 13.

Bumford's Photometer.

spot disappears, the illuminating power of the two
lights will be as the squares of their distances from the
screen. The apparatus employed for the determination
of the illuminating powers of different sources of light,
are termed Photometers. = The paper screen with the
orease spot constitutes the essential feature of the
Photometer of Bunsen.

Rumford’s Photometer is of remarkably simple
construction (fig. 18). An opaque rod, about the size
of a lead pencil, stands in front of a white paper screen.
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The two lights to be compared both cause a shadow of
the pencil, and each light illuminates the shadow cast
by the other. If either light is removed to such a
distance that the two shadows appear of equal depth,
the brilliancy of the two lights will be as the squares of
their distances from the screen.
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CHAPTER IIT.
REFLEXION OF LIGHT.

15. Ir a beam of parallel rays of light from the sun
be allowed to pass obliquely through an opening in the
window shutter ( fn, fig. 14) and
F16. 14. to fall upon the plane surface of
mercury at rest (s &), it will be seen
that from the point (n) where the
beam strikes the surface of the
mercury, a second fasciculus of
rays (n d) proceeds, the course of
which may be followed just as
easily as that of the incident ray, by its illuminating
the floating particles in the air.

This process is termed regqular reflexion, in opposition
to diffuse reflexion, which has been already referred to
(p- 12). If asheet of paper be placed upon the mercury,
the reflected beam vanishes, but the spot, n, where the
paper is struck by the incident rays is brilliantly illu-
minated and becomes visible from every side as though
it were self-luminous. The dull surface of the paper,
although it may be struck in a certain direction only by
rays of light, thus emits rays in all directions, and be-
comes in virtue of this diffuse reflexion everywhere visible
as an illuminated object. The smooth surface of the mer-
cury, on the other hand, appears not at all or but very

Reflexion of light.
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feebly illuminated at the point n where it is struck by
the incident rays; it reflects them in a perfectly definite
direction without otherwise materially altering them.
In fact, if a sufficiently small opening be made in the
shutter, the same oval image of the sun appears on the
roof of the room where the reflected ray falls, as the
incident ray itself would have formed had it been allowed
to fall upon the floor.

Every smooth surface is called a mirror, and Nature
herself offers to us, in the surface of fluids at rest, a
very perfect example of a mirror. Mirrors, however,
that are composed of some solid material, as of polished
metal, although this can never be made to attain the
absolute smoothness of the surface of a fluid, are very
much more convenient for use. The kind of mirror
most commonly employed consists of a plate of glass
which has been ground and polished and covered on one
surface with an amalgam of tin, or with a precipitate of
silver, and the surface of the metal adhering to the glass
18 generally the reflecting surface.

In order to indicate accurately the course of the
incident and reflected rays, we must conceive a vertical
line, or perpendicular (n p), to fall on the reflecting sur-
face at the point » (fig. 14) where it is struck by the
incident ray, The plane drawn through the incident
ray and the perpendicular, which is itself vertical to
the plane of the mirror, is called the plane of incidence ;
16 18 also named the plane of reflewion, because it always
contains the reflected ray. The path pursued by the
incident and the reflected rays is determined by the
angle of incidence, 1, and the angle of reflexion, r, which
each of the rays make with the perpendicular. The
angle of reflewion 1s always equal to the angle of incidence.
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These two propositions—that the planes of incidence
and reflexion are coincident, and that the angles of inci-
dence and reflexion are equal—together constitute the
no less simple than important law of the reflexion of light.

In order to demonstrate it by experiment, the instrument :

shown in fig. 15 may be used. To the curved border

of a semicircular piece of wood, 4 4, a plate of metal

is attached which has a vertical slit at the centre of its
curve (@), and from this point outward is divided into
90°.  The mirror f, the back of which is shown in the
figure, s capable of being rotated round a vertical axis,

FIG. 15,

Model for the demonstration of the law of reflexion of light.
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B, passing through the centre of the semicircle. The rod '.

b, which is attached to the mirror and points by means of
an indicator, ¢, to the scale of degrees, is at right angles
to the plane of the mirror, and consequently represents
the perpendicular. If now a small beam of parallel
rays be allowed to pass through the slit and fall on the
mirror, the reflexion will illuminate and make wvisible
that part of the circumference of the circle towards
which it is directed. The indicator ¢ now stands, we
will say, at 20°. The ray coursing from a to f strikes
the mirror under an angle of incidence of 20°,and hence if
the above law of reflexion be correct, should be reflected
to the line marking 40° and in point of fact it will be
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found that this is the degree which is brilliantly illumi-
nated by the reflected light. If now the indicator be
successively placed opposite the lines marking 10°, 20°,
30°, ete., the reflected ray will successively illuminate the
lines marking 20°, 40°, 60°, etc., as the law of reflexion
requires that it should do. If, lastly, the indicator
be placed opposite the slit itself, so that the angle of
incidence is zero, the angle of reflexion must also be
zero; the reflected ray passes out again by the slit in
the same direction as the incident ray entered, or in
other words, a ray of light falling perpendicularly wpon
a mirror s reflected upon itself.

. 16. A plane mirror reflects the images of objects

FiG. 16.

Production of the image point in a plane mirror.

placed in front of it, ourselves included, with an accuracy
. that is proverbial. The production of these images
may be explained in the simplest manner by the law of
reflexion. In the diagram (fig. 16) A n and A4 p
represent two out of the innumerable rays which
a luminous point 4 throws upon a mirror s 8. If we
conceive the reflected rays, n o, p, ¢, corresponding to
them, and the direction of which, in accordance with
the above law admits of being easily ascertained, to be
prolonged backwards, they will meet each other in the
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point a. The straight line 4 a, which joins the point a

with the luminous point 4, is perpendicular to the plane

of the mirror and is bisected by it at the point r, that
18 to say, ar = A r, which is deducible also from the

fact that the triangles Anr and an+ arve equal to one
another. Since any pair of rays, that may have been
selected for consideration, pass to the same point, a, it

follows that all the rays proceeding from A that fall
upon the mirror can similarly be carried back as though =

they proceeded from the single point . We can there-

fore make the following proposition as a direct corollary

of the law of reflexion :—

All rays that proceed from a luminous point and fall

upon a plane mirror, are reflected from it as if they came

Jrom a pownt in a perpendicular dropped from the luminous
pount to the mirror, as far behind the reflecting surface as

this 1s in front of .

An observer placed in front of the mirror receives

: consequently the reflected rays
Brgl as if the point @, from which

ﬁ"l _________ they appear to proceed, were

itself the luminous point. It
sees in, that is to say, behind
the mirror, the point a as the

situated in front of the mirror.
In the same way an image
N\, point behind the mirror cor-
e responds to each point of every
Production of the imagein s Jyminous or illuminated object,
and out of the totality of the
image-points the complete mirror image or reflexion of
the object is produced. In order to conceive this image

image of the luminous point 4,

. i

TR RS PR
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in the mind, or to show it in a drawing (fig. 17), a perpen-
dicular must be conceived to be struck from each point
of the object to the plane of the mirror, and prolonged
as far behind it as these points are in front of it. In
such a simple object as an arrow, 4 B (fig. 17), which may
be selected as an example, it is only requisite to show
the construction for its terminal points, 4 and B, by
which its image a b is formed. An observer situated at
o receives the rays from the point of the arrow in the
direction 4 n 0 and from the other extremity in the
direction B p o. Simple inspection of the figure shows
that the image and the object must be of equal size,
and must also lie symmetrically with regard to the

plane of the mirror.
17. The polished surface of this plate of glass (fig. 18)

Fig. 18.

Mirror-image in o transparent plate of glass.

acts as a mirror, whilst at the same time it permits
the objects behind it to be seen. If a lighted candle be
placed on one side the image is reflected. If a water
r..'.ﬂmfe filled with water be placed behind the glass plate
In the apparent position of the image, the illusory im-
pression is produced of a candle burning whilst sub-
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merged in the interior of the flask. In this simple ex-
periment lies the explanation of the recently attractive

¢ Ghost phenomena.” In this class of illusions the back

part of the stage is closed by means of a very large trans-
parent piece of plate-glass, somewhat inclined forwards,
through which the audience perceive the players feebly
illnminated. The ¢ ghosts’ with which they appear to
communicate are the reflected images of other persons
who are concealed from view, and are in front of and
below the stage; these, however, in order to give
sufficiently bright reflected images, must be illuminated
by the electric or lime light.

18. In order to direct the rays of the sun into the
room in a convenient, that is to say, in a horizontal

F1a. 19,

A Heliostat.
direction, aplane mirror is employed. To the opening
in the shutter is attached a board (fig. 19) on the
inner side of which is a wide horizontal tube, contain-
ing the apparatus intended to be used ; externa,llly
is a mirror, M, which can be turned on an axis
passing between two rods. The mirror can be rotated

- NSRS
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on the one hand around the axis of the tube
by moving the button 4 in a semicircular slit, and on
the other hand it can be inclined to the tube at any
angle that may be desired by turning the button B,
which acts on the previously mentioned axis of the
mirror by means of an endless screw and rack, It is
an easy matter to direct the reflected rays of the sun
through the tube by manipulating the buttons 4 and
B, and to maintain them
in that direction notwith-
standing the progressive
movement of the sun. This
apparatus is termed a
Helvostat.

The perpetual correc-
tion of the position of the
mirror by means of the
hand is, however, not only
troublesome but far too
uncertain and unsatisfac-
tory for all experiments re-
quiring great steadiness in
the direction of the incident
rays. A Heliostat has ac-
cordingly been constructed,
the mirror of which is con-
stantly presented to the sun in the same position by
means of clockwork. Fig. 20 shows the Heliostat of
Reusch. The axis of the clockwork on which the lower
mirror is supported is placed parallel to the axis of the
earth, around which, during the daily revolution of the
earth, the vault of heaven, and with it the sun, appears
to turn. The mirror is then so placed that the reflected

D

F1G. 20.

Heliostat of Rensch.
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rays of the sun course in this axis, and are kept un-
altered in it by the movement of the clockwork. By
means of a second mirror placed above, eapable of being
moved into any position that may be required, the beams
of light can be made to travel in the desired horizontal
.direction.

19. The principle of the method, based on the re-
flexion of light, by which the angles of the surfaces
of prisms, crystals, ete., are measured may now be

IF1:. 21.

_{' I .. I .:-':"::::'-:=:-:;...._._

Principle of the Reflecting Goniometer.

described. Fig. 21 represents a horizontal circle, di-
vided at its border into 860°; at its middle is a small
plate, M, which revolves, and with which an indicator,
(Alhidade) 4, pointing to the divisions, is connected.
A glass prism is placed upon the plate M in such a
position that its angles and polished surfaces are vertical.
A small beam of the parallel rays of the sun, directed
into the chamber through a vertical slit by means of a
Heliostat, is reflected from the anterior surface and
forms a bright vertical line upon a screen, S, placed at

the side. The indicator, 4, and with it the prism, is
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now turned until a second surface of the prism reflects
the rays in the same direction, that is to say, until the
bright line oceupies the same position on the screen,
The second surface must now of eourse occupy the same
position as the first was in previously. If the second
surface be parallel to the first, it is obvious that the jn.
dicator must revolye through 180° to bring the bright
Spot to the same place, but if the second surface forms
with the first any angle a, the object is attained by a
revolution of 180—¢ degrees. In order therefore to
obtain a knowledge of the angle a between the two
surfaces of the prism, it is on] Y necessary to subtract the
angle of revolution of the indicator, which can be read
off on the divisions of the circumference, from 180°.

Instruments constructed on thig principle, and
adapted for the exact measurement of the angles at
which the surfaces of Prisms are placed to one another,
are called reflecting goniometers,

20. As the reflected rays proceed from the image
behind a mirror exactly as they would from ap object
placed in that Position, every reflected image must act
as a material object in regard to a second mirror, and this
again is in a position to furnish a reflected Image. By
ATANGING {wo mirrors go that their reflecting sur-
faces are turneq towards each other, there are pro-
duced, besides the two reflected images of the first
order, still others of the second, third, and higher orders,
which, however, continually become fainter in conse-
quence of the logs of light. Hence when a lighted
candle is held between tyo mirrors placed opposite to
one another, we gee an indefinite succession of flames
which appear to be lost in infinjte distance. The num-
ber of reflections becomes limited as soon as the two

D 2
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mirrors form an angle with each other. In fig. 22
the two mirrors furnish the reflexions of the first
order, B and B’, of the object situated between them.
Since the image B behind the first mirror sends 1ts rays
to the second mirror, this gives an image or reflexion
of the second order, (’, and similarly, the first mirror
gives a reflexion, C, of the image B’. An observer
(0) placed between the mirrors sees the reflexions,
in addition to the object, regularly disposed upon a
circle described around the
Fig. 2. point of decussation of the
two mirrors, an image ap-
pearing at each angle space
which is equal to the angle
of the two mirrors. The ob-
server, O, therefore, seesthe
object as often as the angle
between the two mirrors is
contained in 360°.

The pretty effects ob-
tained in the well-known
plaything termed the ka-
leidoscope result from the
regular disposition of the
images reflected by mirrows placed at an angle. An
instrument of this kind may be purchased for a few pence -
in every toyshop. It is composed of a papier-maché tube
in which are two mirrors inclined to one another at
an angle of 60°. To the front end is attached a cap,
capable of being rotated and containing in its interior
two plates of glass, the outer one of which is ground
dull. Between the two plates are a number of pieces
of differently coloured glass, and other small variegated

e " -

Angular mirror.
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objects. If the tube be placed in a horizontal position,
and the plate of ground glass be illuminated with a
powerful light, a six-rayed star will be seen upon the
opposite screen, decorated with the richest ornamenta-
tion.* This is the reflexion in the mirrors of the
fragments of glass which are combined to form this
regular mosaic. If the cap be turned, the pieces of
glass constantly form new combinations, and thus an
inexhaustible succession of the most delicate forms are
obtained which the liveliest fancy could scarcely invent.
What may in this way be represented for a large
number of persons, as if it were an object on the screen,
can also of course be seen separately by every one who
looks into the tube for himself,

21. Not only this ingenious plaything, but an in-

Fia. 23.

Principle of the mirror sextant.

strument of high practical value, is founded on the
mutual action of two mirrors placed at an angle to one
another. In fig. 23, 4 and B are two small mirrors,

* In this oxperiment a lens of short focus is placed at the front end of
the kaleidoscope,
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the reflecting surfaces of which are turned towards
each other. If two objects are placed at L and R, of
which the former is visible to an observer at O, above
the edge of the mirror B, in the direction O B, the
mirror A may have such a position given to it that
the light coming from R reaches the eye after double
reflexion in the direction B 4 B 0, and consequently
two objects are seen in the same direction, O B, the one
direct, the other reflected. Thus it results from the law
of reflexion that the angle a which is included by the
visual lines extending from the eye to L and R, is exactly
twice as large as the angle 8 which the two planes of the
marrors form with one another.®* In order to measure
the angle 8 conveniently, the mir-
ror 4 is made to rotate around the
axis of a divided arc, M NV, and
is connected with an indicator, 4 Z.
The mirror B is permanently fixed
on the plane of the arc parallel
to the radius A M which goes to
the zero of the division. If any
object, L, be now looked at in the
direction O L through a telescope
attached to the instrument (fig. 24) and the indicator,
and with it the mirror, be rotated until the image of B
is seen in this direction, twice the angle read off by the

Mirror or reflecting sextant.

* If the perpendiculars A E and B D, which if sufficiently prolonged cut

one another in the point D at anangle B are erected upon the mirror planes,
it follows if ¢ and ¢ indicate the angle of incidence of the rays & 4 and 4 B

on the mirrors 4 and B from the consideration of the triangle 4 B D
B=¢p—y
and from the consideration of the triangle 4 O B
ﬂ=2¢' — El’i

from whence it immediately follows that a =28,




REFLEXION OF LIGHT. 39

indicator immediately gives the angle which the visual
lines directed towards I and R form with each other.

This ingenious angle measurer, conceived by New-
ton and constructed by Hadley, is termed the reflecting
seztant. It is superior to other instruments made for
this purpose because it needs no support, but during
the act of measuring the angle can be held freely in
the hand. Hence for nautical purposes 1t is the only
available angle-measuring instrument. By means of
the reflecting sextant the seafarer makes those measure-
ments by which he determines the latitude and longi-
tude of his ship. The two almost invisible mirrors
enable him to pursue his predetermined course through
the pathless waste of waters,
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CHAPTER 1IV.

SPHERICAL MIRRORS.

22. A spherical shell, the inner surface of which is
highly polished, is called a spherical concave murror.
It may be regarded as a portion of a hollow sphere cut
off by a plane M M, fig. 25. A perpendicular, ¢ d, let

fall from the- centre, ¢, of the

K10 2% sphere of which the mirror is a
I~ segment upon this plane, will
\ strike the middle point of the
- v mirror, and is termed its prin-
J/,,-f" . cipal awis. The angle M c M,
e which the lines Mc¢ and M’c,

drawn from two diametrically
opposite points of the periphery
of the mirror to the centre of the sphere form with one
another, is called the apertwre of the marror. In
practice, only mirrors of small aperture are in use, In
which this angle amounts at most to six or eight degrees,
and the remarks here made will only have reference to
these. :

If a beam of parallel solar rays, thrown horizontally
into the chamber by means of the Heliostat, be allowed \
to fall upon a concave mirror with. small aperture -
parallel to its axis (fig. 26), it will be seen—for the
path of the rays can be distinctly followed by the illu-

Concave mirror.
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mination of the particles of dust always present in the
air of a room—that it is reflected in the form of a cone
of light, the apex of which, F, lies in front of the mirror
in this axis. This point, F, through which all the rays
falling on the mirror parallel

Fi. 26,
to its axis pass after reflexion, j
1s called the focus. It becomes ————
brilliantly luminous if I throw e

some dust into the air in its
vicinity. It appears as a white
spot of dazzling brilliancy when ik

a white sheet of paper is held in it, and the wreaths
of smoke that are now rising from it show you that
the paper has caught fire in the intense heat of the rays
collected at this point, and that it has consequently
been appropriately named the focus or burning-point
(Brennpunkt). The space intervening between the
focus and the mirror—the focal distance—can easily

. be measured, and is found to be equal to half the radius
. of curvature of the mirror, or in other words, the focus

lies midway between the mirror and the centre of the

. circle of which it is a segment,

23. The reflexion of a ray of light from a curved
surface follows the same law as from a plane surface ;
the portion of the curve which mmmediately surrounds
the minute point of incidence on that each ray of light
Impinges can alone be considered to act as a reflector.
The smaller we admit the superficial area of this part to
be—and we may conceive it to be as small as we please
—S0 much the more accurately can we regard it as a
Small plane mirror, and the perpendicular erected upon
this is then the axis of incidence in regard to which
the incident and the reflected ray behave as has been
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stated. Concave differ only from plane mirrors in the
circumstance that each point has its own axis of
incidence. |

Since every radius of a spherical surface is perpen-
dicular to the surface where it meets it, we obtain
the axis of incidence of a spherical concave mirror by
simply drawing the corresponding radius to the point
of incidence.

In a concave mirror of small aperture the azes of
wnetdence, that is to say, the radii, are more and more
strongly inclined to the principal axis in proportion as
the corresponding points of the marror are more distant
from it. Hence every ray of light running parallel to the
axis must be inclined from its original direction more
.and more strongly towards the axis in proportion as it
strikes the mirror at a point more distant from the
axis. This, which is clearly exhibited in fig. 26, ex-
plains why all rays falling on the mirror parallel to its
axis must pass through a single point after reflexion.

24. From the above-mentioned direction of the axes
of incidence, it follows further that all rays proceeding
from a point pass through a single point after reflexion,
because they undergo a change in their direction greater
in proportion as the point of the mirror struck is dis-

tant from the principal axis.
F1a.27.

Conjngate focl.

In the concave mirror, fig. 27, which’ is supported
on a stand, two indicators (omitted in the figure) point
to the principal focus F, and the centre of the sphere ©.
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At the point 4 in the axis, the light of an electric lamp
18 placed, which, to protect the eye from its glare, is
enclosed in a box having only a round opening on the
side turned towards the mirror. A diverging cone of
rays proceeding from the luminous point A passes to the
mirror and is reflected forwards from it as a converging
cone, the apex of which lies at @ in the axis of the mirror,
between the focus and the centre of the sphere. This
. point of union of the reflected rays is called the image
of the point 4. If the luminous point 4 be approxi-
mated to the mirror, the point at which the rays unite,
a, retreats from the mirror towards the centre (3 if the
luminous point be placed at C, every ray it emits strikes
perpendicularly upon the surface of the mirror, and
1s therefore reflected upon itself; and thus, when it is
| situated in the centre of the circle of curvature, the
light and the reflected image of the ligcht are edincident.
1 If, on the other hand, the light be removed from 4 to a
] greater distance from the mirror, its image continues
| to approach the focal point, and would ultimately
| coincide with it were it possible to remove the light to
| an infinite distance. The removal of the luminous point
| to infinite distance, which it is of course impossible to
ii accomplish, has been effected, however, in the foregoing
| experiment (fig. 26), for rays which run parallel with
' the axis may be regarded as coming from a point on
| the axis at an infinite distance, and they are, as has
- been seen, united in the focus.
It is further intelligible that rays of light which,
- proceeding from the point a, strike upon the mirror, are
reflected to the point A, pursuing the same course but
in the opposite direction; in other words, if a luminous
‘point a lies between the focus and the centre of the
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sphere, its image is situated at A on the other side of
the centre. The two points, 4 and a, are thus so asso-
ciated that each constitutes the image of the other, and they
are hence called corresponding or conjugate foci. To
the focusitself consequently, an infinitely remote point is
conjugate ; that is to say, rays which proceed from the
focus and strike the mirror are reflected parallel to the
principal axis to an infinitely remote distance. If we
place the luminous point (4, fig. 28) nearer than the focus
to the mirror, this is no longer capable of collecting the

Conjugate foci.

too strongly diverging rays, and the reflected rays
diverge as if they proceeded from a point a, situated
behind the mirror; and so conversely, since rays which
converge towards a point @ behind the mirror, are
united in the point 4 in front of the mirror, the two
points 4 and @ may be regarded as conjugate pomts.
925. Hitherto the case of luminous points lying in
the principal axis of the mirror has alone been con-_
sidered. The electric lamp must now be placed in such
a position thatits luminous point lies above the axis (at
A, fig. 29). Tt will then be seen that the reflected rays
unite in a single point B, but this lies below the axis on &
the straight line which may be conceived to be drawn
from the luminous point A4, through the centre of the
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sphere C, to the mirror. Amongst all the rays which
proceed from 4 and strike upon the mirror, that passing
through (' is the only one that falls perpendicularly upon
the mirror, and is therefore reflected upon itself. The
straight line, A (), holds therefore the same relation to

¥ia. 9.

Conjogate foei on a secomdary axis.

the principal laterally-situated point A as the axis, ' F,
has to the previously-considered position of the lumi-
nous point; it is termed therefore the secondary awis cor-
responding to the point 4. For every secondary axis,
| the number of which is of course infinite, the same
| holds that has already been stated in reference to the
. chief axis, each, for example, has its own focus in
| which the rays parallel with it meet.
The peculiarities of concave mirrors, as far as they
. have hitherto been considered, may be summed up in
. the following propositions: All rays that, before they
fall upon the mirror, proceed from a point or travel
towards a point, pass, after reflexion, through a single
point (either actually orwhen prolonged) which lies on the
axis corresponding to the first point. These two points
are so conjugated that the one is the image of the other.
26. Inasmuch as to every point of a luminous or
illuminated object situated in front of a concave mirror
there is a corresponding image-point sitnated on the
axis belonging to it, it follows that from the collection
of all the image-points an image of the object results.
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Now let a lighted candle be placed between the Jocus
and the centre of cuwrvature of the mirror* (fig. 30). The
place of the image can easily be found by moving to and
fro a paper screen, situated on the other side of the
centre of curvature, and protected from the direct rays .

FiG. 30.

Real image,

of the flame by a small blackened metal disk. An -
verted and enlarged image of the flame is then obtained
upon the screen, as is shown in fig. 31, in which the
course of the rays of light for the point B of the object
A B is indicated, showing how the inverted enlarged

1mage a b is formed.
Fra. 81.

Production of real images,

If, as in this figure, all the points of the object are
found in a single plane (4 B) perpendicular to the axis,
the points of the image (always presupposing the

* T the figure the focus is found over the number 182, the centre of
the eurvature over 120,
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aperture of the mirror to be small) lie also in a plane
perpendicular to the axis. Tt is obvious also, from the
drawing, that image and object are similar to each
other, and their relative sizes are as their distances from
the mirror.

Supposing a b to be an object situated at more than
twice the focal distance from the mirror, an nwverted and
diminished image at 4 B will correspond to it, lying be-
tween the focal point and the centre of curvature, The
further the object is from the mirror the closer is the
image to the focus, and the image of an indefinitely
remote object, of a star for example, is situated in the
focal point itself,

These images are, however, essentially different from
those of plane mirrors. They are produced by the
actual union wn front of the mirror of the rays proceeding
from. every point of the object. They may be received
apon a screen and thus be made visible on all sides by
diffuse reflexion, as if the image were itself a luminous
object. Such Images are consequently called actual or
real images. The images of plane mirrors, on the other
hand, are produced by rays which appear to proceed
. from points 1 ying behind the surface of the mirror, and
| are only seen when these rays pass directly into the
. eye. These are consequently termed apparent or virtual
| Images,

Real images may be directly seen without any
recipient sereen if the observer be in the path of the
rays which are again diverging after the union of the
points of the image. The image appears in these cases
to float in the air in front of the mirror. Aerial images
of this kind produce the most surprising phenomena,
 For example, o beautiful bunch of flowers may be made
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to float over a table; it is the real 1mage of a group of
- artificial flowers placed in an inverted position before a
concave mirror and strongly illuminated, but concealed
from the eye. If now a vase be placed upon the table
.1 which the bunch appears to be inserted, it can easily
be shown by moving the head to and fro that the bunch
remains in the vase, proving therefore that the image
is in front of the mirror directly above the vase.

97. Cooncave mirrors only furnish real images of
objects which are more distant than the principal focus
from the mirror. They can only give an apparent
or virtual image of any object which is nearer than the

Fig. 32.

Production of a virtual image.

prmcipal focus, because the rays of light coming from

each point are reflected in a diverging manner (see |

fig. 28), and this image appears to an eye looking into -
the. mirror as er
and larger than the object. Fig. 32 shows the course
of the rays in the opposite case. In consequence of
this enlarging action, concave mirrors are termed mag--
nifying mirrors, and are often employed in the toilet as:

An object placed at the principal 3

shaving-glasses, etc.
focus of the mirror gives neither a real nor a virtuall

ect, behind the surface of the mirror,

:
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image, for the rays proceeding from each part of it are
reflected parallel to their own secondary axes. If ga
source of light be brought into the principal focus of
a concave mirror, the reflected rays proceed to great
distances unimpaired in brilliancy, because they run
together as parallel rays. Hence the application of
concave mirrors as reflectors (Reverberen, see fig. 4, 0)
for the electric illumination of workshops during night
work, and for lighthouses.

28. In spherical convex mirrors the reflexion takes
place on the outside of the curved surface of g section
of a sphere. If the aperture of the mirror be small, the
rays proceeding from, or passing to, any point diverge
more strongly in exact proportion as they fall on the
mirror more remotely from the axis, and therefore also,
after reflexion, pass through a single (real or virtual)
image point.

Rays which fall parallel to a (principal or secondary)
axis on a convex mirror (fig. 33) diverge after reflexion

. as if they proceeded from
- a point F, which lies on

Fi1G. 33.

the axis about half the
length of the radius of
curvature behind the sur-
face of the mirror. This
may be termed the vir-
tual principal focus. Con- Virtual principal focus of a convex
versely, a come of rays e

converging to this point are reflected as a parallel beam.
Rays which converge still more strongly, that is to say,
to a point nearer to the back of the mirror, remain con-

| vergent after reflexion, and unite in 2 point in front of

the mirror., Thus, for example, in fig. 34 the cone of rays
E
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passing to the point b behind the mirror, are reflected

towards the point B in front of the mirror, If the rays

proceed from a point lying

L in front of the mirror, they

strike it divergingly, and

are always reflected still

more divergingly. Of any

object, whatever may be its

Production of a virtual [miage hebind & nogition in front of the

. mirror, only a virtual erect

image can therefore be obtained, and this is perceived

behind the surface of the mirror and somewhat nearer

to it than the virtual principal focus (fig. 34). Since

the image is always smaller than the object, a convex

mirroris termed a dimenishing mirror, and, on account

of its producing pretty images, is used as a table toilet
mMIrror. '

APPENDIX TO CHAPTER IV.

[t 1s not difficult to deduce the propositions respecting the
action of spherical mirrors of small aperture from simple geo-
metrical considerations connected with the law of reflexion, and

thus to give them a theoretical
et basis. Before entering upon
B these considerations, this op-

: IM portunity may be taken of de-
| 4] ¢ scribing the best method of ex-

A
Mode of expressing the size of any angle, PEEEHING the Elzle of e D“HEIE'
The measure of an angle is the
length « (fig. 35) of the arc of a circle included between the struight
lines containing the angle, drawn with a radius of any length which
is taken as unity, and having its centre at the apex of the angle.
Upon a second circle described with a radius €4 =p, the apex




SPHERICAL MIRRORS, 51

of the angle being again the centre, the same angle corresponds to
the arc 4 B =, which holds the same relation to the are q as
does the radius p to the radius 1. From the ratio

g:b=1:p,

however, it follows that ¢ — E; that is to say, the size of any

angle A C'B, or the length of arc corresponding to it in a

circle having a radius of 1, is always found by describing around
 the apex of the angle a given circle, and dividing the length of
arc b between the limbs by the radius p,

If from the point B, where one of the limbs cuts the circle,

a perpendicular k be let fall upon the second leg, this, if the
angle at C be very small, is nearly
equal to the arc 4, and can be used - T'ig. 36,
stead of it without appreciable error,

It may be admitted, that is, @ = :

Iﬂ
as the measure of the angle A C' B, - . o
i ok & b (ﬁg 35:} bt a ray of etermination of the pogition of the

principal foeal point,
light forming with the radius C

(the axis of incidence), the angle 7, the reflected ray &g makes
With the axis of incidence the corresponding and equal angle »r.
The angle , which the radius C'b and axis include, is obviously
equal to the angle 7, and consequently also to the angle ». More-
over, the angle b F'd whih the reflected ray forms with the axis

15 equal to the angle a b F, and thus it is equal to ¢ + », or what
15 the same thing,

__'-"“w,-.__,_i_'

7

bFIE: Q:I‘.

If a perpendicular £ be now conceived to fall from & upon the
ax1s of the mirror, and jf the radius of the mirror be indicated
by the sign p, the angle & may be €xpressed as follows,

k&

'I'J'
and consequent] ¥

b I'd

2

Il

< | &
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and it i3 now clear that the angle b F7d, that is to say, the diver-
gence of the reflected ray from its original direction is propor-
tional to the distance & of the point of incidence from the axis
of the mirror.

The angle b /"d may, however, be expressed in ancther way ;
for example, it may be said
k

bFd =",
b’
or again, because on account of the smallness of the angle J F'd
the line b /7 is scarcely different from the focal distance d £
which we indicate by f;
k

bFd=—,
J

This expression, compared with the above, leads to the equation
k k

(TR

i p’
which enables the position of the point F, where the reflected ray
cuts the axis, to be determined. But since the magnitude &,
because it appears as a factor on both sides of the equation, may
be eliminated, it is obvious that the position of the point of inci-

dence 3 has no influence upon the determination of the point F';

FiG. 37,
.551
[.' Er;ﬁ““-——h (7 R — A
F B o

Determination of the position of conjngate points.

that is to say, all rays coursing parallel to the axis pass after
reflexion through one and the same point I, situated upon the
axis, the distance f of which from the mirror is determined by

the equation,

R

Il

il >

¥
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The focal distance is consequently equal to half the radius.

If we now consider any ray A b, proceeding from the point A,
making (fig. 37) the angle « with the axis, we shall find that it is
so reflected in the point b that the angle of incidence and the
angle of reflexion are both = &, and the reflected ray cuts the
axis at the point B at an angle 5. If now the angle which the
axis of incidence drawn towards b makes with the axis be in.
dicated by y, we obtain, because 3 is the external angle of the
triangle BC'b and vy is the external angle of the triangle C'4 &,
the two equations,

B=vy+2e

a =y — g,

which added together make
a +b=2 Y3

that is to say, for every point of the mirror the sum of the angles
which the incident and the reflected ray make with the axis is
inalterable, and is indecd equal to the deflection which the ray
passing to the focal point experiences at the point.

If now the focal length of the mirror be indicated by 7, and
its radius consequently by 2f, and further, the distance of the
luminous point d A (=54 4) by a, the distance d B (= 0B) of

€ image-point by b, and the perpendicular let fall from the
point ,of incidence b upon the axis, by &, we obtain from the
above-mentioned method of measuring the angles,

= ﬁ:_ﬁ.{, = E.‘
(i b 2f!
and consequently if these are arranged in the equation a+ /3 = 2y
ke k e -
G Y
since the common factor may be eliminated,
108 | 1
oA e

This very circumstance, that the magnitude %, which alone
refers to the position, whatever that may be, of the point of
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incidence, is removable from the equation, supplies the proof that
all rays proceeding from the point A, wherever they may strike
the mirror, are united in the selfsame point B.

From the form of this equation, which expresses in the
simplest manner the opposite relation of two conjugated points, 1t
is further evident that the light-point and the image-point are
mutually interchangeable.

The deviation which the ray incident in b experiences is 2.
But from the above equation, it results that

The accuracy of the statement above made, /it the deflections
which the rays proceeding from any point experience are propor-
tional to the distances of the points of incidence jfrom the awis of
the mirror, is thus rendered evident.

In order to determine the position and size of the image by
construction it is not necessary to draw a great number of rays,
as in figs. 31, 32, and 34; but only two rays for each point of

Fic. : 8.

Construction showing the for nation of the image.

the image, because the others necessarily meet at point where
these decussate. The two rays selected should be such as to
make the construction as neat and convenient as possible. In
fig. 88 the object whose image is to be determined is a straight
line A a, perpendicular to the principal axis. Let the secondary
axis A C be drawn to the point 4 ; the ray coursing in this
axis is of course reflected upon itself. Now let the ray parallel
to the principal axis be drawn; this passes after reflexion through
the principal focus, and the image of the point A required lies ab
the point B, where it cuts the secondary axis 4 C, and if B b be
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let fall perpendicularly to the chief axis we obtain in B} the
image of the object A a.

The course of all other rays proceeding from A4 may now he
followed with facility, Thus, for example, the ray 4 o, whicl
strikes the centre of the mirror 0, 1s reflected in the direction o B,
And as at the point o the principal axis is the axis of incidence,
the angle 4 0 a is equal to the angle Bob. If the magnitude
of the object 4 a be indicated by the sign p, the magnitude of
the image B b by the sign ¢, and the distances of the object and
of the image from the mirror as before by the signs @ and 5, it is
clear that

0=

that is to say, the size of the object stands in the same relation to
the size of the image as the distance of the former from the mirror
18 lo the distance of the latter Jrom the mirror, a proposition that
holds equally for the virtual as for the real image. The equa-
tions that have been deduced in the case of concave mirrors hold
also for convex ones, if the virtual focal distance be regarded as
negative, that is to say, as — S instead of f;
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CHAPTER V.

REFRACTION.

29. THE adjoining figure (fig. 39) represents a cubic
vessel the sides of which are made of glass. A
beam of parallel rays of licht from the sun directed
horizontally into the room by means of the Heliostat

Fra. 39.

Refractor.

is thrown obliquely upon the surface of the water by
4 small mirror. A part of the rays is, in accord-
ance with known laws, reflected at the surface of the
water, whilst another portion penetrates it; this last,
however, does not pursue a course directly continuous
with the incident rays, but follows a steeper, though still
always straight direction.®

* The course of the incident and reflected rays cf light in the air .is
readily recognised by the illumination of floating particles of dust, and in
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Tt thus dappears that the rays of light, as they pass
from the air into the water, are bent or refracted, and
the term refraction is accordingly employed to indicate
the phenomenon that is here observed.

The deviation of the refracted beam of light from
its original direction is smaller in proportion as by
turning the mirror 4 the rays are made to fall more
vertically upon the surface of the water until, when they
come to fall quite perpendicularly, they undergo no
change of direction at all, the rays that enter the water
pursuing the same direction they previously had in the
air.

In order to follow the exact course of a ray of
light as it passes from the air into water, or gener-

Fic. 40.

— e 0 —
-

Angles of incidence and of refraction.

ally from any one transparent medium into another, let
any point, n (fig. 40) be taken, where the incident ray

order to make it appnrent in the water a small quantity of a fluorescent
substance, mseulin, may be added
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strikes the surface, and upon this erect the perpendicu-
lar oraxis of incidence, nm, and let this be prolonged
into the second medium (nm’). We now observe, in
the first place, that the plane which contains the incident
ray and the axis of incidence, always also contains the
refracted ray. 1t is hence termed the plane of refrac-
tion. The direction of the ray is determined by the
angle which the ray makes with the axis of incidence,
namely by the angle of incidence © and the angle of
refraction r. The angle d between the refracted ray
nq and the continuation n p’ of the incident ray,
gives the amount of deflection which the ray under-
goes in its refraction.

30. From the experiment given above it may he 1n-
ferred that in the passage of a beam of light from air
into water the angle of refraction is always less than
the angle of incidence, and that if the angle of inci-
dence increases, the angle of refraction and the deflec-
tion of the ray also increase. In order to obtain a
more thorough insight into the whole process the rela-
tion that exists between the size of the angle of inci-

dence and that of the angle of
F16. 41, refraction must be investigated,

necessary to measure the two
angles 1n question.

Fig. 41 shows a convenient
apparatus for this purpose. The
flat side of a semicircular vessel

Apparatus for demonstrating the .
: lnw of refraction. 18 Iﬂﬂ.de U'f glﬂﬂs, I‘Ellderﬁd

opaque except at the centre,
where there is a vertical transparent slit. The internal
surface of the semicircular wall is divided into 90°

and to accomplish this it is

T b —l - . ——— T M et g S
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towards each side, commencing from a point exactly
opposite the slit. The vessel is half filled with water :
the upper half of a horizontal beam of light, entering
the vessel through the slit, pursues its original course
above the level of the water, the lower half, on the other
hand, experiences refraction in th~ water. The glass
plate a b* represents the limiting refracting plane be-
tween the external air and the water, and the horizon-
tal line drawn from the zero point of the scale to the slit,
the axis of incidence. By making the vessel assume
different positions in relation to the incident rays, the
angle of incidence can be varied to any extent, and the
angle of incidence of the ray passing over the surface of
the water, and the angle of refraction of the ray passing
through the water, can be read off on the scale.

We find, for example, with an angle of incidence of

15° the angle of refraction is 11-3°

30° > 22°
45° ‘s g2°
60° 5 401°
75° i 461°

51. In accordance with this little table, the angle of
- incidence 1 being equal to 60°, the angle of refraction
r=404". If we now describe, in the plane of refraction,
a circle with the point of incidence n as centre, and let
fall from the points @ and b, at which the incident and
refracted rays cut the circle, the perpendiculars ad and
bf upon the axis of incidence, it follows that bf is
exactly 3 of ad, or ad 4 of bf. On repeating this
construction for all the pairs of angles in the above

. ¥ It will presontly be shown that this exercises no influence on the
direction of the rays traversing it.
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table, we constantly find that the perpendicular corre-
sponding to the angle of incidence is exactly & as large
as that belonging to the angle of refraction. The number
4 or 13, which may be regarded as
the measure for the amount of re-
fraction light undergoes in passing
from air into water, is termed the
andex of refraction, or the coefficient
of vefraction of water. In passing
from air into glass the rays of light
are more strongly refracted, and
the relation of these two perpen-
diculars is expressed by the frae-
tion 3 or 1-5. In this way every transparent substance
has 1t:s own refra,ctive power. The following table
shows, in regard to a few of these, the ratio of refrac-
tion for light in passing into them from air :—

Water : : ; 1-333
Aleohol . > 5 : 1-365
Canada balsam . 3 : 1-:530
Carbonie disulphide . : 1-631
Crown glass . 1-:530
Flint glass (Fraun]mtm) 1:635
Flint glass (Merz) . : 1-732
Diamond . : : : 2:487

Law of refraction.

In geometry the perpendiculars adand bf (fig. 42),
when the radius of the circle = 1, are termed the
¢ sines’ of the angles 7 and #, and the law of refraction
can be expressed in the following terms :

The sines of the angle of wncidence and refraction
stand 1 an invariable relation to each other.

If the ratio of refraction be designated by n, this
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law can be rendered easily intelligible by the following
simple expression—
Sl T = 7 8In r,

that is to say, the sine of the angle of incidence is equal
to n, multiplied into the sine of the angle of refraction.

If the angle of incidence be very small, by so much
the smaller is the angle of refraction, for then the ares
which correspond to these angles do not materially
differ from the sines, and may therefore be taken
instead of them, and then the law of refraction assumes
a still simpler form, namely—

L =mnr,

that is to say, with nearly perpendicular incidence of
the ray, the angle of incidence is n times as great as
the corresponding angle of refraction.

32. Hitherto the passage of light from air into a
fluid or solid medium where, as already stated, the re-

Fic. 43.

Tatal reflexion.

fracted ray constantly approaches the axis of incidence
has alone been considered. In order now to acquire
a knowledge of the converse, namely, of the course
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taken by light in passing from water into air, the cubic
glass vessel (fig. 43) must again be employed, and the
little mirror B which receives the beam of light directed
vertically downwards by the mirror 4, and reflects it
upwards against the surface of the water, must be placed
beneath the surface of the water, The beam, when it
strikes the surface of the water at M from below, breaks up
. into a reflected beam which returns through the water,
and into a refracted beam which passes out into the
air. This last, the course of which may be easily
followed both by the illuminated particles of dust in the
air and by the spot of light which falls on the lid or on
the opposite wall, runs in a more oblique direction than
the incident beam BM. A beam of light therefore
passing from water into air is thus, by refraction, de-
fiected from the perpendicular; in fact, as may readily
be demonstrated by measuring the angles, it follows
an exactly inverse path to a ray entering water from
air. Fig. 42 therefore serves to exhibit the opposite
course, where bn is the ray of light which is traversing
the water, and n [ the ray refracted as it emerges into the
air. r will of course then be the angle of incidence,
and ¢ the corresponding angle of refraction; and so it
appears that if 4 (or, speaking generally) n expresses
the refraction that light undergoes in passing from air

into water (or any other transparent substance) 2 (or ;t)

represents the same for the passage from water (or this
other substance) into air.

By rotating the mirror B the ray B M may be made
to strike more and more obliquely against the surface of
the water; the emergent ray becomes similarly more
and more deflected from the perpendicular, and conse-
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quently more and more approximated to the surface of
the water. It is not difficult in this way to make the
light spot, which enables us to follow the course of the
emergent ray, strike upon the wall of the vessel towards
C in the line of division between the air and the water.
The emergent beam now passes along the surface of the
water, and its angle of refraction amounts to 90°. Tt
cannot, however, be refracted through an angle greater
than 90°, because this is the limit of the possibility of
refraction. Hence if the beam B M be directed still
a little more obliquely to the surface of the water, no
more light passes out into the air, the surface of the
water proving absolutely impenetrable to such very
obliquely falling rays. It may at the same time be re-
marked that at the moment when by the rotation of the
mirror B the limits of refraction are overstepped and
the Light spot at C at the surface of the water vanishes,
the ray M D, reflected inwards, which up to this time
has been much fainter than the incident ray B M,
suddenly gains in intensity and becomes Just as bright
as the incident ray. This is due to the circumstance
that the light of the beam B M, being no longer divided
into a reflected and a rvefracted portion, the latter is
added without loss to the former, and the beam is said
to undergo fofal reflewion. The angle of incidence at
which refraction ceases and total reflexion commences
is termed the critical angle. This amounts in the
case of water to 48° 35/, for glass to 40° 49’, and for the
diamond to 23°43". A surface at which total reflexion
occurs constitutes the most perfect mirror we possess.
And now let a glass prism (fig. 44) which in section forms
aright-angled triangle with equal sides, be placed in the
beam of light coming from the Heliostat. The rays which
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fall perpendicularly upon the surface 4 (!, pass with-
out deflection through the glass and strike at an
angle of 45° (which is consequently larger than the
critical angle of glass, equal to 40° 49') upon the sur-
face of the Hypothenuse 4 B. They are here totally
reflected, without even a trace of licht entering the
air behind A B, and pass with-
out further deflection through
the second surface BC. To
the eye above, the beam on its
emergence is not sensibly fainter
than on its entrance, and it
does actually contain about 92
per cent. of the original amount
[ |' of light, the loss of 8 per cent.
being due to partial reflexion
taking place at the surfaces of
entrance and emergence. The best silvered mirrors
reflect 90 per cent, mercury itself only 60 per cent, and
a polished glass surface only 4 per cent. of the incident
light.

33. A luminous point situated beneath the surface of
the water, or more generally beneath the surface of any
transparent medium, In consequence of refraction, 1is
seen, not in the position it actually occupies, but in a
higher position. TFig. 45 shows how the rays proceed-
ing to the eye from the point 4 appear to come from
the point A’, which is consequently to be regarded as
a virtual image of the point A. The depth of the point
A’ below the surface, providing the rays do not
emerge very obliquely, is the »® part of the actual
depth of the point 4, n being regarded as the index of
refraction of light in passing from the transparent

Totally reflecting prism.
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medium in question into air. In water, for example,
all objects appear to be about one quarter less deep,
hence it comes to pass that any mass of water the
bottom of which can be seen, appears to be less deep

FiG. 45. F1a. 46,
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Apparent position of a point sitnated Appearance presented by a vod dipped in
beneath the surface of the water. r water,

than it really is. For the same reason the portion of
a perpendicular post which is under water appears to
be shortened, and a rod held obliquely in the water to
be bent at the point of immersion (fig. 46). ;
When the hand is dipped in water, or a coin is
looked at from above, it appears to be stightly enlarged,
because it appears to be brought
nearer to the eye, and is therefore FiG. 47,
seen under a larger angle. V-
34. A ray of light in passing from
the air, 4 4 (fig. 47) into a trans-
parent medium, B B, and again em-
erging into air {4 4) on the other
side of the medium, undergoes re-
fraction both at the point of entrance  nerraction through a trans.
and at that of emergence. Ifthe  suriee, o Perelll
fay passes through a plate bounded
| by parallel surfaces, it becomes, as is shown in fig. 47,
approximated to the axis of incidence at the point of
F
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entrance, and diverted from it to the same extent at
the point of emergence. The emergent ray consequently
pursues its course parallel to the entering ray, though
without forming its direct continuation. The only change
it undergoes from its original direction is a lateral shift-
ing, which is greater in amount the more obliquely the
ray strikes the plate, the thicker the plate, and the
greater its index of refraction. Thin plates, as for
example the ordinary panes of glass in our windows,
produce so slight a shifting that objects are seen through
them of their ordinary size and shape, and in their
natural position. That a ray of light, after its passage
through a plate with parallel surfaces continues to pass
in a direction parallel to its original direction, and only
undergoes a lateral shifting, may be easily demonstrated
by a simple experiment. If a thick plate of ordinary glass
be held in a beam of light proceeding from the mirror
of the Heliostat so that about half the beam passes
without obstruction at the side of the plate whilst the
other half is refracted through it, it will be seen that
the latter portion continues parallel to the former and
throws a light upon a screen placed opposite to it, which
is more distant from the light thrown by the direct rays
in proportion as the rays are made to strike the plate
more obliquely. Let a second plate of flint glass be now
placed upon the first plate ; the lateral shifting inereases,
but the emergent rays still always remain parallel to
the entering rays, nor is any change in the parallelism
produced if a third plate be added. However numerous
may be the transparent plates of different substances
superimposed on each other, the rays on their emer-
gence into the air remain parallel to their course in the
air before their entrance into the transparent medium.
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Now since in the passage of a ray of light through
the two plates 4 and B (fig. 48) the angle of emergence
¢’ is equal to the angle of incidence 14, the refracted ray
must pursue the same course in the medium B which it
would have had if this medium had been struck directly
by the incident ray passing in the direction 7, after

Fia. 48

Refraction throngh two parallel plates,

removal of the plate A. The plate A therefore exerts no
ufluence upon the direction of the rays of light in the
medivm B. It is now obvious that in the experiment
described in § 30, the glass plate (b, fig. 41) through
| which the rays must pass before they penetrate into the
Iinﬁariﬂr of the vessel, does not interfere with the re-
-Isult because it does not cause any alteration in the
direction of the refracted ray.

From the circumstance that a pencil of licht
traversing two or more parallel plates undergoes no
change in direction, it is moreover legitimate to con-
iclude * that the index of refraction of a pencil of
light in passing from one medium, 4, into a second

* See Appendix to this Chapter.
F 2
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'

medium, B, may be expressed by the quotient " where
(]

n'’ represents the index of refraction of the medium B,
and n’ that of 4 in relation to the air. Thus, for example,
the index of refraction from water into glass = %g
= 1-148.

35. When a beam of light traverses a transparent
body, the opposite surfaces of which are inclined to one
another, the emerging ray no longer remains parallel
to the incident, but is diverted from its original direc-
tion, and fig. 49 shows the course
of the beam under these circum-
stances. A straight triangular prism
of glass (fig. 50) may be used for
experiments on this mode of deflec-
tion. When the surfaces abcd and
abgf are used as surfaces of en-
trance and emergence, the edge, a b,

in which these two surfaces meet

Regfmmﬁfifﬂletﬁfﬁ%ﬁiﬁﬁiﬁﬁﬁf is termed the refracting edge, and
2 g the angle, d a f, where they meet,

the refracting angle of the prism. All planes which,
like the terminal surfaces daf and cbg, or planes
parallel to them, are perpendicular to the

F10: 8- refracting edge, arve termed chief or prin-
cipal sections or planes of the prism, and
the remarks here made will be limited to
those rays which run in principal sections.

. Tf the opening of the Heliostat be
closed with a red glass,* and a prism (fig.
51) with vertically-placed refracting edge
be brought in the path of the horizontal red pencil of

* The object of this proceeding will be presently explained.

F1c. 49.

A prism.
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light, so that about one half of the rays passing by the
side of the edge, 4, pursue their original direction,
A D, whilst the other half are refracted by the prism
and deflected towards 4 F; the amount of deflection,
that is to say, the size of the angle DA F between the
emergent and the direct rays, will be found to vary as
the position of the prism in regard to the incident rays,

Fia, 51,

Deflection through a prism.

or, which comes to the same thing, as the direction of
the rays in relation to the prism is altered.

On rotating the prism to a greater or less extent,
a position may easily be discovered in which the deflec-
tion is less than in any other position. As it is turned
away from this position in either direction, or, which
expresses the same thing in other words, as the rays
are made to fall more or less obliquely upon the prism
than in the position of least deflection, the deflection
becomes constantly more and more marked.

In order to determine the course pursued by a ray
of light with the least deflection, the following experi-
ment may be made. A part of the incident light is
reflected at the anterior surface, 4 B, of the prism,
towards M F. The half of the angle, SMF, is conse-

quently the incident angle. If a small mirror be
placed at F, perpendicularly to the emergent rays,
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these are reflected back upon themselves, and are re-
flected at the posterior surface, 4C, of the prism,
towards N G'; then the half of the angle EN ¢ is the
emergent angle. It may now be easily shown by
direct measurement that if the prism be placed in
the position of least deflection, the angle S M F' is equal
to the angles B! NV G, or that the angle of entrance and
of emergence are equal to each other. But if the inci-
dent and the emergent rays form equal angles with the
surfaces of the prism, the refracted ray M N, in its
course through the prism, must be equally inclined to
both surfaces. The minimum deflection occurs therefore
when the ray in the interior of the prism forms equal angles
with the surfaces of entramce and of emergence. The
knowledge of the minimum deflection of a prism is a
matter of great importance in practical optics, because
we are able from it and the refracting angle of the prism
to determine with great exactness the index of refrac-
tion of the substance of which it is composed.

From fig, 52, which represents the course of a ray

Smallest deflection through a prism.

of light in the case of least deflection, it results * that

the angle of refraction, 7, is equal to half the angle of

the prism b, and the angle of incidence, 7, is equal to
* See Appendix to this Chapter.
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half the sum of the angles of minimum deflection and
of the prism.

If, however, the angle of refraction belonging to
the angle of incidence, 7, be known, the index of refrac-
tion must, in accordance with the law of refraction, be
equal to the ratio between the sines of these two angles.

In order to obtain the index of refraction of a body,
the following method is adopted. A prism of the sub-
stance is prepared, the refracting angle of which is
measured by the reflecting Goniometer (§ 19), and the
minimum deflection is determined when, by testing,
it has been brought into the right position. From
these two data, which can be ascertained with great
accuracy, the index of refraction can be easily deduced
by the above method.

In order to give to a fluid the form of a prism it is
introduced into a vessel in which
the opposite inclined walls are F1d, B.
made of plates of glass, care-
fully ground to plane surfaces.
Fig. 53 is such a hollow prism.
As plates with parallel surfaces
do not alter the direction of the
rays of light, they do not inter-
fere with the measurement of
the deflection caused by the
fluid.

The indices of refraction given above (§ 31) were all
obtained in this manner.

36. When a comparison is made of several prisms
composed of the same kind of glass, the refracting angles
of which differ, it is found that the minimum deflec-
tion increases more quickly than the refracting angle.
Thus for prisms of ordinary glass it appears that,

Hollow prism.,
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When the refracting angle amounts to 20°, the mini-
mum deflection amounts to 10°49’,

When the refracting angle amounts to 40°, the mini-
mum deflection amounts to 23° 6,

When the refracting angle amounts to 60°, the mini-
mum deflection amounts to 39° 49,

It is only in the case of prisms with very small
refracting angles that the deflection holds the same
ratio, for it is found that

With a refracting angle of 2° the minimum deflection
is 1° 8Y/.
With a refracting angle of 4° the minimum deflection
is 2° 74",
With a refracting angle of 6° the minimum deflection
1
The amount of refraction in thin acute-angled prisms
does not alter materially even if the incident ray is in-
clined several degrees to that.which traverses the prism
under equal angles. For example, the prism of 4° may
be moved as much as 5° to one side or the other from
the position of minimum refraction, or may thus be
rotated 10° without the deflection varying more than a
minute.

It may therefore be laid down that a prism with very
small refracting angle, as long as the rays do not fall too
obliquely upon it, invariably produces an amount of deflec-
tion proportional to the refracting angle.
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APPENDIX TO CHAPTER V.

To § § 31and 32. By means of the law of refraction the angle
of refraction corresponding to each angle of incidence (and the
converse) may be easily determined either by calculation or by
construction. The latter may be conducted in the mode indicated
in fig. 42. The construction shown in fig. 54 is still more con-
venient. Two circles are described around the point of incidence
in the plane of refraction, one of them with a radius = 1, the
other with the radius=n, n being the index of refraction of the ray
in passing out of the first into the second medium. Now let the
incident ray [n be prolonged to intersect the first circle in the

Construction of the refracted ray.

point m, and through m drawn p m g parallel to the axis of in-
cidence, intersecting the second circle in the point p, then n p
is the direction of the refracted ray. For since the angle g m n
is equal to the angle of incidence 7, the sin i = ¢ n; and further,
since the angle gpn is equal to the angle r, n sin r = gn, and
hence as is required by the law of refraction,

sin { = n s8in 7.

For any ray pn proceeding from the second medium, let a line
parallel to the axis of incidence be drawn through p to cut the
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first circle at the point m, then the line m n produced, gives the
direction of the emerging ray = .

The last construction becomes impossible when as in the ray
sn the parallel to the axis of incidence no longer cuts the first
circle. The total reflexion which this ray experiences is thus
rendered intelligible,

If the parallel touches the first circle just at the end of its
horizontal diameter, as occurs with the ray ¢ n, the refracted ray
passes out towards n ¢ along the limiting surfaces of the two
media, and ¢ n &’ = v isthe critical angle. The ratio thus holds,
as appears from the construction

nsin y =1, or sin y o d i
i
To § 34. That the index of refraction in passing from a

medium 4 into a second medium B, is equal to the quotient

il : : :
—, Where n' represents the index of refraction of the medium A,
T

n'’ that of the medium B, as compared with air, can be demon-
strated in the following manner. In fig. 55, which represents

Fia. 55.

Refraction through two parallsl plates.

the passage of a ray of light through two parallel plates, we
have on entrance into the first plate
gin i = n' sin 7,



REFRACTION. 75

and on emergence of the ray from the second plate into the air
sin ¢ = n' sin 7.
But inasmuch as the emergent ray is parallel to the incident
ray, ¢ = ¢ consequently also, sin ¢ = sin ¢/, and
n' sin r = n'’ sin 7/

or
o

gin r = — gin 7.
n
In the transition of the ray from the first into the second plate, r

1 obviously the angle of incidence, and 7' the angle of refraction,
i

and consequently ?i’- is the ratio of refraction corresponding to
T

this transition.

To § 35. The deflection of the incident ray caused by a prism
placed in any given position amounts to the sum of the deflection
on entrance and the deflection on emergence. If ¢ and ¢ (fig.
56) indicate the angles which the incident and the emergent
ray, and r and * the angles which the ray in its course
through the prism makes with the axis of incidence, then i—r is
the amount of deflection in the first, and ¢ —+' that in the second
refraction. The total deflection, D, as appears from the figure,
18 the sum of the two separate deflections, so that

D=i—-r+4+d —rooD=i+¢—(r+1).

From the figure it may also be concluded that the sum of the
two angles of refraction remains constantly equal to the refracting
angle of the prism 4, or that constantly

r 4+ = b.

Consequently the deflection may also be expressed in the follow-
ing form :—
D=7i+1i —b.

When in the case of the minimum refraction (d, fig. 52), i =14,
and r = 7/, we obtain

2r = b and d = 2{ — .
Thence it results that the angle of incidence =4 (d + ),
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and the angle of refraction »r = 1 5. We obtain therefore for the
- calculation of the index of refraction the equation

n = 80 % (d + b)
sin & b,

That the minimum of deflection oceurs with equiangular transit,
2.e. when the ray of light makes equal angles with the two sides
of the prism, may be shown by the following statement :—We
consider that the course of any ray of light in the prism
is as in fig. 56, from left to right and upwards; we compare

F1a. 56.

Passage of a ray of light through a prism.

with this a second ray, which runs with equal inclination to
the two surfaces from the left to right, and downwards; these
two rays lie symmetrically with regard to the equiangular ray
of fig. 52, and undergo, since they only in this respect differ from
one another, that ; and ¢/, and also » and #/, are interchanged,
equal amounts of deflection. It may now be easily shown that
the amount of deflection of the non-equiangular ray of fig, 56
is greater than that of the equiangular ray of fig. 52.

The angle = in fig. 56 is greater than with equiangular rays,
the angle 7 on the other hand is just as much smaller, since
the sum of » + » = b. If we proceed consequently from
equiangular to non-equiangular rays the angle ¢ augments, whilst
¢ diminishes. By means of the construction fig. 54 it may easily
be demonstrated that if the angle of refraction r be allowed to
increase and diminish about equally, the increase of the angle of
incidence ¢ is in the former case greater than is its diminution in
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the latter. In the transition from equiangular to any other rays
consequently, in the expression

ﬂ:i-]—f‘r—b,

the angle ¢ augments so much the more as the others diminish :
that is to say, the deflection of the ray becomes greater, or which
is the same thing, the minimum deflection occurs with equiangular
transit.

To § 86. The proposition laid down in § 36 in regard to
acute-angled prisms may be easily established theoretically. If
for example the refracting angle of a prism be very small, those
rays which are near to the minimum deflection deviate but little
from the axis of incidence. Here, therefore, only very small
angles of incidence and emergence are dealt with, to which the
simplified law of refraction applies (see end of § 31), from which it
appears that

t=nr and ¥ = n’
and the deflection
D=n(r4+7r)—(r+r)=(n—-1)(r + )

or because
r 4 1 =5

D=(n—-1) b
that is to say, the deflection, whatever may be the angle of inci-
dence, providing only that it remains very small, is determined

exclusively by the index of refraction and the refracting angle
of the prism, and indeed is proportional to this last.
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CHAPTER VI.

LENSES.

37. THIN pieces of glass, the two surfaces of which
(or one surface, the other remaining flat) have been
ground to a spherical form, are termed lenses.

Convex lenses are those which are thicker in the
iniddle than at the edge. Fig. 57 exhibits three different
forms, as seen in section, namely, a a bi-conver, b a
plano-convezx, and ¢ a concavo-convex lens.

Fi1G. 57,

Convex lenses, Concave lenses.

Concave lenses (fig. 58) are thicker at the edges
than in the middle: « is a bi-concave, b a plano-concave,
and ¢ a convexo-concave lens.

The term axis of a lens indicates the straight
line which joins the centres € and (" (fig. 59), of the
two spheres of which the limiting surfaces are segments.
Where one of the surfaces is flat, a line drawn perpen-
dicularly to that surface from the centre of curvature of
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the curved surface is regarded as the axis. The form
of a lens 1s symmetrical around its axis, for all planes
passing through the axis, which are termed chief or prin-
cipal planes or sections, have the same sectional outline.

The angle 4 C B (fig. 59) which two straight lines,
drawn to diametrically opposite points of the border of

F1a. 59,
4

B

Axis and centres of curvatare,

- the lens from the centre of curvature, make with one
another, is termed the aperture of the corvesponding
surface of the lens. We shall here only have to do
with such lenses as have a small aperture not exceeding
six or eight degrees at most.

38. If a pencil of parallel rays from the sun be
directed upon a bi-convex lens (fig. 60), parallel with
its axis, these will be so refracted that they will all pass
through one and the same point, F, situated on the
axis on the other side of the lens, which is called the
focus.

If the several rays be followed in their passage
through the lens it is observable that each is refructed in
exactly the same mode as in a prism whose refracting
angle is turned away from the axis of the lens, with this
difference, however, that for each ray there is a diffe-
rent refracting angle. The small angle between the
directions of the two surfaces of the lens at the points
of entrance and emergence of the ray in question is to
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be regarded as the refracting angle. This angle is
proportionally greater as we recede from the axis of the
lens.* The lens acts just as if each ray struck an
acute-angled prism, the refracting angle of which is

Focal point.

greater in proportion as the point of incidence is further
from the axis.

If what has been said above in regard to the relation
of acute-angled prisms be remembered, it may be con-
ceived that rays pursuing a parallel course on this
side of the lens, the further they severally strike the
lens from its axis, must run together on the other side
of the lens into one and the same point of the axis.
The ray which runs in the axis itself meets parallel
surfaces upon its entrance and emergence from the
lens, and therefore experiences no deflection.

On the supposition that the rays fall parallel upon the
surface of the lens from the side towards F, their union
will then occur on the other side of the lens in a point
of the axis which will also be at the same distance from
the lens as the point F, because the rays will meet the
same refracting angles at the same distance from the
axis, and will consequently experience the same de-
fection as before. Every lens therefore possesses two
focal points upon its axis, which are placed on opposite
sides of it, at the same focal distance.

* See Appendix to this Chapter.
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39. The flame of an electric lamp is now to be
brought into the focus F' (fig. 60) of the lens. The result
may be predicted. A beam of light, composed of rays
running parallel to the axis, emerges on the other side
of the lens. Following the plan previously adopted, it
may be said that rays proceeding from the focus on one
side of the lens run on the other side towards an in-
finitely remote point of the axis.

If the light be now removed from the lens till it
reaches the pomnt B (fig. 61), a cone of rays may be seen
to emerge which converge towards a point S on the axis.
This pomt 8, in which all the rays proceeding from R
that fall upon the lens unite, is the real smage of the

lnminous point R.
"~ When the luminous point R (fig. 62) is brought to
exactly double the focal distance from the lens, its image,
S, on the other side, will be double the focal distance
from the lens also.

When the luminous point is placed at S (fig. 61) its
image is formed at the point R, which was before the

F1a. 61,

Conjugate foei.

position of the light. The points R and S are conse-

quently so associated, that the one is the image of the

other, and they are said to be conjugate to each other.

When one is more than double the focal distance from

the lens, the other is less upon the opposite side, but
¢
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always at a greater distance from it than the simple focal
distance. .

Conjugate foci.

If the luminous point T (fig. 63) be situated between
the focus and the lens, this no longer has the power of

FIG. 63.

Virtual image.

making the strongly divergent rays parallel or con-
vergent, but simply diminishes their divergence. An
actual union of the refracted rays can now no longer
take place, but if prolonged backwards, they pass
through a point ¥, situated upon the axis on the other
side of the lens, which is more remote from the lens
than the luminous point T'; in other words, the rays
emanating from T proceed divergingly after having
traversed the lens, just as if they emanated from the
point V. The point V is consequently the virtual image
of the point T.

If, conversely, a converging pencil of rays proceed-
ing from the right side (fig. 63), fall upon the lens
which is directed to the virtual luminous point ¥, the



LENSES. 83

rays are made to unite at the real image-paint_ T. The
points T' and V therefore constitute image-points of
each other, and they also are consequently termed
conjugate foci.

40. The behaviour of lenses, in regard to light,
which has just been described, is easily explained by the
peculiarity that prisms with small refracting angle
possess of deflecting equally all rays, whatever may be
their direction, providing they do not fall too obliquely
upon them. In consequence of this peculiarity, all rays
which are not inclined to the axis at too great an
angle must undergo the same deflection at one and the
same point of the lens. The ray I A, for example (fig.
61), striking near the edge of the lens, inasmuch as it
is refracted towards 4 S, undergoes the same deflection
which the ray 4 N, running parallel to the axis, expe-
riences ; that is to say, the angle B A4 S, wherever the
luminous point B may be, is always equal to the angle
F 4 N, the magnitude of which 18 given, once for all,
with the focal distance. The conjugate points may be
very easily determined by construction; if the angle
F A N be cut out of a piece of cardboard, and having
been placed with its apex upon the point 4 and rotated
around this point, the sides contaihing the angle 7 then
always cut the axis in two points conjugate to each
other.

It results as a necessary consequence from the abovye-
mentioned proposition, according to which in lenses of
small aperture the deflection of g ray is greater in pro-
portion as the part of the lens which it strikes is furthep
from the axis, that a]] Tays proceeding from any point
on the axis pass again after refraction through some
point of the axis,

g 2
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41. The concordance which exists Detween the
properties of convex lenses, so far as we have at present
gone, and those of concave mirrors, is so remarkable
that it is scarcely necessary that they should be expressly
pointed out. And it will mot be surprising if in the
course of the following researches results are obtained
essentially agreeing with those already given in the
case of concave mirrors.

If, for example, T place the light of an electric
lamp at @ (fig. 64) above the axis, its image is formed

FiaG. 64.

Production of a real image.

below the axis in 4. An imaginary straight line join-
ing the points @ and 4 passes through the centre O of
the lens, and a ray striking the lens in this direction
(@ 0) undergoes no deflection, because it meets parallel
portions of the surface of the lens. It behaves itself
consequently like a ray running in the axis itself. The
term secondary axis has therefore been applied to every
line passing through the centre of the lens, in order to
distinguish such lines from the chief axis which joins
the centres of the two spheres of which the surfaces of
curvature are segments. The same laws hold in regard
to each secondary axis for rays that do not fall too
obliquely, as has already been stated as applying to
the chief axis. A pencil of rays, for example, which
falls upon the lens parallel to its secondary axis a 0,
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will be united in a point upon this secondary axis at
about the focal distance of the lens O F. Every secon-
dary axis consequently also possesses two focal points,
and its conjugate points are in all respects similar to
those of the chief axis.

42. If from the points @ and 4, which correspond as
licht object-point and image-point on the secondary axis
a O A, we let fall the lines @ b and A B perpendicular to
the principal axis, so‘that each is bisected by the chief
axis, the points b and B upon the secondary axis, b o B,
are obviously also conjugate to each other. Solong as the
angle between the secondary axis @ O and the principal
axis is very small, all points of the line @ b may be re-
garded as equally remote from the middle of the lens O,
and likewise all points of the line 4 B. Every point of
the line @ b has therefore its conjugate point upon the
line 4 B, which is at the spot where these are struck by
their own axis. The middle points of @ b and 4 B, for
example, are conjugate points upon the chief axis.

From the preceding illustration, which is limited to
the plane of the construction, a more general statement
affecting the space around the chief axis can easily be
deduced. If, for instance, the vertical planes ab and A B
be conceived to be placed at two conjugate pointsof the chief
awrs, each pownt of the one plane will have its image in the
other plane at the spot where this is struck by the axis cor-
responding to each point. The two planes are said to be
‘ conjugate to each other’ If therefore any line be
situated in the one plane, there is projected from the
lens an exact image of it upon the other conjugate
plane, the size of which is in the same proportion as
their relative distances from the lens. And what has
here been stated in regard to a flat figure holds also for
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any material object the parts of which do not project
too far beyond a plane perpendicular to the chief axis.

As long as the object is situated at a greater
distance from the lens than the focal distance, an
actual reunion of the rays of light occurs upon the
other side in the image plane; and thus an actual or
real image is formed, which may be received upon a
screen and thus made objectively apparent. The real
images are of course always inverted in relation to the
object.

It is easy to show this relation by experiment.
Let a lighted candle be placed in front of a lens (fig.
65), and somewhat beyond its focal distance, by a little

FIU'. E’EI

Real image seen throngh a convex lens,

shifting to and fro of the screen, the place of the im.ag:e
may be easily determined, and it will be found that 1t 18
situated a little beyond twice the focal distance, and that
it is inverted and enlarged. If the position of the screen
and candle be so altered that the candle is situa,ted' a
little beyond, and the screen a little nearer thanitwme
the focal distance of the lens,an inwverted diminished 1mage
of the flame is obtained upon the screen. Fig. 64
exhibits the course of the rays in both cases ; ‘if a b be
the object, A B is its real image, and vice versd.

43. If an object be situated at somewhat less than
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the focal distance from the lens, no real image of it can
~ be projected by the lens. For the rays which emanate
from one of its points (4, fig. 66) will now no longer
be collected into one point on the other side, but issue

Rﬂf BE!

Virtual image with & convex lens.

divergingly from the lens, just as if they came from
a point @ situated on the same side of the lens but
more distant from it than the point 4. An ob-
server looking through the lens from the other side
sees therefore instead of the small object 4 B, the
enlarged virtual image a b, which is erect in regard to
the object. On account of this well-known action,
convex lenses are called magnifiers. Every lens specially
destined for this object of enabling us to see the
enlarged virtual images of small objects is called a
magnifying glass (Lupe).

44. A concave lens acts at each part like an acute-
angled prism, the refracting angle of which is turned
towards the principal axis, and is greater the further the
point is from the axis. Every ray that strikes such a
lens will therefore be turned away from the axis, and
to a greater extent in proportion as the part of the
lens on which it falls is further from the axis. Hence
the solar rays, which are directed upon this biconcave
lens (fig. 67), parallel to its axis, issue divergingly from
the other side of the lens in such a manner that
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they appear to proceed from a point F, situated
upon the axis on this side, which we may designate as
the apparent or virtual focus. Every concave lens has,
on every axis, two such focal points, which are situated
at an equal distance from the lens on either side, and
have the same significance as the real foci of a convex
lens. The virtual focal distance is proportional to the
deflection from the axis which the rays of light ex-
perience at each point of the concave lens.

In order to elucidate the action of concave lenses,
a precisely similar series of observations fo those
already given in the case of convex lenses should here
be inserted ; but to avoid repetition it will be sufficient
if the more important cases are here mentioned.

A cone of rays, produced by a convex lens, is allowed
to fall upon a concave lens (fig. 67) in such a manner
that the rays converge towards its focal point F' on the
opposite side ; in this case there proceeds from the other
side of the lens a cylinder of rays parallel to its chief
axis. If the incident rays converge to a point which is
more distant on that side than the focus of the lens,
they must emerge diverg-
ingly: but if they converge
—= —  to a point B, situated nearer

=== to the lens (fig. 68), they

: —  mustconvergeafter refraction
less strongly to the more re-
mote point 4. Rays, lastly,
which are emitted divergingly from a point 4, as, for
example, from an electric lamp placed at this spot, are
rendered still more divergent by the lens, as if they
proceeded from a point B situated neaver to the lens

on the same side.

Fic. (7.

Virtual focus of a concave lens,
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Hence it follows that a concave lens can form a
virtual image only of an object, whatever may be the
distance that this is from it, because it makes the di-

Fia. 68,

Action of a concave lens on convergent and divergent rays.

verging rays emitted from every point of the object
still more divergent. The eye of an observer looking
through the lens (fig. 69) receives the rays emitted
from the object 4 B as if they came from a diminished
erect virtual image ab. On account of this diminishing
action, concave glasses are called diminishing glasses,
and thus we see, that whilst convex lenses are analogous

FI1G. 63,

Virtnal image formed by a concave lens.

to concave mirrors in their action, concave lenses cor-
respond to convex mirrors.

45. Of the various forms of lenses enumerated in
§ 37 we need only consider the biconvex and biconcave
more closely, because the remaining forms entirely
agree 1n their action with these representatives of these
groups.

The lenses of the first group possess real foci; they
make parallel incident rays convergent, and unite them
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into one point ; they make convergent rays still more
convergent, divergent rays less divergent, or even con-
vergent,

The lenses of the second group have virtual foei;
they make parallel rays divergent, divergent still more
divergent, convergent less convergent, or even di-
vergent.

Every lens which becomes thicker towards its peri-
phery has virtual foci; and wice versd, for the focus of a
lens to be real the lens must be thicker in the middle
than at the edge.

For all lenses, however, to whatever group they may
belong, the general statement holds good that rays,
which before they strike upon the lens pass through a
single point, pass also, after refraction, through a single
point which is conjugate to the first, upon the axis
passing through it.

APPENDIX TO CHAPTER VI

To § 88. The angle which the anterior surface of a lens
fig. 70) makes at the point K, which is distant £ P = £ from

Fia. 70,
o
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Determination of the focal distance,

the axis, with the posterior surface of the lens at the npp?site point
:!'(’, or in other words the refracting angle corresponding to th-B
point X, is equal to the angle C I L, which the radii € Kand C'A"
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prolonged to A from the centres of curvature C'and (' form with
each other, because these radii are obviously perpendicular at
K and K’ to the surfaces. The angle C K L, however, as external
angle of the triangle C K (', is equal to y + 7. Presupposing
that the lens is one of small aperture, the angles above named, as
well as those more distant, are collectively very small, and in
order to express them we may use the method applied above.
(See Appendix to Chapter IV.)

Consequently
O

If, as always occurs in ordinary cases, the thickness of the lens
is very inconsiderable as compared with its radius of curvature,
we may, without risk of material error, take €' K’ instead of (" K.
If therefore we indicate the radii C' K and (" K’ respectively, by »
and ' we obtain

The refracting angle y + 7' at the point X is therefore

{(+1)
roor
that is to say, it is proportional to distance % from the axis. .

We now know (see Appendix to Chapter V.) that the deflec-
tion produced by an acute-angled prism is equal to (n —1)
times its refracting angle. Every ray falling upon the lens at
the point K undergoes therefore the deflection

E(n—1) (%+?ﬂ)

The ray S K, for instance, which runs parallel to the axis,
since it is deflected to the focal point ), undergoes a deflection
th‘at is represented by the angle ¢, which the refracted ray forms
with the axis. From what has just been stated,

¢=km—n(;+;}
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The angle ¢ may also be expressed by
k
i
F K, however, if the small thickness of the lens be neglected,
may be replaced by I7 M’ that is to say, by the focal distance f
of the lens, so that we get
k
pi= o
If this value be substituted for ¢ in the above equation, the

factor %, common to both sides, may be eliminated, and we
obtain for the calculation of the focal distance the equation,

I -}:(n—-l}(%+-§__).

The very fact that & is eliminated from the equation demon-
strates that all rays parallel to the axis, at whatever distance k
from the axis they may fall upon the lens, unite on the other
side in the single point &',

It appears, further, from the circumstance that the radii r
and 7' can be substituted for each other without altering the
expression for the focal distance, that the focal distance is equal
for the two sides of the lens,

The formula shows also in what way the focal distance is
dependent upon the index of refraction n of the substance of
which the lens is composed. For a biconvex lens composed of
crown glass (n = 1:530), for example, the two radii of curvatuil
of which are equal, # = r, we find

e —
Ii r

]

consequently
f= I-TJG or f= 0943 . r

With a biconvex lens of crown glass of equal curvature on both
sides, the focal distance is consequently nearly equal to the
radius of curvature, that is to say, the focus is very nearly co-
incident with the centre of curvature. For a similar lens com-
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posed of flint glass (n= 1:635), it results on the other hand

that
=080 .,

and for a lens composed of Diamond

(n = 2-487)
fonly = 0:336 . r.

From this it is evident that for lenses of similar form, but made
of different materials, the focal distance becomes smaller as the
index of refraction of the substance used increases.

To § 39. In order to determine the position of the con-
jugated foci, it is only necessary to follow any given ray in its
course. For this purpose we select a ray, R A (fig. 71), striking
the border of the lens, which is refracted in the line 4 S, so that

Fia. Tl.

N

A
B v R S
b

Determination of conjugate points.

R and S are conjugate foci. The deflection, ¥, which this ray
undergoes at A is the same in amount as the deflection ¢ which
the ray IV A parallel to the axis experiences at the same point;
that is to say, y = ¢. But if the angles which the rays B 4
and 4 S make with the axis be indicated byaand 8, y = a + b.
It results consequently that

a+ 3= ¢.
If the distance of the point R from the lens be indicated by

a, that of the point S by b, the focal distance by f, and lastly,
the distance of the point 4 from the axis by %, the equations

k k k
0 = — _— -

&
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are obtained, and since also

R L
il

from which equation the magnitude of & which refers to the
several points of incidence may be eliminated, there is obtained
for the determination of the conjugate foci the equation

L cilas ]
IT. = 4 5_4}_ ’
which, in its form is exactly the same as that formerly (see
Appendix to Chapter IV.) found for the spherical mirror, and
expresses distinctly the analogy which exists between mirrors
and these lenses.

The equations I. and II., which are primarily deduced for
biconvex lenses, hold nevertheless for every form of lens, if we
admit the curvature for a plane surface to be indefinitely great
(= o ), for a concave surface negative and for a convex surface
positive. And according as in the Formula I., the value of S s

positive or negative, the lens possesses real or virtual focal points,
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CHAPTER VII.

OPTICAL INSTRUMENTS.

46. REeFERENCE will here only be made to a few of
the numerous applications of lenses to the construction

of optical instruments.
For experiments in optics intended to be rendered

yisible to many persons, the light of the sun, on account
of its great brilliancy, is employed by preference ; un-

Fia. 72.

Dubosq's lamp.

fortunately, however, in the cloudy northern heavens it
is too frequently unavailable, and therefore, in order
to be independent of the variations of weather and
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of daylight, it is customary to substitute for the
light of the sun that of an intense artificial light, as
for example, that of the electric lamp.

An important, and for many experiments, con-
venient peculiarity of the rays of the sun is that they
are nearly parallel. The rays of the electric lamp, on
the other hand, issue divergingly from the white-hot
charcoal points, and hence if they are to be used
instead of the sun’s rays they must be rendered
parallel.

This is effected by means of Dubosq’s lamp (fig.
72) which consists of a square box supported on four
brass feet, into which the carbon-light regulator (or
the lime light, or any other source of light) is intro-
duced.

The light-point is so placed as to be in the focus of a
convex lens which is fixed in a moveable frame at the
fore-part of the box. By means of the regulating me-
chanism the carbon points can be made to occupy this
position permanently. The rays that fall upon the lens
consequently leave the lamp parallel to each other. At
the back of the box is a concave mirror, the object of
which is to render the rays proceeding in this direction
serviceable. For since its centre of curvature is coin-
cident with the carbon points, it returns the rays to
their point of origin, from whence they passto the lens,
and having been rendered parallel by this, combine
with the rays emanating from the points which are
passing directly forwards.

The flame can be so used as to produce a greatly
magnified image of the form of the carbon points, and
the play of the arc of flame; for if the lens be drawn a
little way out of the tube so that the distance of the



OPTICAL INSTRUMENTS. 97

charcoal points is somewhat greater than its focal dis-
tance, an inverted and enlarged image of them (fig.
72) is thrown upon the opposite screen. We see between
the white-hot carbon points the far less brilliantly lumi-
nous violet arc of flame in flickering movement. From
time to time white-hot particles are detaehed from the
blunt and excavated positive carbon point, and fly across
to the negative point, which remains sharp; small
olobules are seen moving hither and thither on the
surface of the carbon, as though they were in a state of
ebullition. These are particles of molten silex which
are unfortunately present even in the best carbon points,
and by their restless movements occasion the flickering
of the luminous are, whilst, if they happen to occupy
the hottest part of the carbon points, they cause an
immediate diminution in the intensity of the flame.

47. The experiment just described is identical in
principle with the action of the magic lantern (fig. 73).
[t is dependent on the property that convex lenses
possess of forming outside of or beyond twice their
focal distance an inverted and enlarged image of any
object situated on the opposite side between their
focal distance and twice their focal distance.

Pictures or photographs serve as objects, and they
are placed in a slit in front, o b, and are strongly
llluminated by the light of the lamp I, placed within
the box, which is intensified by the lens m m and the
concave mirror H H, In front of the slit is a lens
or a combination of two lenses, which act like one
of short focal distance, and can be moved by means
of a sliding tube. These throw an enlarged image
of the object upon the screen. The magic lantern
has proved of great service in illustrating scientific

H
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lectures, in addition to the amusement it affords by

1ts phantasmagoric representations, dissolving views,
chromatropes, &e.

Magic Lantern.

48. The sun or solar microscope (fig. 74) is founded
upon the same principle, though it is devoted to
thoroughly scientific objects. Its most essential part
is a convex lens of short focus, placed in a small tube L,
and throwing a greatly enlarged image upon a screen
of any small firmly-fixed object, usually between two
glass plates, and placed somewhat beyond the focus of
the lens L. But since the amount of light proceeding
from the small object is diffused over the relatively
enormous surface of the image, it is easy to understand
that the object must be very brilliantly illuminated if
the image is not to be too faint.

The strong illumination of the object is effected by
means of a large convex lens placed at the extremity
of the wide tube constituting the body of the instru-
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ment ; this unites the rays of light required for the
illumination into its focus.

By means of the screw C the object can be placed
in this focus, whilst the screw D serves to move the
lens I until the image is thrown with precision on the
screen. For the purpose of illumination either the
light of the sun may be employed, in which case the

Fig. 74.

=olar Microscope.

apparatus constitutes, as in our figure, a true ¢solar
microscope,” which can be placed in the aperture of the
Heliostat, or the apparatus may be attached to the
frame of a Dubosq’s lamp, and the lluminating power
obtained from the lime or electric light, in which case
the superfluous names of ¢photo-electric microscope ’
and ‘oxy-hydrogen microscope’ have been applied
to it.

The solar microscope proves of great service for the
objective representation of small objects in scientific
lectures. During the siege of Paris such a microscope,
llluminated by the electric light, was made use of in
order to project upon a screen and render available for

H 2
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several copyists images of the tiny photographic de-
spatches that were brought by the carrier pigeons.

49. If a convex lens be fitted into the opening of a
shutter of a darkened chamber, a variegated picture
appears upon the opposite screen, like those which we
formerly (§ 13) obtained from a small opening without
a lens, but of greater clearness and sharpness. For the
lens projects real inverted images of external objects
situated at more than double its focal distance upon a
screen which lies between its focal distance and twice
that distance. But inasmuch as the external objects
are situated at very variable distances, it cannot be ex-
pected that the images of all should appear with equal
sharpness of outline upon the screen. In fact the
screen can easily be arranged in such a manner that
the image of a distant tower is projected with sharp
outlines; but then the leaves of a tree near at hand
appear indistinct and confused. In order to obtain a
distinct image of the tree the screen must be removed
to a somewhat greater distance, but the definition of
the outline of the tower is then again sacrificed.

These defects in the definition are nevertheless less
considerable than might at first sight appear. It
need only be called to mind that if an object is removed
from twice the focal distance from the lens to infinity,
its image moves over merely the short distance that inter-
venes between its focal distance and twice that dis-
tance ; a great difference in the distance of the object
thus corresponds to only a small shifting of the image-
plane, and indeed this is smaller in proportion to the
remoteness from the lens of the nearest object the
image of which is cast upon the screen. It follows that
all objects lying beyond certain limits are depicted with
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tolerably satisfactory sharpness of definition upon a
plane situated near the focal point.

The dark chamber the object of which is to keep
out collateral light from the image, may be replaced
by a box the interior of which has been blackened
(fig. 75).

Fi1G. 75.

Camera obhsceura,

The lens is fitted into a metal tube 7 which can be
- made to slide in the draw tube % by means of a screw
the head of which is shown at ». The box a is open
at the back and receives a second box b, open in front ;
in this is a plate of ground glass, the place of which
can be shifted by pushing in or out the box b, and which
receives the image.

The nearer the object the image of which is cast
upon the ground-glass screen is, the further must the
box b be withdrawn from the box a. The fine adjust-
ment is effected by the movement of the lens by means
of the screw r.

This apparatus, which in its now portable form has
received the name of camera obscura, remained a
mere plaything from the time of its discovery by Porta
in the sixteenth century until recently, when its fleeting
images have been successfully fixed by photography.
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It has now, however, risen to be the chief implement of
this highly developed branch of art.

The human eye is only a small camera obscura of
wonderfully perfect construction. The crystalline lens,
in common with the transparent refracting media filling
the globe, casts upon the retina lining its interior an
inverted real image of the external world, the impres-
sion of which is conveyed to our minds by the functional
activity of the optic nerves. The physiological and
psychological processes by means of which, in addition to
the physical, vision is effected, do not belong to the
domain of physical optics. Their consideration, as well
as the physiology of the organs of vision, must be passed
over.

50. The system of lenses we have here described
projects real images, which when received upon a
screen become apparent to many
observers simultaneously. We shall
now refer to a series of optical
instruments the virtual images of
which are only visible to a single
observer.

Every instrument by means of
which enlarged images of small and
near objects are seen, is called a
¢microscope.” In this sense the
lens above mentioned (p.87) must
be regarded as a ‘simple micro-
£ scope.” The compound microscope
T . possesses a far greater sphere of

Action of the MicroscoP®: — ,gefulness. It consists essentially
of two convex lenses (fig. 76), which are placed upon a
common axis at a distance of somewhat more than the

F1e. 76.
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sum of their focal distances. One of these lenses (a b)
of very short focus is applied to the object, and is there-
fore termed the objective. It projects to S R an inverted
and enlarged real image of any small object (r s), placed
at a somewhat greater distance than its focus, which
acts as a luminous object to the glass nearest the eye,
or eye-piece. This image is seen as the virtual image
S’ R/, still further enlarged by means of the eye-piece,
from which it is somewhat less distant than the focal
distance of the lens.

Fig. 77 exhibits the form and arrangement of the
ordinary microscope. The ocular =, and the objective
0, are placed in a vertical tube, which,
owing to its being accurately fitted
into a brass sheath, n, is moveable
with slicht friction.

The fine adjustment is effected by
turning the head of the sorew, k.
The object, which is usually trans-
parent and fixed upon a glass slide,
1s placed upon the stage, p p, and
illaminated by ligcht reflected from
below by the mirror, s.

If the tube of the microscope be
drawn out so far that the image S R is
formed outside of or beyond the focal
distance of the ocular lens, this lens
projects a real image of the image
S R, which can be received upon a
screen. In order, however, that this enlarged image
should be sufficiently luminous, the small object must
be very strongly illuminated by the light of the sun, or
by that of the lime light or electric lamp. The light

Fia. 77.

Microseope.
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intended for illumination must therefore be concentrated
upon the object @ by means of a large convex lens, !

o (ig. 78), aided by the mir-
ror s. The real image of
the image b, which, on ac-
count of the vertical posi-
tion ofthe microscope tube,
must be formed on the
ceiling above, is thrown to
the side towards ¢ upon a
paper screen by means of
the prism p set at the angle
of total reflexion. This
arrangement enables us to
make use of any ordinary
microscope as a solar
microscope.

51. The essential fea-
tures of Kepler’s, or the
astronomical  telescope,
(fig. 79) are that two convex
lenses, namely,an objective,

Mode of showing the image of a 00, of ]OHgET, and an eye-

R piece, v v, of shorter focus,
are placed on an axis common to both at about the dis-
tance from each other of the sum of their focal dis-
tances. The objective forms near its focus an inverted
real image, b a, of a remote object, 4 B, which is seen
through the eye-piece, as through an ordinary lens,
in the form of an enlarged virtual image, b’ a’. The
visual angle &’ m o', under which this image is per-
ceived, is larger than the visual angle, 4 C B, under
which the object would be seen by the naked eye, which
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explains the magnifying, or, if we may
so call it, approximating action of the
instrument. As regards the further
arrangement of Kepler’s telescope, the
objective is placed at the anterior ex-
tremity, k&, of a tube of appropriate
length (fig. 80), which at the back part
is provided with a narrower piece, in
which the tube, {, containing the eye-
piece, o, can be moved to effect perfect
definition by means of a screw. Very
large instruments of the same kind em-
ployed for astronomical observations are
called refractors.

Kepler’s telescope is rendered much
more serviceable, not only for astrono-
mical purposes but also for physicists and
-engineers, by means of the eross threads.
These consist of two fine threads of a
spider’s web, which are arranged at right
angles to each other, decussating ex-
actly in the axis of the telescope, and
are placed at the point where the image,
ba (fig. 79) is formed, in consequence of
which they must necessarily be seen dis-
tinctly with the eye-piece. If the image
of a remote object, as, for example, that
of a fixed star, appears at the point of
decussation of the threads, the axis of
the telescope is directed straight to this
point, and its position gives the direc-
tion of the visual line from the eye
to the star. Kepler’s telescope is

FiG. 73.—Action of the astronomical telescope.
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therefore employed in all our instruments for measuring
angles,

In the determination of the index of refraction (§ 35),
1t enables us to measure the slightest deflection effected
by a prism. An instrument termed a theodolite is made

FIG" SEL

Agtronomical telescope.

use of for the same purpose (fig. 81); it consists of a
horizontal disk capable of rotation around its centre
(the indicator disk), and a telescope supported upon
trunnions. Two markers exactly opposite each other
(Nonia) of the revolving disk point
to an immoveable circle (limbus) sur-
rounding it, which is divided at its
circumference into degrees. In order
to determine the deflection of a ray
of light by a prism, the telescope is
first directed to a narrow and remote
source of light; as, for example, a
vertical slit in the shutter, until the
image of the slit coincides with the
vertical thread of the cross threads,
T o sneton: and the nonia are read off. The

telescope with the indicator circle is
then turned till the slit is again perceived to coincide
exactly with the cross threads through the prism placed
in front of the objective, and the nonia are again read
off. The difference between the two readings gives the
angle of deflection, b m ¢, sought for,




OPTICAL INSTRUMENTS. 107

In the mirror sextant also (fig. 24), a Kepler’s
telescope is usual for exact vision.

If the tube containing the eye-piece of a Kepler’s
telescope be moved so that the image, b a (fig. 83), 18
more distant from the eye-piece than its focal distance,
a real but inverted (and therefore in regard to the object
itself erect) image of the image b a is projected. In
this way an image of the disk of the sun may be
thrown upon a screen one meétre in diameter, in which
the sun spots are plainly visible.

52. By means of Kepler’s telescope objects are seen
inverted, which is of little importance in astronomical
observations, but is objectionable in the observation of
remote objects upon the surface of the earth.

This inconvenience is overcome by replacing the sim-
ple eye-piece acting like a lens by a feebly magnifying
compound microscope, which again inverts the inverted
image. The compound eye-piece of the terrestrial tele-

Terrestrial telescope,

seope is usnally composed of four convex lenses fixed
in one tube. This arrangement .is seen in fig. 82,
which represents a portable telescope with draw tubes,
or, in other words, one that is capable of being shut up.
53. Objects are also seen erect with the Galilean,
or Dutch telescope. In this form of the instrument
the real image, b a (fig. 83) of the object 4 B thrown by
the convex objective, o o, is not formed, for the rays
here, converging as they do towards every image, strike
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tlie concave eye-piece, v v, which renders

them so far divergent that they appear

to come from the vertical erect image
a b'. TFig. 83 shows very distinetly the

course of the rays of light proceeding:
from the point A of the object. For the:
image &’ b" to be seen under a larger:
visual angle than the object looked at:
with the naked eye, the virtual focall
distance of the ocular must be smaller:
than the real focal distance of the objec--
| tive, and the two lenses are accordingly:
J placed at about the difference of these:
two distances from each other.

‘ | The usual form given to the instru--
Wi ment is shown in fig. 84. As no reall
image is formed by the objective, no
J cross wires can be inserted; Galileo’ss
i telescope is consequently not applicables
,' as a measurer. Nor again is it possible:
|' to obtain any very high magnifying;
power by its means. On the other hand,,

Fi6. 83.—Constroction of Galileo's teleseope.

FiG. 84.

Galileo's telescope.

on account of its small length it 1ss
extremely convenient as a pocket tele-
scope, and is appropriate therefore for
|5 the use of opera glasses (with double or
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triple magnifying power), and to the so-called field
glasses, which are able to magnify 20 or 30 diameters.
54. Tt is very intelligible that on account of the
very similar behaviour of lenses and spherical mirf-c-rs,
telescopes can be constructed in which a concave mirror
plays the part of the objective. Fig. 85 shows the
construction of a Newtonian telescope. The concave
mirror, S S, placed at the bottom of a correspondingly

FiG. 85.

Action of Newton's reflecting telescope.

wide tube, open in front, collects the rays of light
coming from a remote object to form a real inverted
image at ‘a. Before, however, the union is effected
they are thrown to one side by a plane mirror, p, inclined
at an angle of 45° to the axis of the tube, so that the
image is thrown to b, when 1t can be observed in the
direction o b through the convex ocular o, as through
a microscope.

The reflexion of the small image to the side 1is
necessary, because if the little image a be looked for
from the front, the head of the observer would obstruct
the passace of light to the mirror. In the colossal
telescopes (Reflectors) of Herschel and Lord Rosse, the
| mirrors of which are from 1 to 2 metres in diameter,
| the use of such a second mirror, and the consequent
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loss of light, is avoided by a simple artifice. The con-.
cave mirror (fig. 86)is a little inclined to the axis of!
the tube; consequently, the real image, @, comes to)
lie close to the circumference of the tube, and can be

Fic. 86,

Action of the reflecting telescope with anterior opening.

observed through an ocular, o, in the same. The head
of the observer is even here, no doubt, partly in front
of the aperture of the mirror, but on account of the
large size of the latter it is of little importance. Herschel
called his instrument ©a front view telescope.’

In using Newton’s reflecting telescope the observer
has the object looked at to his
side ; in a front view telescope
he turns his back upon it. This
circumstance, which excludes
direct vision for searching pur-
poses, as well as the inversion of
the image, render both instru-
ments inconvenient for the ob-
servation of terrestrial objects.
In Gregory’sreflecting telescope,
the external appearance of which
18 shown in fig. 87, these evils
are avoided. The concave mirror, s s (fig. 88), 1s per-
forated by a circular opening in its centre, and the

Fia. &7.

Gregory's reflecting telescope.
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ocular, o, is placed in a tube behind this aperture. The
diminutive inverted real image of a remote object is
formed at @, somewhat beyond the focal distance of a
small concave mirror, V. This throws to b a once more
inverted, and consequently in relation to the object,
erect image, which may be looked at through the ocular
as with a lens. The fine adjustment is effected by

Fia. 88,

Action of Gregory § reflector.

shifting the little mirror, ¥, by means of the shaft, m n,
which is provided at m with a screw and at » with a
head for turning it. It is only in the construction of
very large instruments that reflectors offer any advan-
tages over refractors. The use of the smaller reflecting
telescopes was formerly very general, when the mode
of production of objectives in the perfection desired was
not understood ; they give, however, only faint images,
and cannot now compete with refractors, though very
recently they have again undergonme great improve-
ment by the application of silvered glass instead of
easily oxidisable fused metal mirrors.
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CHAPTER VIIIL.
DISPERSION OF COLOUR.

55. TaE inferior (positive) carbon point of the electric
Jamp is now to be replaced with a thick cylinder of carbon
excavated on its free surface for the reception of sub-
stances the behaviour of which in the arc of the electric
flame is desired to be investigated. After placing the ap-
paratus in the Dubosq’s lamp, a fragment of the wax-like,
silvery metal Sodium is inserted into the carbon cup, and
the two poles are approximated. At the instant of their
contact, the current passes through the
carbon electrodes and the little ball of
metal, which quickly evaporates and fills
the arc of flame with its vapour. The
whole process may be distinctly followed
upon a screen on which an enlarged image
of the carbon pole is thrown by the lens
when somewhat drawn out. Owing to
the metal vapour which rises from the in-
ferior carbon point, the flame acquires a
higher degree of conductivity. The poles
can therefore be removed to a much
greater distance from each other without
extinguishing the arc of light which now
Vaporisationofme: ¢\.mg a long flame, shining with a daz-

the lectriofame. 1. » vellow light (fig. 89), whilst the carbon
points, on account of their greater distance from one

FiG. 89,
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another, glow much less brightly, and give off much less
light than was the case in the experiments (§ 46)
formerly made with pure carbon points.

This yellow light of the vapour of Sodium glowing
m the electric lame may now be used for other experi-
ments. In the first place the lens of the Dubosq’s lamp
may again be pushed to a sufficient distance inwards to
allow its focus to be situated in the arc of light; its
rays are then rendered parallel.

The opening from which a broad cylinder of rays
now emanates 1s closed with a cap having a small ver-
tical slit in it, and the slender beam of parallel rays
proceeding from the slit falls upon a convex lens.*

If the lens be placed in a proper position, it throws a
well-defined image of the narrow slit upon the screen,
which of course exhibits the yellow colour of the
source of light employed.

A prism is next placed in the erect position behind
the lens in such a manner that its refracting angle is
vertical, and is consequently parallel to the slit. The
light proceeding from the lens is deflected away from
the refracting angle of the prism, and the image of the
sht is exhibited, shifted laterally upon the sereen, but
otherwise unaltered, appearing as a slender vertical
vellow streak. (The prism as in all cases is arranged
%0 as to give its minimum refraction.) Up to this
point the experiment teaches nothing new. Every-
thing takes place as might be anticipated from our
knowledge of the action of lenses and prisms. But
if the electric current be interrupted, in order that a
new and clean carbon point may be inserted and a frag-

* The lens must be achromatic. See Chapter 1X,

L
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ment of Lithium deposited in its cavity,* the arc of
flame assumes a splendid red tint, as does also the
image of the slit, whether thrown directly upon the
screen or displaced by the prism. We observe, however,
that the deflected image is now less distant from the
position of the direct image than in the previous ex-
periment. The red light of Lathium is thus seen to be less
strongly refracted through the same prism than the yellow
light of Sodium.

The same experiment may be repeated, taking a
fresh piece of carbon each time, with the metals Thal-
lium and Indium. The splendid green light of Thallium
18 more strongly refracted than the yellow light of Sedium,
whelst the blue light of Indium wunderqoes a still stronger
refraction than that of Thallium.

It is thus seen that the four kinds of light which
have been compared, besides the differences of colour
they present to the eye, differ amongst themselves in
the circumstance that their refrangibility is progres-
sively greater in the order, red, yellow, green, and blue.

A mixture of the four metals, Lithium, Sodium,
Thallium, and Indium may now be placed upon the
lower carbon pole. The glowing vapours of all four
metals are thus present at the same time in the flame.
In the first place, let the direct image of the slit which
the lens throws upon the screen without the inter-
vention of the prism be considered. As in the pre-
vious experiment, it appears as a bright sharply-defined
vertical line, in which nevertheless it is impossible to
distinguish any definite tint of colour. The impression
received might rather be called that of ¢ white’ light.

* Instead of the metal itself, one of its salts, as for instance the Lithium
carbonate, may be used.
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On placing the prism again behind the lens, there ap-
pear upon the sereen no longer one but four refracted
images of the slit. 'We see the four coloured bands,
which we had before us in the previous experiment

Different deflection of different coloured rays of light.

separately, now coincidently one beside the other, each
occupying its own proper place,* and each being ar-
ranged in order according to its specific refrangibility
(fig. 90).

The white light of the electric flame 1s consequently
eompound, or 18 a muxrture of four different kinds of light,
which, owing to their different refrangibility, are sepa-
rated from one another by the prism. Neither of the
kinds of light composing the flame undergo any further
decomposition by the prism, and hence they are termed
sumple or homogeneous light. The prismatic decomposi-

* It is obvious that the prism can only be arranged with precision for
the minimum deflection of one kind of light. At the same time if this be
the case for one kind of light, as for instance for the Sodium, the refrac-
tion of the other kinds of light must be nearly at its minimum,

-
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tion of compound light into its constituents, by reason
of their different refrangibility, is called the dispersion
of light.

It is not every chemical substance which, when
brought into the electric flame, gives so simple a light
as the four named above. If, for example, Strontium,
or a salt of this metal, be placed on the lower carbon
point, the arc of flame assumes a brilliant red colour,
which, however, is not homogeneous like that of
Lithium,* since by breaking it up with the prism a
group of red and orange-coloured lines may be ob-
tained upon the screen, and lastly, at a considerable
distance from them, a beautiful blue line, none of which,
however, coincide with the lines of any of the above-
mentioned metals, for the brightest red band is some-
what more strongly refracted than the Lithium band, and
the blue band is less refracted than the Indium band.

The arc of flame is coloured yellowish green by a salt
of Barium. By prismatic dispersion, a group of orange-
yellow and green lines are obtained of which again
none agrees with those above mentioned in its refran-
gibility. A characteristic line or group of lines thus
corresponds to every metallic element, and serves to
indicate its presence in a mixture of luminous vapours.

56. The same method of decomposing light which

* The light of Lithium is, however, itself not completely homogeneous,
since in addition to the red, it contains an orange-coloured constituent
which is refracted more strongly than the red of the Lithium and yet less
strongly than the yellow of Sodium. The Indium further shows besides the
blue a still more strongly deflected violet stria. The orange-coloured eon-:
stituent of the Lithium light as well as the violet of the Indium light being
very faint as compared with the red of the former and the blue of the latter,
are for the time neglected in the above experiments. The yellow light of
Sodium, on the other hand, as well as the green of Thallium, may be re-

garded as homogeneous kinds of light,
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has previously been made use of in examining the light
of the electric flame saturated with metallic vapours,
may now be applied to the dazzling light of the glowing
carbon points itself. For this purpose the earlier ar-
rangement in which both poles consist of small eylinders
of carbon may be reverted to. The flame is short between
their approximated extremities, and its feeble light is
far surpassed by the glow of the white-hot carbon
ponts. Before the prism is interposed, the lens throws
upon the screen a sharply-defined white image, the slit
having a height of about 30 centimétres (13- inches),
and very small breadth. If the prism be now placed
behind the lens, there appears deflected laterally upon
the screen a beautiful coloured band which stretches
horizontally to the length of nearly a métre, but which
preserves the height of the slit in the vertical direc-
tion (about 80 centimétres). The band shows at the
end which lies nearest to the slit a beautiful red, then
follow in order the colours orange, yellow, green, light
blue, indigo, and finally violet. No one of the colours
1s sharply defined from the adjoining ones, but each
passes into the next through all possible intermediate
tints. This coloured band (indicated in fig. 90 by
shadow tinting), is called the Spectrum.

The experiments made above with the electric light
point out how the formation of the spectrum may be ex-
plained. Every homogeneous kind of lightcontained inthe
beam striking the prism forms on the screen a slender
image of the slit exactly at the spot which corresponds
to the refrangibility of that kind of light. The spec-
trum which extends through a wide region of refrangi-
bility is consequently to be explained as the uninter-
rupted succession of innumerable images of the slit
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which are arranged in the form of a continuous band.
The conclusion is thus arrived at that the white light
of the electric glowing carbon is composed of innumer-
able homogeneous kinds of light, each of which pos-
sesses a definite refrangibility in regard to the prism.
The refrangibility continuously increases from the red
which is the least, to the violet which is the most, re-
frangible light.
That the colours of the spectrum are really homo-
geneous may be proved by the following experiment. The
A spectrum is received upon
a screen in which is a
narrow vertical slit (fig. 91).
If this be placed in the
middle of the green this
coloured light only passes
through it, and it undergoes
\i3 no further decomposition
Undecomposibility of the colours if it be made to pass through
of the spectrom. .

a second prism placed be-
hind the slit. Under these circumstances it is merely
deflected, without any alteration being effected in its
colour, and 1s consequently demonstrated to be homo-
geneous. The same holds for all the other colours of
the spectrum. The groups of lines produced by the
metallic vapours may also be regarded as spectra in
which only a limited number of kinds of light (or even
only a single kind) is represented. In this sense, for
example, it is said that the spectrum of Lithium consists
of a red and of an orange red, that of Thallium only of
a single green line. In opposition to this interrupted
spectrum, that of the carbon points is called an uninter-
rupted or continuous spectrum.
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In giving an explanation of the continuous spectrum
as a succession of closely-arranged images of the slit, it is
requisite to explain why a narrow slit parallel to the re-
fracting angle of the prism is selected as the opening for
the incident rays. If the aperture had some other form,
as for instance a circular one, the several images re-
fracted through the prism would
overlap one another at their o o
edges, as s shown in fig. 92,  (CLIUUEDD)
each colour would mingle with Toiriee psvEmi A Ny L
the adjoining one, and no part Pl CLE SN (P LN,
of the spectrum thus obtained would exhibit a pure
and homogeneous colour. By the adoption of a slit
placed parallel to the angle of the prism this evil is
to a great extent avoided, and in point of fact the
spectrum becomes purer and the dispersion into homo-
geneous colour more complete the narrower the slit
18 made.

o7. As white light is a mixture of the various
coloured rays of the spectrum, these must conversely be
capable of being combined together again to form white
light. In fact, if the spectrum be allowed to fall upon the
anterior surface of a large lens ! (fig. 98),%* all the rays

FiG. 92,

¥1G. 93,

Combination of the colonrs of the spectrnm to form white light,

proceeding from a point s of the posterior surface of the
prism unite in the conjugate point f, and thus throw
Upon a paper screen placed at this point an image of

* The lens must be ackromatic,
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the posterior surface of the prism in which the dis-
persed rays reunite. This vmage is whte.

It immediately ceases to be white however if one
of the colours be abstracted from the mixture. If] for
example, the red and orange rays are received on a

prism of small refracting angle
FiG. 94, (fig. 94) placed behind the lens,
these are deflected and produce
at the side, at =, a reddish
coloured image. The image f,
in which still the yellow, green,
blue, and violet rays unite, now
exhibits a greenish mixed colour.
These two reddish and greenish
colours must when mingled to-
gether (which can be immedi-
2 ately effected by removing the
e hEnL ity oolomms: prism p) obviously produce white
licht again, for the one contains
exactly those kinds of rays required by the other to
form that mixture which we call white. Two colours,
which in this way form white by their union, are
called complementary colours. As the prism is gradually
moved along the whole length of the spectrum other
colours constantly become deflected to the side, and
the images n and f exhibit successively an entire
series of complementary pairs of colours. By this
means we learn that red and green, yellow and blue,
greenish yellow and violet tints are complementary to
one another.

In order to mingle any two simple colours a screen
with two vertical slits ¢ and b is placed before the lens
l (fig. 95), the distance and breadth of which can
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be altered at pleasure; it follows then that only those
parts of the spectrum are combined in the image f
which have traversed these slits. From red and violet
a. full purple-red is thus
obtained, from blue-violet
and orange a delicate rose
colour, but out of Indigo
blue and yellow — white.
Thus in order to obtain the
impression of white for our
eyes, the co-operation of
all the colours of the spec-
trum is by no means neces-
sary, but as Helinholtz first
showed, white may be pro-
duced by the combination of only two homogeneous
colours. Amongst the homogeneous colours comple-
mentary to each other are red and greenish blue, orange
and clear blue, yellow and dark blue, and greenish
yellow and violet. It is generally found that for each
part of the spectrum from the red end to the beginning
of the green, there is a complementary spot in that part
of the spectrum which extends from the commencement
of the blue to the violet end. The green spectrum colour
alone possesses no simple colour, but only a compound
one complementary to it, namely, purple.

58. Therefraction of compound lightisinallinstances
accompanied by dispersion. If for example a beam of solar
rays be allowed to fall upon a prism, this is not merely
deflected, but becomes at the same time spread out
like a fan, producing upon a screen a solar spectrum
which is composed of the same colours in the same

Combination of two homogeneons colours, -
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sequence as the spectrum of the glowing electrie carbon
voints.*

The dispersion of the colours of the solar rays is
exhibited on the most magnificent scale by Nature her-
self in the splendid phenomenon of the rainbow. A
rainbow is seen whenever the observer turns his back
to the unclouded sun and looks towards falling rain.

The following experiment will explain the mode in
which the rainbow is formed by refraction and internal
reflexion of the solar rays in the spherical rain-drops.

Upon a glass sphere £ filled with water and having
2 diameter of 4 centim. (1} in.) a beam of solar light of
equal or greater diameter than the sphere is allowed to
strike horizontally, and there is then seen, upon a large
screen s s placed in front of the sphere, and perforated in
its centre to allow the passage of the incident rays, ar-
ranged concentrically to the aperture and at a distance
from it which is nearly equal to that of the sphere from
the screen, a beautifully coloured circle, in fact a circular
spectrum, the colours of which are arranged concen-
trically and in such a manner that the red is outside
and the violet on the inside. At a still greater distance
from the centre of the screen a second similar but
much fainter circle is observed, the colours of which
however succeed one another in the inverse order,
the red appearing on the inside and the violet at the
outer periphery.

The first circle is formed by rays which have pene-

* If it be required to investigate the phenomena of refraction apart
from the influence of dispersion, homogeneous light must be employed. On
this ground, in investigating refraction through a prism, the aperture of
the Heliostat was formerly (§ 35) closed with a red glass which only
permits red and nearly homogeneous light to pass through it,
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trated the sphere and have been reflected from its
posterior surface, emerging again at its anterior surface.
By reason of this twofold re- Fia. 96.

fraction and a single internal s

reflexion, as is shown in fig.
96, the rays experience a
deflection from their original
leourse which differs with the
distance of the incident rays
from the central ray. By
the central ray we mean that
which passes through the
centre of the sphere; it is
reflected upon itself at the
posterior surface, and con-
sequently undergoes no re-
fraction. As we pass from :

this central ray the refraction p, . i) et i
of the rays begins to increase PAlAeOD:

until at a certain distance it reaches its maximum ;
from this point onwards to the outermost rays striking
the margin of the sphere the amount of refraction
again diminishes,

The most strongly refracted rays which strike the
screen at the periphery of the circle cause an illumina~
tion that far exceeds that of the sin gle point in the interior
of the circular area. If we commence with the rays which
undergo the greatest amount of refraction and pass either
to the central ray orto the marginal rays, the refraction
alters at first very slowly and subsequently very quickly.
Consequently the rays which adjoin those that are most
refracted associate themselves with the latter after their
émergence and augment their light. Those rays, on

ﬂ =i

——

i
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the other hand, that fall near to one another on other
parts of the watery sphere emerge after the second re-
fraction at a distance from each other, and are incapable
of producing any well-marked illamination upon the
screen.

If the experiment with homogeneous light be re-
peated, the aperture of the Heliostat being covered with,
for example, a red glass, the image upon the screen is&
reduced to a feebly illuminated circular area, which 1s
surrounded by a very bright circular line. The greatest
deflection for the red rays amounts to somewhat more
than 42° (the angle between ok and kl); the other
colours, in consequence of their greater refrangibility,
approximate again more to the direction o k& of the
incident rays, and produce circles the radii of which are
successively smaller in the order of their refrangibility.
The deflection of the violet rays amounts to about a
degree less than that of the red. The direct white
light of the sun must therefore produce the circular
spectrum which is seen on the screen.

The second iridescent circle is caused by rays which,
as is shown in fig. 97, have been twice refracted and.

T, twice reflected from within.  The leasts
refraction to which such rays are liable

\ amounts to about 51°; for the red rayss
‘ somewhat less, for the violet somewhats

: B more. This least refraction corre--

S : sponds to the second circle, the brillianey:
cction o Snm of which, on account of the repeatedt
a rain-drop. - : .

reflexion, is very naturally considerablyy
smaller than that of the former.
Every falling rain-drop acts in exactly the same?

manner as the sphere filled with water. An observers
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at o (fig. 98), looking at falling rain with his back to
a brilliant sun, perceives therefore the light once re-
flected in the interior of
the drops, but only in
sufficient strength from
such drops as are distant
about an angle of 42°
from the point of the sky
opposite to the sun.*®
The rays coming from

other drops continue e = =
P O‘K:/“/;*\ f\f&%ﬁ Ay

their course past the eye s
B RXIXRRXR,
\fg’(

unseen. Since the drops Y% 74
A A’ which remit the red SO X
rays toward O are some-
what more distant from 9 O 5
the point & than the X XX XX X % :
drops BB, from which }{FKV}{XX>Q ¢
the less strongly refrac- |
ted violet light proceeds,
the observer perceives around the central point S the
circle described, in which the colours of the spectrum
are arranged concentrically from without inwards in
the order of their refrangibility. This constitutes
the primary rainbow.

The much fainter secondary or subsidiary rainbow
18 distant about an angle of 51° from the point S. Tt is
produced by the rays which, after being twice refracted
and twice reflected, have undergone the least possible
deflection in the rain-drops; and the reason that the

Mode of formation of the rainbow.

* It is that point where the shadow of the head of the observer would
fall if the earth did not hinder it.
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colours are arranged in it in inverted order—the red
being internal and the violet external—is easy, from
what has just been stated, to understand.

APPENDIX TO CHAPTER VIIL

ON THE THEORY OF THE RAINBOW.

In fig. 99 the circle may represent a sphere of water or a
drop of rain. If O.S be the straight line drawn from the central
point of the drop O to the sun, the line S A parallel to it will
represent a ray of the sun striking the drop at the point 4. If
the radius O A be prolonged to L, the angle Z A S or the angle
equal to it, 4 O S, isthe angle of incidence () of the ray S 4. A
part, A B, of this ray penetrates the drop under an angle of re-
fraction r, and becomes at B, where it strikes the posterior surface

Fia. 99.

Refraction and internal reflexion in a drop of water.

under the angle of incidence 4 B O = r, partially reflected!
inwards, B C, and returns lastly, after it has suffered some losss
by reflexion, inwards at the point C of the anterior surface of
the sphere, into the air under the angle of refraction M C £ = 1.
Let the ray C E which has been twice refracted and once reflected!
towards the interior be more particularly considered.



DISPERSION OF COLOUR, 127

The angle d, which corresponds to the difference between the
vemerging ray C £ and the direct rays from the sun, results in
the drawing from the prolongation of the lines S 4 and €' & to
their decussation in D. The point 2 must obviously lie on the
prolongation of the radius 0 B, which divides the whole figure
symmetrically, and consequently bisects the angle of refraction
d. From the triangle 4 B D, in which the angle ADB=1d
and B A D = i—r are opposite to the external angle A BO =r,
Wwe perceive at once that there is the following relation be-
tween the several angles of deflection, incidence, and refraction —

d+i—r=r;
or, which comes to the same thing,
d = 2 (2r—i).

This expression shows how the angle of deflection varies with
angles of incidence and of refraction ; that is to say, with the
point where the incident ray strikes the anterior surface of the
drop. The central ray S O, for example, which strikes the sur-
face of the sphere perpendicularly at P, is reflected upon itself
and undergoes no deflection. The ray C' K, on the other hand,
which entered the drop at the point A, diverges considerably
from its original direction §A. Thus it comes to pass that the
innumerable parallel rays that fall upon the upper part PA of
the drop, emerge diwergingly in various directions from its lower
part PC. The eye of an observer standing at a great distance
and looking towards the lower part, P C, of the sphere, in general
therefore receives only a very faint impression of light because
almost all the rays proceeding from this point pass by, and only
a few reach him.

A stronger impression of light can only be perceived in the
event of there being some point upon the anterior surface of the
drop in the wicinity of which the incident parallel rays are so
refracted that after having left the sphere they still continue their
Course logether in the direction of their emergence, so that,
instead of a single ray, a beam of light composed of a large
number of nearly parallel rays reaches the eye, exciting it to a
livelier sensation of light.
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In order to discover this point, supposing it to exist, let a ray
be considered which strikes the sphere very near to the point 4.
To this the angle of incidence 7 +a corresponds, which differs only
by the very small amount a from that of the ray S A. Coin-
cidently, however, with the angle of incidence the angle of refrac-
tion also undergoes a small alteration, B, and becomes r + 3. In
consequence of this, the deflection d must also change to a small
amount and obtain a new value d'. The relation above found
must, however, still always remain between these altered values ;
that is to say, 1t must happen that

d =2 (2?‘ + 2}3—1'-—-{1],
or that d =2 @2r—i) + 2 (2B —a).

If this new value of the deflection be now compared with the
former one, we perceive that the two values are equal to each
other, when

a = 2f.
Hence, in order that two neighbouring incident rays should un-
dergo the same deflection by the drop of water, that is to say,
should emerge from it parallel to each other, it is necessary that
the small alteration which the angle of incidence undergoes in
passing from one ray to another be twice as great as the corre-
sponding alteration of the angle of refraction.

Fig. 100 will serve 1o <how how the determination of the
position of the point on the periphery of the sphere in which this
condition is fulfilled 18 effected.

The smaller of the two concentric circles represents, as in the
preceding figure, the circumference of the drop.

In order to obtain the angle of refraction correspending to
the angle of incidence A O M=1i, in accordance with what
has been already stated respecting the law of refraction,* a
gecond circle is to be constructed around the same centre, the
radius of which is greater in the proportion of » to 1 (n re-
presenting the :hdex of refraction of water). Supposing the radius
of the first cirele to be unity, that of the second will equal n, and
if we now draw through A the straight line @ B parallel to O M,

% See Appendix to Chapter V.
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and join the point B where it cuts the circumference of the larger

ircle with the centre O, B O M will represent the angle of re-
g;ctinn r corresponding to the angle of incidence 7.

The segments of the circle M A and M C, which correspond

. to these angles upon the circumference of the circle having a

|

Theory of the rainbow,

radius of 1 may serve as a measure of them. If the same con-
struction be repeated for the larger angle of incidence a O M
=7 + a around the same segments of the circle A @ — a, whilst
g5 is drawn parallel to O M, we obtain the angle of refraction
b O M or c O M, which exceeds the foregoing to the small extent
Cc= 3. Thearcs 4 @ and C ¢ thus represent the corresponding
alterations of the angles of incidence and of refraction, and being
very small segments of the circumference of the circle, they may,
without any very great error, be regarded as rectilinear just as
the arc B b, which corresponds to the small angle of the central
point C O ¢ = 3 upon the circle having a radius n, and is there-
fore equal to 0.

If from the points 4 and B we let fall the perpendiculars A %
and B/, and from O the perpendicular O ¢ upon the straight line
g b, we can easily see that the small triangles 4 k a and B (b are
K
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similar to the corresponding and larger triangles 4 QO and
B Q0. Hence it follows that
da_40 . Bb_ BO, .

= T

AK 4G Bl BR

if we indicate 4 Q by v, B Q by », the equal segments 4 k and

Bl by m, and conceive that 4 0 =1, B 0 =n, Aa=a,and
B b= n3; then,

or also, since in the second equation the factor » appears upon
both sides and may therefore be eliminated,

=-1-, and ﬁ = 1.

1
m v m ¥

From these two equations it results that the ratio of the two

augments a and (3 assumes the following form :—

I!
——*_v; that 18 to say,

=l a

<ince the coincident changes of the angles of incidence and refrac-
tion are constantly to one another as BQ :and A Q; and a istwice
as great as f3, therefore B Q must be twice as great as A @, or
the point A must bisect the line B Q. Inorder, consequently, to.
discover the point 4 upon the periphery of the sphere of water

the neighbourhood of which the parallel rays of the sun are s0-
refracted that they leave the sphere as a parallel beam, the fol--
lowing construction must be applied. Around the circle which
represents the circumference of the drop and the radius of whichs
is taken as = 1, a second circle is described with the radius iy,
n being regarded as the index of refraction of water; we nows
draw the diameter B O E' parallel and the diameter P O P’ per=-
pendicular to the direction of the incident rays, and amongst thes
innumerable lines which may be conceived as drawn from thes
points of the circumference of the second circle parallel to P 0 P
to meet R O R, seek for that one which is bisected by the firsts
circle. The middle point, which must obviously lie in the cir=:
cumference of the first circle, is the point required. In order
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to attain this end with certainty, the search mustnot be entered
“upon thoughtlessly, but must be proceeded with systematically. If
the collective series of lines B Q be conceived to be bisected, in-
numerable middle points are obtained, amongst which is neces-
sarily the one sought for, which, as a whole, is always a curved

#i:line passing through the terminal point 2 of the second diameter,

and through the bisecting point N of the radius O R'. This
curved line is obviously an ellipse, the greater semidiameter of
which O P =, and the smaller semidiameter O N =4 n. This
can be easily constructed, and is seen in the right half of fig. 100.

As the point looked for must lie upon this ellipse as well as
upon the circle with the radius 1, it is found immediately as the
point of intersection (A’) of these two curved lines. The angle
of incidence sought for A’ O M’ = ¢, as well as the corresponding
angle of refraction B’ O R' =7, may now be obtained either
directly from the figure by measurement, or more exactly by
caleulation.

If it be admitted for the sake of argument that the sun emits
only the simple yellow light of Sodium, the index of refraction of
water for this kind of light is exactly #. If this value be taken
as a base for the construction, we find 7, = 59° 24/, r; = 40°
12,* and since d, is equal to 2 (2r, — i) the corresponding de-

flection is

l!'fl — 420.

In this direction only does a beam of nearly parallel rays
emerge from the drop, which, because they remain together in
the long path to the eye, penetrate it together, and hence oceasion
a lively sensation of light,

These rays, which emerge parallel to each other from the
drop, are distinguished from the rest in another point of view.
Their deflection is the mawimum which the sphere of water is
capable of producing on rays of a definite refrangibility. We
can easily convince ourselves of this by the following considera-
tion. At the point A, which corresponds to the angle of inei-

* It is remarkable that for the index of refraction 3 the angle of inci-
dence and triple the angle of refraction together form two right angles,
that is to say, i, + dr, =180°,

K 2
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dence #,, a8 we have seen, the alteration a of the angle of
incidence is equal to twice the alteration of the angle of refraction

or to 23. On the other side of the point 4, with the greater
angle of incidence #; + a’, to which also a greater angle of refrac-
tion 7, + /3’ corresponds, o is greater than 23, because the same
also B Q (fig. 100) is greater than 24 (). The deflection of ‘
this ray is consequently :

d’ = 2 (Eﬁ + E‘BF—E.[ — ﬂ,)

or,

d’ pr— l‘j] + 4}\3! — Eﬂ!‘.

Since «' is greater than 2/, and therefore also 2a’1s greater
than 43’ we have, in order to obtain d’, to subtract more than
to add, consequently d' is smaller than d;. On this side of the
point A4, the angle of incidence is smaller than 7, it is @) — a”
and the corresponding angle of refraction r; — 5. The deflec-
tion d" which this ray experiences is therefore

&' =2 (2r, — 20" — i) + ")

or,
&' =d, — 40" + 2d".

But since because B Q is here less than 24 Q, a” is also less
than 23", we must subtract a greater amount than we add, and
d" is thus less than d,. The deflection d, which the parallelrays =
experience on their emergence, 1s thus in fact the ma.ximumdl
which can occur with single internal reflexion.

In fig. 100 the determination of the point A is only effected
for the single ratio of refraction #; for every other index of
refraction we must construct according to the same rules another 'i
external circle and another ellipse, and thus convince ourselves
that the less refrangible rays experience a greater refraction
(= 42° 138"), and the more refrangible violet rays a less deflec-
tion (= 41° 14').

The evidence above adduced constitutes the basis on which
the explanation of the primary rainbow 1s founded.

In regard to the secondary, a brief explanation, after what has
just been said, is all that is necessary. Since the deflection which
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a ray of light has experienced after double internal reflexion is

expressed by
d=180° — 2 (8r — 7)

the condition a = 33 must be present for parallel emerging rays.
We find therefore the point of incidence which satisfies this
condition if we construct an ellipse in fig. 100, of which the
greater axis likewise — n, but the smaller axis — 2n. Bya
quite similar train of reasoning it may then easily be shown that
the deflection (= 51° for n = #) which corresponds to this point
1s the minimum which can occur with double internal reflexion.
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CHAPTER IX.
ACHROMATISM.

59. A pure spectrum of solar light is obtained
by allowing it to pass through the vertical slit of the
Heliostat, and arranging the lens, prism, and screen
as before. At first sight the solar spectrum does not
appear to differ from that of the electric light; the
succession and division of the colours, the degree of
refraction and length of bands of colour is* the
same in both cases. On closer inspection, however, of
the brightly illuminated surface, we perceive a great
number of dark lines, which are disposed perpen- -
dicularly to the length of the spectrum, and conse-
quently parallel with the slit. These dark lines, the
majority of which are extremely fine, though some are -
very well marked, were first observed by Wollaston
© (1802), and were subsequently more exactly investigated
by Fraunhofer (1814). The last-named observer, from
whom they have received the name of Fraunhofer’s
Lines, distinguished eight prominent lines by the letters
A to H. The line 4 lies at the extremity of the dark
red; B and C in the middle of the red; D between the
orange and yellow; E in the green; F in the inter-
mediate colour between green and blue ; @ in the dark
blue, and H towards the end of the violet (see fig. 106).

|

% For the same prisms,

|

1
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The spectrum of solar light is consequently not
continuous, like that of white-hot charcoal, but there
are small interspaces which appear to us as fine dark
lines. From the presence of these spaces we must con-
clude that the homogeneous kinds of light correspond-
ing to them are deficient in the light of the sun.

The lines of Fraunhofer constitute well-defined
marks, within the gradual transitions of eolour of the
spectrum which always correspond to the same homo-
geneous kinds of light, and afford us the means of
defining each part of the spectrum, and of discovering
it again at all times with certainty. How very useful
these points are in our enquiries will be seen as we
proceed.

60. Up to the present time a prism of flint glass
has always been used for the production of the spectrum.
But, in order to compare the dispersion of colour of vari-
ous substances, three prisms must successively be taken,
each of which possesses a refracting angle of 60°, namely,
one of flint glass, one of crown glass, and finally, a
| bollow prism filled with water. The first thing that
| is observed is that the spectra which they throw are
refracted laterally to different extents. That caunsed by
the flint prism is deflected to the greatest degree, that
| by the crown glass to a less extent, and that by the
| Water prism least strongly. The spectra vary also eon-
 siderably in length ; the spectrum thrown by the flint
 glass is nearly double as long as that thrown by the
water prism.

We may now ask: Is the stronger dispersion of

colour exhibited by the flint-glass spectrum simply the
 Consequence of its greater refracting power, or does the
flint glass, in virtue of its material qualities, possess a
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greater power of dispersion than the other two sub-
stances? In order to amswer this question, we must
compare the lengths of the equally refracted spectra
with one another. A flint-glass prism may easily be
prepared which shall cause the same refraction in any
particular homogeneous kind of light, as, for example,
in the rays which correspond to Fraunhofer’s line D, as
a prism of crown glass of 60°. Such a prism of flint
glass must obviously have a refracting angle of less
than 60°, and one in fact that amounts to about 52°
The erown-glass prism of 60°, and the flint-glass prism
of 52°, give spectra in which the line D undergoes the
same amount of deflection. Notwithstanding this, the
flint spectrum from B to H is mearly double as long as
that of the crown glass. From this it may be concluded
that the power of dispersion of the flint glass is almost
double (speaking exactly, 1'7 times) as great as that of
crown glass.

Two similar prisms made of the same material (for
example, two prisms of 60° composed of crown glass) of

Combination of two similar prisms without deflection and without dispersion.

course produce equal refraction and equal dispersion of
colour, that is to say, equal length of the spectrum.
If they be placed, as in fig. 101, behind one another
with their refracting angles in opposite directions,
the second one restores to the original condition the
refraction as well as the dispersion of colour caused by
the first. The white beam of light which penetrates -
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the first emerges from the second as white light again,
coursing parallel to its original direction, and producing a
white 1mage of the slit upon the screen. The combina-
tion of the two prisms acts like a thick plate of glass
with parallel surfaces, which causes neither refraction
nor dispersion. What will occur, we may now ask, if a
erown-glass prism of 60° be placed behind a flint-glass
prism of 52° with the refracting angle reversed ® The
deflection of the Fraunhofer’s line D disappears; but
since 1t causes nearly twice as long a spectrum as
the crown-glass prism, the dispersion of colour is not
removed, but becomes reversed. We perceive there-
fore upon the sereen in the direction of the direct rays
a spectrum of about the same length as that caused by
the crown-glass prism, but with the succession of colours
inverted.

In making observations upon the spectrum formed
by a prism, it is frequently inconvenient that the
spectrum should be deflected so far to one side.

Fra. 102,

Combination of a crown and of a flint-glass prism cansing
dispersion but no deflection,

The experiment just made, however, shows how
| ’_t.he spectrum may be obtained in the direction of the
- cident rays, and to avoid the necessity of putting the
| prisms into position on every occasion, they may be

cemented together by a transparent substance (Canada
balsam). Such a combination is called a direct vision
prism. Such combinations of prisms are usually made
| up of three (fig. 103) or of five (fig. 104) prisms; one
flint and two crown, or two flint and three crown.
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Now a prism of flint glass which throws just as long
a spectrum as a prism of crown glass must have its

Fia. 103, Fic. 104,

Showing combinations of prisme which cause no deflection (& vision directe).

refracting angle about half the size of that of the latter.
It causes, however, considerably less deflection. If we
combine therefore two such prisms (a crown-glass
prism of about 60° and a flint-glass prism of
about 30% placing them in opposite positions (fig.
105), the second abolishes the dispersion of colour

Combination of a crown and flint-glass prism, with deflection
but without refraction (an achromatic prism).

produced by the first. On the other hand, it diminishes

but does not completely remove the deflection. We
obtain therefore upon the screen a white image of the
slit deflected to one side. In the combination of the two
prisms we thus possess a prism causing no dispersion of
colowr, or an achromatic prism.

Thus it appears that one of the two actions of a
prism, deflection and dispersion, can be abolished with-
out interference with the other, nevertheless only by a
combination of at least two prisms made of different
materials. Two prisms made of the same kind of glass

i

i
|
|
|
1
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either abolish both actions simultaneously (fig. 101), or
leave both intact.

61. The different power of dispersion possessed by
various substances shows that an influence is exerted by
the material of which the prism is composed upon the
light traversing it. This action may be still further
followed if spectra of equal length from B to H (fig. 106)
of a crown-glass prism of 60°, and a flint-glass prism of

Fig. 108,
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Spectrum thrown by crown glass and by flint glaes.
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30°% be compared, for which purpose the lines of Fraun-
hofer, which always correspond to the same homogeneous
tints of colour, serve as excellent guides. By their
position in the two spectra it is rendered evident that
the less refrangible rays are more closely approximated
in passing through the flint glass, whilst the more re-
frangible are separated further from one another than
by the crown glass; so that although the total disper-
sion of the two prisms (that is to say, the length of their
spectra between B and H) is exactly the same, their
Eispersicrn 18 different. If, therefore, as previously

ointed out, they be added together, the second cannot
completely abolish the dispersion of the former, and
the combined prism is not completely achromatic. The
ery small dispersion of colour that still remains can
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only be removed by a properly selected thicker prism,
composed again of a third substance. In the mean-
time, however, it is so small that it may be usually
neglected.

62. The laws of light in regard to lenses, of which
a knowledge has already been acquired, are only strictly
accurate under the presumption that we are dealing
with homogeneous light; as, for example, with the
light of the Sodium flame. In consequence of the
unequal refrangibility of the different coloured rays, an
ordinary lens has a different focal distance for each
kind of light—the focus of the violet rays (v, fig. 107)
being nearer to the lens than that of the red rays (r).

Fig. 107.

Dispersion of colour of a lens.

Tt is impossible for the rays emanating from a luminous:
point of white or parti-coloured light to be reunited!
again into one point; the images thereon are therefore:
not sharply defined, but surrounded by faint coloured!
rings. A telescope or microscope with such a lens as ani
objective would, on account of the indistinctness of itss
images, be almost valueless.®

The prevention of the dispersion of lenses is alwayss
therefore an object of solicitude in practical optics;ss
and before the solution of the problem was discovered b

* We can, however, obtain well.-defined images with a microscope th
dispersing light, if we ‘1luminate the object with homogeneous light, su
for instance as that of the Sodium flame.

'
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Hall in 1733, and by Dollond in 1757, it was impossible
to construct serviceable telescopes, and it was found
necessary to take refuge in the less powerfully luminous
reflecting telescopes.

That a single lens can never be free from dispersion
is obvious; but, on the other hand, it is possible to
combine two lenses of such nature that each is capable
of mutually compensating for or destroying the dis-
persion of the other. A method by which the desired
result may be obtained is indicated by the production
of the achromatic prism.

In order to remove, namely, the dispersion of colour
of a lens, we place a second lens of opposite action
immediately behind it which possesses the same dis-
persion of colour but causes a different amount of refrac-
tion ; that is to say, has another focal distance.

We add, for example, to a convex crown-glass lens
a concave flint-glass lens; and
in order that both should effect B e
equal but opposite dispersion of A —=—"""""—
colour, the virtual focal distance
of the latter must be about twice L
as great as the real focal dis-
tance of the former. Their combination then gives an
achromatic lens (fig. 108), which unites all the rays
emitted from a white point into a white image-point
again.

For the reason formerly mentioned in speaking of
the achromatic prism, we do not even here obtain
entfire freedom from colour. The amount still remain-
ing is, however, extremely small.

63. The first compound achromatic lenses con-
structed on this principle were discovered by experi-
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ment. The greatest perfection can, however, only be
obtained if, instead of the uncertain method of trial,
direct calculation be made of the most favourable form
for both the flint and crown glass. In order to do this,
however, an exact knowledge of the indices of refraction
of the kinds of glass for the various homogeneous rays
of light is required. The indices of refraction in regard
to the red, yellow, green, and other rays, were laid
down long ago, but on account of the gradual tran-
sition of the rays into each other rendering a sharp
definition of their limits impracticable, the numbers
discovered were inexact. But when Fraunhofer em-
ployed the dark lines named after him as fixed points,
he was able to measure exactly the indices of refraction
for determinate homogeneous rays, and, proceeding on
this information, to eonstruct achromatic objectives for
telescopes that have not hitherto been surpassed in the
perfection of their performance. The method we have
hitherto pursued in order to throw
the spectrum as an object upon a
screen is excellently adapted to ex-
hibit a large number of its peculi-
arities. If, however, it be desired
to make a special study of its char-
acters, and to make measurements,
the direct method of observation ap-
plied by Fraunhofer has the advan-
tage.
In this method a telescope (fig.
b gl b 109) is placed immediately behind.
the prism, the ﬂbjecti?e lens of
which, whilst it receives the rays emerging from the
prism, throws a spectrum near its focus, which is then

FiG. 1090,
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seen with the eye-piece as through a lens. The Fraun-
hofer lines can thus be seen with extraordinary defini-
tion and clearness. The direct method of observation
through a telescope also has the advantage that it does
not require nearly so much light as the projected 1mage
method.

If a divided circle be combined with the observing
telescope (fig. 109), we are able, by directing the cross
threads successively to each Fraunhofer’s line, to mea-
sure accurately the slightest differences in their posi-
tion, and then in accordance with the method above
given to determine the corresponding index of refraction.
The indices of refraction of some of the more important
substances for the principal Fraunhofer lines as thus
obtained are given in the accompanying little Table :—

3 | B C D E F @ :

J .
Water . . . . .|1-3309 1:3217| 1-3336/ 1-3350 1-3378| 1-3413 1'34&2'
Aleohol . 1-3628 | 1-3G33| 1-3654| 1-3675 1*3696( 1-3733| 1'3761

Carbon bisulphide . [1°6182 | 1-6219| 1:6308 1'6438| 1-6555| 1'6799| 1-7019
Crown glass, No. 9. |1:5258 1:5268| 1-5206| 1'5330| 15361/ 1-5417 1:5466
Flint glass, No. 13, |1-6277 1°6207| 1:6350( 1-6240| 1-6483| 1'6603| 16711
Flint glass of Merz |1-7218 1°7245( 1-7321{ 1-7425| 1-7521| 1-7725| 1-7895

As each substance has a special index of refraction
for each kind of ray, it is necessary to point out in
évery statement respecting an index of refraction, which
homogeneous ray is meant, and when, as in the indices
of refraction given at p. 60, such a precise statement
18 neglected, the observation is only approximate, and
refers to the middle rays between D and E.

Any Theodolite may be used for the measurement,
upon Fraunhofer’s plan, of prismatic deflection, and in
order that the prism should follow the rotation of the
telescope, it must be placed upon a small table attached
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to the objective end of the telescope. The refracting
angle of the prism, which must be known for the caleu-
lation of the index of refraction, is determined by means
of the reflecting goniometer, p. 34

64. The determination of the index of refraction can
be much more conveniently effected by means of Meyer-
stein’s Spectrometer, a representation of which is given
in fig. 110. The observing telescope is here directed to
the centre of the horizontal divided circle, and is sup-

Fia. 110.

Speclrometer.

i on horizontal arms connected with the verticall
axis of the divided circle. This axis rotates in the bore
of a metal column supported by three Screws, to the tops
of which are attached three horizontal arms. Two of
these, which are opposite to each other, carry the
verniers by means of which the rotation of the divid
circle is read off; the third arm carries a telesco
directed towards the centre from which the eye-piec
has been removed, and is replaced by a vertical sl
This slit is situated in the focus of the objective 1
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so that the vays proceeding from it strike the prism as
a parallel beam, and traverse it at right angles to its
refracting edge, that is to say, each passes through a
principal section. Were this condition not fulfilled,
the prism would produce, in consequence of the rays
directed obliquely to its principal section, a confusion of
the image of the slit which would make itself disturb-
ingly perceptible in the spectrum as a curvature of the
Fraunhofer’s lines. Whilst by means of the slit-tube,’
the slit can be withdrawn to any distance, it confers
upon the Spectrometer the advantage of being appli-
cable to the investigation of the weaker lights.

‘To obtain parallel rays when em ploying the method
of Fraunhofer, the distance of the Theodolite from
| the slit must be increased as far as possible; on this
account it is especially adapted for sunlight, for when
the distance is considerable the feebleness of artificial
sources of light is not sufficient ; with the Spectrometer,
on the other hand, the source of light can be brought
immediately in front of the slit, and consequent] y
weaker sources of light can be made the subject of
experiment, When the observing tube and the slit
tube have exactly the same direction, the slit is seen at
the decussation of the threads of the former, and the
indicator points to zero upon the divided circle.

We now place the prism (or rather the small tablet
supported by three screws on which it stands) in the
middle of the instrument, upon a second smaller hori-
zontal divided circle, the vertical axis of which turns in
a socket formed by a bore in the axis of the greater
circle. We must now turn the observing tube, and
with it the great circle, to one side, in order to perceive
the deflected image of the slit, or rather its spectrum ;
L
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by turning the small circle the prism can easily be
brought into the position of smallest deflection, the
amount of which can be read off after accurate focussing
by the indicator of the large divided circle.

The smaller divided circle has still, however, a
second important use. It forms, if we allow the greater
circle to remain fixed, with the slit and observing tube
together, a Reflecting-goniometer (p. 34). We can there-
fore with all necessary exactitude determine by means
of this instrument, the Spectrometer, the two data which
are required for the calculation of the index of refrac-
tion, namely, the smallest deflection and the refracting
angle of a prism.

APPENDIX TO CHAPTER IX.
ACHROMATIC LENSES.

WHEN two thin lenses are placed one immediately behind
the other, as in fig. 108, the deflection which they produce in
a point at any distance L from the common axis is equal to
the sum of the deflections which each of the lenses would have
stself effected. If I therefore indicates the focal distance of the
compound lens f, that of the first, and ¢ that of the second lens,

k .k 1 1
o = e, 0T —= = —
T e

The focal distances f and ¢ of the two separate lenses are,.
however, different for different coloured rays, for we obtain (ac--

cording to Equation 1. p. 92, for example), the focal distance fort

red rays
}... — (ﬂ'f — 1) (.l + }_
Jr “r Ty ol

g
@
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for violet, on the other hand,
—1_ :(u’ — 1) (-l-_-l-.l_ .
fll (1] f‘l ?'2

wheren’ and #’ indicate the indices of refraction of crown glass

" LY
for red and violet rays, and r, and 7, the radii of curvature of
erown-glass lenses,
In the same way we have

i:(ﬂu _1) (i + ,l),
P, F P P2

l:(ﬂ-”—l) (i + 1— y
Dy u 1 Pa

where the corresponding quantities for flint-glass lenses are

and

indicated by »'" and n”, pr and py.  If the combination of the
r v

two lenses for red and violet possess the same focal distance
the two lenses must be such that

L L |

With the aid of this equation and the expressions above given

or the several focal distances, the radii of curvature which must
Ee given to the two lenses in order to obtain an achromatic
ystem may be calculated with facility,

i
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CHAPTER X.

SPECTRUM ANALYSIS.

65. Ir instead of the measurement of indices o
refraction the observation and comparison of the spectra
proceeding from various sources of light be the subject

Fia. 111.

Bunsen's speciroscope.

of enquiry, the divided circle of the spectrometer may
be dispensed with; and the instrument thus simplified
constitutes Bunsen’s Spectroscope (fig. 111), in which the
slit tube A, the prism P, and the observing tube B, are
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'~ all arranged just as in the spectrometer. In order,
however, to obtain the means of measurement within the
| limits of the spectrum without a divided circle, a very
. ingenious apparatus has been introduced. A third tube,
| ( (the scale-tube), has at its outer end, at s, a small
photographed scale with transparent divisions, whilst
at the inner end is a lens which is placed at about its
focal distance from the scale. The scale is illuminated
by means of a lamp or candle. The scale-tube is so
. placed that the rays of light that proceed from the
scale and emerge parallel to the axis of the tube are
reflected at the anterior surface of the prism in the
direction of the observing tube. The observer looking
into the telescope sees therefore coincidently with the
spectrum of the light F, the image of the scale, which
‘may be used as a measure.

As the rays are deflected from their original direc-
tion by the prism, the observing tube in the spectro--
scope just described must be so placed in regard to the
slit-tube as to form an angle which is about equal to
the smallest deflection of the middle rays. The source
of light to be investigated cannot therefore be looked at
directly, a circumstance which renders the arrangement
of the instrument difficult and its management somewhat
awkward. The direct vision spectroscope (a viswon directe),
which instead of a single prism contains a combination
of prisms, so that there is no deflection, is free from
this inconvenience (fig. 104). To this class belongs
Hoffman’s Spectroscope, and the little (only 31 in. long)
pocket Spectroscope of Browning.

66. By means of the spectroscope the E!pPGtI‘ﬁ of
the glowing vapours formerly thrown upon the screen
can be very conveniently observed subjectively. But
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whilst for those researches the dazzling light of the
electric flame was requisite, the flame of a Bunsen’s
burner is now sufficient, at least for the light metals
(fig. 1). 1Instead of the metal itself, some of its
chemical combinations, or so-called salts, are usually
employed. A small quantity of such a salt is melted
at the extremity of a fine platinum wire, and intro-
duced into the external hottest part of the feebly
luminous flame. The salt is decomposed by the heat;
the flame is saturated with the vapour of the metal now
set free, and is tinted with a colour characteristic of
the metal. With a little Sodium chloride (common
salt), for example, we obtain the homogeneous yellow
light of Sodium ; salts of Lithium and Strontium colour
the flame of a carmine red tint; salts of Potassium
clear violet; salts of Barium green; and salts of
Calcium yellowish red. Analysts had no doubt long
employed these characters to demonstrate the presence
of the above metals, but the colour of the flame continued
to be an uncertain means of recognition until pris-
matic decomposition was applied as a means of in-
vestigation. It was almost impossible, for example,
with the naked eye to distinguish between the red
flame of Lithium and that produced by Strontium, but
if the two are looked at through the spectroscope they
exhibit perfectly distinet spectra, which are exhibited
on the Spectrum plate (see Frontispiece, Nos. 6 and 8).
If, again, a specimen of Sodium salt with which only a
trace of Lithium is mingled be examined, the presence
of the latter cannot be recognised with the naked eye,
because its feeble red stain is completely overpowered
and concealed by the brilliant yellow of the Sodium.
The spectroscope, however, shows distinctly the red line
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of Lithium close to the yellow Sodium line, each in its
place, thus disclosing the chemical composition of the
substance in question.

This qualitative method of chemical analysisis termed
spectrum analysis, and although the spectra of some
coloured flames had been known for some time, and their
applicability as chemical tests recognised, Bunsen and
Kirchhoff were the first who laid down the scientific
grounds on which alone a method of investigation
could be raised, and who must therefore be regarded as
the true discoverers of spectrum analysis. Bunsen and
Kirchhoff showed first that the positions which the bright
lines of the spectrum occupy are independent of the
temperature of the flame ; in faet, that the same red
colour is obtained and the same two lines, a red and a
reddish yellow, are seen in the spectroscope whether
the Lithium chloride be volatilised in the flame of a
Bunsen’s burner or in the much hotter flame of -the
oxyhydrogen blowpipe. It is to be noted that the
brilliancy of the several lines increases with increasing
temperature, and thus it may happen that by means of
intense heat lines come into view which at lower tem-
peratures are too feeble to be perceived. If, for example,
Lithium be volatilised in the electric flame, a blue line is
visible in its spectrum, which occupies exactly the same
position as the blue line of Strontium. In the flame of
the Bunsen’s burner it exhibits only the two above-
named lines, Moreover, the two observers just men-
tioned demonstrated that different combinations of
the same metals give invariably the same spectrum,
whence the conclusion is irresistible that the lines seen
In any instance may be regarded as positive evidence
of the actual presence of the metals in question.
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The spectrum method of analysis is distinguished
from ordinary chemical methods by its extreme delicacy.
The three-millionth part of a milligramme of a salt of
Sodium, an imperceptible particle of dust to the naked
eve, is yet capable of colouring the flame yellow and of
giving the yellow line of Sodium in the spectroscope.
More than two thirds of the surface of the earth are
covered by sea, which contains Sodium chloride, or
common salt. When waves are raised by the storm
and their foaming summits are carried away, fine
particles of salt are mingled with the air and carried far
over the land ; common salt is consequently distributed
through the whole atmosphere in the form of a fine
dust. On account of this almost constant presence of
Sodium chloride, it is scarcely possible to obtain a

flame which does not exhibit the yellow line of Sodium. =

Tt is only necessary to strike a handkerchief upon the
table, or to close a book sharply, to make the dust
which escapes colour the adjoining Bunsen’s flame
yellow, and to make the Sodium line appear in the

spectroscope. Moreover, in the representation of the

specira of different metals by means of the electric
lamp, they can never, as has been seen, be obtained com-
pletely free from the Sodium line.

The extraordinary sensitiveness of the spectrum
method of analysis led its celebrated discoverers, Bun-
sen and Kirchhoff, to the discovery of two new alkaline
metals that had previously escaped the notice of
chemists, Ceesium and Rubidium, the compounds of
which occur only in very small quantities in minerals
and mineral waters. These spectra are represented in
Nos. 2 and 3 of the Spectrum plate. Subsequently,
Crookes, from the speetroscopic examination of the

RS
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erust formed in the lead chambers of a sulphuric acid
manufactory, discovered the lead-like metal Thallium
(No. 10), and Reich and Richter also discovered, by
means of spectrum analysis, in certain ores of zine the
zinc-like metal Indium.

67. The spectrum method of analysis just deseribed
has been chiefly applied to the recognition of the
alkalies and alkaline earths, for the heat of a Bunsen’s
burner is insufficient to volatilise the heavy metals and
obtain their vapour in a glowing state. To effect this
we must seek other means, and we possess them in the
electric lamp, which may be used in order to exhibit the
spectra of several of the heavy metals upon a screen.
If a fragment of zine be volatilised between the ecarbon
poles a series of beautifully coloured striee are seen,
especially one red and several blue. If now a fragment
of brass, which 1s composed of zinec and copper, be
added, in addition to the zinc lines the group of green
lines peculiar to copper are immediately observed. By
the addition of a little silver the spectrum of this
metal appears, which also exhibits a group of green
lines, but .these are easily distinguishable by their
position from those of the copper. It is observable
that the inevitable Sodium line is a constant accompani-
ment of all these experiments.

As a powerful galvanic battery is required for the
production of the electric arc of light, spectrum analysis
in its application to the discovery of the heavy metals
would prove very troublesome were there no more con-
venient means of converting the metals into luminous
vapours. For the purposes of subjective observation
through the spectroscope the ordinary electric spark is
sufficient, or still better the spark of a powerful induction
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apparalus, which by means of a few galvanic cells can be
maintained in unbroken activity. This apparatus is ex-

hibited in fig. 112, but a detailed description of its con-
struction and mode of action would here be out of place,
It is enough to say that if the conducting wires of the

galvanic battery are fastened down by the binding screws
(' and D, electric sparks succeed each other in rapid
succession between the poles 4 and B, which can be still
further intensified by the introduction of a Leyden jar,
These sparks contain particles of the pole in the condi-
tion of glowing vapour. If the poles, therefore, consist
of the metal to be examined, which may either be used
in the form of a wire or in the form of irregular fragments
fixed by means of clips,
the sparks will exhibit
the corresponding spec-
trum of the metal when
seen through the spec-
troscope.

screen was inexact; each
of the bright lines now
shows itself to be composed of a number of extremely
fine lines which, owing to the poor definition of the

Indnction apparatos.

objective image, previously coalesced into a more or

less broad band. Owing to the great number of fine

bright lines, the spectra of the heavy metals are very
complex. In the spectrum of iron, for example, more

than 450 bright lines have been counted.

68. In the light of the electric spark, not only do

This method of ob-
servation demonstrates
that the representation
of spectra upon the




with the spectrum of the atmosphere.
This admixture cannot however oc-
casion any error, providing the spectra
which glowing gases themselves give
are known.

In order to render a gas incande-
scent the discharge of an induction
apparatus is allowed to pass through
a so-called Geissler’s tube (fig. 113),
which contains the gas in question
in a rarefied state. The two ends
of the tube present dilatations into
which platinum wires are fused.
These wires are connected with the
poles of an induction apparatus, and
immediately a beautiful stream of
light traverses the interior of the

constricted portion shines with a

plendid purple-red, the brilliancy of
hich is nevertheless too feeble to

ermit its spectrum to be projected

the tube be looked at through
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particles of metal detached from the poles glow, but
also particles of the gas through which the spark passes.
In the method of observation just described, there-
fore, the metallic spectrum is not pure, but is mingled

FiG. 113.

Geizsler's spectrom tube,

pon a screen so as to be visible at any distance.

the spectroscope
he light of the hydrogen appears to be composed
f three homogeneous kinds of light :

een, and a violet line coming into view. (See Plate

a red, a bluish
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of Speetra, No.12.) A tube filled with rarefied nitrogen
shines with a peach-blossom colour, but gives a far more
complex spectrum than that of hydrogen; for in the
red, orange, yellow, and green, numerous closely approxi-
mated bright lines are seen separated from each other
by slender dark lines; in the blue and violet, on the
other hand, there are broad bright bands which are
sharply defined towards the less refrangible side, but are
gradually shaded off towards the refrangible side.
(No. 13.)

Pliicker and Hittorf, and more recently Wiillner,
have demonstrated that in this method of observation
different spectra are obtained with the same gas, if the
pressure of the gas and the kind of electrical discharge
are appropriately altered. If with the induction appa-
ratus a Leyden flask be connected, and the shock thus
intensified be transmitted through the same tube con-
taining nitrogen, light of another colour may be ob-
served to be emitted from it, and if this be examined
with the spectroscope it exhibits a spectrum consisting
of many sharply-defined bright lines. A Geissler’s tube
filled with nitrogen thus gives two quite distinct spectra,
according to the kind of electrical discharge. With
low electric tension it gives the spectrum of the firsk
order, consisting of bright strize and bands, whilst with
high tension it gives the spectrwm of the second ordery
consisting of narrow bright lines. Other gases behave
in a similar manner. FPlicker and Wiillner have even
shown that hydrogen, under increased pressure and with =
electric discharges of high tension, gives a continuous
spectrum, and hence emits light of all degrees of refran=
oibility. In the sameway Frankland has observed thab:
a flame of hydrogen burning in oxygen under very high-

e — - -
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pressure emits white light, which gives a continuous
gpectrum. Our knowledge of the processes which take
place in Geissler’s tube during electrical discharges is
still too imperfect to permit the coneclusion to be drawn
from the phenomena just described that the same gas
can furnish different spectra. Itis, on the contrary,
not improbable that the spectra presenting lines (to
which the above-mentioned hydrogen spectrum belongs)
characterise the simple gases, whilst the spectra pre-
senting bands belong to certain of their chemical
compounds.

69. The spectra that have hitherto been considered
may be arranged in the three following classes :—

1st, Continuous spectra, like those of the glowing
carbon points in the electric lamp, Drummond’s lime
light, the magnesium light, white-hot platinum, iron
in a state of fusion, and, speaking generally, and with
but few exceptions, all white-hot solid or fluid
bodies, whatever may be their composition. All these
exhibit a spectrum which on beginning to be luminous
presents the extreme red, and as the temperature rises
constantly extends towards the more refrangible end,
and finally becomes complete and continuous when
white heat is attained. The flames of candles, lamps,
and gas-burners also give continuous spectra, for they
owe their brightness to the particles of solid ecarbon
floating in them. Finally, to this group belong the
above-mentioned continuous spectra which are observed
under certain circumstances in gases.

2nd, Spectra which present a number of biright
lines and strie on a dark background. These are peculiar
| to glowing vapours and gases, each chemical element and
chemical compound having its own characteristic
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spectrum. Tt is this which constitutes the basis of
spectrum analysis,

3rd, The solar spectrwm +which exhibits a large
number of fine dark lines—the lines of Fraunhofer—on
@ bright ground. These lines are perceived by means
of the spectroscope in ordinary daylight, in the light
of the moon, and in that of the planets, and hence not
only in the direct but in the reflected light of the sun.
The fixed stars, as independent suns, exhibit spectra
which are similar but not identical with that of the
sun. The circumstance that the dark lines of the
fixed stars are not exactly coincident with those of the
sun, permits the conclusion to be drawn that the lines
of Fraunhofer, or at least a large number of them, do
not proceed from any action of the atmosphere of our
earth, but are peculiar to the solar light at its source.
An endeavour must now be made to obtain more exact
information in regard to the cause leading to their
production.
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CHAPTER XI.

SPECTRUM ANALYSIS OF THE SUN.

' 70. FrauNHOFER first observed that the bright yellow
line of the Sodium flame occupies the same position in
the spectrum as the dark line, D, of the solar light.
In order to demonstrate this, a right-angled prism (fig.

114) must be so placed in front
of the slit which has hitherto been
employed to throw the spectrum,
that it only covers the lower half of
the slit. From the side B the light
of the electric are, saturated with
Sodium vapour, falls upon the
prism, and undergoing total re-
flexion, is deflected by the oblique
surface to the slit, whilst the sun’s
rays, as before, penetrate through

Fia, 114.
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Action of the comparison
prism.

the upper uncovered part. The spectra of the two sources
of light corresponding to the two halves of the slit are
therefore thrown upon the screen, one being immediately
above the other, permitting them to be conveniently com-
pared. It will then be seen that the bright Sodium line
Sforms the exact continuation of the dark line D an the
golar spectrum, and the conclusion may be drawn that the
Sodium light possesses the same refrangibility as the
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line D. The ¢ Sodium light’ and ¢ the D light’ are there-
fore equivalent. (See Spectrum Plate, Nos. 1 and 5.)

Such a comparing—or comparison—prism may be
applied to the slit of any spectroscope (fig. 115.) It
permits the light coming from any source to be looked
at coincidently with that of the solar spectrum, one
occupying the upper, the other the lower half of the
field of vision, and thus permits them to be directly
compared. The gsolar spectrum, owing to the numerous
fine lines it exhibits, may be taken as a scale by which
all others may be measured.

By means of the comparing prism it may be demon-
strated that the three bright lines of the hydrogen

F1a. 115.

Comparing prism at the slit of the spectroscope.

flame possess exactly the same refrangibility as three
dark lines in the solar spectrum. The red line occupies
precisely the position of the dark solar line C'; the
oreenish blue corresponds to the line F, and the dark
blue to a Fraunhofer’s line which lies immediately it
front of G. (See the Plate of Spectra, Nos. 1 and 12
Kirchhoff in like manner, in endeavouring to deter-
mine the precise position of the bright lines of metals,
used the solar spectrum as a scale, and found that there:
were Fraunhofer’s lines which corresponded to each of!
the iron lines he had observed. The coincidence de-
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scends to the minutest particulars; the more brilliant
a bright iron line appears the blacker is the correspond-
*ing Fraunhofer’sline; the more defined is the line of the
metal the more definite is also the solar line; if, on the
contrary, it be faint and have softened edges, there is
a corresponding indistinctness in the solar spectrum.
Thus every bright iron line (of which Angstrém and
Thalén have lately counted not less than 460), has its
dark counterpart in the solar spectrum. The exact
coincidence of so many bright iron lines with dark solar
lines cannot be accidental. On the theory of probabili-
ties millions of millions might be wagered to one that
these lines have a common origin, or in other words,
i1t is almost certain that both kinds of lines are pro-
duced by the glowing vapour of iron.

71. How does it happen, however, that the lines
which in the spectrum of a glowing vapour appear
bright wpon a dark ground are seen conversely in the
solar spectrum, dark wpon a bright ground, A few ex-
periments will show how an answer to this question
muy be given. The continuous spectrum of the electric
light passing between the carbon points is projected
upon the screen, and a fragment of Sodium is placed
in the cavity of the lower pole. As it vaporises it in-
vests the white-hot upper carbon point with a sheath of
flame, which emits the well-known homogeneous yellow
light. Butthere may now be seen upon the screen in
the continuous spectrum a dark line, occupying exactly
the position where before was the bright Sodium line,
and where it now again immediately appears if the
carbon poles be so far separated that the light of the
arc of flame alone reaches the prism.

From this experiment the conclusion may be drawn

M
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that the yellow sheath of flame permits all kinds of rays
proceeding from the white-hot carbon to pass easily
through it, with the exception of that kind of ray which
it emits itself. This is completely arrested or absorbed ;

: in other werds, the vapour of Sodinm
is almost opaque for rays of its own
kind, whilst it is perfectly permeable
to all other kinds of rays.

This peculiarity of the glowing
vapour of Sodium may be very beaunti-
fully shown by means of an apparatus
constructed by Bunsen (fig. 116).
The flask A, closed by an elastic
stopper perforated with three holes,
contains a solution of common salb
(sodium chloride), besides some sul-
phuric acid and zine. From the mix-
ture hydrogen gas is evolved, which
_ carries with it small droplets of the
Bunsen's apparatus for the Solution of common salt. Cocal-gas
absorption of Sodium Lg% 3o 050 ducted into the flask by means
of the bent tube e, which, after admixture with the
hydrogen gas containing solution of common salf,
streams out through the tubes a and ¢. The coal-gas.
fame is -almost non-luminous per se, but presents a
yellowish tint from the admixture of the vapour of"
Sodium, and becomes mingled with air before under-
going combustion in the metal chimneys b and d. The"
chimney b widens like an inverted cone above, and!
from its semiecircular slit-like aperture a broad ex--
tremely hot and bright Sodium flame is emitted. The:
other chimmey, d, is funnel-shaped, and is provided!
above with a cover having an aperture in the centress

Fia, 116.
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- Incomplete combustion takes place in it, and a feeble
flame, caused by the products, appears above the open-
ing. Thissmall Sodium flame appears almost perfectly
dark upon the bright background of the
large Sodium flame; and as it is almost
opaque for Sodium light, it presents us with
the surprising phenomenon of a black flame
(fig. 117).
It cannot be doubted that the flame is
- not in itself black, but emits yellow Sodium
light, as indeed may be immediately seen if
thelarge flame is extinguished. Asit appears
dark upon the bright background, the quan-
tity of light which it emits, together with
that which it still transmits of the flame |
behind it, taken together, must be smaller avsorption of the
than the intensity of the light of the poste- "™ fome:
rior flame. It must thus, consequently, be less bright ;
or, since the intensity of light rises and falls with the
temperature, less hot than the latter. Owing to the
peculiar construction of these metal chimneys, the large
flame is rendered as hot as possible, whilst the small one
1s reduced to as low a temperature as possible. If the
-anterior flame were bright enough to cover or even to
Surpass by its own luminosity the loss of light effected
by absorption, the small flame would appear as bright
Or even still brighter than its background.

The dark Sodium line also which has heretofore been
Seen in the spectrum is not absolutely black; it still
receives the sum of the D-light emitted and transmitted
from the electric are. Tt appears, however, in com-

parison with its environment—the brilliant spectrum of
the carbon light— dark,

M 2
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The spectrum of Lithium can be similarly inverted
to that of Sodium. For if a salt of Lithinum be placed
on the inferior charcoal point of the electric lamp, as
well as a fragment of Sodium, Lithium and Sodium
vapours must be coincidently present in the flame; and
there is now seen in the spectrum, besides the dark
line D, a dark line in the red exactly in the position
where the bright red Lithium line was previously
visible. The Lithium vapour thus absorbs just those
rays which it itself emits.

The law which has been demonstrated in the case of
Natrium and Lithium holds good generally. FEvery gas
and every vapour absorbs exactly those kinds of rays which
it emits when in the glowing condition, whilst it permats
all other kinds of rays to traverse it with undiminished
intensity.

This capability of absorbing remains unaltered under
oreat variations of temperature, whilst the brilliancy
of the light emitted rapidly increases or diminishes with
the temperature. If therefore a source of licht which
oives a continuous spectrum be looked at with a spec-
troscope through a sheath of vapour, various appear-
ances may be presented. If the vapour be so hot that
it emits more light than it annihilates by absorption,
its line-spectrum will be seen bright upon the less bright
ground of the continuous spectrum. If its capacity of
emitting light at a lower temperature be just sufficient
to cover the loss of light caused by absorption, a con-
tinuous spectrum will be seen, and the presence of the
vapour will scarcely be recognisable. Lastly, if at
a still lower temperature the emitted light be insufficient
to make up for that lost by absorption, the lines of the
vapour will appear dark upon the bright ground of the
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continuous spectrum, or in other words, the inverse
spectrum of the vapour or gaseous body is developed.
72. The inversion of gas spectra solves the enigma
of Fraunhofer’s lines, and at the same time gives
an insight into the physies of the sun. The sun,
as Kirchoff maintains, may be regarded as an extremely
hot mass, whose glowing white-hot surface, the photo-
sphere, emits white light, and in and by itself would
give a continuous spectrum. Outside of the photo-
sphere and surrounding the sun is an atmosphere of
glowing gases and vapours, which is called the ehromo-
sphere ; and this constituent, though of lower tempera-
ture than the photosphere, is still sufficiently hot to
maintain heavy metals in the state of vapour. And
since the light of the photosphere, before it reaches the
earth, must traverse the chromosphere, it is subjected
to the absorbing action of the gases and vapours found
m it ; and it is to this action that the lines of Fraunhofer
owe their origin. The solar spectrum is consequently
to be regarded as resulting from the juxtaposition of
the wnverted spectra of all those substances which are
contained in the gaseous state in the solar atmosphere.
From the facts already mentioned it would appear
that Hydrogen, Sodium, and Iron must be constituents
of the solar atmosphere. Moreover, exact comparisons
of the solar spectrum with the line-spectra of terrestrial
substances show that a series of other elements* exist
in the sun. Thus, for example, the two lines H are
produced by Calcium vapour, and the group indiecated

* The presence of the following elements has been demonstrated with
certainty in the solar atmosphere +—Sodium, Calcium, Barium, Magnesinm,
Iron, Chromium, Nickel, Copper, Zine, Strontium, Cadminm, Cobalt, Hydro-
gen, Manganese, Aluminium, and Titanium,
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by Fraunhofer with b are produced by the vapour of
Magnesium. The line & depends upon Iron, and partly
also the group H. The lines ¢ and F belong, as we
already know, to Hydrogen, and D to Sodium. But
besides these there are a number of dark lines in the
solar spectrum which do not correspond to any known
terrestrial element. In addition to the lines of Fraun-
hofer, indubitably belonging to the sun, there are many
other dark lines in the solar spectrum which originate
from the absorptive action of the terrestrial atmo-
sphere, and are therefore called atmospheric lines. That
they are really produced by the atmosphere is easily
recognised by the fact that they are seen more distinctly
or even first make their appearance when the sun ap-
proaches the horizon, and when consequently its rays
have to traverse a much greater extent of the terres-
trial atmosphere. The Fraunhofer’s lines 4 and B,
the darkness of which essentially depends on the

Fets. 118, relative position of the sun, must
on this account be regarded as
atmospherie.

To make a comparison of the
spectra of metals with that of the
sun with the precision required for
this kind of investigation,a spectro-
scope with only one prism is, on ac-

— count of its small dispersive power,
Telescopes with four prisms.  §popfficient.  Kirchhoff,. there-
fore, in order to obtain an exact drawing of the solar
spectrum to compare with the lines of metallic elements
employed a spectroscope with four prisms, appropri-
ately arranged behind one another (fig. 118), together
with a highly magnifying telescope. By this instru-
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ment fresh lines are rendered visible, and groups of lines,
which in weaker instruments appear only as misty strice,
are resolved into their several lines, Thus, for example,
the dark line D can be shown by its means to be com.
posed of two fine lines, D, and D,, as was already known
to Fraunhofer ; and in the same way the bright line of
Sodium splits into two lines which correspond in the
most precise manner with two solar lines. The excel-
lent drawings of the solar spectrum made by Kirchhoff
and Hoffman, and subsequently by Engstrt‘nm and
Thalén, are as important and indispensable for the
spectrum analysis of the sun and celestial bodies as the
chart of stars is to the astronomer for enquiry into the
position of the fixed stars.

73. If the explanation of the lines of Fraunhofer
given by Kirchhoff be correct, those parts of the solar
atmosphere which project at the edge of the sun beyond
the photosphere should exhibit bright lines in the
spectroscope in place of the dark Fraunhofer’s lines.

The so-called protuberances afforded an instant and
erucial test of the truth of Kirchhoff’s hypothesis. In
total eclipses of the sun, at various points of the sun’s
edge reddish projections appear, which sometimes re-
semble clouds, sometimes hook-like curved horns, and
Sometimes snowy mountains glowing with the rosy
tint of evening. In the uneclipsed sun these protu-
berances cannot be seen, because their feeble light is lost
in the brightness of the terrestrial atmosphere during
the day. The first spectrum of the protuberances was
obtained during the solar eclipse of August 18, 1868.
It presented bright lines, amongst which the three lines
of Hydrogen (C, ¥, and one g little in front of (), and
& yellow line behind the double line D, which corre-
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sponds neither to a Fraunhofer’s line, nor to that of
any known tervestrial substance, and which has been
since designated D, ave the mosb conspicuous., It was
thus demonstrated that the protuberances are gaseous,
and that they are principally composed of hydrogen.

Janssen, who was sent to the Tast Indies by the
French Academy of Sciences to observe this eclipse,
discovered on the following day a method of seeing the
bright lines of the protuberances without any eclipse of
the sun, and when shining at its brightest. The idea
of this method had previously been suggested by
Lockyer, and had been carried into effect by himn before
he had received information of the discovery made by
the French observer. :

The reason that we are unable to see the protu-
berances with an ordinary telescope in bright sunshine
is on account of the great brightness of the terrestrial
atmosphere, rendered luminous by the sun, which over-
powers the feeble light of the protuberances. In order
that the spectrum of the protuberances should be seen,
it is necessary to lower the light of the terrestrial atmo-
sphere to a sufficient degree, yet without at the same
time materially weakening that of the protuberances.

The practicability of effecting this depends on the
great difference that exisls between ordinary daylight
and the light of the protuberances. The former con-
sists of all possible kinds of rays, and gives, apart from
Traunhofer’s lines, a continuous spectrum ; the latter,:
on the other hand, consists of only a few homogeneous:
kinds of light, to which, n its spectrum, the previously--
mentioned bright lines correspond. By multiplying !
the prisms of the spectroscope the continuous spectrums
of ordinary daylight may be indefinitely extended, andi
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its brilliancy so far diminished that it is scarcely to be
perceived. By the same system of prisms the bright
lines of the spectrum of the protuberances may indeed
be separated widely from one another, but are not mate-
rially weakened in brilliancy. In order, therefore, to
see them distinctly upon the dark ground of the almost
imperceptible spectrum of the atmospheric light, it is
only requisite to use a strongly dispersing spectroscope.

Were the spectroscope pointed directly towards the
sun, light from all its parts would simultaneously pene-
trate the slit of the instrument and the ordinary solar
spectrum would be produced ; but with the present object
in view it is necessary that each segment of the sun should
be investigated separately. This object is attained
by placing a spectroscope instead of the eye-piece in
a telescope, and receiving the small image of the sun
formed at the focus upon the plane of the aperture of
the slit. By this means any given part of the sun’s
disk or edge can be made to fall separately upon the
slit.

This arrangement renders it possible not only to
recognise by its bright lines the presence of a protube-
rance, but also to see its complete form with well defined
borders. If we make, for example, the slit so wide
that it takes in the whole image of a protuberance
between its borders, we see through the spectroscope as
many images of it as there are homogeneous rays in
the light of the protuberance. These images are quite
gharply defined, and in consequence of the great dis-
persion of the spectroscope, are so widely separated from
each other that only one is seen in the field of vision,
and the protuberance can be seen at will, red by virtue
of its C rays, or greenish blue by its F rays. This
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method of observation cannot be applied to a white
object, because the innumerable coloured images would:
be arranged and become confused in a continuous
series. The protuberances are to be regarded as
violent eruptions of gases, which are shot forth to an
extraordinary height above the proper solar atmosphere
(chromosphere) and it is to their absorptive power that
the Fraunhofer’s lines are due. In the eclipse of
December 22, 1870, the American observer Young also
perceived the bright lines of the chromosphere itself.
He made the following report upon this important ob-
servation, which powerfully supports Kirchoff’s view :
¢ As the solar sickle became narrower, I remarked
how all the dark lines became progressively fainter,
but I was wholly unprepared for the extraordinary
phenomenon which in an instant presented itself to my
eye at the moment when the dark disk of the moon en-
tirely covered the photosphere of the sun. The whole
field of vision was filled with bright lines which suddenly
appeared with the greatest brilliancy and then again
vanished, so that after the lapse of scarcely two seconds
nothing remained of those lines which had just been the
object of my investigation. It is obviously impossible
for me to state with certainty that all the bright lines
which filled the field of vision occupied exactly the
same position as the lines of Fraunhofer, but I am con-
vinced that it was so, for I recognised various groups of
lines, and the whole disposition, as well as the relative
intensity of the spectrum, seemed quite familiar to me.’

Since this observation, which was made during an
eclipse, the bright lines of the chromosphere have been
seen in bright sunshine by means of the same method
of research as that above detailed for examining the
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protuberances. Young has in this way observed not
less than 273 bright lines in the chromosphere, of
which 64 belong to Iron.

Spectrum analysis has been applied with the greatest
success, not to the sun alone but to other celestial
objects. It is impossible, however, to go into farther
detail in regard to the results obtained, since this sub-
ject is beyond the limits assigned to this work,
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CHAPTER XIIL.

ABSORPTION.

74. TeAT gaseous bodies are capable of producing
absorption lines not only in the incandescent condition,
but at far lower temperatures, is shown by the above-
mentioned atmospheric lines of the solar spectrum,
which are essentially due to the aqueous vapour con-
tained in the air. Other gases possess a similar power
of absorption, two examples of which may here be
mentioned.

After the spectrum of the electric light has been
thrown upon the screen, a small test-tube, containing
some nitric acid and eopper, is placed in front of the
slit. As the acid dissolves the metal, a yellowish-red
gas is developed, through which the rays of light must
pass before they reach the prism.

It may now be seen (fig. 119, 1) that the previously
continuous spectrum is interrupted by innumerable
dark lines (Brewster has counted about 2,000), which |
closely resemble the lines of Fraunhofer. They are
sparingly present in the red part, but are more closely |
arranged towards the violet end, and render it quite |
faint.

If a little Todine be volatilised in another test-
tube, and the light of the electric lamp be transmitted
through the beautiful violet vapour, the spectrum may
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again be observed to present a number of dark lines
(fig. 119, 2), which, however, have a very different
arrangement from the above. They are principally
situated in the orange, yellow, and green; and-indeed

Fic. 119.

10—

Absorption spectra of nitrogen tetroxide and of the vapour of iodine.

are so closely grouped in the latter that they quite
darken it. On the other hand, the blue and violet part
of the spectrum is quite free from them. This absorp-
tion spectrum, as Wiillner has shown, is exactly the
converse of the spectrum of glowing Iodine vapour.
If, for example, the reddish-yellow light of a hydrogen
flame, saturated with Iodine vapour, be examined
through the spectrum apparatus, bright lines are ob-
tained at those points where the absorption spectrum
appears dark.

The reddish-yellow colour of the nitrogen tetroxide,
and the violet colour of the vapour of iodine, are the
necessary consequences of their peculiar powers of ab-
sorption ; for as the nitrous acid arrests certain kinds of
rays of the white light traversing it, and especially the
violet ones, the mixture of the rest is no longer white,
but just the reddish-yellow tone of colour proper to this
gas. For the same reason Iodine vapour, being almost
opaque for the yellow and green rays, exhibits a mixed
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tint, formed by the red, blue, and violet rays which it
transmits, and which appear violet to our eyes.

75. The different colours of transparent solid and
fluid bedies similarly result from their peculiar capa-
bilities of absorption, a series of examples of which may
now be given. When a solution of permanganate of
potash contained in a glass trough with parallel walls
1s placed in front of the slit of the Heliostat,* (fig.
120), the red and blue-violet regions of the spectrum
appear unaltered, whilst the yellow and the green
appear darkened, and upon the dark ground are fine
black strie. It is unnecessary that any explanation
should here be entered into of the mode in which the
reddish-violet colour of the fluid results from this
phenomenon of absorption.

If again blood diluted with water be placed in the
glass trough, the violet end of the spectrum vanishes,
and between D and ¥ two broad dark bands (fig. 120, 2)
make their appearance. The red colour of blood is
thus not a simple colour, but a mixture of all those
colours which still remain over in its spectrum. The
slightest chemical alteration in blood betrays itself
immediately by a corresponding change in the spectrum.
Thus poisoning by carbonic oxide gas, or by hydrocyanie
acid, may be immediately recognised by the changed
appearance of the blood spectrum. The spectroscope
may thus render important services to Physiology and
Forensic Medicine.

Plants owe their green colour to the chlorophyll’

* Tf these experiments are made with the light of the sun, the Fraun-
hofer's lines are seen in addition to the absorption phenomenon and furnish
satisfactory points of comparison for the determination of the position of
the absorption lines.
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contained in their cells. An aleoholic solution of this
colouring material gives a highly characteristic spectrum
(fig. 120, 3). In the middle of the red is a deep black
band, which occupies the interspace between the lines

I1a. 120,
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Absorption spectra,

B and C; three feeble absorption strize are seen in the
orange-yellow and green ; the indigo-violet part of the
spectrum from F onwards is completely absent.

It a piece of glass coloured blue with Cobalt be held
n front of the prism, the spectrum shown in fig. 120, 4,
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is obtained. In this the whole tract from B to F is
shaded, with the exception of a feebly luminous line
in the yellow-green. The extreme red, on the other
hand, before B, as well as the entire indigo-violet extre-
mity of the spectrum, remains unchanged.

A glass coloured red with oxide of Copper gives an
absorption spectrum of a far more simple kind than
any of those hitherto mentioned (fig. 120, 5). This kind
of glass only allows the red and orange-red rays as far
as D to pass through it; it is quite opaque for all
other colours. If a red glass be placed before a blue
cobalt glass the combination produces by absorptive
action a mnearly homogeneous light, namely, the
extreme dark red in front of B, which is the only
colour that the two glasses are together capable of
{ransmitting.

A solution of Potassium bichromate is only trans-
parent for the less refrangible part of the spectrum as
tar as to the Fraunhofer’s line b (fig. 120, 6). A solu-
tion of the copper oxide in ammonia is transparent
only for the more refrangible part, from about the line
b onwards (fig. 120, 7). The orange-yellow colour of
the first-named solution, and the blue of the second,
are consequently complementary to each other. Two
olags cells filled with these fluids, and placed one be-
hind the other, scarcely permit the passage of any light.
The one fluid looked at through the other appears
completely black. Nevertheless absorption does not
always produce the particular tone of the transmitted
light. If only a very small extent of the spectrum be:
absorbed, the mixture of the transmitted rays does not
differ remarkably from white. As an example of this,.
a piece of glass may be adduced which contains in a:
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state of chemical combination the rare metal Didy-
mium, To the naked eye it appears nearly colourless,
but if it be brought in front of the slit, two thin blaclk
strie appear in the spectrum at the line D, and two less
well-marked ones in the green at & and b (fig. 120, 8),
which are so characteristic of Didymium that they enable
the smallest quantity of this metal in solution to be
detected. If the solid oxide of Didymium be heated to
incandescence, bright lines appear in the spectrum of the
emitted light in place of the dark lines. We have thus
In Didymium an example of a solid which when in-
candescent does not give a continuous but a linear
spectrum. The oxides of the metals Erbium and Ter-
bium, which are also rare, behave in a similar manner.,

It an absorbing substance be employed in a pro-
gressively thicker layer orin a greater degree of concen-
tration, the absorption bands become, without changing
their position, broader and darker, and colours which
were previously transmitted gradually disappear. Thus
1t comes to pass that with increasing thickness or con-
centration the tone of colour of the transmitted light
frequently becomes quite different. To demonstrate
this a number of gelatine disks coloured with litmus
may be used, which are placed between two colourless
glass plates in a graduated manner. If these be placed
before the slit, there will be seen in the spectrum
(fig. 121) the graduated amount of absorption corre-
Sponding to the different thicknesses of the gelatine. In
the case of the thinnest layer only a thin dark band is
seen in front of D, whilst the thickest layer only per-
mits the red end of the spectrum to be seen. The
appearance of this spectrum explains why a layer of
litmus gradually increasing in thickness first appears

N
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whitish, then blue, then violet, and finally purple-red.
Similarly a solution of chlorophyll, which in a thin
layer appears green, transmits when very thick only
the extreme dark-red rays.

Fra. 121.

Ahsorption of the colouring matter of litmus with different thicknesses of the layer.

The absorption spectra being thus not less charac- |
teristic in demonstrating the presence of the bodies to |
which they belong than are the spectra of the light |
emitted from glowing vapours, spectral analysis opens |
up a wide field of application. The discovery of adul- |
teration of colouring matters and of food may be particu- |
larly mentioned in practical life.

76. In the experiments hitherto made the rays:|
emerging from the prism have been received upon ai|
paper screen because the rough surface of the paper'
reflects * the different coloured rays diffusely, enabling;|
the complete spectrum to be seen on all sides. Insteadl|
of the usunally perfectly white screen, another one may:|
be selected, the upper half of which is covered withif
white and the lower half with red paper. The screeni|
must be placed in such a position that the horizontall|
line of junction of the two papers halves the spectmmz
throughout its whole length. In its upper half, whichs

* See §§ 8 and 15.
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falls upon the white paper, the spectrum exhibits all
the colours as clearly as before, but in the lower half,
which falls on the red paper, the colours yellow, green,
blue, and violet are almost entirely absent, whilst the
red and orange are almost as bright as when they fall
on the white sereen (fig. 120, 9).

This experiment proves that the red paper possesses
n a high degree the power of reflecting diffusely the
red and orange-coloured rays, but that it does not
reflect the other kinds of rays falling upon it, but, on
the contrary, swallows them up, or, as we say, absorbs
them. It is obvious therefore why this paper appears
red when illuminated by the white light of day.

If this experiment be repeated with yellow, green,
and blue paper successively, it will be found that each
absorbs other parts of the spectrum, and that the par-
ticular colour which it possesses in daylight is always
the tint caused by mixture of all those rays which it
diffusely reflects.

White paper absorbs no one of the homogeneous
colours present in the light of the sun in particular, but
reflects all in their original state of mixture, and it is
on this account that it appears by daylight white. A
surface is called grey which possesses an equally small
power of diffusion for all colours. Lastly, everything
appears black the surface of which is of such a nature
that all kinds of rays are absorbed by it.

The whole range of colours presented by objects in
all their variety way thus be explained on the prineiple
of absorption. All objects, whether seen by transmitted
or by reflected light, exhibit exactly that colour which
18 complementary to the sum of the rays absorbed,

The bright fresh green of plants, for example, re-

N 2
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sults from the absorbing action of chlorophyll, and has
therefore the same composition as the light passing
through a solution of chlorophyll (see fig. 120, 3). It
contains, namely, the extreme red in front of the
Fraunhofer’s line B quite undiminished in intensity,
the orange-yellow and green between C and E with
tolerably strong brilliancy, and a little blue, but the
middle part of the red (corresponding to the absorption
strize between B and () as well as the indigo and violet
from the middle between F and G, are almost com-
pletely absent.

This peculiar composition of the green colour
of plants explains the surprising appearance which
a well-wooded landscape presents on a sunny day if
looked at through two properly selected glass plates,
of which one is a blue cobalt glass whilst the other
is faintly tinted with oxide of copper. Spectacles made
of these two glasses superimposed on one another
terythrophytoscope) permit only, the extreme red con-
stituent of the green colour of plants, with some blue-
green and blue but no green or yellow, to reach the
eye. The foliage of plants is therefore seen coloured of
o beautiful red, whilst the bright sky is of a deep violet-
blue colour, the clouds of a delicate purple, and the
earth and rocks of a violet-grey.

77 The essential nature of the colours of objects
may thus be strikingly indicated, by saying that they
are the residue of the light by which they are illumi-
nated after abstraction of those rays which are extin-
guished by absorption. Tt follows as a matter of course
that objects can only exhibit such colours i transmatted’
as well as in diffusely reflected light as are already con--
tained in the incident light, Hence in order that a.
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sheet of red paper should appear red, red rays must be
contained in the light by which it is illuminated. The
light of day contains such rays. But if the room be
darkened and the paper illuminated with the monochro-
matic yellow flame of Sodium, it appears black.

With homogeneous illumination differences of co-
lour are no longer perceptible. The variations of light
and shade are alone visible. Hence the wreath of
flowers which appeared so luxuriant in the above expe-
riment would, when seen with homogeneous light, seem
withered and yellow; and a picture, rich as it might
really be in colour, would resemble a sepia drawing.
‘Were the sun a sphere of glowing vapour of Sodium,
all terrestrial nature would present this monotonous and
gloomy aspeet. It requires the white light of the sun, in
which innumerable colours are blended, to disclose to
our eyes the variegated tints of natural objects. And
80 again, if a Magnesium wire be held in the Sodium
flame, its white light, as by a stroke of magie, restores
the fresh colours to the wreath of flowers, to the pic-
ture, and everything around.

The light of gas and candles contains all the colours
of the solar spectrum, though not mixed in exactly the
same proportion. The yellow rays are very abundant,
whilst the blue and violet are relatively much less
abundant than in solar light. This affords an explana-
tion of the well-known fact that green and blue clothing
materials are difficult to distinguish by candlelight.
For green materials reflect especially the green and a
few blue rays; blue materials, in addition to the green,
the blue rays especially ; but since blue is only sparingly
present in candlelight, whilst green is abundant,
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objects presenting both colours by daylight appear
more or less of a green colour by candlelight.

If the two colours are mingled the mixture presents
that colour which remains over after the abstraction of
all the rays absorbed by the two materials. It is, for
example, generally known that a mixture of blue and
yellow, as of Prussian blue and gamboge, produces a
green. This is by no means in opposition to the fact
above stated (§ 57), that the yellow and the blue of
the spectrum unite to form white. For in order that
our eyes should receive the impression of white it is
necessary that blue and yellow rays should enter them
simultaneously. A mixture of Prussian blue and gam-
boge emits neither blue nor yellow, but essentially
oreen rays. The former colouring matter absorbs the
red and yellow, the latter the blue and violet rays, and
the green rays therefore alone remain in the diffuse
light reflected from the mixture.
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CHAPTER XIIIL
FLUORESCENCE. PHOSPHORESCENCE. CHEMICAL ACTION.

78. THE question now arises, what becomes of the
rays that have undergone absorption? Are they in
fact, as they appear to be, annihilated? A series of
phenomena now to be considered will give us an answer
to these questions.

If water containing a little #sculin, a substance con-
tained in the bark of the horse chestnut in solution, be
placed in a flask, and the rays
of the sun or of the electric lamp
concentrated by a lens situated
at aboutits focal distance from
the vessel, be directed upon it,
the cone of light thrown by
the lens into the interior of the
fluid will be seen to shine with ZAaULesE
a lovely sky-blue tint. The particles of the solution of
Asculin in the path of the beam become spontane-
ously luminous, and emit a soft blue light in all direc-
tions. The cone of light appears brightest at the point
where it enters into the fluid through the glass, and
quickly diminishes in brilliancy as it penetrates more
deeply.

There are great numbers of fluid and solid bodies

F16. 122,
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which become similarly self-luminous under the in-
fluence of light. This peculiarity was first observed in
a kind of spar occurring at Alston Moor in England,
which, itself of a clear green colour, appears by trans-
mitted solar light of a very beautiful indigo-violet
colour. From its occurrence in Calcium fluoride the
phenomenon has been named fluorescence.

In order to understand more precisely the circum-
stances under which fluorescence occurs, the solution of
Asculin must again be referred to. The light before
it reaches the lens must be allowed to pass through
just such another solution of Alsculin contained in a
class cell with parallel walls. The cone of light pro-
ceeding from the lens, as long as it passes through the
air, does not appear to have undergone any material
change, it is just as bright and just as white as before.
In the interior of the fluid however it no longer presents
a blue shimmer but becomes scarcely perceptible.

Thus it is seen that light which has traversed a
solution of Alsculin is no longer capable of exciting
fluorescence in another solution of Asculin. Those rays
consequently which possess this property must be
arrested by the first solution of Alsculin. Similar
results are obtained in the case of every other fluores-
cent substance.

The general proposition can therefore be laid down,
that a body capable of exhibiting fluorescence fluoresces by
virtue of those rays which it absorbs.

In order to determine what rays in particular cause
the fluorescence of Alsculin, the spectrum must be pro-
jected in the usual way; but instead of its being
received upon a paper screen it must be allowed to fall
upon the wall of a glass cell containing a solution of
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| colours consecutively down to indigo
' appear to be absolutely without effect.
The bluish shimmer first commences in
the neighbourhood of the line G, and
covers not only the violet part of the
spectrum, but strefches far beyond the
group of lines H to a distance which is
about equal to the length of the spec-
trum visible under ordinary circum-
stances.

From this the conclusion must be
drawn that there are rays which are
gtill more refrangible than the violet,
but which in the ordinary mode of pro-
jecting the spectrum are invisible ; these
are termed the wllra-violet rays. They
become apparent in the Aisculin solu-
tion because they are capable of exciting
the bluish fluorescent shimmer in it.
If sunlight has been used in the above
experiments the well-known Fraun-
'hnfer’s lines appear upon the bluish
| ground of the fluorescing spectrum, not
only from G to H, but the ultra-violet
part also appears filled with numerous
lines, the most conspicuous of which are
indicated by the several letters I to S
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| Asculin, that is to say, upon the solution itself, and it
| must then be observed in what parts of the spectrum
| the blue shimmer appears. The red and all the other

¥16. 123.—Solar spectrum with the ultra-violet portion.

(fig. 1?.3.)‘ That these lines, like the ordinary Fraun-
?hof’er S lines, belong properly to solar light, and do not
| depend upon any action of the fluorescing substance, is
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evident from the circumstance that with the electrie
light they are no more apparent in the ultra-violet
than in the other colours, and further, because the
same lines are seen in the solar spectrum, whatever may
be the fluorescing substance under examination.

Quartz has the power of transmitting the ultra-
violet rays far more completely than glass. If there-
fore the glass lens and prism hitherto used for project-
ing the spectrum be replaced by a quartz lens and
prism, the ultra-violet part of the spectrum is rendered
much brighter and is extended still further than
before.

The ultra-violet rays of the spectrum can, more-
over, be seen without the intervention of any fluorescing
substance through a glass, or still better, through
a quartz prism, if the bright part of the spectrum
between B and H be carefully shut off. With feeble:
illumination its colour appears indigo-blue, but with.
licht of greater intensity it is of a bluish-grey tint
(lavender). The ultra-violet rays thus ordinarily escape:
observation, because they produce a much feebler im-.
pression on the human eye than the less refrangibles
rays between B and .

An explanation is thus afforded why the solution off
Asculin, apart from its absorption, is colourless wheni
seen by transmitted light; for since it absorbs only~
the feebly luminous violet and the entirely imperceptible:
ultra-violet rays, the mixed light that has passedl
through it still appears white and is not rendered!
materially fainter.

79, If the solar spectrum be thrown in the above--
mentioned manner upon the fluid, its fluorescing part?
everywhere exhibits the same bluish shimmer; and spec--
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troscopic examination shows that this bluish light has
always the same composition, whether it is excited by
the G rays or by the H rays or by the ultra-violet rays,
and that it is formed of a mixture of red, orange, yellow,
green, and blue. It is thus seen that the different
kinds of homogeneous light, as far as they are generally
effective, produce compound fluorescent light of identi-
cal composition, the constituents of which neverthe-
less are collectively less refrangible than, or are at most
equally refrangible with, the exciting rays.

Amongst other fluorescing bodies may be mentioned
the solution of Quinine, which is as clear as water, and
has a bright blue fluorescence; the slightly yellow
Petroleum, with blue fluorescence; the yellow solution
of Turmeric, with green; and the bright yellow glass
containing Uranium, which fluoresces with beautiful
bright green fluorescence. It admits of easy demonstra-
tion that in these bodies also it is the more refrangible
rays that call forth fluorescence. For if we illuminate
them with light which has passed through a red glass
no trace of fluorescence is visible. But if the red be ex-
changed for a blue glass the fluorescence becomes as
strongly marked as with the direct solar light. A re-
markable phenomenon is presented in the splendid
bright green light which is emitted by Uranium glass
under the action of blue illumination.

The highly refrangible rays which possess in so high
a degree the power of exciting fluorescence are con-
tained in large proportion in the light emitted by a
Geissler’s tube (see § 68) filled with rarefied nitrogen.
In order to expose fluorescing fluids to the influence
of this light the arrangement represented in fig. 124
may be employed with advantage. A narrow tube
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1s surrounded by a wider glass tube, into which the
fluid is introduced by a side opening which can be
closed if required. Another form of Geissler’s tube is
represented in fig. 125, which contains in its interior a

FiG. 125.

Fic. 124,

Geizsler’s fluorescence tube. Geissler's tube with Uranium glass sph

number of hollow spheres composed of Uranium glass.
Where a beam of the reddish violet nitrogen light tra-
verses the tube the Uranium glass balls shine with &
beautiful bright green fluorescent light.

The electric light passing between carbon points 1§
rich in rays of high refrangibility, indeed the ultra~
violet end of its spectrum reaches even further than that
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of the solar spectrum. In the light of the Magnesium
lamp the ultra-violet rays are also abundant, and both
sources of light are therefore particularly well adapted
to produce fluorescence, whilst gas and candlelight are
nearly inoperative on account of the small amount of
the more refrangible rays they contain.

80. It would nevertheless be incorrect to infer
from the above facts that the more refrangible rays are
exclusively capable of exciting fluorescence. A red
fluid which is an alcoholic solution of Naphthalin red
(Rose de Magdala, an anilin colouring material) and
which even in ordinary daylight fluoresces with orange
yellow tints of unusual brilliancy, will serve to demon-
strate that even the less refrangible rays are capable
of producing this effect. In fact, if the spectrum be pro-
jected upon the glass cell containing the fluid (fig. 126, 2),
the yellow fluorescent light will be seen to commence at
a point intermediate to C' and D, and therefore still in
the red, and to extend over the whole remaining spec-
trum as far as to the ultra-violet. The strongest fluo-
rescence by far is shown behind the line D in the
greenish-yellow rays. It then again diminishes, and
becomes a second time more marked between B and b,
from thence onward the fluorescence becomes fainter,
then increases again in the violet, and gradually
vanishes in the ultra-violet, In Naphthalin red, there-
fore, there are rays of low refrangibility, namely, the
green-yellow rays behind D, by which its fluorescence is
most powerfully excited.

The fluorescing spectrum received upon the fluid
shows, as we have already mentioned, three regions of
stronger fluorescence, and the absorption spectrum of
Naphthalin red, which by placing a small cell filled with



190 OPTICS.

the solution in front of the slit may be obtained upon a .
paper screen, gives a key to the cause of this phenomenon, .
In this spectrum (fig. 126, 1) a completely black band is |
visible in the green-yellow behind D, a dark band |

F1G. 126.

Absorption and finorescing spectrum of Naphthalin red.

between F and b, whilst the violet end appears shaded.
On employing a very strong solution of the Naph-

thalin colouring material, the whole spectrum vanishes:
with the exception of the red end, which remains ap--
parent to a point behind C. If now the absorption|
spectrum be compared with that thrown upon the fluid,,
the intimate relation between absorption and fluo--
rescence that has already been pointed out in the Ascu--
lin solution is corroborated in the minutest particulars..
For every dark band in the absorption spectrum corre--
sponds to a bright band in the fluorescing spectrum. Every:
ray absorbed by the fluid occasions fluorescence, and the
fluoreseent light produced by it is the brighter the more:

completely the ray is absorbed.
A second example of the excitation of fluorescence
by rays of small refrangibility is exhibited by a solu-

tion of chlorophyll. The spectrum projected upon thiss
green fluid fluoresces of a dark red colour, from B to &+

point within the ultra-violet, exhibiting at the same time

|

|
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bright bands which correspond with the dark bands in
the absorption spectrum (fig. 120, 3). Between B and (,
where the greatest amount of absorption occurs, the
fluorescence 1s also the most marked. But it is the
middle red rays which here act most powerfully as
excitants. It is remarkable that the red fluorescent
light which the chlorophyll solution emits likewise lies,
in regard to its refrargibility, between B and €. Chlo-
rophyll solution affords a proof that all rays of the
spectrum, with the exception of the extreme red in
front of B, are capable of calling forth fluorescence.
Their capacity for doing so depends simply on the
power of absorption of the fluorescing substance. The
most refrangible violet and ultra-violet rays are, how-
ever, characterised by the circumstance that they are
capable of exciting all known fluorescing bodies.

81. Fluorescent light is only perceived so long as
the fluorescent substance is illuminated by the exciting
rays. As soon as the light falling on it is obstructed
the coloured shimmer vanishes. It is only in the case
of some fluorescing solid substances, as for example,
Fluor-spar and Uranium glass, that, with the aid of ap-
propriate apparatus (Becquerel’s Phosphoriscope), a very
short continnance of the fluorescence may be observed
to take place in the dark.

There are, however, a number of bodies which, after
being excited to self-luminosity by a brilliant light,
continue to shine for a certain time in the dark, A
series of pulverulent white substances, namely, the
sulphur compounds of Calcium, Strontium, and Barium
(which should be kept in hermetically sealed glass tubes),
do mnot exhibit the faintest light in a dark room.
Moreover, if they be covered with a yellow glass and
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illuminated with the light of a Magnesium lamp, they
remain as dark as before. But if the yellow be ex-
changed for a blue glass, and the Magnesium light be
allowed to play upon them for a few seconds only, they
emit in the dark a soft light, each powder having its
own proper tint of colour. This power of shining in
the dark after having been exposed to light is termed
phosphorescence. The property is possessed in a high
degree not only by the above-named artificially pre-
pared substances, but by various minerals, as the dia-
mond, fluor-spar, and a variety of fluor-spar called
Chlorophane.

Phosphorescence, like fluorescence, is an effect of
absorbed light. For the refrangible rays which, in
accordance with the results of the experiments that
have been made, are alone capable of exciting these
substances to self-luminosity are exactly those which
they absorb. Phosphorescent light itself, examined
spectroscopically, is found to be composed of rays the
refrangibility of which is smaller than that of the excit-
ing rays, and it is indeed compound even when the
exciting light is homogeneous. The affinity between
phosphorescence and fluorescence which expresses itself
in this relation is unmistakable. Phosphorescence may
be described as fluorescence which 1s prolonged for a
certain length of time beyond the action of the exciting
rays.

A remarkable fact discovered by Becquerel must not
here be passed over in silence. When a card covered
with Strontium sulphide is made feebly phosphorescent
by daylight, and a solar spectrum is then projected upon
it in a dark chamber, we observe in the course of a few
seconds after the opening in the shutter has been closed
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that the whole surface of the card still continues to
shine, with the exception of that part on which the
less refrangible portion of the spectrum from A4 to I
previously fell. In that part no phosphorescence is
visible. The less refrangible rays are thus not only
incapable of exciting phosphorescence, but they appear
even to destroy or disturb the phosphorescence called forth
by the more refrangible rays.

In order to avoid misunderstanding, it must further
be remarked that the light of phosphorus (apart from
the similarity of the name), the light of touchwood, of
fire-flies, of various marine a,nin?als, etc., does not belong
to the class of phosphorescent phenomena caused by
the absorption of light which we have here considered.
These bodies are rather to be regarded as self-lumi-
nous in consequence of chemical and physiological
processes. ;

82, The nature of the substances exhibiting fluo-
rescence or phosphorescence owing to the rays of light
they have absorbed is in no way altered. There arve,
however, a number of bodies which undergo a perma-
nent change in their nature—an alteration of their
chemical composition—from exposure to light. Every-
one must be familiar with numerous examples of this
chemical action of light from the phenomena of daily
life, and it is only necessary to mention such cases as
the bleaching of linen and of wax, the fading of coloured
stuffs, and the blanching of water-colour drawings.

How powerfully the chemical action of light can be
exerted under certain circumstances may be shown by
the following experiment. A mixture of equal parts of
Chlorine and Hydrogen is introduced into a thin glass
ball. If this be exposed to the daylight the two gases

0
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gradually combine to form Hydrochloric acid gas, a
chemical compound the aqueous solution of which is
generally known under the name of Muriatic or Hydro-
chloric acid. But if the light of the Magnesium lamp
be allowed to fall on the sphere it instantly bursts with
a loud explosion, and is broken into a thousand
fragments; that is to say, under the influence of this
brilliant light the chemical combination of the two gases
and the associated development of heat takes place
with such suddenness that the thin glass is unable to
resist the pressure exerted.

If a yellow glass be placed in front of the Magne-
sium lamp, and the yellow light transmitted, which
contains only the less refrangible rays of the spectrum,
be allowed to act upon another of these little glass balls
filled with the same mixture of gases, the ball will not
explode, but it bursts directly if the yellow be ex-
changed for a blue glass. The conclusion therefore
may be drawn that it is only the more refrangible rays
of the spectrum that are capable of inducing the:
chemical combination of Hydrogen with Chlorine.

Whilst in the example just given the rays of light
induce the chemical combination of two elementary
substances, in other cases they can effect the decomposi--
tion of compound bodies. This is pre-eminently the:
case with the salts of silver on which Photography
depends. The photographic process consists in receiv=-
ing the image thrown by a camera obscura upon a glasss
plate covered with a layer of a sensitive preparation off
silver, and as the silver salt is only decomposed when it
is exposed to the light, and in proportion also to the
brilliancy of the light, a permanent image is fixed U}[JOIIL
the plate. |




=

PHOSPHORESCENCE, 195

Daily experience shows that the more refrangible
rays are more active in producing photographic effects
than the less refrangible; a blue coat, for example,
comes out very bright in a photograph, a red, on the
other hand, very dark ; although, looked at directly, the
former appears to the eye the darker of the two. The
most immediate key to the action of the different kinds
of rays is obtained when we photograph the solar
spectrum itself. The red, yellow, and the greater part
of the green rays are then seen to be completely without
action, whilst the blue, violet, and especially the ultra-
violet part of the spectrum are depicted sharply with
all their dark lines. Photography acts upon the ultra-
violet rays still more than fluorescence ; it constitutes a
means not only of making this part of the spectrum
visible, but also of fixing it permanently.

These groups of more refrangible rays, namely, the
blue, violet, and ultra-violet, may fairly be characterised
by the term  photographic rays.” When, as is frequently
done, they are called *chemical rays,” the exclusive
power is incorrectly ascribed to them of acting chemi-
cally. Their chemical action does not depend, as might
be inferred from the term ‘chemical rays,” upon any
special chemical, or as it has also been called ©actinic?
property inherent in them in opposition to the other
rays, but simply upon the circumstance that all easily
decomposed salts possess the property of absorbing the
more refrangible rays whilst they allow the less re-
frangible to pass through them,

That the less refrangible rays are really capable of
exerting a chemical action was demonstrated by H,
Vogel. By the addition of certajn anilin colouring
matters to bromide of silver he was able to produce

a2
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photographic plates which were sensible for the green,
yellow, and red colours. For as these colouring matters
absorb the above-mentioned rays they undergo a chemi-
cal change which enables them to decompose the
bromide of silver.

The most conspicuous example of the chemical action
of the less refrangible rays is, however, afforded by
nature herself. Plants draw the whole of the earbon
they require for their growth from the air, and this they
effect by the decomposition of carbonic acid gas, which
they break up into carbon, which remains as part of
the plant, and oxygen which is returned to the atmo-
sphere in the gaseous form. This action, so important
for the welfare of plants, is completed only in the
green (chlorophyll-holding) parts of the plants under
the influence of the solar light. By means of researches
on different coloured light it is now ascertained that
those rays which cause the most rapid evolution of
oxygen belong to the less refrangible balf of the
spectrum.
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CHAPTER XIV.
ACTION OF HEAT.

83. THE surface of the earth is not only illumi-
nated by the solar rays, but it is also warmed by them.
It is clear from what has been said that rays which are
reflected from the surface of any body, or which are
transmitted, cannot have any action in warming it.
It 1s by the retained or absorbed rays alone that it can
be warmed.

From this point of view it is not difficult to appre-
hend the different behaviour of bodies in regard to their
capacity of being warmed by the solar rays.

Air being transparent allows the solar rays to
traverse it without diminution of their intensity ; it is
consequently warmed by them only to a very insignifi-
cant degree. Hence the upper regions of the air,
although they receive the solar rays at first hand, are
80 cold that even in the tropies the summits of high
mountains are covered with everlasting snow. The
warming of the air is mainly due to the heat it receives
from the heated surface of the earth below, which
gradually communicates the heat it has obtained by
absorption to the strata of air in immediate contact
with it.

Bodies with polished surfaces, which reflect the
greater part of the rays falling upon them, and trans-



198 OPTICS.

parent colourless bodies, which almost wholly transmit
such rays, undergo only slight heating. On the con-
trary, rough surfaces, that is to say, surfaces incapable
of much reflexion, and dark colours, or those which
possess high power of absorption, are conditions that
favour the heating action of light.

Any substance therefore will become heated by radia-
tion to the greatest degree when its surface is made
rough and completely black, so that it can absorb all
the rays falling uponit. This object is best attained by
coating the substance with lampblack.

Thus, for example, if two thermometers be exposed
to the sun, the bulb of one of which is blackened
whilst the other is bright, the former will show a higher
temperature than the latter.

Herschel first suggested that with the aid of such a
blackened thermometer the calorific power of the different
coloured rays of the spectrum could be tested. When
he exposed a thermometer successively to the several
rays he found that the red were much hotter than the
blue, and that even i the dark region on the near side of
the red end a considerable elevation of temperature was
still observable.

An ordinary thermometer, however, is not sensitive
enough to follow and determine all the degrees of varia-
tion of temperature in the spectrum. But we possess
' in the Thermopile an instrument admirably adapted for
such delicate researches.

If rods of antimony and bismuth be soldered to-
gether in the manner shown in fig. 127, so that the first,
third, and fifth, &ec., or generally the odd numbered
joints, are turned in one direction, whilst the even num-
bered joints arve turned to the opposite side, and if the
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terminal rods @ and b are connected by a wire, an electric
eurrent is excited in this as soon as one series of joints,
as, for example, the odd numbered joints,

are heated.

These groups of rods are enclosed in
g brass case (fig. 128), so that the odd g
numbered joints lie between the slit a b, cmtrm#;”ﬂf
whilst the terminal rods are connected with ~ the - thermo-
the binding screws ¢ and d. The joints are
blackened, to favour as far as possible the absorption
of the rays falling upon them. This apEaratus 18
termed a Thermopile ; and because the joints are
arranged in a straight line, a b, a e
linear Thermopile.

The strength of the thermo-electric
eurrent traversing the wire connecting
‘the poles is proportional to the heat
applied to the joints. From the in-
tensity of the current may be esti-
mated the degree of heat to which the
joints have been exposed.

For the measurement of the in-
tensity of the current the instrument
termed the Galvanometer, and depicted ~ Linear thermopile.
in fig. 129, is employed. A copper wire covered with
gilk is wound round and round a frame of wood, in the
interior of which a magnetic needle is freely suspended
by means of a fibre of silk from the cocoon. The ends of
the wire are fixed by binding-screws. A second magnetic
‘needle, firmly connected with the first, is placed above
the frame, and plays freely over a circle divided into
degrees. The two needles are parallel to each other,
but their poles point in opposite directions. By this

Fig. 127,
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neans they are retained in the position of equilibrium re--
sulting from the magnetism of the earth with very slight
force only, whilst the ac--
tion of the current, which:
exerts its influence alike:
upon both, is doubled. The:
action of a galvanic cur--
rent traversing the coill
consists in causing the:
needles to deviate fromu
their position of equili--
brium parallel to the turnss
of the wire, and this tos
an extent correspondings
to the intensity of the cur--
% rent.

{ 84. If now the binding--
g screws of the Thermopile:
" are connected by means off
wires with the ends of the:
coil of the Galvanometer, and the Thermopile be placed!
in the violet end of a solar spectrum thrown by a flint--
glass prism, it will be found that the deviation of the:
galvanometric needle is extremely small ; but it will be:
observed that the deviation progressively inecreases as:
the Thermopile is gradually moved towards the red!
end of the spectrum, and that it even becomes still!
greater in the dark region on this side of the red till a.
point is reached which is as distant from the line B as;
this is from the line D. From this point onwards:
it gradually again diminishes, though it may be fol--
lowed for a considerable distance into the dark region.

Thus it is seen that amongst the rays emitted by

Galvanometer.
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the sun there are some of still less refrangibility than
the extreme red rays, and these may be termed the
ultra-red rays. They are recognised by their calorific
action alone; they are imperceptible to the eye, for
the reason that they are absorbed by the fluids of the
eye, and never reach the retina.* On this account they
are sometimes termed the ¢ dark calorific rays.’

In order to obtain a general view of the calorific
action of the different parts of the spectrum, perpen-
dicular lines must be Fic. 130,
erected uponthelong
axis of a spectrum
(fig. 130) of a height

corresponding to the

measured  heating /“’ J
power of that part ] !
of the Epectrum. BF g ];mt-cﬂ'ms ﬂ?theipectrn thrown by
Joining the apices of fling Elhss o zock: sel,

these perpendiculars we obtain a curved line which
exhibits the varying amount of the calorific power in
different parts.

In the spectrum of a flint-glass prism the apex of
the thermotic curve—that is to say, the place of greatest
heat-effect—is situated, as is shown above, outside the
apparent spectrum in the ultra-red region.

If the spectrum thrown by a prism and a lens of
rock salt be now examined, the thermotic action will
be found exactly equal in the visible part of the spectrum
to that of the corresponding part of a flint prism spec-
trum; in the ultra-red region, however, the thermotic
curve of the rock-salt spectrum rises above that of the

* According to the researches of Briicke and Knoblauch,
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fint spectrum, and its highest point is still less re-
fracted (fig. 180, upper curve). It appears therefore
that flint glass is less diathermanous for the dark heat-
rays than rock salt. By experiments—an account
of which would lead us too far astray—it may be shown
that rock salt allows the dark rays to pass without let
or hindrance, whilst most other bodies, even if they
happen to be quite transparent for luminous rays,
absorb them to a greater or less extent. If it be
required therefore to compare the spectra from various
sources of light in regard to their thermotic action, the
prisms and lenses should be made of rock salt.

We thus find, for example, that the electric light
from carbon points is relatively much richer in dark
thermotic rays than sunlight. At a point of its ultra-
red spectrum which is at the same distance from 1t as
the commencement of the green upon the visible side,
the thermotic action is, according to Tyndall, five tumes
as great as that of the red rays.

The stronger thermotic action of the ultra-red rays,
in comparison with that of the luminous, is strikingly
shown by the following experi-
ment :—Two spherical flasks are
taken, one of which contains a
transparent solution of alum, which
permits all visible or luminous rays
to pass through it without inter-
ruption, whilst it absorbs the in-

Action of theinvisile  visible thermotic rays. The other
St s is filled with a solution of iodine

in carbon bisulphide, which appears black because it is
completely opaque for luminous rays; it transmits, on
the contrary, the thermotic rays. If the alum flask be

Fia. 131.
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placed before the aperture of the electric lamp, it
collects, acting like a lens, the luminous rays into
a caustic of dazzling brilliancy, the heating power of
which however is but small, for a pellet of gun-cotton
placed in the focus will not explode. The flask con-
taining the black fluid (fig. 131), on the contrary,
unites exactly in the same way the dark rays into an
invisible focal point, the heat of which not only causes
the gun-cotton instantaneously to explode, but even
raises a piece of platinum foil to red heat.

85. Every source of light gives off, besides its
luminous rays, dark rays of small refrangibility. Hot
bodies, on the other hand, not heated sufficiently to
glow, emit only dark rays. In the Thermopile we
possess a means of demonstrating the presence of such
rays and investigating their behaviour. And the results
of numerous researches have shown that the dark rays
obey the same laws as the bright ones; they undergo
reflexion from polished surfaces as from a mirror, whilst
they are diffusely reflected from rough surfaces. They
course in a straight direction throngh one and the same
medium, but are refracted when they enter another
medium, their refrangibility agreeing with that of the
ultra-red portion of the spectrum, '

A solid body, as for example a platinum wire, which
18 gradually raised to an intense heat, first emits dark
ultra-red rays; as soon as it begins to glow, it emits in
addition the extreme red rays. At a bright red heat its
spectrum extends as far as ¥, and at a white heat it
gives off all kinds of rays as far as H.

All these facts demonstrate that no other difference
exists between the dark heat-rays and the luminous
rays than the gradual and progressive inecrease of
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refrangibility ; the former do not differ from the latter
otherwise than the red rays differ from the yellow, or
the yellow from the green. The invisibility of the
former does not consist in any peculiarity of the rays
themselves, but is dependent on the nature of our eyes,
the fluids of which are opaque for the ultra-red rays.

The dark rays are perceptible to us only through
the sensation of warmth they give to us; the luminous
rays, on the contrary, act simultaneously on two organs
of sense—upon the nerves of common sensibility or
touch as heat, and upon the eye as light. Every ray of
Light is thus at the same time a ray of heat. We are
incapable, for example, of separating the heating effect
caused by the yellow light of Sodium from its illu-
minating power. It gives no rays of such low refrangi-
bility that they produce only the effects of heat, and
not of light.

Light and radiant heat are therefore, as effects of
one and the same cause, to be distinguished from each
other not by any peculiarity of their own, but only by
us as different forms of sensation. The same individual
ray calls up in us, according to the nerve-path through
which the impression it makes is conducted to the seat
of our consciousness, sometimes a sensation of light and
sometimes of heat, just as a drop of vinegar applied to
the tongue tastes sour, but if brought into contact
with a sore place on the skin, produces a sensation of
burning ; or as a tuning fork when struck produces a
sensation of sound in the ears, but a feeling of vibration
to the hand in contact with it.

86. If now a general view of the solar spectrum
throughout its whole extent be taken, it is seen to be
composed of three portions of nearly equal length—
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the ultra-red, the luminous, and the ultra-violet
portion. ;

In the figure below (fig. 132) three curved lines are
drawn above the spectrum, of which that marked by
II] 1s the curve that we now know of heat; the curve
II in like manner expresses the chemical action on a
mixture of chlorine and hydrogen and the salts of
silver ; and the curve I gives the brilliancy of the illu-

Fia, 132.

d I v f

£ [ & D B
Light, heat, and photographic action of the solar spectrum.

mination within the limits of the visible spectrum.
From this drawing it is evident that the maximum
amount of light is in the yellow, the maximum of the
hotographic action is in the violet, and finally, the
aximum heat is in the ultra-red.
In reference to the rays themselves, these three
urves have a very different signification. It is clear
at the action which a ray exerts upon a body is
etermined on the one hand by the intensity or energy
f the ray, and on the other by the capacity for
bsorption of the body. However great the intensity of
ray may be, it will exert no influence upon a body
hich will not absorb it. Thus, for example, the red
ays, however intense they may be, exert no influence
n a mixture of hydrogen and chlorine, or sensitive
ilver salts, because these substances do mnot absorb
em.

Bach of the curves I and I therefore expresses the
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co-operation of two actions—the intensity of the rays
and the capability of absorption of the retina, or of a
photographic plate—which is very different for different
kinds of rays. They afford us therefore but little
direct information on either point. The curve ITT
shows the heating influence which each part of the
spectrum exerts upon the blackened surface of the
Thermopile, Now lampblack behaves as an almost
perfectly black body to all kinds of rays alike, since
it completely absorbs them all, and becomes heated in
proportion to their intensity, The thermotic curve
shows therefore the intensity of the radiation which
falls on each part of the spectrum free from the in-
fluence of any special capacity for absorption. Tt is
therefore to be regarded as the true curve of wntensity of
the prismatic spectrum. '

1
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CHAPTER XYV.

MIRROR EXPERIMENT OF FRESNEL.
UNDULATORY MOVEMENT.

87. TrE reader has hitherto had his attention con-
fined to the experimental investigation of the laws
of the phenomena of light without speculating as
to what light essentially is. A series of phenomena

now present themselves
which raise again this
guestion of the nature
of light, and at the
same time afford the
means of answering it.
Lettwomirrors, 4 Band
B C (fig. 133), be made
of black glass and be so
placed as to meet at the
vertical slit, B, the one,
B C, being permanently
fixed in a wooden frame

FiG. 133,

Frezsnel's mirror.

(Holzklotzchen) which can be moved along a ver-
tical rod and fastened by a wooden screw T, whilst the
other, 4 B, is revolvable by means of the screw S around
the angle B by means of the hinge attached to it. The
moveable mirror is to be placed in such a position that
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its plane forms a very obtuse angle (not differing much
from 180°) with that of the fixed mirror.

A sharply defined point of light is required, and may
be obtained by letting the solar rays proceeding from a
Heliostat fall upon a lens (fig. 134) of short focal
distance, which unites them into a focus P. The
luminous point P emits rays which strike both mirrors ;
from the mirror 4 B they are so reflected that they

F1G. 134,

Fresnel's mirror experiment.

appear as if they came from the image-point M of thisi§
mirror. The mirror B C, on the other hand, reflects the:
rays as if they proceeded from its image-point N. Inij
order that the two mirrors may each have only one:fl
reflecting surface and have only one image-point, they i
must be made of black glass or of metal.
From these mirrors two cones of light Mm m' and!jf
N’ are obtained, which appear to proceed from the:
points M and N. They have the space Bmn (shaded!
in the figure) common to both, so that the field between: '
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mandn upon the screen m’n’ situated in the path of
the reflected ray receives light simultaneously from
the two cones of light. In this middle area a series of
vertical dark lines are perceived, but if one of the glasses
be covered the lines immediately vanish and the area
which now receives only the light from the opposite
miurror appears to be uniformly illuminated throughout
its whole extent. The lines however immediately
reappear if the cover be removed, and to the light
proceeding to the screen from the point M is added
that also which proceeds from the point N,

It has thus been demonstrated that light added to
hight may, wnder certain circumstances, cause darkness.

If by turning the screw S (fig. 133) the angle of
the two mirrors be made less obtuse, the lines become
narrower and closer together till they ultimately become
0 fine that they can no longer be distinguished.
Hence to render the lines distinctly perceptible the
angle between the two mirrors must be very obtuse, or
what comes to the same thing, the mirror images M
and N must be very closely approximated.

Instead of making the experiment with a screen S0

that many can see it at the same time, any individual
may observe it directly by making his retina take the
place of the screen. This subjective method of observa-
tion has the advantage that a feeble source of light may
be employed; and then, if the homogeneous light of
the Sodium flame be used, the entire field of vision may
be observed to be filled with numerous vertical and
ecompletely black lines.
88. The just-described mirror experiment of Fres-
hel, named after the genial physicist who conceived
t, teaches that light combined with light may, under
P
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certain circumstances, produce darkness. What then
must be understood by the term ¢light,” to enable this
apparent paradox to be explained ?

This much is certain, that every luminous body
must be regarded as the seat of a motion which is by
some means propagated to our optic nerves and arouses
in them the sensation of brightness.

Two modes, however, are only known in which move-
ment may be propagated from one point of space to
another.

The first mode is the immediate transference of motion
in which the moved body itself or parts of the same.
traverse the space between the two points, as when a
cannon ball flies to its goal from the cannon.

The second mode of transference takes place medi-
ately through an elastic medium intervening between
the two points, in which medium the body originally
in motion execites a vibratory movement that is propa-
cated from particle to particle, it may be to a great:
distance, without a particle of the originally moving:
body itself or any portion of the propagating medium.
moving from its original position to any considerable:
extent. This process is called wndulatory movement.

As an example of the former, the sense of smell
may be taken, which is excited by the immediate *
transference of particles of the odorous material to the:
olfactory organ. If a flask containing some ammo-=
niacal gas, which is colourless, be opened, those nears
it quickly perceive the stimulating odour of the gas,
whilst it is only perceived by those who are moré
distant after the lapse of some time. It would be easy
to demonstrate by appropriate tests the presence
particles of ammonia even in the furthest corner of &




FRESNEL'S MIRROR EXPERIMENT. WAVE-MOTION. 211

room. The smell is perceived still more strongly if a
second flask be opened, so that the number of particles
of ammonia present in the air is incréased; it would,
however, be needless to do this, since all must be satisfied
that the sense of smell is excited by particles of the
odorous material which come into direct contact with
the olfactory organ, and that by increase of the effective
- particles alone can the intensity of the sensation be
augmented.

Another of our senses, hearing, on the other hand,
receives its impressions through the second mode of
propagation, since every resounding body puts the air
around it into undulatory movement. If a bell be struclk
its sound is heard simultaneously with the blow. The
blow malkes the bell vibrate, that is to say, causes its
particles to make rapid to and fro movements or vibra-
tions which are felt by the hand in contact with it as
a trembling. The vibration communicates itself in the
first instance to the particles of air in immediate
contact with the bell, and as these move to and fro in
the same rapid manner they produce the same effect
upon the particles of the next adjacent layer of air as
the bell itself, and set them in motion. In this way the
vibratory movement is propagated with great rapidity
from one layer of air to another, and finally, on reach-
ing the ear, excites in the auditory nerve the sensation
of sound. Butit is certain that neither particles of the
bell itself, nor even particles of the air immediately
surrounding the bell, penetrate the ear; if they did, as
sound travels at tle rate of 1,116 feet in the second,
they would strike on the tympanum with a velocity
exceeding that of the most violent hurricane. An
extremely simple experiment may now be considered,

P2
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which may be shown with two perfectly similar organ-
pipes standing on a wind-chest common to both. If
each pipe be made to speak separately both will give
precisely the same fundamental note. TIf, now, both
pipes be sounded together, exactly the opposite occurs
to what might be expected ; instead of the fundamental
note being increased in intensity it is remarkably
weakened, so much so, indeed, that at a little distance
from the pipes the fundamental note is no longer
audible.

From this circumstance the same conclusion is
drawn in regard to sound, which unquestionably con-
sists in an undulatory movement, as was done in the
case of the light in the mirror experiment of Fresnel,
namely, that sound added to sound may, under certamn
cirewmstances, produce silence.

89. Through which of the two possible modes of
propagation does the movement that we call ‘light’
spread ? Are our eyes when we look at the sun struck
by particles of a luminous material uninterruptedly
emitted by that luminous bedy? Or do the rays of
licht consist of a vibratory movement which strikes
upon our retina in the form of minute waves—in other
words, is the process of seeing analogous to that of
smelling or of hearing ?

The choice between these two modes of explaining
the phenomena, after what has been said, cannot be
difficult. On the supposition of there being a luminous
substance (emission theory), the fact that light super-
added to light can produce darkness 1s wholly in-
explicable. On the other hand, a case has been cited
:n which an undulatory movement co-operating with &
similar undulation produces such an effect, and we shall




FRESNEL'S MIRROR EXPERIMENT. WAVE-MOTION. 213

see immediately that this follows necessarily from the
very nature of undulatory movement. It will, more-
over, be seen that the admission of luminous waves
(undulatory theory) gives a perfectly satisfactory
explanation, not only of the phenomena in question,
but of the great majority of the phenomena of light,
and 1s opposed to none of them, whilst the conception
of a luminous @ther or substance has long been negatived
by facts. :

As the view that light is itself a material substance
is set aside, and it is regarded as an undulatory
movement, 1t becomes necessary to admit the existence
of a material in which the waves of light can propagate
themselves. The air, in which the waves of sound
spread, cannot be coincidently the carrier of luminous
waves, for it only forms a thin investment around our
earth, and perhaps other heavenly bodies; whilst in
the immeasurable depths of space through which the
light of the sun and the fixed stars reaches us no air is
present. It must therefore be admitted that the
universe is filled with an elastic material which is so
rarefied that it opposes no appreciable resistance to the
movement of the celestial bodies. This attenuated
elastic matter is called ¢ Ather.’

90. The waves of water afford an excellent repre-
sentation of the phenomena of wave-movement. If a
stone be thrown into water at rest a circular depression
forms around the point struck which spreads wider and
wider with uniform velocity, In the meanwhile an
elevation has formed at the point where the stone
entering the water had originally caused a depression ;
then as this sinks back to its original level it produces
a wall-like circular elevation around it, which follows
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up the preceding circular depression with equal velocity.
Whilst the fluid continues its up-and-down movement
at the point struck, fresh alternately depressed and
elevated wave rings appear to proceed from this middle
point, or, as it is eustomary to call them, wave eleva-
tions (crests) and depressions (sinuses) (Wellenthiiler
and Wellenberge), are formed, which, owing to their
constantly spreading more and more widely give the
illusory appearance of the fluid streaming out on all
sides from the middle point.

That no such streaming movement does really ocenr
may easily be demonstrated by observing any small
object accidentally floating on the water, as for example,
a piece of wood. This, as the crests and sinuses of
the waves spread beneath it, merely rises and falls
without materially changing its original position,
making the oscillation of the particles of water imme-
diately beneath it apparent.

The cause of the waves of water is the force of
gravity which is exerted after each disturbance of the
equilibrium to restore the fluid to its original horizontal j
plane. Whilst the particles of the water first struck
and depressed by the stone are soon again compelled to
rise, they oblige at the same time the easily moveable
adjoining particles to descend in order that the depres-
sion which was formed may be again filled up. As
every particle begins to fall somewhat later than the
immediately antecedent one, a circular wave-depression
spreads round the central point of excitation, which
attains its full development at the moment in which
the particle struck in its ascending movement has
again attained its original level. It does not however
here come to rest, but continues its movement upwards =
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above the horizontal plane of the water until the force
of gravity acting in opposition has exhausted its up-
ward directed velocity, and it swings back again to the
level. In the meanwhile the neighbouring particles,
which exactly imitate the undulating movement of the
first disturbed particles in the same period of time,
form a wave-crest which is fully developed at the
moment in which the first particles have again reached
the plane in their descending movement.

And now, when the particle first excited has com-
pleted one entire wibration, and is, as at the com-
mencement of its movement, again about to leave its
position of equilibrium in order to descend, it has
around it a complete wave, consisting of a wave depres-
sion and a wave crest. This wave as it spreads produces
the second to-and-fro movement of each particle, and
every subsequent complete wave acts in a similar
manner, and as the new waves immediately follow
those antecedent to thein, a circular system of waves is
developed around the central point of excitation.

91. Every straight line drawn from the middle point
of a system of waves upon the surface of the water
regarded as horizontal is termed a wave ray. All par-
ticles of water which when at rest lie on this straight
line are now elevated, now depressed, according to
whether they for the moment belong to a wave crest
or a wave depression, and form therefore in their serial
succession an ascending and descending sinuous line.
Such a wave-line, granting that the particles rise and
fall perpendicularly to the ray 4 B, is represented in
fig. 135. That portion of a ray which is included in a
complete wave, that is to say, which includes g wave
crest and a wave depression, or any portion of it equal
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to this, is called a wave-length. In the figure we have for
example between A and B three complete wave-lengths,
and one wave-length between b and ¢, and between ¢
and d. Those particles which in any ray are separated
from one another one or several complete wave-lengths,

Fia. 135,

Undulatory ray.

areat any moment of time in exactly the same condition
of undulation, their movements are in perfect accordance
with each other. The particles b’ ¢’ and d’, for example,
which are distant from one another one or two wave-
lengths, have all three arrived at their greatest height,
and are about to descend. Moreover, the particles A
and B, the distance between which includes three wave-
lengths, are both in the act of descending through their
position of equilibrium.

The particles b’ and f* on the other hand, which are
distant from each other a half wave-length, are in just
the opposite conditions of vibration. For whilst the
former is beginning to fall from its highest position, |
the latter is just about to rise from its lowest position.
The same relation occurs between the particles f” and d',
which are distant from each other three half wave-
lengths. Speaking generally, it is clear that the move-
ments of two particles the distance between which
an unequal multiple of @ half wave-length are durectly

opposed.
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CHAPTER XVL

PRINCIPLE OF INTERFERENCE. CONSEQUENCES OF
FRESNEL'S EXPERIMENT.

92. Waar happens if two wave-systems meet on
the same fluid surface ?

If from a vessel held above a Hat pan containing
mercury two fine streams of mercury are allowed to fall,
each produces around the point where it strikes the
surface of the fluid a circular system of waves. As the
two wave-systems decussate they divide the surface into
a regular network of small elevations and depressions,
a representation of which is attempted in fig. 136.

If the licht of the sun or of the electric lamp be
allowed to fall upon the surface of the mercury, the
reflexion upon a screen will also furnish a representation
of this delicate phenomenon.

It is not difficult to explain the effects observed.
At all points where two wave crests meet, the surface
of the fluid, if the two waves are equal, rises to twice
the height, and where two depressions meet it sinks
to double the depth. At those points on the contrary
where a wave crest is eut by a sinus, the upheaving and
depressing forces are in equilibrium, and the fluid re-
mains at rest at its original level.

In a fluid set in motion by two or more equal or
unequal wave systems, every particle, speaking gene-
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rally, undergoes a change of place, which is the sum o
all the movements impressed upon it by the seve
systems of waves at the same moment. Of course, by

r‘IGI I sﬁi

Interference of two systems of waves,

word ¢sum’® the so-called algebraie sum is meant, tha
is to say, the elevations are regarded as positive, the
depressions as negative values.

In other words, it may be said that every wave
system superimposes itself upon, or adds itself to, &
surface already moved by waves, as it would do were if
acting alone on the surface at rest. Every wave system
forms itself unhindered by those already present, and
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spreads after it has crossed these upon the still quies-
eent surface of the water as if it had suffered no inter-
ruption. We see, for example, the slight wave rings
excited by the falling rain drops form on the larger
waves raised by a steamboat just as well as upon the sea
at rest. It may be observed again that these waves,
when they traverse an area rippled by the breeze, take
the small waves on their back, and having passed
beyond this region leave these last behind with their
original form unaltered.

The important law just laid down, to which the
processes taking place in the co-operation or wnfter-
ference of two or several systems of waves are subjected,
s termed © the principle of interference.’

93. Returning to the simplest case of interference
of two equal systems of waves represented in fig. 136, it
appears that an explanation can be given of the move-
ment occurring at each point of the surface of the fluid,
if, instead of the waves themselves, the wave rays are
kept in view. If we consider, for example, the points
5....9 lying along the wall of the vessel, the two
rays which may be conceived as drawn from the two
middle points of the exciting cause of them to the
central point O are equal to each other in length ; the
oscillating movements which proceed simultaneously
from each of these centres meet therefore in the point O
under equal conditions and produce the greatest pos-
sible effect. In the laterally situated point 1, on the
other hand, two rays meet which are about halt a
wave different; the forces which they exert upon the
point are therefore equal and opposite ; the point
eonsequently remains at rest. The same occurs at 3
and 5, where the difference between the rays cor-
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responds respectively to 3 half and 5 half wave-lengths,

At the points 2 and 4, on the contrary, where the rays

respectively differ one or two entire wave-lengths, and

thus meet under equal conditions of oscillation, the

liveliest movement takes place. The intervening points

are maintained in less active movement by pairs of
rays of all possible degrees of accordance and opposi-

tion.

The points 1, 3, 5,.... 1, 8,5 .... thus remain at
rest under the action of the two systems of waves.
That which in waves of fluid is rest, is in waves of"
sound silence, and in waves of light darkness.

It is scarcely necessary to expressly mention here
that this affords a complete explanation of Fresnel’s
mirror experiment, and that fig. 136 is a sketch of it.
If, for example, the two points of light produced by the
mirrors M and N (fig. 134) be regarded as centres of
origin of light waves, and the wall 5 ....5 as the
screen for receiving them; and if it be further con-
sidered that the waves of light expand, not ouly circu-
larly in one plane, but like a sphere into the surround-
ing @ther, it will be understood that, in consequence of
the interference of the two systems of waves, vertical
dark lines must appear at the points 1, 3, 5....1/, &,
5, and bright strie at the points 2,4 ... . 2/, 4.

But why,it may perhaps be now asked,should the two
points of light be employed in a roundabout way after
their reflexion in the two mirrors? Would it not be
simpler to put aside the mirrors, and use, instead of the
images M and N thrown by them, two luminous points
like the points of a glowing platinum wire? The
answer to this question is obtained from the fact that
the two wave systems, in order that they should pro-
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duce dark lines in the given points of the screen, must
proceed simultaneously, and in a precisely similar
manner, from the two luminous points. But we are
unable so to conduet the process of light production in
two luminous bodies, or even in two points of a single
luminous body, as to make the undulating movement
proceeding from one exactly accordant with that of the
other ; in each of them, after a short period, interrup-
tion of the movement, augmentation and diminution of
the liveliness of the flame, and other disturbances take
place, which do not occur coincidently in the other.
Hence the lines of interference are only partially
formed, and in rapidly changing parts of the screen
giving to the eye the impression that it is equally and
uniformly illuminated. Two independent and separate
luminous points therefore, on account of the inequality
of these wave systems, present no interference lines.
The equality required for this purpose is obtained with
- the greatest certainty by making the two wave systems
spring by mirrors or by any other appropriate means
from the same source. The irregularities to which the
process of light production is subjected, whatever may
be the light used, take place concordantly and simulta-
neously in both systems of waves, and consequently
exercise no influence upon the accordance and opposi-
tion of the rays which are now conditioned only by
their difference of path.

94. Fresnel’s experiment may now be repeated,
with this difference, that a red and a blue glass are
placed alternately before the aperture of the Heliostat.
It is then seen that with blue light the lines are closer
together than in the red, that is to say, the correspond-
ing series of dark lines are in the former case nearer to
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the middle bright lines than in the latter. Two blues
rays thus require, in order that they may neutralises
each other, a smaller linear difference than two redl
ones ; the wave-length of blue light is consequently smaller:
than of red light.

If as brilliant a spectrum as possible be produced!
by means of a prism, and its coloured rays be allowed!
to fall successively upon the lens I (fig. 184), and con--
sequently on the mirror, we find that the distance:
between the lines, and consequently the wave-lengths,
become progressively smaller in passing from the red to;
the violet. This affords an explanation of the reason
why, when white light is employed, the lines are not
alternately black and white, but coloured. The middle
bright lines, in which all eolomrs are mingled in their:
highest intensity, are completely white, but towards
the sides first the violet fades out, and then in succes-
sion the several colours from the most towards the
least refrangible. The consequence of this is that the
middle bright lines towards the interior are edged with
yellow, and towards the exterior with red ; at the point
where the brightest colour, yellow, disappears, the first
dark line is seen, which, however, since the violet has
here again become stronger, exhibits a faint violet tint.
Then follow white, yellowish red, violet, to the second
dark line, which is blue. Then come green, yellow,
red, bluish-green ; still further on a few alternations of '
red and bluish-green occur, and very soon, inasmuch
as the lines of various colours mingle, only a uniform
white remains. White light therefore gives only a few
lines, which as we pass outwards constantly become more
and more indistinct; when homogeneous light is used,
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on the other hand, the dark lines are completely black,
and are present in great numbers.

Fresnel’s experiment, however, not only shows
broadly that there are differences in the lengths of the
waves, but it enables us to measure these differences.

If, for example, the length of the rays proceeding
from the luminous points towards the first black lines
be obtained, which can be done with sufficient accuracy,
their difference must be equal to half the wave-lengths
of the homogeneous light employed. In the lines of
higher order which correspond to the differences of
path of 3, 5, 7, ete. half wave-lengths, the measure-
ment can be repeated with the accuracy required.
Fresnel made these measurements for light which had
traversed red glass, and found the wave-length of this
red light equal to 638 millionths of a millimeter.

A method will hereafter be shown by which the
wave-lengths may be determined with still greater
accuracy and for definite rays (for the Fraunhofer’s
lines). A conception of the extraordinary smallness
of the waves of light may be obtained from the state-
ment that in the length of one millimeter there are
1,315 waves of the extreme red (line 4), 1,698 waves of
the yellow light of Sodium (line D), and 2,542 waves
of the extreme violet (line H,).

95. It is well known that if the performance of a piece
of music be listened to at various distances, the same
accordance in the notes, the same harmony, is always
perceived ; the high and the deep mnotes which fall in
the same beat reach our ears in all cases simultaneously.
The conclusion from this is that all tones, whether high
or low, strong or feeble, are propagated through the air
with equal rapidity, The rapidity of propagation of
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sound, that is, the distance to which the vibratory:
movement of a resounding body spreads in the air in
a second, is estimated at 340 métres (1115-4 feet).

But, as has been already shown, a complete wave,
originates with each entire vibration; every sounding
body will therefore produce as many successive sound.
waves in a second as the number of its vibrations in a.
second, and since the sound in this period of time hass
spread over a distance of 340 métres, the total length
of the sound waves excited in one second must amount
to 340 metres. The wave-length of a tone is conse-
quently obtained by dividing the rapidity of propaga~
tion (340m.) by the number of its vibrations. The
wave-length of the tone of an A tuning fork, which
makes 440 vibrations in a second, is thus found to be
equal to 773 millimeters. The wave-length of every
movement the rapidity of propagation of which is
known to us, may in this way be deduced from the
number of vibrations, and of course also, conversely,
from the wave-length the number of vibrations.

The rapidity of propagation of light is so enormously
great that even at a distance of 60 miles, which is as
far as terrestrial signals will reach, no difference of
time can be observed between the moment of emission
and of arrival. The velocity of light has, however,
been measured by means of astronomical observations,
and more recently by physical experiments. An
account of the ingenious methods by which this has
been accomplished cannot be here appropriately in-
troduced. It is only requisite to state that the concor-
dant results of all measurements show that the light
both of celestial bodies as well as that proceeding from
terrestrial sources, traverses a distance of about 186,000
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miles a second. Some observations by Arago,* and espe-
eially also reasons which are theoretically deduced from
the nature of undulatory movements, justify us in admit-
ting that the rapidity of propagation of every kind of
light, whatever may be vts colour and brightness, is, in the
free wther of the universe, alike.

The wave-lengths of the homogeneous kinds of
light, as well as their rapidity of propagation, being
now known, the number of their vibrations can be
determined with facility. This is expressed by the
number of wave-lengths which are contained in the
length of 186,000 miles. The extreme red line (4),
1,315 of the waves of which occur in a millimeter,
are thus found to have the prodigious number of

© 394,500000,000000, or in round numbers, 395 billions

of vibrations in a second. The shorter the wave-leng{h
the greater must be the number of vibrations; in a ray
of yellow Sodium light every particle of mther makes
509 billions of vibrations in a second, and the extreme
violet line (/) corresponds to a number of vibrations
amounting to 763 billions.

A musical note appears to our ears higher in pitch
the greater the number of its vibrations in a given time ;
and just as the ear perceives the rapidity of the vibra-

* If light of different colours travelled with different velocity, a white
star which became suddenly visible would be seen by an cbserver at a dis-
tance of that colour in the first instance which propagates itself with the
greatest velocity, and then of a succession of mixed colours till it by degrees
became white. If it then again disappeared it would pass through a similar
series of colours in inverse order till it dissolved into the slowest-moving
eolour. Similar phenomena would be exhibited by the variable stars, espe-
cially if their period were short, and there were a considerable difference
between their greatest and least brightness, Arago undertook & series of
observations in regard to Algol in Perseus, which fulfils these conditions,
but could perceive no change of colour.

Q
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tions of sound as pitch of sound, so does the eye per-
ceive the frequency of the undulations of light as colour.
Thus for the sensation of yellow characterising the
Sodium flame to be produced in our minds 509 billions
of @ther, neither more nor less, must enter the eye
and strike the retina. Speaking generally, the colour of
every homogeneous ray of light ds determined exclusively
by the number of its mibrations ; the number of vibrations
1s the objective characteristic of that which we perceive
subjectively as colour. The succession of colours in
the spectrum is consequently to be regarded as a scale
which rises from the lowest tone perceptible to our eye,
the extreme red, to the highest, the extreme violet.
Antecedent to the commencement of the visible scale
in the red, are the deeper ultra-red tones, the vibrations
of which are too slow to excite the sensation of light
in our optic nerves, and at the other extremity are to
be added on as highest tones the ultra-violet which pro-
duce only an extremely feeble impression of light in
our eyes.

96. It 1s now requisite that close attention should
be paid to a chain of reasoning that will here be offered
in regard to a few experiments of the simplest kind.

A close wound spiral coil which hangs vertically in
front of a scale divided into centimeters carries at
its lower end a plain brass ball. The lowest part of the
ball has a little hook. On attaching to this a weight
of 100 grammes the elastic coil at once becomes elon-
gated and the brass ball descends two centimeters. With
a weight of 200 grammes the elongation is twice as
much, or four centimeters, and three times the weight
again produces three times the amount of elongation.

~ Thus it appears that the force which must be applied

El
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to move the ball from its original position in opposi-
tion to the elasticity of the wire increases in the same
ratio as the amount of displacement effected.

Let the weights be now removed and when the ball
hasreturned to its original position, let it be pressed down
with the fingers about two centimeters ; then inasmuch
as it is kept in this position, the pressure downwards
exerted must be identical with the weight of 100
grammes, which was before necessary to effect this
elongation, and when the ball is set free it returns with
this force to its position of equilibrium,

When, however, it has reached the position of equi-
librium it does not at once come to rest, but continues
to perform upward and downward movements which
are slow enough to permit them to be counted. If the
ball be now depressed to the extent of 4 centimeters,
and then be set at liberty, it has twice as far to go from
its extreme point to the position of equilibrium, or
the extent (or amplitude) of its vibration is now doubled,
If its vibrations are now counted the same number of
vibrations will be found as in the former case, for since
not only the space traversed but also the expression of
force of the tense spiral wire has now been doubled,
the greater space must be traversed in the same
time. Nor is any alteration observable in the number
of vibrations when the ball is drawn down to the extent
of 6 centimeters from its position of rest, although the
amplitude of its vibration is increased threefold.

From this it appears that the number of vibrations
18 dependent exclusively upon the nature of the vibrat-
ing body—upon its internal forces, if we may so speak,
—but in no way upon the amount of the external foree
applied to it; the amount of force applied to it finds its

Q2
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expression in the amplitude of the vibration. When the
ball is depressed four centimeters, the hand has not only
to exercise twice as much force, but it has to traverse
twice the distance that it has when 1t is only depressed
two centimeters. The work which must be performed
to overcome the elastic force of the wire in the former
case is therefore four times as great as in the latter,
and if with three times the force the ball be moved over
three times the space, nine times the amount of force
used in the first instance has to be applied. When the
hand is removed the work performed by it is transferred
to the ball, and expresses itself in the energy of its
vibrating movements. By virtue of this energy the
ball, until it comes to rest, performs the same amount of
work which was applied to it to set it in movement.

From these considerations it results that the energy
of the vibrating movement is proportional to the square
of the amplitude of the vibrations.

The facts taught by the vibrating ball are applicable
alike to the vibrations of sound and of light. The tint
of colour is dependent on the frequency ; the intensity (or
enerqy) of light on the liveliness of the vibrations. Whilst
the former depend on the number of the vibrations, the
latter are measured by the square of the amplitude of

the vibrations.
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CHAPTER XVIL

HUYGHENS’ PRINCIPLE.

97. ¢ LieHT consists of a very minute vibrating move-
ment of an elastic medium, which is propagated with
great rapidity, but not instantaneously, in straight
lines that proceed like the radii of a sphere from a
central point common to all.’

Hooke,* the accomplished friend and countryman
of Newton, who wrote the date 1664 under these words,
may be regarded as the first who clearly seized and
expressed the fundamental idea of the doctrine of
luminous waves. Nevertheless he did not advance so
far as to explain the refraction of light by undulatory
movement; and he failed because this fundamental
idea, in order to be applicable to all the phenomena of
light, required still a very important addition to com-
plete and perfect it. It was reserved for Hooke’s genial
contemporary, Huyghens,+ to fill this hiatus, and to
become the real founder of the undulatory theory of
light.

The theory of Huyghens, so named to do honour to
its discoverer, is in fact the egg of Columbus, a simple
solution of many complex and enigmatical phenomena,
and whilst an attempt is here made to render it intel-

* Micrographia, Observat, ix,
T Tractatus de Lumine, 1690,
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ligible, no very great strain will be exerted on ordinary
powers of imagination. When an undulatory move-
ment propagates itself through an
elastic medium, every particle imi-
tates the movement of the particle
first excited. But every particle
stands in regard to the adjoining
ones in exactly the same relation
that the first particle did to its
neighbours, and consequently must
exert upon those that surround
1t exactly the same influence as
the first. Every vibrating particle
18 therefore to be regarded as if it were
the origwnally excited particle of a
wave system ; and as the innumerable
and sumultaneous ©elementary’ wave systems co-operate
with one another at each instant in accordance with the prin-
ciple of wnterference, we obtain exactly that principal
wave system > by which the elastic medium appears at any
moment to be moved.

If, for example, all points of the circular or spheri-
cal wave B (C (fig. 137) which take origin from the
centre of disturbance 4 be regarded as new centres of
disturbance, after a little while an innumerable series
of elementary waves of equal size will have formed
around them, which are represented in the figure by
small arcs. The circle B’ (" described around the
centre 4, which all the elementary waves touch at their
most distant point, represents the extreme limits to
which the undulatory movement has in the meanwhile
been propagated. The state of oscillation which pre-
viously affected the wave B C is now transferred to the

Fia. 137,

Huyghens' principle.
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circle B’ C”, to which all elementary waves reach with
equal conditions of oscillation. The wave B €' has thus
propagated itself by means of the elementary waves in
the same form and with the same rapidity to B’ (", as
if it proceeded directly from the original point of dis-
turbance A.

The same result is thus obtained whether we admit
a direct propagation of a single wave centre outwards,
or an indirect propagation effected by innumerable
elementary waves. Nevertheless the two modes of
explanation are essentially different, and the latter is
alone #rue to nature, for it alone gives the requisite
eonsideration to the various relations that occur between
the particles of an elastic medium. The former more
simple mode of explanation may, however, be admitted
if, as in the preceding Chapter, we are dealing with
those characters of wave movement which are common
to both methods of propagation. As long as a wave
movement 18 propagated without disturbance, the ele-
mentary waves withdraw themselves from observation
because they proceed by their co-operation to produce the
chief waves. They immediately appear independently,
however, if their adjoining waves are in any way sup-
pressed. If, for example (in fig. 137), the wave B(
proceeding from A passes through the opening B (' of a
screen, 1t continues its course undisturbed between the
two marginal rays 4 B and A4 (, whilst the elementary
waves proceeding from their points between B and
combine in the manner above described to form the
chief wave B’ (". The elementary waves B b and
("¢ proceeding from the marginal points B and C
remain partially isolated, and transfer a movement
which, in comparison with the main wave, is, as may be
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supposed, very feeble, into those lateral spaces B’B S
and °C'S, which are protected from the main wave.
Phenomena of light will soon be referred to which
are caused by a similar lateral expansion of elementary
waves. Some further consideration must however still
be given to the behaviour of the principal wave.
98. The chief wave proceeding from the combined

action of the elementary waves spreads itself, as has

been seen, around a luminous point in a concave sphere
Just as if the propagation took place directly from this
point. Both modes of explanation permit us equally to
explain the movement of light as a rectilinear radiation
from a centre. Careful consideration however shows
that there is an essential difference between the two
views. Whilst, on the older theory, a direct propagation
along a single straight line, that is, the possibility of
an 1solated ray of light, was accepted; on the other
theory in view of the action which every particle of
ather exercises upon the adjoining ones, the existence of
an isolated ray of light is inconceivable.

Nevertheless a ray of licht may be conceived as
the expression of the direction in which the small
portion of wave belonging to it lying upon the surface
of the sphere is propagated. Speaking generally, the
wave itself or parts of the same, must constantly be kept
in view if it be desired to draw any coneclusions on the
laws of the phenomena of light.

However small a portion of the wave surface may
be represented, it contains innumerable rays, which
collectively form a beam, or fasciculus of rays (Strah-
lenbiindel). In point of fact, in optical experiments
individual rays of light are never dealt with, but always
beams.
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The statements formerly made on the supposition of
the existence of individual rays of light, however,
lose none of their force through the different concep-
tion just gained. They still remain perfectly accurate,
even when each ‘ray of light’ is regarded as only
the representative of the very thin beam to which
it belongs.

In free wther, as well as generally in every medium
in which the undulations of light propagate themselves
spherically with equal velocity, every ray is a radius
perpendicular to the wave segment corresponding to
it. If we imagine the wave segment to be very small
or very remote from the centre of the sphere, the
perpendicular rays falling upon it may be regarded as
parallel to each other, and the wave segments themselves
as plane. Speaking generally, every fasciculus of
parallel rays is propagated by plane waves which are
perpendicular to the direction of the radiation.

99. Now that by means of Huyghens’ theory we
have given an explanation of the real mechanism of
undulatory movement, we shall proceed to inguire what
happens when a wave of light reaches the plane surface
of junction of two different media, as for example a
surface of water at rest.

- In fig. 188 ab represents a plane portion of an
undulation, and 4 « Bb the parallel fasciculus of rays
 corresponding to it. As the wave moves onwards towards
the surface M N, the particles of wther between a and b’
gradually become affected by the movement; every
| point struck becomes, in accordance with the theory of
| Huyghens, itself a centre of disturbance, and sends
forth an elementary wave into the first medium (the air)
as well as into the second.
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Let us now consider in the next place the elementary
waves returning into the first medium. 1!

At the instant at which the point b’ is reached by the |
undulatory movement, an elementary wave has f'ormed:
around the point originally disturbed, a, the radiug
of which must be equal to the line b ¥, to which extent
the chief or principal wave has in the meanwhile pro-
gressed ; this elementary wave is indicated in the figure
at ¢ by an arc described from the point a. In like manner
the points lying between a and ¥’ have produced ele-

Fia. 138.

Explanation of reflexion and refraction.

mentary waves the radii of which are smaller in propor-
tion as they are nearer to the point " which is still at:
rest. If from 0 the tangent b’ ¢ be drawn to the first:
elementary wave, it touches also all the other elementary
waves, and consequently represents the principal wave
which results from the co-operation of all the elemen-
tary waves. This wave b’ ¢, which is reflected in the
direction of the fasciculus a C'b'D into the first medium, .
forms with M N the angle ¢ b’a, which is obviously equal
to the angle ba b’ of the ¢ incident’ wave. If ata upon
the limiting plane M N the perpendicular a [, the  per-

pendicular of incidence,’ be raised, the angle 4 a [, which
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the incident ray 4 a forms with the same, is equal to the
angle b al’ which the wave corresponding to 1t forms with
M N, and the same holds good for the reflected ray a C.
The angle of reflexion is thus always equal to the angle of
incidence. We see therefore that the law of reflexion
is a necessary consequence of the undulatory theory.

But elementary waves also penetrate into the second
medium from the point of the surface disturbed, though
the rapidity of propagation is different from that in the
first medium. The elementary wave proceeding from
the point @ must therefore at the instant in which the
incident wave reaches the point b’, possess a radius a e
which stands in the same relation to the radius ac
(=bl) of the wave reflected from this point into the
first medium, that the rapidity of propagation of the
Tight in the second does to that in the first medium.
In the figure ¢ is smaller than b, that is, the
rapidity in the second medium is tfaken as being
smaller than in the first. As the tangent ¥’ e drawn
from 3’ to this first elementary wave touches also
all the other hitherto formed elementary waves, and
consequently includes these movements in itself, it
represents the plane principal wave penetrating into
the second medium. The direction of the fasciculus
a BV F corresponding to it is given by the line ae,
which is drawn from a towards the point of contact E.
It is now plain that the ray a F forms an angle » with
the perpendicular a I, which differs from the angle of
incidence 7, and in our case is smaller than this. The
ray A a has consequently experienced a deflection from
the perpendicular in its passage from the first into the
second medium. The refracted wave b e forms the
same angle r with the surface M N,
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If the particular line here shown, a ¥, be now taken
as unity, b b’ is the sine of the angle of incidence 1, a.x:ul
a e the sine of the angle of refraction ». The length of '
the line b ¥ stands in the same ratio to that of ae
as the rapidity of the propagation of light in the ﬁrsttq}-
that in the second medium. This relation is invariable,
whatever may be the magnitude of the angle of incidence,
‘We thus arrive at the propesition that

The sine of the angle of incidence holds an invariable
and unalterable ratio to the angle of refraction. |

The foregoing statements have, however, not unlyiz)[
shown that the law of refraction is a necessary conse-
quence of the undulatory theory, but they also supply a.
key to the proper signification of this unchangeable:
proportion which we have hitherto designated as the
‘index of refraction.” The index of refraction in the pas--
sage of light from one mediwm into another must be equall
to the relation that the rapidity of propagation of light in
the first medium bears to its rapidity in the second.

As the index of refraction from air into water iss
equal to 4, the velocity of light in air as compared with
water must be as 4 : 3. If in the former it amount to
800,000 kilometers (186,414 miles), it must be one-=
fourth less in water, namely 225,000 kilometers (139,310°
miles). Speaking generally, it is a necessary conse-
quence of the undulatory theory, that light is propagated
more slowly through strongly vefracting than in feeblyy
quractiﬂg medida.

Tt is necessary here to revert for a moment to the

view, that light is a peculiar kind of matter, n{)tmt-h_
standing that this view has been on good grounds sew
aside. On this view refraction is explained by supposings
that the particles of the refracting medium exert an a
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traction or influence upon the particles of the supposed
Juminous substance, and the conclusion is arrived at
that light propagates itself more rapidly in the strongly
refracting medium than in the feebler one. The direct
contradiction which is presented by these opposite con-
clusions affords ans opportunity of finally settling the
long contest between the material and undulatory
theories of light. Foucault has shown by means of very
 ingenious experiments that light does travel more slowly
| in water thanin air. If therefore the reasons formerly
‘adduced should still be considered toleave any doubt in
regard to the nature of light, there can now be no ques-
tion that the undulatory theory must be regarded as
the only true theory of light.

100. Before proceeding further an attempt must
be made to remove another doubt which might arise
in regard to the considerations from which the law
of reflexion, as well as that of refraction, have fol-
lowed. It might be objected, namely, that these con-
siderations should be applicable if the same substance
existed below the limiting surface M N as above; and
that we should then obtain instead of the refracted ray,
the rectilinear continuation of the incident, but also
always reflected ray.

Since now in this case the position of the plane
M N could be imagined anywhere, it would result, in
opposition to facts, that in a medium of uniform
nature light could not only propagate itself forwards
from the source of light, but also from all points back-
wards, and consequently even backwards against the
gource of light.

That the rapidity of propagation of light in a re-
fracting mediim is smaller than in the surrounding
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air may be explained on the not improbable assumpiﬁio
that the tether contained in a solid or fluid body pos-
sesses a greater density than that contained in the air,!
or the free wther of space.

In order to give some idea of what happens when
an undulatory movement arrives at the limiting line of
two media of dissimilar density, an analogy may
employed. If two ivory balls (fig. 189) be taken, of
unequal size, hanging by threads and in contact with:
cach other, and the smaller ball be raised and allowed to
fall against the larger, the latteris set in motion in the:

direction of the blow ; the smallers
Fia. 139.

— == One, on the contrary, rebounds andl
I moves in the opposite direction:
: to that which it originally had..
f After both balls have again come:
/ | to rest, if the larger ball be raised!
/ and allowed to strike the smallers
| one, it will be seen that whilstt
:}w % this is driven forwards the former:

still moves, though more slowly,,

forwards. In both cases then the:
striking ball, after it has parted with a portion of its:
motion, still continues to move.

Not so if two balls of equal size (fig. 139) be:
made to strike one another. The striking ball now
remains at rest whilst it transfers the whole of its:
motion to the ball struck, compelling this to move
onwards. '

The transference of motion from a vibrating layer of
wether to a quiescent one, i.e., the propagation of light, is -
performed under precisely similar laws. If both layers |
are of equal density, and hence of equal mass, the

Impact of elastic balls,
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second acquires the entire motion of the first, which
itself remains at rest until it again receives a new
impulse from behind, that is to say, from the source of
light. In one and the same medium therefore no
backward-moving elementary waves can arise. But if
the density, and consequently the mass, of the mther
layer struck be greater or smaller than that of the
striking layer, the latter retains a portion of its motion
and gives rise to those backward-going elementary
waves which combine to form a reflected principal wave.
From this it is seen that reflexion can only occur at
the limiting surface of two layers of w@ther of unequal
density.

101. The experiment with unequal balls attracts
attention to another circumstance which accompanies
the reflexion of luminous waves, namely, that the
striking ball maintains the direction of its movement,
or the reverse direction, according to whether its mass
18 greater or smaller than that of the ball struck. Inlike
manner the undulatory motion which is retained by the
last layer of the first medium and produces the reflected
wave, moves in the same or in the opposite direction to
the movement of the incident ray, according to whether
the first medium is more or less dense than the second.
In reflexion at a denser medium the undulations of
the reflected ray are directly opposite to those which
1t would make were it the immediate continuation of
the corresponding incident ray. But we now know
that in any ray, those particles that are distant from
each other a half wave-length are in opposite conditions
of movement. If we therefore imagine the wave line
(fig. 135) to be pushed back half a wave-length, the
motion of all the particles becomes reversed. The
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result previously obtained may therefore be expressed
in the following way :—

In reflexion at the surface of a denser medium the
reflected vray wundergoes a rvetardation im respect to the
wncident ray of a half wave-length. In reflexion at the
surface of a less dense medium, on the other hand, no
such retardation occurs.

102. The velocity of hght being smaller in a re-
fracting medium than in air, a ray of light traversing:
a glass plate, for example, must experience a retardation
in comparison with a ray of light which has travelled
the same distance in air, and this retardation will be:
greater in proportion to the thickness of glass tra-
versed.

If we apply this consideration to the rays which
emanating from a luminous point strike npon a convex:
lens and unite on the other side into a focus, it may"
appear at first sight as if, because they have to traverse:
very different paths, they must strike it with very:
different velocities. But it is not so. They arrive at’
the focal point with equal conditions of undulation just:
as if they had all traversed the same path. If wes
compare any given lateral ray with the axial ray, thes
former has indeed a longer path to traverse in the air,,
but a consequently less thickness of glass; and a mores
exact examination shows that the greater retardationi
which it experiences in the air is completely com--
pensated for by the smaller retardation in the glass.

A lens therefore produces mo difference of velocity ms
the several rays of w fasciculus, inasmuch as it unites thems
in a (real or wirtual) focus, and allows those differencess
which were originally present to remain unaltered.

This is the reason why we observe the lines off
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Fresnel and other phenomena of interference subjec-
tively, that is to say, through the eye (which is indeced
nothing but an apparatus of lenses) either with or
without a lens or telescope, without any disturbance
of the phenomenon through the action of the lens.
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CHAPTER XVIII.

DISPERSION OF LIGHT. ABSORPTION.

103. ArTER having acquired a knowledge of the true
significance of the index of refraction as the relation of
velocity of propagation in the first to that in the second
medium, it is easy to express the facts of the dispersion
of colour in the language of the undulatory theory.
To say that waves of different colour undergo an un-
equal amount of refraction is equivalent to stating
that in a colowr-dispersing mediwm the various homo-
geneous kinds of light are propagated wuith different
velocitues.

The proposition, that all kinds of light are propagated
with equal rapidity, which we were formerly compelled
to admit in regard to the free wther of the universe, is
thus no longer admissible for the wmther contained in
the interior and oceupying the interstices of the particles
of natural substances.

The action which the particles of a body exert upon
the undulations of eether propagating themselves in 1t,
may be conceived to be dependent on the nature of
these particles. In very many fluids and solids, espe-
cially in the colourless and transparent ones, as water,
glass, &e., the rays produced by more rapid undulations
are more strongly deflected, that is to say, experience
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| a greater amount of retardation than the rays produced

by a smaller number of undulations. Prisms composed
of such substances exhibit a spectrum with the ordinary
succession of colours, from the least refrangible red to
the most refrangible violet rays. The specific nature
of the substance is however rendered evident even here
by the different arrangement of the lines of Fraunhofer.
(See fig. 106.)

The dispersion of colour in atmospheric air and
in gaseous bodies generally is (according to Ketteler)
S0 insignificant that we may admit in them, as in
free wther, equal velocity for all kinds of light, being
smaller than that of universal space in the proportion
of 1:1-:000294. This number expresses the index of re-
fraction of a ray of light in its passage from empty space,
that is to say, space filled with free mther alone, into
air at a temperature of 0° C. and under 760 millimeters
pressure.

The influence of the nature of the material par-
ticles on the velocity of propagation is remarkably

Fic. 140.
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solution of the anilin colour ¢ Fuchsin’® into a hollow
prism (fig. 53) and look through it at a brightly illumi-
nated slit, we obtain a spectrum in which blue and
violet are less deflected than yellow and red. What is,
elsewhere the end of the spectrum here appears at
the commencement, towards the middle it fades, and
in the centre the green, being absorbed, is absent (fig.
140). From this behaviour the conclusion may be
drawn that in Fuchsin the blue and violet rays are
propagated with greater velocity than the red and
yellow.

This phenomenon, which was discovered by Chris-
tiansen, and was shown by Kundt to be presented by a
great number of absorbing substances, has been called
anomalous dispersion of light.

104. The phenomena of anomalous dispersion
renders us strongly disposed to the opinion that neither
the refrangibility nor the length of undulation, but the
number of vibrations, is to be regarded as the character-
istic of a homogeneous ray of light. The number of
undulations by which the impression of colour perceived
by our eyes is conditioned does not undergo any altera-
tion an the passage of light from one mediwm into another.
In fact we observe no change of tint (Tonhéhe) when,
for example, the yellow light of Sodium passes from air
into water.

The length of the waves, however, does undergo a change.
The wave-length is, it is to be remembered, always
obtained by dividing the velocity of propagation by
the number of vibrations. As the latter remains un-
changed, whilst the velocity of propagation in water is
only three-fourths of the velocity in air, the wave-
length in water can only amount to three-fourths of
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the wave-length in air. The wave-length of a ray of
light in any given substance is consequently obtained by
dividing the wave-length in air by the index of refraction
of the substance tself.

105. We possess no means of changing the number
of vibrations, that is to say, the colour of a homo-
geneous ray of light. But that such an alteration may
and does occur under certain circumstances may now
be demonstrated.

The sensation of a definite colour is conditioned by
the number of waves of mther that penetrate into the
eye in a second, just as the pitch of a musical note
depends on the number of waves of sound which enter
the ear in the same space of time. As long ago as
1841 Doppler called attention to the fact that the pitch
of a musical note or the colour of an impression of
licht must be raised or lowered when the resounding
or luminous body approaches or recedes from the
observer, In the former case the organ of sense is
struck in the course of a second by a greater, in the
latter case by a less, number of waves than if the source
of light or sound be stationary. As regards sound the
truth of the principle of Doppler can easily be demon-
strated by experiment; it is only necessary to allude
to what may perhaps have been noticed by many.
During the passage of a train through a station it may
be observed that the whistle of a locomotive becomes
higher in piteh as it approximates to, and lower in pitch
as it recedes from the observer than when it is at rest.
It is impossible, no doubt, to make a similar experiment
in the case of light, because the greatest velocity we
can attain is vanishingly small in comparison with its
enormous speed. Nevertheless the possibility of its
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occurrence in the case of the waves of light cannot
be doubted.

Let it be conceived that in free space a sphere of
glowing Sodium vapour is moving with sufficient velo-
city towards our earth, its light would appear more green
than that of a terrestrial Sodium flame, whilst if it
were receding it would assume a reddish tint. And if
this light fell upon a prism instead of our eye it would
reach the prism in the former case with a greater and
in the latter case with a smaller number of undulations
than that of a Sodium flame at rest, and in correspon-
dence with this would experience a stronger or weaker
deflection. Hence it follows that if a spectroscope be
directed towards the moving source of light the bright
Sodium line would appear to have changed its position
and to be advanced towards the more, or towards the
less refrangible end of the spectrum, according as the
source of light was approximated to, or made to recede
from the observer.

Just as the bright Sodium line in this example
undergoes a change of position, so also, when the fixed
star moves in the direction of the visual line with
sufficient velocity, do the dark lines in the spectrum of
a fixed star become altered and no longer coincide with
the bright lines of the elementary substances to the
absorbing action of which they owe their origin. From
the direction and amount of this displacement both the
direction and the velocity of the movement of the star
can be deduced.

106. Huggins, on comparing the F' line of the
spectrum of Sirius with the blue-green line of the
spectrum of a Geissler’s tube filled with hydrogen,
found the former as compared with the latter moved
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| towards the red, and to an extent that if the wave-
' length of the Hydrogen line F' is 4865 millionths of a
millimeter, the wave-length of the line of Sirius corre-
sponding to it was about'0:109 millionth of a millimeter
greater. Hence it appears that at the time of observa-
tion Sirius was receding from the earth with a velocity
which, compared with that of light (300,000) is as
0-109 is to 4865. The velocity with which the two
celestial bodies receded from each other was con-
sequently

300,000 . 0-109

- il =411 miles.
TR 67 kilometers L miles

Since at the time of the observation the earth was
moving away from Sirius at the rate of 19 kilometers
(nearly 12 miles) in each second, there remains @ surplus
48 kilometers (about 30 miles), which represents the rate
at which Sirius was receding from our solar system.
Observations made with the telescope long ago
taught astronomers that many fixed stars possess a
proper motion of their own. But it is obvious that by
means of the telescope only that portion of the motion
can be recognised which takes place at right angles
to the visual line. The spectroscope, on the other
hand, indicates to us the movement which escapes tele-
scopic observation, that namely which takes place in the :
visual line. Tt is thus apparent that by combining the
results of different methods of investigation it is possible
to determine the true motion of the fixed stars in space.
The conclusion may be drawn from the rapid change
of form which is observable in the solar protuberances
that the glowing masses of hydrogen of which they
consist are in the most violent motion. Peculiar dis-



248 OPTICS,

locations and disturbances, which Lockyer has observed
in the dark F' line of the solar spectrum as well as in
the bright F' line of the photosphere, have enabled him
to measure with precision thesvelocity with which the
glowing hydrogen streams up in the solar atmosphere
or revolves in whorls of storm.

The alteration in the number of undulations which
corresponds to these dislocations shows that a rapidity
of from 50 to 60 kilometers per second is nothing
unusual, indeed the most marked dislocation hitherto
observed indicates a velocity of 190 kilometers (nearly
120 miles). If we compare these fearfully violent hydro-
gen storms in the solar atmosphere with even the most
violent hurricanes of our atmosphere, which at most do
not exceed 45 meters (=50 feet) per second, these last
appear to be only gentle breathings.

107. We have hitherto regarded the process of the
propagation of light from the standpoint of the un-
dulatory theory. It remains to consider the origin of
light, that is to say, the process of illumination, from
the same point of view. The analogy of light to sound,
which has so often afforded us useful hints, will also aid
materially in this part of the subject.

A mass of matter becomes a source of heat and
light in consequence of an extremely rapid vibrating
movement of its smallest particles, which 1s propagated
as a series of undulations into the surrounding mther,
and is felt by our tactile nerves as heat, but by our
optic nerves, if the undulations are sufficiently rapid,
as light.

(ertain facts which especially belong to the domain
of Chemistry lead to the conclusion that the matter of
which bodies are composed does not entirely fill the
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gpace 1t occupies, but consists of separate particles

| which, in a physical sense, are no further divisible, and

are therefore termed ultimate particles or atoms. The
interspaces of the atoms are filled with eether.

There are as many different kinds of atoms as there
are elementary chemical bodies. Chemistry teaches us
farther that the atoms in any substance, even in an
element, never occur singly, but are always united by
the action of chemical affinity to form groups of two
or more atoms. Such a group of atoms is called a
molecule. Every molecule is built up by its atoms in
a perfectly definite manner. The kind, number, and
grouping of the atoms which compose a molecule
determine the chemical qualities of the molecule, and
consequently also of the substance, which consists of an

" jndefinite number of such similar molecules.

And just as a chord gives a definite fundamental
note besides its overtones, dependent on the length,
thickness, tension, and consistence of the chord, so also
the atoms within every molecule are capable of only
o definite series of vibrations, the number of vibrations
being determined by the structure of the molecule, that
is to say, by its chemical properties. And just as 1t may
be said that a chord or tuning fork is tuned to give a
particular note, it may also be said that a Sodium mole-
cule is tuned to the colour-tone D.

It may hence be imagined that the chemical nature
of a body must betray itself by characteristic bright
lines in the spectrum of its light.

Whilst the chemical properties of a body are deter-
mined by the internal structwre of its molecules, its
physical properties, especially its condition of aggrega-
tion (whether it be solid, fluid, or gaseous) depends
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upon the special mode in which its molecules are:
arranged amongst themselves.

In a solid body the molecules are held together, |
in determinate positions of equilibrium around which
they can vibrate, by a powerful force, which is termed
the force of cohesion (Zusammenhangkraft). These
vibrations are independent of the peculiar quality of the -
molecules; they include also some vibrations of a less
known character, but take place with all possible num-
bers of vibrations, and for all solid bodies in a similar
manner at the same temperatures.

Solid bodies therefore, whatever may be their
chemical nature, give alike a continuous spectrum, which
at a lower temperature only contains the invisible
ultra-red rays; as the temperature rises not only does
the strength of the radiation increase, but a higher
tone of colour is constantly being superadded to
that previously present. At about 540° C. the red
shows itself as far ns B (dark red glow, dull or low red
heat) ; at about 700° C. (bright or cherry-red heat) the
spectrum extends to the farther side of F'; and lastly,
at white heat (1200° C.) it reaches to H. Glowing
fluids, between the molecules of which the force of
cohesion still aets, exhibit a continuous spectrum.
These vibrations which the molecules of solid and
fluid bodies exhibit under the influences of the force
of cohesion, do not prevent the simultaneous occurrence
of those vibrations within each molecule to which the
molecule is attuned owing to its chemical composition.
As a general rule* the latter are not visible, because

* According to Bahr and Bunsen the fixed oxides of Erbium and Didy-
mium, when heated to glowing, exhibit a spectrum with bright lines which
correspond to the dark striz in their absorption spectra. (See § 75.)
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the bright lines which correspond to them disappear
upon the bright background of the continuous spectrum.
The characteristic linear spectrum which discloses to
us the chemical quality of a body is much better and
more clearly seen when its molecules, freed from the
chains of cohesion, enter into the gaseous condition.

108. Fig. 141 represents a tuning fork fixed into a
little wooden box open at one
end, and when made to vi-
brate it is heard to give a
pure soft tone. A second
tuning fork similarly sup-
ported on a box is placed
beside it. If now the first
be made to vibrate and be
then immediately silenced by
touching it with the finger,
the second one, which was
previously at rest, will be heard resounding with the
same note. It has been set into vibration by the waves
of air which proceeded from the first.

But if the second fork be put out of tune by attach-
g a little piece of wax to its arms, and the experiment
be repeated, it remains perfectly silent. The resonance
thus only occurs when the two forks are in unison with
each other, that is, when the second possesses the same
number of vibrations as the undulations of air proceed-
ing from the first. '

A similar phenomenon is familiarly known to all.
If a person sings into an open piano with a loud voice
the same note is gently returned in answer; those
chords namely, which when struck by their hammers
yield this note, are set in vibration by the sound, but

Fra. 141.

Tuning fork,
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the waves of sound excited by the singer pass over all
the other chords without acting on them,

This vibration in unison which is called forth by
tones of equal height, and is termed resonance, may be
easily explained. Every wave of sound which reaches
the tuning fork begins to set it in movement. If the
impulses of the waves succeed to each other in the
same time as the vibrations of which the tuning fork
18 capable, each arm of the fork when it is about to
move forwards will receive an impulse forwards, and
when it moves backwards an impulse backwards. The
succeeding impulses thus act unopposed to strengthen
the movement which was only feebly commenced by
the first, and soon excite the fork to lively vibration.
If, on the contrary, the number of vibrations of the
waves differs from that of the fork, the later impulses
very soon come to be in opposition to the slight tremb-
ling excited by the first, and neutralise their action.
The tuning fork therefore remains at rest. To set the
tuning fork in motion the unisonal waves must give up
a part of the energy of their motion to it; they there-
fore proceed in a weakened condition on the other side
of the fork. The waves not in unison, on the other
hand, give off none of their energy to the tuning fork,
but pass by it of their original strength.

If now a large number of tuning forks be imagined
to be attached to a table, and a sound wave unisonal
with them be excited at one end, it will reach the other
in a very weakened condition, because its energy will
have been in great measure absorbed by the tuning
forks. A wave of another pitch will, on the contrary,
traverse the layer of tuning forks almost unaltered,
and will spread beyond them without noticeable loss.
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A Bunsen’s flume in which float glowing particles
of Sodium is comparable to such a layer of tuning
forks, and it is now intelligible why the peculiar kind
of light, D, which 1t emits, is weakened or altogether
vanishes in traversing it, whilst it remains transparent
for all other kinds of light.

The undulatory theory thus affords an explanation
of absorption, inasmuch as it shows that every body
must absorb exactly those kinds of luminous rays which
it is itself capable of emitting.

109. Although a wave vanishes by absorption, the
energy of its movement is by no means suppressed, but
'« transferred without loss to the absorbing body. For
in accordance with the fundamental law of all natural
phenomena, the principle of the conservation of energy,
energy can as little be destroyed as created.

The motor energy which is transferred to the ab-
sorbing body may become manifest in this in two
forms ; a clock can obviously be set and kept in motion
if the axis of the great wheel be turned. In this case
the active energy of the hand is transferred into the
active energy of the clockwork in motion. A watch
may also be made to go by winding it up, that is to
say, by coiling an elastic spring around the main wheel.
The active energy of the hand is now transferred to the
wound-up spring, and remains glumbering in 1t as
inactive enerqy, or emergy of tension, as long as the
movement of the clockwork is checked. But as soon
as the detent is loosed, however long a period may
elapse, the spring gradually uncoils itself to its pre-
viously unstrained condition, and thus the whole
energy which had been concealed in it in an inactive
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state again makes itg appearance as the active energy
of the clockwork in motion.

Let this simile be applied to the absorption of the
®ther waves. A portion of the active energy of the
absorbed wave sets the molecules, and the atoms within
the molecules, in motion, or renders the motion already
present in them more lively. They become themselves
by this means the centre of waves of @ther, the active
energy of which betrays itself to our senses as heat or
light (glowing phosphorescence and fluorescence).

Another portion of the energy absorbed is employed
in loosening or altogether dissolving the chains which
bind the molecules together to form a substance, or the
atoms together to form a molecule, When the mole-
cules of the body, or the atoms within each molecule,
are widely separated from each other or are completely
dissociated, the body becomes extended, and passes from
the solid into the fluid or gaseous condition ; or lastly,
it experiences, if the molecules split into their atoms, a
chemical decomposition. In the former physical, as in
the latter chemical action, a portion of the absorbed
energy is consumed in overcoming the molecular forces
(force of cohesion and of chemical affinity), just as the
energy of the hand applied in winding up the watch is
used to overcome the elastic force of the spring. The
energy so applied, is, however, by no means lost, but
remains stored up in the body or in its particles as
energy of tension as long as the body remains in its
condition of solution or division. It makes its appear-
ance immediately again as active energy, in its original
amount, if the body revert from its new into its old
condition.

110. The various operations which the radiation
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from the sun can produce on the surface of our earth
may serve to illustrate these statements. Were the
sun’s rays completely reflected from the surface of the
earth they could neither warm nor in any other way act
upon it; their action is only rendered possible by the
absorbing action of terrestrial objects.

The transparent air allows the sun’s rays to traverse
it almost undiminished in intensity, and is therefore to
only a very slight extent directly warmed by it. On the
other hand, the solid crust of the earth, which possesses
considerable absorptive power, undergoes a great amount
of heating ; the air itself becomes gradually warmed from
the soil; and since this heating takes place unequally
at different parts of the earth’s surface, attaining for
example a higher degree in the equatorial than in the
polar regions, the equilibrium of the atmosphere is
disturbed, and seeks restoration by currents which we
call winds. The movements of our atmosphere are
thus primarily caused by the sun’s rays; in the breeze
which swells the sails of the ship, as in the hurricane
which uproots trees, a part of the energy is made mani-
fest which the sun sent down to the globe of the earth
in the form of @wether waves. f

The evaporation which takes place from the surface
of the sea under the influence of the solar rays causes
the ascent of extraordinary quantities of aqueous
vapour into the higher regions of the atmosphere, from
whence, again condensed, they descend, in the form of
water or of snow, and collected into streams and rivers,
flow back to the sea. In performing this circuit the
water gives off the whole of the energy which it
originally received from the sun. The falling drops of
vain, the ship-bearing river, the waterfall which turns
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the mill-wheel or drives the tunnel-borer through the
granite of the Alps, owe their energy to the sun.

In the green leaves of plants the carbonic acid they
have absorbed from the air undergoes decomposition
by the absorbed solar rays, and the oxygen returns to
the air in a gaseous form, whilst the carbon is applied to
the construction of the solid parts of the plant. In the
wood of the stem of a tree the whole energy of the
solar rays which has been consumed in its formation in
the course of years is found stored up in an inactive
condition ; it reappears with undiminished intensity as
active energy in the form of light and heat when the
wood, or rather the carbon contained in it, again reverts
by the process of combustion to the condition of car-
bonic acid. The Carboniferous strata, which are com-
posed of the altered remains of ancient plants, represent
a highly economical mass of solar energy which, after
a slumber lasting for ages, is again set free by the pro-
cess of combustion, heating and illuminating our houses,
striking the hammers and turning the spindles in our
workshops, and driving our locomotives with the speed
of the wind along their iron paths.

Amongst the animal creation some feed directly on
vegetables, whilst others consume their plant-eating
congeners. In both instances we recognise the vege-
table world as the only spring of all animal life. In
the animal organism the carbon consumed as food
unites with the inspired oxygen, and is exhaled in the
form of carbonic acid. The force condensed in the
vegetable streams forth again in the animal body ; that
is to say, the energy of the solar rays which the plant
required for the separation of the carbon is again set
free in the animal body as heat and motion. The heat




R S

DISPERSION OF LIGHT. ABSORPTION. 257

of the blood, the motion of our heart, the capacity for
work in our arms, all represent the energy which
originally streamed from the sun. Thus the sun, by
means of the waves which it excites in the wther ocean
of the universe, is the origin of all the heat, life, and
motion on the surface of our earth.*

* There are no doubt a few terrestrial movements which are not oc-
casioned by the radiation from the sun; such, for instance, as the ebb and
tlow of the tides, which are caused by the force of attraction of the moon
and sun upon the waters of the sea. So also voleanic activity which has
its origin in the interior of the earth. Lastly, there are stores of energy of
tension which do not depend upon the sun, which are stored up in certain
combustible minerals (in virgin sulphur, iron, &e.). Nevertheless, all these
sources of foree together are very insignificant in comparison with thoso
which are supplied to us by the sun.
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CHAPTER XIX.

DIFFRACTION OF LIGHT.

111. TaE last four Chapters having been occupied in
rendering the facts stated in the earlier section of this
work intelligible on the undulatory theory, we may now
enter upon the consideration of new phenomena of light
adapted to support the views already expressed, and to
supply additional means of determining the essential
nature of light.

If a beam of parallel solar rays be allowed to fall
upon a narrow vertical slit, and the transmitted light be
received upon a paper screen at some distance from it,
there is seen on either side
of the bright line which
naturally results from the
shape of the slit, a series
of alternate dark and light
striee (fig. 142), which
Diffraction or inflection image of a narrow Tﬂpldlj’ diminish in inten-

slit. sity as they are more dis-
tant from the central line, and are fringed with the
same subdued ecolours that have already been seen in
the interference lines of Fresnel.

This experiment furnishes the practical proof that
light spreads not simply in straight lines, but, as Huy-
ghens’ construction shows, laterally also, It is, in fact,

Fia. 142,
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simply the realisation of the case already mentioned
(§ 97), that a wave in its passage through an opening,
whilst it is propagated directly as a principal wave, also
sends forth elementary waves into the space which is
protected from the chief wave.

The white line in the middle is that part of the
screen which receives the principal waves, thatis to sa .
here all the elementary waves or elementary rays pro-
ceeding from the various points of the aperture are found
In unison, and support each other in the most complete
manner. The elementary waves uniting in a laterally
situated point of the screen—called diffracted rays—
are not capable of an equally favourable co-operation,
since, proceeding from the various points of the aperture
they travel over various paths to the screen, and become
according to the difference of their path, Le., according
to the distance of the point of the screen observed from
the middle stria, sometimes in partial accordance, some-
times in complete discordance, and thus are produced
alternately the bright and dark striz observed upon the
screen. This phenomenon, because it originates by the
interference of inflected rays, is termed a phenomenon of
diffraction. When monochromatic light is used, the dark
lines appear of a deep black colour, and are closer to
each other, as well as to the central bright line, in
proportion as the wave-lengths of the source of light
employed are smaller. With white light, therefore, only
the central stria appears white, whilst the lateral stris
appear, for the same reason and in the same order,
coloured, like the interference strize of Fresnel,

If the slit be gradually widened the lines will be
seen to become progressively narrower, till they ulti-

52 .
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mately become so fine as to be no longer perceptible. In
order therefore to perceive the laterally spreading
elementary wayes, very narrow slits alone can be used;
with wide apertures they are undoubtedly present, but
the phenomena of diffraction are then so extremely
delicate that they escape observation.

112. The phenomena of diffraction may also be
seen with the naked eye, if a distant object be looked
at through a minute aper-
ture. They may be still
more advantageously ob-
served by employing a
telescope, at the objective
end of which (a, fig. 143)
a tube (B), lined with
leather, is attached for the reception of the wooden
ring, 0. A sheet of tin is let into the latter, in
which is a small opening, d. The diffraction figures
which then come into view present various forms,

Fia, 143,

Diffraction apparatus.

Fiz. 144. Fic. 145,

: Fhenomena of diffraction with a
Phenomena of diffraction with a circular rhomboidal aperture.
aperture.

according to the shape of the opening, and are often
of surprising delicacy. Amongst the most simple is
the figure which is obtained from a circular ﬂPETtﬂ]‘E
(fig. 144). In this case a bright circ.ula.r disec ap-
pears, surrounded by a succession of bright a,nd.dark
rings, which, when white light is used, are fringed
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with delicate colours, With a rhomboidal figure (o, fig.
145) the image is divided by two rows of dark lines,
each of which is parallel to the sides of the opening,
into numerous parallelograms. The most distinet of
these, which are arranged serially at the four sides,
give to the image the aspect of an oblique cross artifi-
cially constructed in mosaic work.

When a telescope is used for the purpose of
observing the diffraction image, it is formed in the
focal plane of the objective, and is seen magnified
through the eye-piece. The telescope permits conse-
quently of the application of wider, and therefore of
more strongly illuminated apertures, the diffraction
figures of which would be too small to be seen by the
naked eye.

113. It has already been pointed out how the pheno-
mena of diffraction result from the interference of the ele-
mentary rays. It may now be advisable to enter a little
more deeply into an explanation of them, under the
supposition that they are being observed with a tele-
scope, or even with the naked eye.

In fig. 146, A B represents the horizontal section of
a screen, and C and D the edges of a vertical slit which
has been made in it. If a fasciculus of parallel homo-
geneous rays, ¢ U'd D fall vertically upon the screen,
all sether particles within O'D are in equal conditions of
undulation. From each of them, in accordance with
Huyghens’ principle, elementary rays spread in all
possible directions. All the rays which proceed from
the various points of the aperture parallel to each
other are united in one point of its focal plane by the
objective. The fasciculus of diffracted rays, CEDF,
for example, which forms the angle of diffraction ¢ with
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the axis CG of the incident rays, is united on a
secondary axis parallel with C'E, at the point where this

F1a. 146.

A4-@

(

Explanation of diffraction taking place through a slit.

strikes the focal plane. The lens, however, as has been
already pointed out (§ 102), exercises no influence on the
difference of path of the rays within the fasciculus. These
unite in the focal point with the same differences of path
which were already present before it reached the lens.

If from the point D we let fall the perpendicular
D H upon O E, C H constitutes the extent to which the
path of the marginal ray C'E exceeds the path of the mar-
ginal ray D F to the point of union. And for each of the
ther innumerable rays of the diffracted fasciculus there
is a portion between D C and D H, to which extent it
falls behind the ray D F.

Those elementary rays which form the continuation
of the incident rays do not indeed in any way differ
from one another, and consequently meet in the prin-
cipal focus of the objective in the centre of the diffrac-
tion image in perfect unison. The larger, however, the
diffraction angle becomes, and the more the diffracted

fasciculus is inflected as regards the axis of the incident
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rays, the larger proportionately becomes the difference
of path, C H, of its marginal rays.

With a certain small value of the angle ¢, CH
must be equal to half a wave-length of the incident
homogeneous light. The marginal ray ¢'F will then
be in complete discordance with the marginal ray
DF. These two rays must therefore neutralise each
other at the point where they meet. The innumerable
other rays of the fasciculus, on the other hand, have
but little difference of path; they are not therefore in
complete discordance with each other, but at the same
time they are mot in perfect accordance. A certain
amount of light will therefore be present at their point
of union, but this will be less than in the centre of the
image.

If the angle of diffraction ¢ be -so large that CH
18 equal to an entire wave-length, the middle ray (6)
of the fasciculus is retarded a half wave-length as com-
pared with the ray D F, and is neutralised by it where
they meet. The same thing happens with the pairs of
rays 1 and 7, 2 and 8, 5 and 11, which differ in their
paths to the extent of a half wave-length. Since, conse-
quently, every ray of the fasciculus finds a companion
which is in complete discordance with 1t, darkness
must prevail at the point where they meet. At this
spot therefore, reckoning from the middle of the image,
the first dark stria must occur.

If now, with still greater inclination of the diffracted
rays, the difference of path of the marginal rays amounts
to three half wave-lengths, it may be conceived that
the beam is divided by the rays 4 and 8 into three
equal parts. Thus the ray 8 is a whole wave-length be-
hind the ray D F'; the part of the fasciculus contained
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between them undergoes, as has already been shown,
extinction, only the last third, the marginal rays of
which differ by a semi-undulation, produces the effect of
light at the point of union. But as this only contains
a third of the whole amount of rays, whilst it other-
wise exhibits the same difference of path as the entire
fasciculus previously considered, with the marginal
ray difference of a semi-undulation, the @ther particles
found at the point of union ean only possess one-third
the amplitude of vibration of the complete fascicu-
lus. And since the intensity of light (see § 96) is always
proportional to the square of the amplitude of vibration,
it is obvious that the illumination at the point of union
of the fasciculus having a difference of three half wave-
lengths in the marginal rays, is only the ninth part
of that which the fasciculus with a difference of path of
a half wave-length produces.

When with progressively increasing angle of diffrac-
tion the difference C H of the marginal rays is equal to
two entire wave-lengths, the middle ray (6) remains a
whole wave-length behind C F, and the ray D E a whole
wave-length behind the middle ray.

Each half of the beam now has in itself the means
~ of its extinction. Similarly, it may easily be com-
prehended that every diffracted fasciculus of rays, dhe
marginal rays of which differ in their path any number
of whole wave-lengths, must disappear. The dark lines
in the diffraction image of the slit (fig. 142) correspond
to these differences of path. The middle of the bright
areas between each pair of dark strize corresponds to
the fasciculi whose marginal ray differences, 3, 5, 7
. . . amount to an unequal number of half wave-
lengths. The intensity of light at these spots amounts
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103, 75555 » » o » 88 compared with that which exists
at those points where the difference of the marginal
rays equals one half wave-length; these lie in the
middle brightest area, which is twice the width of each
lateral one.

114. Tn the right-angled triangle C'D H (fig. 146)
the angle at D is equalto the diffraction angle ¢ ; if
therefore the angle ¢ and the width C' D of the slit be
measured, we can easily estimate the length C H. The
telescope of a Theodolite serves for the measurement of
the angle ¢ (fig. 109). If it be first arranged in such a
manner that its crossed threads are in the centre of
the image, and it be rotated laterally till the first dark
line appears at the crossed threads, the diffraction angle
can be read off on the horizontal circle of the instru-
ment ; the corresponding value of C'H must then be
equal to the wave-lengths of the homogeneous light
employed. Schwerd, for example, found that when red
glass was used and the width of the slit was 1'353 mm.,
the first dark line corresponded to a diffraction angle of
1’ 38", which gave for that particular red light a wave-
length of 643 millionths of a millimeter.

Although the explanation we have given of the dif-
fraction phenomena produced by a slit-shaped aperture
refers only to the appearances presented when a tele-
scope is employed, it will still hold for a diffraction
image thrown upon a screen, if this be removed to such
a distance from the aperture that all the rays passing
to any point of the screen may be regarded as parallel
to each otheér.

115. An inexhaustible variety of the most beautiful
phenomena of diffraction may be produced by making
a group of several or numerous apertures instead of a
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single one. Tf, for example, a number of fine wires be
stretched in a frame, the interspaces between them form
80 many slits, and we have a kind of grating. Such a
grating of extraordinary delicacy may be obtained by
cutting parallel lines at equal distances from each other on
glass with a diamond. Thelines drawn with the diamond
correspond to the wires, and the unscratched surface of
the glass to the interspaces of the wires.

If a fasciculus of solar rays be allowed to pass
through the slit of a Heliostat and to fall upon a
lens which projects a sharp image of the slit upon
the adjacent screen, and if a fine glass grating be
placed in front of the lens, a beautiful figure will be-
come visible upon the screen (fig. 147). Symmetri-

Fig. 147,

Diffraction phenomena through a grating.

cally to the two sides of the white image of the slit
a series of spectra appear, the violet end of which is
turned inwards whilst the red is external. Whilst the
two spectra on either side of the centre are isolated, the
succeeding ones, which are progressively both broader
and fainter, partially overlap each other. In these
spectra, especially in the first and second on either
side, the well-known lines of Fraunhofer are distinctly
visible.

The same appearances are presented if the grating
be held in front of the objective of a telescope
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placed at a little distance from the slit. On the sup-
position that this method of observation is adopted,
an attempt may be made to explain the origin of these
spectra.

In fig. 148 let A B represent the transverse section
of the grating, and M a N the direction of the inci-
dent rays falling vertically Fia. 148,
to the plane of the grating. ,r
All fasciculi of rays running

llel to each other, i.e.
Pm ; 4 AJE 1'5 c fnf

with the same diffraction TN B
angle ¢ at the bright inter- R \R \
spaces of the grating, are [\ \\

united by the objective lens |

at the same spot of the N x \

imagE-PIﬂﬂE- DIBTEgﬂrI‘dHIg Explanation of diffraction tbrough a
for the moment the difference S

of path which exists amongst the elementary rays
of each fasciculus, let us turn our attention to the
difference of path of the several fasciculi in regard
to each other. If from the point ¢, from which the
first ray of the second fasciculus proceeds, a perpen-
dicular, ¢k, be let fall upon the first ray of the first
fasciculus, a b obviously represents the extent to which
the first fasciculus is retarded as compared with the
second, and consequently as each fasciculus is retarded
as compared with the next succeeding one. If we
now suppose the light to be homogeneous, as for
example Sodium light, and the line a kb equal to its
wave-length, the whole of the fasciculi will be in com-
plete accordance, and co-operate with one another at
the point of union to give greater intensity of light.
If the observer move to a very slight extent from that
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position in which the difference of path of two adjoin-
ing fasciculi amounts to a whole wave-length, the fasci-
culi of rays must mutually extinguish each other at the
point where they meet. If, for example, with a grating
0f 1,000 lines the angle of diffraction increases to such
an extent only that the first fasciculus is retarded as
compared with the second 1 + 1~ wave-lengths, it
is retarded as compared with the third 2 + —2-; as
compared with the fourth 3 + %, and so on until as
compared with the 501st it is retarded to the extent
of 500 + %%%, or 500 + 1 of a wave-length. The
001st fasciculus is thus in complete discordance with
the first, and similarly the 502nd with the second, the
o03rd with the third, and so on, until lastly the 500th
with the 1000th. If, with a somewhat greater angle of
diffraction, the difference of path between the first and
second fasciculus were 1 + -1, wave-length, the 51st
fasciculus would be in complete discordance with the
first, and the fasciculi must again extinguish each other
in pairs where they meet. Speaking generally, as soon
as they recede on either side from the above direc-
tion, in which ah is equal to a whole wave-length,
neutralisation of the waves occurs, providing only that
the increase or decrease of ak is less than an entire
wave-length.

For if ah be equal to two entire wave-lengths, all
the fasciculi are again in complete accordance, and so
on each occasion the difference of path of two adjoining
fasciculi is equal to any number of entire wave-lengths.

The diffraction image perceived when Sodium light
is used is consequently very simple. In the middle of
the field of vision is the image of the slit ; then follows
at a certain distance on each side, which corresponds to
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the difference of path of a whole wave-length, a slender
yellow line upon a perfectly black ground; then at
double the distance, corresponding to the difference of
path of two wave-lengths, is a second bright line, and
others still at thrice, fourfold, &c. distances. One or
the other of these pairs of lines can only then vanish
when each of the fasciculi by which they are pro-
duced already carries in it the germ of neutralisa-
tion, that is, when the lines fall directly on the spots at
which each interlinear space of the grating would
exhibit a dark stria. Moreover, the diminution in
the intensity of the light, which in general occurs in
the consecutive lines, is to be ascribed to the inter-
ference which takes place in the interior of each separate
fasciculus.

For every other homogeneous kind of light a series
of bright lines of that particular light would be perceived,
which, however, lie nearer the image of the slit when
the wave-lengths are smaller, and on the other hand,
more remote when the wave-lengths are greater. When
white light is employed the strize which correspond to
the difference of path of each of the wave-lengths occur
according to the serial succession of their wave-lengths,
and form the first grating spectrum on each side of the
white image of the slit ; the second, third, and following
spectra in the same way correspond to the greater diffe-
rences of path. When certain kinds of rays are absent
in the incident light it is obvious that hiatuses must
exist at the corresponding points in the spectra, as for
example at the Fraunhofer’s lines when sunlight is
used.

116. Owing to the occurrence of Fraunhofer’s lines
in the grating spectrum, we are in a position to deter-
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mine accurately the wave-lengths corresponding to
them. Fraunhofer himself, to whom we are indebted
for the discovery of the grating spectrum, measured
with the aid of the Theodolite the wave-lengths of the
lines named after him with great precision. The spec-
trometer (fig. 110) is still better adapted for these
measurements. If we place, for example, the grating
instead of the prism upon the table of the spectrometer,
and gradually focus the telescope upon the lines of
Fraunhofer, the angle of diffraction corresponding to
each focussing can be read off upon the divided circle.
From the right-angled triangle a ¢ (fig. 148), in which
the angle at ¢ is equal to the measured angle of diffrac-
tion, and the side a ¢ is likewise known as the sum of the
breadth of a grating line and of an intervening space,
the length ah is obtained, which is equal to a wave-
length, or is equal to two, three, and so forth wave-
lengths, according as the measurement is taken in the
first, or second, third, and so on, grating spectrum. The
measurement of the spectra of the higher serial num-
bers serves to control the values furnished by the first
spectrum. By means of this method Angstrém has
discovered the wave-lengths which are given in the
following table in millionths of a millimeter : —

A 760,4 B 686,7 C 656,2

D, 589,5 D, 588,9 E 5269

F 486,0 G 430,7 H, 396,8
H, 393,3.

117. By means of the grating we have acquired a
knowledge of the mode in which compound light may
be broken up into its homogeneous components without
any assistance from the refraction and dispersion of
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colour produced by a prism. The grating spectrum is
therefore free from the influences which the nature of
the material of which the prism is composed exercises
upon the arrangement of the colours in the prismatic
spectrum. In a grating spectrum the several homo-
geneous rays are arranged essentially according to the
differences of their wave-lengths in air, and therefore
according to a property which is inherent in the rays
themselves.*

The grating spectrum is therefore to be regarded
as the normal spectrum in which the position assign-
able to each homogeneous ray in consequence of its
wave-length i3 not in any way altered by foreign in-

fluences.
Fra. 149.

AEHE ) B e H

| lll----l

(' B

" iy H

Comparizon of the prismatic with the grating spectrom.

A comparison of the prismatic spectrum with a
grating spectrum of equal length (fig. 149) enables the
influence which the colour-dispersing material exercises
upon the arrangement of the colours to be recognised.

* The number of undulations is always to be regarded as the distin-
guishing characteristic of a homogeneous colour. In the propagation of
light in free @ther and in the air, which oceurs with equal rapidity for all
kinds of rays, the number of undulations is always inversely proportional
to the wave-lengths, and these may therefore be regarded as characteristie
as those of the pitch of tone.
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The middle of the grating spectrum is obviously occu-
pied by those colours, the wave-lengths of which are
intermediate between those of the extreme visible rays
A and H,. The wave-length 576,8, which is exactly
intermediate between the greatest, 760,4, and the
smallest, 893,3, corresponds to the yellow behind
D. This colour therefore appears in the middle of
the grating spectrum, whilst in the prismatic spec-
trum it is displaced towards the red end. Owing to
prismatic dispersion the deeper tints of colour are
approximated to each other, whilst the lighter tints on
the contrary are more widely separated than in the
colour scale of the grating spectrum at the same time
rising progressively with the wave-lengths.
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CHAPTER XX.

COLOURS OF THIN PLATES.

118. TrE lovely play of colours on the soap bubble,
well known to all from the happy days of childhood,
long ago excited the attention of the physicist. Hooke
more than 200 years ago was aware of the fact that
every transparent body, if sufficiently thin, exhibited
similar colours. He observed further that the fleeting
colours of the soap bubble were arranged circularly
around the thinnest spot of the fluid membrane, and he
was soon successful in producing a permanent series of
rings of colour by placing a very slightly curved plano-

Fig. 150.

Newton's colour-glass,

convex lens with its eurved surface upon a plane glass
plate (fig. 150). This simple apparatus, however, as well
as the rings exhibited in it, are indissolubly associated
- with the celebrated name of Newton, because he mea-
sured the phenomenon and established the laws of the
appearances presented.

If a large specimen of a Newton’s colour-glass,
showing the colours well, be taken, and a broad paralle]
beam of white light be allowed to fall upon it, whilst a
lens is placed in the path of the reflected rays, a beauti-
fully coloured system of alternately bright and dark

T
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rings (fig. 151) will be seen upon the screen behind the
lens, which are more and more closely approximated

—oe from within outwards, and gra-
dually become indistinet. The
common centre of all the rings,
is black. The colours from the
centre to the first dark ring were
named by Newton colours of the
first order; from this to the se-
cond dark ring follow the colours
of the second order, and so on.
These colours are—

First Order : black, pale blue, white, orange, yellow,

red.

Second Order : violet, purple, yellowish-green, yel-

lowish-red.

Third Order: purple, indigo, green, yellow, rose,

carmine.,

Fourth Order : bluish-green, yellowish-red, pzle red.

Fifth Order : pale green, white, pale red.

If the lens be placed behind the colour-glass so that
it now receives the transmitted rays, a system of rings
is still seen upon the screen, the colours of which how-
ever are much fainter than they were previously in the
reflected light. The centre of these rings is white, and
their colours are arranged in complementary succession
to those of the reflected rays. When homogeneous light
is employed—if for example the incident rays be allowed
to pass through a red glass—the rings appear in both
cases merely alternately bright and dark; and in the
transmitted licht it may be observed that the dark
rings occupy exactly the position of the bright rings in.
the reflected light.

Newton's coloured rings.
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119. An attempt will now be made to explain the
mode of origin of these phenomena In fig. 152, let
MNP E represent a thin layer of a trans- Fia, 152.
parent substance—for example, a piece
of thin glass—upon which a beam of
parallel rays falls in the direction a b.
Every ray, a b, is in part reflected at the
anterior surface, towards o, whilst it is in
part refracted towards d; at d, before it

- ® ® " ® -tli th
leaves the lamina in the direction d h, it Fxplanation of -

laminee,

undergoes a second reflexion ; and at the
posterior surface, P R, a portion of the licht here reflected
reappears parallel with b o at the anterior surface,

Disregarding the transmitted portion of each ray,
d h, let us in the first place consider the rays which
leave the plate parallel with bo after being reflected in
part at the anterior surface M N, and in part at the
posterior surface P R.

For each incident ray, a b, which is reflected at the
anterior surface towards o, there is an adjacent ray,
Je, the portion of which reflected from the posterior
surface at n, on emerging from the anterior surface,
follows the same path, bo. Of the two rays which
pursue the same path, b o, the second, because it has
had to traverse the path c¢n b within the film, is re-
tarded, as compared with the other ; to this retardation,
which is obviously greater in proportion as the film is
thicker, there is still a further retardation, dependent
on the circumstance that the one ray is reflected in the
denser, the other in the rarer medium ; the reflexion in
the denser medium, as has already been shown (§ 101),
leading to a retardation of a half wave-length,

If, for example, the retardation within the film

T2
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amounts to a half wave-length of the red light, the two
rays coursing along the line b o are in complete accord-
ance, because in being reflected the one is retarded a half
wave-length ; the film therefore, if it be illuminated with
red light, appears to an observer at o bright. The same
would oceur when the films are of three or five times
greater thickness, because in thesea retardation amount-
ing to 3,5, and so on, half wave-lengths occur. On the
other hand, films which, on account of their thickness,
bring about retardations equal to a number of whole
wave-lengths, and which are consequently 2, 4, 6 . ...
times as thick as the first-considered film, appear dark
with red light, because the two rays coursing towards bo,
since they differ in their path by an unequal number of
half wave-lengths, are in discordance. Were the in-
cident light white, a film which retards red light a
whole wave-length would extinguish the red, but not the
other colours, the wave-lengths of which are different.
The film would consequently exhibit a greenish tint,
resulting from the mixture of all colours mnot ex-
tinguished ; and were another film sufficiently thin to
extinguish the yellow rays, it would appear blue with
white licht, and so on.

120. A film of perfectly equal thickness throughout
will consequently exhibit the same colour in its whole
extent—that, namely, which corresponds to its thick-
NEess.

In Newton’s colour-glass we have to do with the
film of air intervening between the two glasses, the
thickness of which, proceeding from the point where
the convex lens and the glass plate are in contact, in-
creages in all directions from the centre outwards. At
the point of contact itself, where the thickness of the
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film and consequently also the difference of path depend-
ing upon it, is nil, there is only a difference of path of a
half wave-length, caused by the dissimilar reflexion of
the two rays; there, consequently, is an extinction of
light, and we see at this point a dark spot. If we pass
outwards from the point of contact we meet with suc-
cessive spots where the total difference of path for
every homogeneous colour amounts to 2, 3,4, 5. ...
half wave-lengths, and where, consequently, alternate
increase and extinetion of light must occur. Thus we
obtain an explanation of the system of rings with dark
central point, even with homogeneous light. The smaller
the wave-length the narrower must the rings be. When
white light is used, neither the bright nor the dark
rings of the different colours can therefore coincide, but
in every concentrice circle proceeding outwards from the
centre, the colour resulting from the mixture of all the
colours which have escaped extinction must make its
appearance.

Let us now return to the thin lamina M NPR
(fig. 152), and consider the ray d which leaves the
film after it has traversed it along the line bd. With
it is also associated a second ray, which after it has
been reflected along the path fenbd, and at n» and b
has been reflected inwards, has undergone a retardation
compared with the others which corresponds to the
length c¢nb. Since two reflexions take place either in
the denser or the rarer medium, they either cause
no difference of path or produce together a difference
of a whole wave-length, and alter therefore in no
degree the amount of coincidence or of opposition
of the two rays which the film occasions in consequence
of its thickness. The transmitted rays are conse-
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quently in complete accordance when the reflected rays
are in discordance, and wice versd. We see therefore
i Newton’s colour-glass, with transmitted homoge-
neous light, a bright centre and bright rings at those
points where with reflected light the centre and the
rings are dark; and in the same way with white light
illumination the mixed colours are in the latter case
complementary to those in the former.

But why is it that the rings appear so very much
paler by transmitted as compared with reflected light ?
The answer is easily given ; of the two rays which run
in the direction d h, one, on account of its having under-
gone two reflexions, is much fainter than the other. The
two rays therefore, even when they are in complete
discord, can never entirely extinguish one another. On
the other hand, the two rays reflected towards b o, of
which each has been once reflected, are of nearly equal
strength, and must consequently, as often as their dif-
ference of path amounts to an edd multiple of a half
wave-length, undergo complete extinction. It is plain
that the brilliancy of the colours depends on the com-
pleteness of the interference.

121. But even in the reflected rings, as we proceed
from within outwards, and as the film of air becomes
progressively thicker, it may be observed that there is
a decided diminution in the brilliancy of the colours,
until the most external pale rings gradually disappear
in a uniform white. It is easy again to explain why a
thicker film exhibits no colours, appearing when illumi-
nated by white licht simply white. TLet it be granted,
for example, that a film is just so thick that it retards
the red rays (B) about ten wave-lengths, apart from
the retardation of a half wave-length which depends
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on the dissimilar reflexions. Now since in the same
length which includes 10 red waves there are about
17 wave-lengths of violet, the same film causes a diffe-
rence of path in the violet rays amounting to 17 wave-
lengths. Between the former red and these violet
rays there are still other rays with 11, 12, 13, 14, 15,
16 wave-lengths in the same space which contains 10
waves of the B-red. The colours which correspond to
these rays are in succession orange, greenish-yellow,
green, bluish-green, bright-blue, indigo. All these
rays must disappear in reflected light because the film
causes in them a difference of path of an odd number of
half wave-lengths. Those rays, however, the wave-
lengths of which are contained 104, 114, 121, 131, 144,
154, and 16% times in the given length, because they
strengthen each other, are seen of great brightness in
reflected light. But to these the following colours cor-
respond in succession: bright-red, yellow, yellowish-
green, dark-green, blue, indigo-violet.. An observer
looking at the plate must obviously receive from the
mixture of these colours the impression of white light.
122, That the colours first named are really absent
in reflected light may be easily demonstrated by the
following experiment. The solar rays are to be allowed
to fall upon a plate of Mica, which to the maked
eye appears white. The reflected rays are then made
to traverse a slit, and are dispersed into a spectrum by
means of a prism in the usual way. In this spectrum,
between the red and the violet, eight dark striee (fig. 153)
are perceptible, corresponding to those kinds of rays
which are extinguished by interference. A thicker
plate of Mica is now to be selected, and the spectrum
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now presents a very great number of dark interference
lines (Miiller’s lines).

Fig. 15%.

BC D Eborf
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Interference strim in the spectrum.

The spectrum of the light reflected from the Mica
plate may be received upon a paper screen painted over
with solution of quinine, and thus rendered fluorescent;
and it will then be observed that in the now visible
ultra-violet part of the spectrum such dark interference
strie make their appearance. And just as from the
relation of the wave-lengths of red and violet the
number of lines within the visible spectrum was for-
merly determined, we are now able, conversely, from
the number of the lines that we can count from the
violet to the end of the ultra-violet, to determine the
ratio of the wave-lengths of the extreme ultra-violet
rays to those of the violet rays, and consequently as
the wave-lengths of all visible rays are known, to deter-
mine the wave-lengths of the most refrangible ultra-
violet rays.

By an experiment essentially similar to the aborve,
Esselbach found that the wave-lengths of the line R
amount to 309 millionths of a millimeter.

Becquerel received the spectrum of solar light re-
flected from a film of Mica on a screen covered with
a phosphorescent substance, and was able to follow the
interference lines into the ultra-red region, where the
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rays act in the peculiar manner mentioned above (§ 81),
namely, apparently conversely to the more refrangible
part of the spectrum. From the measurements ob-
tained it resulted that the wave-lengths of the ex-
treme ultra-red rays in this way rendered visible are
more than twice the length of the extreme red rays.
According to another less direct method, Miiller deter-
mined the wave-lengths of the extreme ultra-red at
about 4,800 millionths of a millimeter.

In music one note is said to be an octave above
another if the number of its undulations is double, and
consequently its wave-lengths half as great as the
latter. If the same nomenclature be employed in the
matter of colours, it may be said that the visible
spectrum from A4 to H does not occupy a complete
octave, but reaches from the fundamental note C to the
sharp sixth ads. If, however, the solar spectrum be
considered in its whole extent, we find in the ultra-red
alone, according to Miiller, more than two octaves, to
which must be added more than another octave from 4
to the line R in the ultra-violet. The whole length of

the solar spectrum thus embraces consequently about four

octaves.
I



282 OPTICS.

CHAPTER XXI.
DOUBLE REFRACTION.

123. WHEN after almost two thousand years of vain
attempts on the part of the most accomplished mathe-
maticians from Ptolemy to Kepler, to discover the law
of refraction, i.e. the geometric relation between the
incident and the refracted ray (see § 30), 1t was at last
discovered in the year 1620 by Snellius, the ingenuity
of observers was taxed afresh in 1669 by the ¢ wonderful
and extraordinary refraction of light’ discovered by
Frasmus Bartholinus, Professor of Geometry in Copen-
hagen, in the beautiful erystal spar from Tceland.

The completely colourless and transparent calea-
reous spar depicted in the adjoining figure is bounded
by six natural plane crystalline surfaces, of which
the opposite pairs are parallel to each other. If a
beam of parallel rays fall perpendicularly upon one of
its surfaces, fwo such beams are seen emerging from
the opposite one, which form upon a screen so placed
as to intercept their passage two equally bright white
spots. : |
This phenomenon is termed double refraction, and
since in general every ray of light traversing the spar
is split into two rays, all objects seen through such a
crystal are doubled.
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One of these two fasciculi, as it emerges, follows
precisely the same course as the incident one would,
if it traversed an ordinary plate of
glass. The other, on the contrary, 18
laterally displaced in a direction which
is dependent on the position of the
erystal. If the ecrystal be rotated
without altering its position in regard
to the incident light, the bright spot
which belongs to the first beam remains
in its place, whilst thg spot formed by DD“IT:I;EE{Z;ESH in
the second beam, following the move- :
ment of rotation, deseribes a circle around the other.

Again, if the crystal be gradually inclined more and
more to the incident rays, the first beam exhibits no-
thing extraordinary in its behaviour, but constantly
pursues the direction it ought to have in accordance
with Snellius’ law of refraction. These rays are con-
sequently termed the ordinarily refracted omes. The
other beam does not obey this law; it neither remains
constant in the plane of incidence, nor is there an inal-
terable ratio between the angle of incidence and the
angle of refraction; this ray is consequently said to be
extraordinarily refracted.

124. The index of refraction of the ordinary rays
may be determined in the usual way by means of a
prism cut from the crystal. It is then found that its
index of refraction (for Sodium light) is 1:6585. This
number indicates that the velocity of propagation
of light in air, as compared with the velocity of the
ordinary ray in the erystal, is as 1-6585 to 1, or that if
the former be equal to unity, the latter is 0:603.

The law of refraction of the extraordinary ray is

FiG. 1564,
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somewhat complicated. From the experiment above
made, the conclusion may in the first place be drawn
that the path of these rays stands in a certain relation
to the form of the crystal. In order to investigate this
law we must therefore first consider with some atten-
tion the crystalline form of calcareous spar. Fig. 155
represents the transparent
model of a cube formed of
twelve rods of equal length
which are united at their
extremities by hinges. If
the cube be placed upon one
of its angles, @, and the
opposite angle, b, be pressed
with the finger, the whole
form of the model undergoes
a change, the two compressed angles, @ and b, become
more obtuse, but the other six angles more acute than
before, and the six originally square surfaces change
into diamonds or rhombs; the cube thus altered is
called a rhombohedron. Such a rhombohedron is the
primary form of Iceland spar (fig. 156, a). The
straight line, @ b (fig. 155), connecting the two obtuse
angles, 1s characterised by the circumstance that the
surfaces, edges, and angles are arranged symmetrically
around it. It is therefore called the axis of the
crystal.

The surfaces and borders are inclined equally to the
axis, and the points of the angles and borders leading to
them are equally distant from it.

Crystals of Iceland spar are not unfrequently found
in which the six equal acute angles are replaced by six
planes paralled to the axis of the crystal. The six-sided

FI1G. 1565.

REhombohedron,
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columnar prisms with rhombohedric ends, shown in
fig. 156, b, originate in this way-
Fic. 156,

Crystalline forms of Iceland spar.

In other instances the obtuse angles have disap-
peared, and are replaced by surfaces which are perpendi-
cular to the axis. We have then a six-sided columnar
crystal with straight terminal planes (fig. 156, ¢). By
cutting down the right and left edges, whilst leaving
the anterior and posterior edges of the column as well
as the two terminal surfaces, a rectangular parallelopiped
is obtained, the upper and lower surfaces of which are at
right angles to the crystalline axis, whilst the remaining
four surfaces are parallel to 1t.

125. If now a thin beam of light be allowed to
fall vertically upon the anterior and posterior surfaces
of such a crystal, the axis of which is vertical, it will
be seen that a single ray emerges from the opposite
parallel surface in direct continuation of the incident
beam. As soon, however, as the crystal is turned upon
its axis, so that the beam strikes more and more ob-
liquely upon its anterior surface, the double refraction
becomes more and more obvious; and it may at the
same time be remarked in regard to the bright spots
upon the screen, that the two rays into which the
beam is divided remain constantly in a plane perpendi-
cular to the axis. Exact investigation shows further
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that in this case, 1.e., when the plane of wmeidence is at
right angles to the awis of the crystal, both rays follow
Snelliug’ law of refraction. Tf therefore a prism be cut
from a piece of Iceland spar in the manner indicated in
fig. 156, d, the refracting edge of which, e J> 18 parallel
with the axis of the crystal, the indices of refraction of
both rays may be determined by means of it in the
usual manner, For the more strongly deflected ray we
find, as before, the number 1:6585, by which the ordinary
refracted ray is characterised. The less refracted ray,
on the other hand, which although in this particular
case 1t is refracted in the ordinary manner, must be
estimated as the extraordinary ray, gives the ratio of
refraction 1°48654. Tt follows from this that the extra-
ordinary ray is propagated in a plane at right angles to
the axis of the erystal with a velocity of 1 : 1-48654, or
0673, whilst the velocity of the ordinary ray is only
0603.

As the two rays obey the ordinary laws of refrac-
tion, the construction can be applied to them from
which we deduced (§ 98, fig. 138) the law of refraction
itself. If, namely, two circles be described around the
point of incidence, a, with the radii 0:603 and 0673
(fig. 157), these will represent the contours of the fwo
elementary waves contained in
the plane at right angles to
the axis, which have spread from
the point a in the erystal in the
time in which the light has
traversed the length of path
represented by unity in the air,
If a 0 be any ordinarily refracted
ray, and we draw to the point o, where it cuts the

FiG. 157,

Double refraction. First case.
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first circle, a tangent, o b, which strikes the surface
of the crystal M N at the point b, we find the corre-
sponding extraordinary ray when we join the point a
with the point e, in which a straight line, b e, drawn
from b, touches the second cirele.

From this construction, the results of which agree
in all points with observation, it follows however that
the apparently simple beam which, when its incidence
was normal, was seen to leave the crystal, really con-
sists of two fasciculi which have traversed the crystal
in the same direction, but with different velocities.

126. If now the cube of Iceland spar be so placed
that its axis is at right angles to the incident rays,
a single beam 1is seen to emerge from the opposite
surface as a continuation of the incident rays; and
if the crystal be now, as before, slowly rotated round
the axis so that the incident rays constantly strike
its anterior surface more and more obliquely, double
refraction is observed to occur, both rays remaining
always in the horizontal plane of incidence. Thus the
ordinary ray, as might be expected, behaves itself
exactly as in the former case, but the less refracted
extraordinary ray now no longer follows Snelliug’ law
of refraction. If we would eonstruct
it by a proceeding similar to the
foregoing, we must, as Huyghens
has shown, instead of the second M
circle draw an ellipse the half of o [og
the major axis of which, a p,isat & -—p———
right angles to the axis of the erys-  Double refraction. Second
tal, and is equal to 0:673, but the i
half of the minor axis of which, an, is in the direction
of the axis of the crystal and is equal to 0:603 (fig. 158).

FIG, 158.
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In the plane of incidence parallel to the axis of the
crystal the contour of the elementary waves correspond-
g to the extraordinarily refracted rays is represented
by this ellipse, which touches the circular eontour of
the ordinary waves at the terminal points of its diameter
which is parallel to the axis of the erystal.

The same ellipse in combination with the circle
included in it also serves for the determination of the
two refracted rays, when the incident rays strike at any
given angle of incidence upon the terminal surfaces of
the cube which are at right angles to the axis of the
crystal, except that now the small axis, @ m, of the ellipse
is at right angles to the surface of entrance, M N (fig.
159). When the light enters vertically it may also be
observed in this third position of the crystal, as in the
two first, that only a single ray leaves the crystal as
continuation of the incident one ; in the two first cases,
however, this beam is only apparently simple, being in
fact composed of two beams, propagating themselves in
the same direction with different
velocities ; whilst in the case
where it has traversed the cube
in the direction of the crystalline
axis, it is really simple, because
in this direction the rapidity
of propagation am = 0603, is
the same for the extraordinary
as for the ordinary ray (fig. 159).

Rays which pursue a course parallel to the axis of
the crystal do not therefore undergo any refraction,
whilst in every other direction two rays are propa-
gated with different velocities. On account of this
behaviour the axis of the crystal is also named the

Fig. 150,

Double refraction. Third case.




DOUBLE REFRACTION. 289

optic azis. Every plane passing through the optic axis,
or parallel with it, is termed a prineipal section. Thus,
for example, the planes of the figs. 158 and 159 are
principal sections, because they contain the principal
axis within them., All principal sections behave in ex-
actly the same manner in reference to light.

127. A view of the double-shelled elementary wave
which spreads out from every point of a erystal of Lce-
land spar struck by light, in consequence of the two
velocities of propagation, is obtained by combining the
contours represented in figs. 157, 158, and 159 in an
easily intelligible model (fig. 160). Since the ordi-
nary rays are propagated in all
directions with the equal velo- Fi. 160.
city of 0603, their wave-surface
is obviously a sphere with a
radius of 0:603. The wave-sur-
face of the extraordinary rays
exhibits, as we know, in every
principal section, the same ellip-
tical contour, ZX Z’, ZY Z’, the
minor axis of which 1s coinci-
dent with the diameter ZZ’ of ,
the sphere that is parallel with the optie axis. It must
therefore be represented as a spheroid flattened in the
direction of the optic axis, but which everywhere in-
cludes the spherical waves of the ordimary rays, and
only touches the optic axis in the terminal points Z and
Z’. Whilst the axis 0Z of the spheroid equals the
radius of the sphere 0603, the radius of its equator
(0 X=0 ¥Y=0X') amounts to 0-673.

With the aid of these two-shelled wave-surfaces the
two refracted rays corresponding to any incident ray

U

Wave-suriace of a negative
uniaxial crystal.
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may always be determined by a proceeding which is
-exactly similar to that applied to ordinary refraction in
fig. 138. TFig. 161, which likewise makes it apparent
upon the construction given by
Huyghens for the case where the
optic axis lies in the plane of
incidence, but obliquely to the
surface of the crystal, requires no
further explanation.
128. The circumstance that the
axis of symmetry of the crystal-
o . line form is also coincidently the
uyghens' construction of
double refraction, axis of symmetry in relation to the
propagation of rays of light, sug-
gests that the cause of double refraction of Iceland
spar is to be sought for in its special properties as a
crystal.

Every crystal of Iceland spar is capable of cleavage
parallel to the surfaces of its rhombohedric fandamental
form (fig. 156, ) so that it may be easily broken up
into smaller and still smaller fragments, the surfaces
of which constantly maintain the same parallel posi-
tion. These facts prove that the crystalline form is
) only the external expression of regular internal struc-
ture, which there can be no doubt is caused by a certain
orderly disposition of the molecules.

All known crystals can be arranged in six great
divisions or systems, in accordance with the laws which
govern the grouping of their molecules. In the crys-
tals of the regular system, the fundamental form of
which is the cube, we find constantly three planes at
right angles to each other (for example, the three
edges that meet at any angle of the cube), which are
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completely similar to one another. Such crystals, like
those of fluor spar and rock salt, exhibit no double
refraction ; they refract light in the same way as non-
crystalline bodies, glass and fluids.

Two other systems of crystals, the pyramidal (das
quadratische), and the rhombohedral (das hexagonale)
possess one axis of symmetry developed beyond the
others. All the crystals belonging to these systems
are doubly refracting. Two rays are propagated in
them in different directions, an ordinarily and an extra-
ordinarily refracted ray. Double refraction is absent
‘only in the direction of the axis itself, which is on
this account named the opfic axis. If the extraor-
dinary rays have a greater velocity than the ordinary,
the wave-shell corresponding to them has the form of a
Jlattened spheroid which invests circularly the spherical
wave of the ordinary rays. Crystals like Iceland spar,
nitrate of soda, and others, in which this is the case,
are termed negative. Those crystals are called positive
in which, as in quartz, the ordinary rays possess the
greatest velocity. In these the wave-shell of the extra.-
ordinary rays is represented by a spheroid prolonged in
the direction of the optic axis, which is everywhere sur-
rounded by the spherical ordinary wave, and is only in
contact with it at the two extremities of the optic awis.

The crystals of the three remaining systems, the
right and oblique prismatic, and the anorthic (thombischen,
klinorhombischen und klinorhomboidischen) are also
doubly refracting, but neither of the two refracted rays—
neither the retarded one nor the more swiftly pro-
pagated one,—obeys in general the ordinary law of
refraction. In each of these crystals there are two awes
without double refraction, which may be called the optic

T 2
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axes. These crystals are therefore termed biawially
doubly refracting, in order to distingunish them from the
two preceding uniaxially doubly refracting systems. The
wave-surfaces of the biaxial erystals consist also of two
shells, of which one is enveloped by the other in such
a manner that the two are connected with each other
at four points corresponding to the terminal points of
the two optic axes. With the aid of these wave-sur-
faces the direction of the two refracted rays can be
determined in a similar way in biaxial crystals as in
fig. 161 for uniaxial crystals.®

* [It must be observed that in this case the surfaces are not spheroids,
but surfaces of the fourth order.—Tr.]
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CHAPTER XXII.
POLARISATION OF LIGHT.

129. A pEaM of solar rays is constantly split into
two beams of equal brilliancy by a crystal of Iceland
spar, in whatever way this may be rotated round the
axis of the incident rays. When Huyghens allowed
these two rays to fall upon a second crystal of Tceland
spar, he observed to his surprise that each was broken
up into two rays of unequal brilliancy, the relative
brightness of which depended on the position of the
crystal, whilst there were two positions in which no
double refraction occurred. From this phenomenon he
rightly concluded that both of the rays refracted through
a crystal of Iceland spar acquired peculiar properties,
by which it was distinguishable from direct solar light.
In order to distinguish conveniently one of the two
refracted rays from the other, a mnatural rhombohedric
crystal of Iceland spar may be Fia. 162.
employed (fig. 162, 4), which
is fastened by means of a cork
ring in a metal tube. The
tube is closed at both ends by
a cover perforated at its centre
by the round apertures a and
«’. A second exactly similar rhombohedron of Iceland

spar is attached to a tube (B), with a similar opening

Two rhombohedra of Iceland spar.
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at both ends. If the tubes be arranged in such a
manner behind each other that their axes are hori-
zontal, and a beam of parallel solar rays be allowed
to enter the aperture @ in that direction, it will be seen
that this, on account of its falling perpendicularly
upon the anterior surface of the first crystal of Iceland
spar, is split (as seen in fig. 154) into two rays, of
which only the ordinarily refracted one emerges from
the aperture o/, and reaches the second crystal. In
this position the principal sections of the two crystals
running through the ray a o’ and the optic axis (the
direction of which is indicated by the shading), lie in
one and the same horizontal plane, namely, in the
plane of the drawing.

In this parallel position of the principal section, the
ordinarily refracted ray emerging from the first crystal
does not undergo double refraction afresh in the second
crystal, but traverses it simply as an ordinarily re-
fracted ray, without materially diminishing in bright-
ness : as soon, however, as the second tube is rotated a
little either to the right or left, double refraction takes
place, and the extraordinarily as well as the ordinarily
refracted spot of light appears upon the screen. As it
is turned further and further, the extraordinary ray,
which is at first only faint, continually gains in bright-
ness, whilst the ordinary ray becomes proportionally
fainter till both rays are of equal brightness, which
occurs when the angle between the two principal sec-
tions is 45°. On turning it still further the brightness
of the ordinary ray progressively diminishes, and that
of the extraordinary ray augments, till ultimately, when
the principal sections are placed vertically, or at right
angles to each other, the former has completely dis-



POLARISATION OF LIGHT. 295

appeared, whilst the latter alone remains shining with
the full strength of the ray falling on the crystal B.
The ordinary ray again begins to appear as the rotation
is continued, and progressively gains in brilliancy with
the coincident and increasing faintness of the extraordi-
nary ray until, after rotation to the extent of two right
angles, the principal sections of the two crystals again
coincide, when, as at first, the ordinary ray is alone
present in its original brilliancy. The same series of
phenomena are repeated when by further turning the
second crystal is rotated through two right angles, till
it arrives at the position which it originally had. The
ordinarily refracted ray emerging from the first erystal,
the principal section of which is horizontal, thus gives
rise either to an ordinary ray only, or to an extra-
ordinary ray only, according to whether the principal
section of the second crystal is parallel, or at right
angles to it, and the double refraction which i1t un-
dergoes in other positions takes place symmetrically on
both sides of the horizontal and of the vertical plane.
If every ray had the same properties around its axis
of movement, it would always produce the same pheno-
mena whatever might be the direction in which the
second erystal of Iceland spar was turned. Its actual
behaviour however shows clearly that its upper and lower
sides. are different from its right and left sides. Such
a ray possessing different sides is said to be polarised.
130. The knowledge of the fact that there are rays
of light with different sides, constitutes an important
step in advance in our enquiries into the nature of the
undulations of light. Hitherto we have only known
that the particles of @ther arranged serially in the
direction of a ray of light performed to and fro move-
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ments, but in regard to whether the direction of these
vibrations takes place in the direction pursued by the ray
itself, or forms an angle with it, the phenomena of light
already considered afford no clue. However oblique to
the direction of the ray the rectilinear vibration of an
@ther particle may be, we may, in aceordance with the
general laws of motion, regard 1t as composed of two
vibrations, of which one, the longitudinal vibration,
takes place in the direction of the ray, whilst the other,
the transverse vibration, is at right angles to the ray.
Consequently in regard to the direction of the vibra-
tions in any ray of light, we have only the choice of
three possibilities : they may be exclusively longitudinal
vibrations, exclusively transverse vibrations, or coin-
cidently longitudinal and transverse vibrations.

A ray of light which only presents longitudinal vi-
brations must exhibit everywhere the same characters
around its line of propagation. This view therefore,
sinee it is incapable of explaining the laterality of the
polarised ray, must be unconditionally thrown aside.
The phenomena of polarisation, on the other hand, can
be at once explained if it be admitted that transverse
vibrations are present. For if we suppose that in a
horizontal ray of light, «’'b (fig. 162), the transverse
vibrations only take place vertically upward and down-
ward, but not sideways, its upper and lower. side,
towards which its vibrations are alternately directed,
must obviously be different from its right and left
side.

If now in the ray of light, a’ b, longitudinal vibrations
as well as transverse be present, they must pass through
the second in the same way as they traverse the first
crystal, whatever may be the position given to the latter.
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But we have seen, however, that when the erystals
are placed with their principal planes at right angles
with each other the ordinary refracted ray disappears,
and it may easily be demonstrated that at that spot of
the screen where it ought to fall, not only is there no
licht but no heat, and no fluorescent action; the fact
that at this spot where the longitudinal vibrations
in case of their existence must necessarily fall, none
of those actions occur which we now know to be
characteristic of the @ther waves, is most readily
explicable on the assumption that in a polarised ray
of light there are mo longitudinal, but only transverse
vibrations.

Fig. 163 represents consequently a polarised ray;
the plane in which its transverse vibrations take place,
the plane of the paper on which the figure is drawn, is
called the plane of vibration. If a second plane be carried
across the ray at right angles to the plane of vibration,
the ray behaves itself symmetrically in reference to
these two planes.

Experiment tells us that the refracted ray emerging
from the first crystal of Iceland spar (the principal
section of which is horizontal), is symmetrical in rela-
tion to planes carried through it in a horizontal and a
vertical direction, but it does not tell us which of these
two planes is the plane of vibration; and as other
experiments directed to the solution of this question
have not hitherto enabled us to give a decisive reply,
we may accept whichever of the two planes we please
as the plane of vibration. We prefer the vertical, that
is to say, we admit that the vibrations of the ordinarily
refracted ray are vertical or at right angles to the
principal section of the crystal.
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181. And now let the aperture o’ be made in a
small slide which can easily be placed in such a position
that the extraordinary ray can alone emerge from the
tube. If this be now examined in the same way as
before by means of the second crystal, we see upon the
screen when the principal planes are parallel the ordi-
nary, and when they decussate at right angles the

FiG. 163,

Polarised ray of light.

extraordinary, ray. The extraordinary ray proceeding
from the first crystal at once demonstrates itself to be
polarised, and indeed polarised at right angles to the
ordinary ray ; that is, if we regard the vibrations of the
ordinary ray as being at right angles to the principal
plane, and thus the vibrations of the extraordinary ray are
w the plane of the principal section itself.

132. The two polarised rays emerging from the
Iceland spar contain, we must conclude, no longi-
tudinal vibrations. The question arises whether the
longitudinal vibrations are lost in their passage through
the erystal from some absorptive action it possesses, or
whether they are already absent in the direct rays of
the sun. To obtain some data for an answer to this
question, the first erystal, 4, must alone be used, and the
little cover @’ must be removed from its frame. The
two light spots belonging to the ordinarily and to the
extraordinarily refracted rays then reappear upon the
screen, and keep their original brilliancy in whatever
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direction the erystal is turned. If the cover « be now
removed, and its place supplied by another having a
larger aperture, the light spots become correspondingly
larger, though the space between their middle points
1s not changed; they are so large indeed that they
partially overlap each other. In the part common to
both, where, namely, the transverse vibrations of the
ordinary mingle with those of the extraordinary rays, a
degree of brightness is produced upon the screen which
is not materially less than that of the direct light of the
sun after passing through the same aperture without
the intervention of the crystal of Iceland spar.*

If therefore longitudinal vibrations be present in the
direct solar light, they nevertheless produce no obvious
effect, or rather none of those effects which we have
learnt to ascribe to the eether waves proper. The most
probable view which presents itself in this respect is
therefore that the unpolarised natural light, like the
polarised, has no longitudinal vibrations, but consists
only of transverse vibrations. This view receives essential
support from the circumstance that all the known phe-
nomena of light are only perfectly explicable on the
assumption that light consists exclusively of transverse
vibrations.t

* The slight diminution in the intensity of the light which may be
demonstrated in the light which has traversed the Iceland spar, is fully
accounted for by the two reflexions from the anterior and posterior surfaces
of the erystal.

t It results from the laws of wave-movement that longitudinal
vibrations, if present at all, must be propagated with unequal and greater
velocity than the transverse vibrations, and consequently would already far
outstrip them at even a small distance from the source of light. Since,
moreover, the dispersion of colour can only be explained upon the ad-

mission of transverse vibrations, we are perfectly justified on these theo- |
retical grounds in holding these last only to be luminous vibrations,
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133. If the portion of light emerging from the
Iceland spar common to the two beams be somewhat
more closely examined, for example by allowing it to
fall upon the second crystal, it will be found that it
behaves just like natural non-polarised light. By the
combination of these two rays of equal brilliancy, polarised
at right angles to each other, ordinary natural light is pro-
duced, and conversely, every ray of natural light may
be regarded as being composed of two equally bright
rays polarised at right angles to each other. It is con-
sequently of no importance what direction we assume
for the vibrations of the one ray, if only it be admitted
that those of the other equally bright ray are perpen-
dicular to them. For the everywhere similar vibrations
of the part common to the two beams present no varia-
tion in whatever manner the crystal is rotated around
the axis of the draw tube; in every position the two-
sidedness of the one ray is completely neutralised by
the opposite two-sidedness of the other.

Two rays polarised at right angles to each other
produce, as Fresnel and Arago have demonstrated by
experiment, no phenomena of interference; they pro-
duce on the contrary (whatever may be their difference
of path) always the same degree of illumination, that,
namely, which is equal to the sum of the two rays in
co-operation. It is evident in fact that two motions at
right angles to one another cannot neutralise each
~other, Two polarised rays however, having a common
source, that 1s to say, which originate in one and the
same polarised ray, may clearly do so if their planes of
vibration coincide. Two rays of matural light which
‘proceed from the same source are therefore always
capable of interference, for if either of them be con-
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ceived to be broken up into its two polarised con-
stituents travelling in the two planes at right angles to
each other, then those pairs of these four rays which
have a common plane of vibration will act upon each
other, and according to the amount of their common
difference of path, coincidently abolish or strengthen
each other.

134. The velocity with which a vibratory movement
is propagated in an elastic medium is not simply
dependent upon the density of the medium, but also
upon the elasticity which this possesses in the
direction of the vibration. In free space, in air, in
water, in glass, and speaking generally in all simply
refracting bodies, the elasticity of the sether is in all
directions the same. The two constituents of a natural
ray of light vibrating at right angles to each other
propagate themselves therefore always with equal velo-
city, and remain throughout the whole of their path
capable of being reunited to form a natural ray of light.

The mechanical disposition of the molecules in a
doubly refracting ecrystal is the cause of its physical
properties differing in different directions. In a
erystal of this kind it may be demonstrated that heat
is propagated with unequal velocity in different direc-
tions, that it expands unequally when heated, and that
its various surfaces show different degrees of resistance
to cleavage, and to the chemical action of various
reagents. The view therefore appears to be justified
that the elasticity of the sther contained between the
molecules of the crystal is different in different direc-
tions. In ecrystals with an axis of symmetry for
example, we must admit that the elasticity around and
at right angles to the axis is of one kind, whilst it is
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different in the direction of the axis itself, and con-
tinually changes in passing from this direction into the
former,

This theory renders it intelligible why the two com-
ponents of a ray of natural light vibrating at right
angles to each other in traversing a crystal of this kind,
break up into two polarised rays which are propagated
with unequal velocity. Tt isonly when the ray of light
follows the optic axis itself that ifs two components
vibrate at right angles to this, and call into play equal
elastic forces; they are hence propagated with equal
velocity, and continue in their further path united to
form a ray of natural light,
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CHAPTER XXIII.
POLARISING APPARATUS.

135. In double refraction, which breaks up every
beam of natural light into two polarised rays, we possess
an excellent means of procuring polarised light. But
masmuch as the two beams when reunited are capable
of again forming natural light, it is necessary to devise
some method of setting one of them aside. This, for
example, can be done by fixing a rhombohedric crystal
of calec spar, as in fig. 162, 4, in a tube which is
closed at its extremities with appropriate caps. In
order that the ordinarily refracted ray may emerge
separately from the tube, the diameter of each of the
two openings, a and @, in the middle of the caps should
amount to about only the tenth part of the thickness of
the cale spar. If these limits be overstepped, a portion
of the extraordinary ray will also pass out through the
opening a’, and we shall no longer be dealing with
completely polarised light. Applied in this way as a
¢ polariser,” even a very large crystal of Iceland spar can
only give a very thin beam of polarised light. In order
to employ this valuable material to greater advantage,
Nicol conceived the following ingenious idea. He ob-
tained, by cleavage from a crystal, a four-sided column
with rhombic terminal surfaces, so that the chief sec-
tion through its obtuse lateral angles a g and e d, had
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the form of fig. 164. The prism is now to be sawn
asunder along the line b ¢, that is, in the direction from
one obtuse angle e to the other, at right
angles to the principal section, and the
two cut surfaces, after they have been
polished, are to be again cemented to-
gether in their original position by
means of Canada balsam.

If a ray of natural light, m n, fall on
the rhombic anterior surface, a e, of the
Nicol’s prism,* it breaks up into an
ordinary refracted ray, np, and an ex-
traordinarily refracted one, mo. The
former, the index of refraction of which
(1:6585), is greater than that of Canada
balsam (1-53), strikes so obliquely upon
the surface of the cement that it can-
not penetrate it, but undergoes complete reflexion.
The extraordinary ray, on the other hand, which pro-
pagates itself with greater rapidity in Tceland spar than
in Canada balsam, penetrates the latter under all cir-
cumstances, and leaves the posterior surface, d g, as a
completely polarised ray, = s, the vibrations of which,
in my opinion, are parallel to the principal section,
aedg.

A Nicol’s prism thus permits only those vibra-
tions to traverse it that are parallel to its principal
section, whilst it s completely opaque for rays which
are at right angles to the principal plane. For the sake
of convenience it is fixed in a metal frame, which 1s
not usually provided with a diapbragm, for all the rays

Fia. 164.

d

Miecol's prism.

% Often termed for the sake of brevity the ‘ Nicol.
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that fall parallel upon the first surface, m n, issue from
the second as a completely polarised fasciculus of pa-
rallel rays, the breadth of which amounts to about a
third of the length, @ g, of the piece of spar employed.

The Nicol’s prism, as well as, speaking generally,
every ¢ polariser,” can also, conversely, be made use of
as a ¢ polariscope,’ that is to say, may serve as a means
of recognising any ray of light as being polarised, and
determine the position of its plane of vibration. If
for example nafural light fall upon a Nicol’s prism, a
polarised beam issues from it which maintains con-
stantly the same degree of brilliancy in whatever
manner the Nicol’s prism be rotated around the direc-
tion of the incident rays. In fact, in every position of
the Nicol’s prism, half the incident light traverses it
as polarised light. If on the other hand polarised
rays be allowed to fall upon a Nicol’s prism, they are
ouly perfectly transmitted when its chief section is
parallel with the plane of vibration of the incident
rays; but if the Nicol be rotated out of this position,
the transmitted light becomes constantly more and
more faint, and ultimately entirely vanishes when the
chief section of the Nicol is at right angles to the plane
of vibration.

136. The Nicol’s prism may now be applied as a
polariscope to the investigation of the light reflected
from a plate of mirror-glass which has not been sil-
vered. A beam of natural light, ab, is allowed to fall
upon the glass plate B S (fig. 165) at any angle, and
is reflected towards ¢. If the Nicol’s prism be placed
in the path of the ray be¢, and rotated around this ray
as an axis, it will be observed that the transmitted
light is sometimes brighter, sometimes fainter, though

X
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1t does not entirely vanish in any position of the Nicol’s
prism. The light reflected from the glass plate is con-
sequently neither natural light, nor is it completely

' L polarised. Tts behaviour is ra-
ther as if it were a mixture of
natural and polarised light, and it
is therefore said to be partially
polarised. The Nicol, in what-
ever position it may be placed,

Folarisation by refiexion.  gllows one half of the unpolar-
ised constituent to pass through, whilst the polarised
constituent is extinguished or transmitted according
to whether the principal plane of the Nicol is at right
angles to, or parallel with its vibrations. Tn order to
determine the plane of vibration of the polarised por-
tion, it is only necessary to place the Nicol in such a
position that the transmitted light is as faint and feeble
as possible. This takes place when the principal
section of the Nicol comes to lie in the plane of inci-
dence, @ be. From which we draw the conclusion, that
the plane of vibration, d 1 m,.of the polarised light con-
tained in the reflected beam, is at right angles to the
plane of wncidence, a b c.

The proportion of the polarised portion to the non-
polarised varies with the angle of incidence. With
vertical incidence for example, the reflected beam con-
tains no polarised light, but if the angle of incidence
amount to 57° or if the incident rays form an angle
(@b h) of 33° with the glass plate, the unpolarised por-
tion is entirely absent. At this angle of incidence, which
is known as the polurisation angle, the light reflected
from the glass plate undergoes complete polarisation,
and its vibrations take place at right angles to the
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plane of incidence (or parallel, df) as is indicated by
the wave-line in the figure.

137. A glass plate placed at this angle, since it
only reflects vibrations at right angles
to the plane of incidence, thus forms
an excellent ¢ polariser.” Instead of ex-
amining the rays reflected from it by
means of a Nicol’s prism they may
be received at the same angle on a
second glass plate (fig. 166), which then
plays the part of a polariscope. If the
two plates, as in the figure, are parallel

Two polarising o each other, their planes of incidence
are parallel, and the ray b ¢, the vibra-
tions of which are at right angles to the plane of
incidence common to both, is reflected from the second
plate to ¢d. But if the second plate be rotated
from this parallel position whilst it still forms the
angle 33° with the direction of the ray be¢, the light
reflected from it becomes weaker
and weaker till it entirely dis-
appears when the two planes of
incidence are at right angles to
each other. For in this crossed
position the vibrations of the
ray bec lie in the plane of incid-
ence of the second plate, and
are not reflected, because only
those vibrations that are at right
angles to their plane of incidence
are capable of reflexion. JIn  Bict' polacising spparstus.
order to arrange this experiment conveniently, the

apparatus shown in fig. 167 may be employed. ' To
x 2

' F1G. 166.

Fie. 147.
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one end of a tube blackened in its inside a mirror
of black glass, D B, is so attached that it forms an
angle of 83° with the axis of the tube. Rays which
run parallel to the axis of the tube from D to C, are
reflected at the mirror under the angle of polarisation,
and are therefore completely polarised. A second black-
ened mirror is attached to a ring at the other end of the
tube, which is likewise inclined at an angle of 33° to the
axis of the tube, and by rotation of the ring can be
brought into the different positions required in this ex-
periment. A blackened mirror is selected in order to
avoid transmitted unpolarised light, which might be
mingled with the light polarised by reflexion. Silvered
mirrors cannot be employed as polarisers, because they
do not completely polarise the reflected light under any
angle of incidence.

Every kind of apparatus which, like that just
described, constructed by Biot, 1s composed of two
polarising arrangements, of which one acts as polariser
and the other as polariscope, is called a polarising ap-
paratus. The apparatus of Norremberg, shown in
fig. 168, is the best adapted for the greater number of
experiments. A transparent plate of mirror-glass, C D,
here acts as a polariser, and forms, with the vertical
axis, n ¢, of the instrument an angle of 33°; the light
incident in the direction m n, which is completely po-
Jarised, is in the first instance deflected vertically down-
wards, and from thence it is reflected vertically upwards
again upon itself by a mirror, ¢, fixed in the foot of the
instrament, so that after it has traversed the glass
plate, C' D, it can reach in the direction of the axis of
the apparatus the black mirror, (' D', acting as polari-
scope. The ring ¢, to which two columns, o’ and b’, are
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attached, supporting this mirror, revolves within a fixed
ring K, divided into degrees, and supported by the rods
a and b. The zero of the di-
visions of the fixed ring 1s so
arranged that when the indi-
cator 1 of the rotating ring is
placed upon it, the plane of
incidence of the mirror ' D’
i1s parallel with that of the
glass plate C D. In the pre-
sent position of the instru-
ment, the planes of incidence
are at right angles (the in-
dicator standing at 90°); the =
light coming from below is 4|
therefore not reflected by the
mirror (" IV

138. Moreover the light
transmitted by a glass plate
at an acute angle, when ex-
amined with a Nicol’s prism
1s found to be partially polar-
wsed, and the vibrations of the {}
polarised portion are con- <
~ stantly in the plane of ineci-
dence, or in other words the
transmitted light is polarised at right angles to the re-
flected light. As Arago has shown, the quantities of
light polarised at right angles to each other in the re-
fracted and in reflected rays are equal to each other at
every angle of incidence. But whilst the reflected light
at a determinate angle of incidence, namely, at the polar-
ising angle, appears to be completely polarised, some

L[

Norremberg's polarising apparatns.
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unpolarised is mingled with the transmitted light; it
18 always only partially polarised, whatever may be the
angle selected.

In the same manner a nearly complete polarisation
of the transmitted rays may be effected if, instead of a
few, a sufficient number of glass plates be superimposed
upon each other. If a ray of natural light fall upon
such a series of plates placed at the polarising angle,
and we conceive the same to be broken up into its two
halves, of which one wvibrates in the plane of incidence
and the other at right angles to it, the former half,
because on account of the direction of the vibration it
is incapable of reflexion, is transmitted through all
the laminge almost without loss. The other half, on the
contrary, undergoes at each surface a partial reflexion,
and owing to these repeated reflexions becomes so
faint as to be no longer perceptible. Of those rays which
are presented to a succession of glass plates of this kind
at thewpolarising angle, only such are transmitted, to
any marked extent, as vibrate parallel to the plane of
incidence, and the plates can therefore be used for a
polariser as well as for a polariscope.

Fig. 169 shows a Norremberg’s polarising apparatus,
the polariscope of which is the glass plate, C D. The
light polarised by the glass plate 4 B, is extinguished
when the plane of incidence is coincident with that of
the series of plates, C D. This arrangement offers this
advantage, that the vigsual line of the observer, whilst
the polariscope is rotated, can remain constantly in the
direction of the axis of the instrument, whereas in the
instrument represented in fig. 168, the eye is compelled
to follow the movements of the blackened mirror. The
same object can also be more conveniently attained
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when the generally somewhat expensive Nicol’s prism
1s applied as a polariscope.

139. After Malus, in 1810,
had discovered the polarisation
of light reflected and refracted
through glass plates, he showed
further that almost all reflecting
surfaces, with the exception of
metallic ones, were capable of
polarising light, but that the
polarising angle at which this
took place differed for different
substances. That, for example,
required in the case of Water is
03”3 for Carbon bisulphide 59°; £
for Flint-glass 60°. From these 2
values it appears that the po-
jarising angle of any substance
increases with itsrefracting power e i g apoe:
for light. Malus was, however,
not in a position to ascertain this relation, and its dis-
covery was reserved for the ingenuity of Brewster, who,
in 1815, found, that the polarising angle is that angle of
wncidence at which the veflected, forms a right angle with
the refracted ray.

This law supplies an additional means for the deter-
mination of the index of refraction, the more valuable
since it can be used in the case of substances having
only a small degree of transparency, and to which the
former or prismatic method (§ 35) is not applicable.
For just as by means of Brewster’s law, we can deduce
the polarising angle from the known ratio of refrac-
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tion, so, conversely, we can obtain the ratio of refraction
from the polarising angle.

The indices of refraction of Anthracite,1:701 ; Horn,
1:565; and Menilite, 1482, given in the tables, have
thus been ascertained from observing the polarising
angle. As the indices of refraction of the different
coloured rays are unequal, their polarising angle, though
perhaps only to a small extent, must also differ; white
light can therefore never be completely polarised by
reflexion, but only one of its homogeneous colours,
whilst the rest only approximate to complete polari-
sation.

The undulatory theory, as Fresnel and Cauchy have
shown, also gives an intelligible and satisfactory ex-
planation of the phenomena of polarisation by reflexion
and refraction. From the law of conservation of energy,
which requires that the energy of the reflected and that
of the refracted wave should be together equal to
that of the incident wave, as well as from the condition
that the amount of motion at the line of junction of
the two media must be equal, we are enabled to calcu-
late the nature of the reflected and of the refracted
rays. From such a calculation the laws of Arago
(§ 138) and of Brewster (§ 139), obtained by experiment,
follow directly, and in all other respects it proves to be
in complete unison with the results of observation.

140, As has been demonstrated, the colours of trans-
parent bodies originate in the absorption which certain
homogeneous colours, that is to say, rays of a definite
- number of vibrations, undergo in their passage through
those bodies. In the case of coloured doubly refracting
crystals the amount of absorption is dependent not
simply on the number of vibrations of the transmitted
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rays, but also upon the angle which the direction of
their vibrations forms with the optic axis of the crystal,
a circumstance which gives rise to a remarkable pheno-
menon which may now be investigated.

Let a small cube of Pennine, a mineral belon ging to
the rhombohedral system of crystals, in which the planes
of two opposite surfaces are at right angles to the optic
axis, whilst the others are parallel to it, be selected.
If the observer look through the cube in the direction
of the optic axis, it appears to be of a dark bluish green
colour, whilst when looked at from the sides it has a
brown colour. This peculiarity 1s called dichrotsm.
These two colours will be seen on the screen if the
sun’s rays be transmitted through the crystal first in
one direction and then in the other. The bluish green
licht which has traversed the crystal along its optic
axis contains only those natural rays the vibrations of
which are at right angles to the optic axis. The olive-
green light, on the other hand, is composed of ordinarily
vefracted rays, which vibrate at right an gles, and of ex-
traordinarily refracted rays, which vibrate parallel to the
axis. These two constituents may easily be separated
from one another by a Nicol’s prism placed behind
the crystalline cube. For if the principal section of
the Nicol's prism be placed at right angles to the optic
axis of the cube of Pennine, the same blwish green colour
appears upon the screen which was previously observed
in the rays that had traversed the crystal in the direc-
tion of the axis, but if the Nicol be placed parallel to
the optic axis, the bright spot upon the screen appears
brownish yellow. The rays of licht traversing a crystal
of Pennine consequently experience an amount and kind
of absorption varying according to whether their vibra-
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tions are at right angles to or parallel with the axis: in
the former case they appear bluish green, in the second
brownish yellow, and the above-mentioned brown 1s only
the mixture of these two colours.

A remarkable inequality in the power of absorp-
tion according to the direction of the vibrations is
shown by Towrmaline, which even when only of mode-
rate thickness completely extinguishes ordinary rays.

A plate of Tourmaline, cut parallel to the

Fie. 170.  optic axis of the crystal, allows therefore
A only the extraordinary rays vibrating parallel
to the axis of the crystal to pass through it,
and can therefore act as a polariser as well
as a polariscope.

A combination of two Tourmaline plates,
as shown in fig. 170, forming the so-called
Tourmaline forceps or tongs, constitutes the
simplest of all polarising apparatus. In this,
for the sake of convenience, the plates are
fastened by means of cork dises in wire
rings, in which they can be made to rotate.
& By means of a coiled elastic wire they can

Tourmaline  be gently pressed together so that any object
tongs. * .
placed between them which is required to
be seen with polarised light is held as if by a pair of
tongs or forceps.

If the plates be placed in such a position that their
axes are parallel (fig. 171), the light of the sun tra-
verses them just as it would through a single plate of
the same thickness as the two together. But if one of
the plates be rotated, the transmitted licht becomes
fainter and fainter, till when the axes of the two are at
right angles it entirely disappears. '
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The yellowish brown or brownish green colour
which the Tourmaline communicates to transmitted
light seriously interferes with its applicability as a

F1ac. 171,
FiG. 172.

Tourmaline plates placed parallel Tourmaline plates placed at right
to each other. angles,

polarising apparatus, for which its simplicity would
otherwise render it very well adapted.
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CHAPTER XXIV.

INTERFERENCE OWING TO DOUBLE REFRACTION.

141. VERY few crystals exhibit the phenomena, of
double refraction so distinctly as Tceland spar ; in most
instances there is so small a difference between the two
velocities of propagation that the splitting or decom-
position of an incident beam into two fasciculi of rays
can only be perceived when, as seldom happens, the
crystals can be obtained of considerable thickness, The
circumstance, however, that the two rays resulting from
double refraction are always polarised, renders it pos-
sible to recognise even the slightest amount of double
refraction, and to investigate its laws.

With this object in view, two Nicol’s prisms, 4 and B
(fig. 173), placed horizontally one behind the other, are

Hiaiig, employed as a polarising appa-
ratus. The first, the principal
section of which is vertical,
gives a parallel beam of verti-
cally vibrating polarised rays
; which are not transmitted by

K’ the second, the principal section
LS of which is horizontal. The

Two Nicol's prisms employed ps a )
polarising apparatus. screen therefore is perfectly
dark, the darkness continuing when a plate of any
simply refracting substance, as for example glass or
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rock salt, is introduced between the two Nicols. If, on
the other hand, a lamina of a doubly refracting erystal,
as for example a natural rhombohedron - obtained by
cleavage of Iceland spar, be placed at (!, the screen ap-
pears alternately dark and light as the lamina is rotated
around the axis of the rays.

This behaviour admits of an easy explanation. Ifa
vertical line, M N (fig. 174), be conceived to be drawn
upon the screen, the position of the principal section
of the first Nicol’s prism, which AR
serves as a polariser, is obtained ; u
and in the same way the horizontal 7 ‘1
line, P @, represents the principal
section of the second Nicol, which 0 \
plays the part of a polariscope. =
The plate of spar is now introduced / \
between the polariser and the S
polariscope, in the first instance N
in such a way that its principal Do O
section coincides with the direction of the vibration,
P @, of the second Nicol. The rays emerging from the
first Nicol, which vibrate parallel to M N, undergo
only ordinary refraction in the crystalline plate. They
{raverse it without changing the direction of their
vibration, and are extinguished by the second Nicol.
TIn the same way extinction must also occur when the
principal section of the plate coincides with the
plane of vibration, M N, of the first Nicol, for in that
case all the rays pass as extraordinarily refracted
rays through the crystal, whilst they preserve the
original direction of vibration, M N. If the principal
section of the crystalline plate be brought into the
position R S, it only allows, in accordance with the
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laws of double refraction, those vibrations to traverse
it which run in RS, or at right angles to it, UV.
The undulation, M N, as it emerges from the first
Nicol, can now, since it forms an acute angle with the
principal plane, R S, neither be continued completely in
the ordinary nor in the extraordinary ray; on the
contrary, it breaks up, in accordance with the laws of
motion, into two undulations, of which one, running in
RS, traverses the crystal as an extraordinary ray,
whilst the other, vibrating at right angles to the
principal section (in U ¥), becomes an ordinarily re-
fracted ray. _
Two rays thus reach the second Nicol, of which one
vibrates in R S, the other in U V. As the Nicol only
transmits undulations which occur in its principal sec-
tion, P @, each of these two rays is again divided into
two parts, of which one vibrates in P @, the other in
M N. The two sub-rays whose undulations are at right
angles to P @ are not transmitted by the Nicol; the two
other sub-rays, however, which take place in its principal
section, P (), penetrate it, and illuminate the screen.
We thus see that a doubly refracting plate, placed
between two Nicolsat right angles to each other, causes
the field of vision or the screen to be dark in two posi-
tions, when its principal section coincides with that
of either of the two Nicols. In every other position
light passes through it, and the screen is illuminated.*
This behaviour is a positive proof of its doubly refract-
ing nature.
_ 142. Of the two sub-rays which, vibrating in
the same plane, P @, leave the second Nicol, the first

*® Except only when the plate is cut at right angles to its optic axis,
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originates the ordinary, the other the extraordinary
ray, of which each propagates itself with its own velo-
city through the crystal plate. The one consequently
lags behind the other to the extent proportional to
the thickness of the lamina. In consequence of this
difference of path induced by double refraction, the two
rays polarised in a common plane of vibration occasion
interference, which betrays itself when the difference of
path is not too great, by beautiful colour phenomena.

The plate of Iceland spar used in the above experi-
ment is too thick to show the effects of interference.
If it be intended for this purpose, it must be rendered thin-
ner by grinding. Crystallised gypsum, a biaxial doubly
refracting crystal which cleaves easily into thin laminz
(Selenite) is a convenient substitute for the Iceland
spar in these experiments on the phenomena of inter-
ference. If such a plate of Selenite be placed between
the crossed Nicols, it behaves like the plate of Iceland
spar; in two positions of the lamina, in a direction in
which what we shall term its principal section is parallel
or at right angles to the direction of vibration (M N,
fig. 174) of the polariser, the screen remains dark, but
in every other position it exhibits colours, which are
brightest when the principal section of the lamina
makes an angle of 45° with the axis of vibration of the
first Nicol.

The lamina which is now in this position between
the Nicols exhibits a beautiful red colour, originating in
the interference of the two sub-rays vibrating in P Q.

If the second Nicol be now rotated from the
crossed position, the screen indeed continues to be
illuminated, but the coloration diminishes in bright-
ness, and is ultimately replaced by perfect white
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light, when the axis of vibration of the Nicols forms
an angle of 45° with each other. If it be turned still
further, a greenish colour appears, which finally, when
the principal sections of the Nicolsare parallel, becomes
of a bright green. This colour is the result of the inter-
action of the two part rays vibrating to M N. These
colours—red and green—which the plate of Selenite
exhibits when the two Nicols are parallel to or at right
angles with one another, when combined, produce white.
This can be immediately demonstrated by replacing the
second Nicol with an ordinary crystal of Iceland spar
(fig. 162, B), the principal section of which is parallel to
that of the first Nicol. Tt-s traversed by both pairs of
rays—those vibrating in P ¢ as well as those in M N—
in consequence of which the former undergoes ordinary,
the latter extraordinary refraction ; two coloured images,
the red and the green, are therefore now seen ai the
same time upon the screen, so placed, however, that they
partially overlap. The part common to the two images
when these colours are blended is pure whate.

. 148. That the colours must be most lively when the

principal plane of the lamina of Selenite forms an angle
of 45° with the principal section of the polariser is
easily demonstrated, for the two co-operating divisional
rays are then equal in the intensity of their light, and
the interference which gives rise to the colours is as
complete as possible.

The reason that the colours observed in the crossed
and parallel position of the Nicol are complementary
to each other, is as follows. Let us suppose that a
ray proceeding from the first Nicol strikes the
anterior surface of the lamina in the point 0 (fig.
174), and communicates at a certain given moment
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to the particles of mther at O a motion in the direction
O M, that is to say, upwards. Owing to the double re-
fraction of the plate of Selenite placed at an angle of
45°, this motion is decomposed into two—of which the
one is directed to the right and wpwards (O R), the
other to the left and wpwards (OU). The former is
decomposed into a motion wpwards (OM), and into
another to the right (OP); the second splits into a
motion upwards and into one to the left (0 Q). The two
vertical part-motions thus, so far as only the action of
tiie second Nicol comes into consideration, coineide in
direction ; the two horizontal ones are in direct opposi-
tion, or, in other words, the latter alone attain, owing
to the decomposition effected by the polariscope, to a
difference of path of a half wave-length, which is super-
added to the difference of path already effected within
the plate of Selenite. Were the Selenite plate just so
thick that one ray lagged behind the other three half
wave-lengths of the red (Fraunhofer’s line, B), this
colour must vanish when the Nicols are parallel ; whilst
the green (b), for the production of which a retardation
of two whole wave-lengths occurs, attains its greatest
brilliancy. The lamina therefore exhibits a green
mixed colour when the Nicols are parallel. If the
Nicols decussate, a half wave-length must be added to
the difference of path of each kind of ray. The re-
tardation of the red rays .then amounts to two whole,
that of the green to five half wave-lengths; and whilst
the green rays extinguish each other, the red attain
their highest brilliancy. The lamina therefore now
appears of a red tint, which is exactly complementary
to the green.

144. We can also obtain direct information respect-

Y
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ing the composition of the tint exhibited by a erystalline
plate by effecting its decomposilion with 2 prism. If,
whilst the Selenite plate just described is introduced
between the parallel Nicols, a prism be placed behind
the second Nicol, a perfectly dark line appears in the
red in the spectrum which is thrown upon the screen,
proving that this colour is deficient in the green light
which leaves the polariscope. If the second Nicol be
now rotated, this stria, without altering its position,
becomes progressively fainter, and ultimately, when the
principal sections of the Nicols are inclined to each
other at an angle of 45° vanishes ; for now, since only
one of the two rays (B S or UV, fig. 174) penetrates the
second Nicol, scarcely any interference takes place, and
the white light, remaining undiminished in intensity,
betrays itself by a spectrum without any spaces. As the
Nicol is rotated still further, a slight shade makes its
appearance in the green, which, as the Nicols approach
to a position at right angles with one another, deepens
into complete blackness.

The difference of path, and consequently also the
tint of colour, dependent at any moment upon the pris-
matic decomposition, varies with the thickness of the
plate. The thicker the Selenite plate is the greater is
the number of dark strie (fig. 153) that appear in the
spectrum, and so much the nearer does its interference
colour approximate to white, for reasons that have
already been mentioned in speaking of the colours of
thin plates. For a plate of Selenite consequently to
exhibit lively colours, its thickness must not exceed 03
of a millimeter (;;nd of an inch).

In order to exhibit at one and the same moment all
the tints of colour that a plate of Selenite of every con-
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ceivable thickness may show, a wedge-shaped polished
plate may be employed. By means of a polarising appa-
ratus, with the arrangement of which (fig. 175) the reader
1s already familiar, the image produced by such a Sele-
nite wedge may be thrown upon the screen ; the colours,
arranged in regular order parallel to the edge of the
prism, exhibit the same serial succession as in the New-
toman rings of colour, and are therefore divided in the
same manner into orders, and named in the same way
(see § 118). The introduction of a concave and polished
plate of Selenite resembling a concave lens into the
polarising apparatus will even cause the colours to be
arranged in concentric rings. It may be seen, in fact,
that when the planes of vibration of the polarising
apparatus are at right angles to one another, a system
of coloured rings with dark central point makes its
appearance, which differs from the Newtonian (fig. 151?
rings only in the greater brilliancy of the colours.

It is unnecessary to mention that all the phe-
nomena considered to be here represented to an audi-
€nce upon a screen may also be observed by an individual
if a Norremberg’s polarising apparatus be employed.
When used for this purpose, a glass plate is introduced
into the apparatus at about half its height (fig. 168, K,
and 169, m), on which the crystal lamina to be examined
is placed.

145. If two plates of Selenite of exactly the same
thickness, and each of which by itself produces exactly
the same tint, be now superimposed in such a manner
that their principal sections coineide when introduced be-
tween the crossed Nicols, they exhibit another colour (fig.
173), namely, that which corresponds to a single plate
of double the thickness of either alone. On placing the

X 2
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plates on one another in such a manner that their prin-
cipal sections decussate at right angles, the screen will
remain dark; nor does any tint of colour appear when
the second prism is rotated, but the whole behaves just
as if there were no plate of Selenite at all, for that ray,
which travels more slowly in the first lamina, courses
with greater rapidity in the second, its speed being just
as much accelerated in this as it was retarded in the
first. The two rays which leave the plate have therefore
no difference of path, and cannot therefore give rise to
any phenomena of interference of colour. Two unequally
thick plates, crossed in the same way, act like a single
plate the thickness of which is equal to the difference
of thickness of the two plates, since the one only
neutralises in part the action of the other. We may
hence infer that interference colours may be produced
by the decussation of two thick crystal plates neither
of which appears coloured by itself, presupposing that
the difference of their thickness is not too great.

This character may also be made use of in order to
determine the position of the colour of the little plate
of Selenite in the serial succession of the interference
colours, with the aid of the wedge-shaped plate of
Selenite; for if the plate of Selenite be placed in a cross
position upon the wedge, it will be seen that the strie
are altered to just the extent that the plate covers the
wedge. Along the line where the wedge is of the same
thickness as the plate, this last abolishes the action of
the wedge; at this spot therefore, when the Nicols
are crossed, there must be a completely black line. The
coloured stria, which in the uncovered part of the wedge
forms the prolongation of the black line, now presents
just that colour which the plate exhibits per se; and a
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glance is sufficient to show to which order this colour
belongs.

146. In the above experiments, the polarised rays
falling upon the crystal lamina have always been
parallel to one another; in a plate of equal thickness
throughout they have consequently to traverse paths
of equal length, and their part-rays possess equal
difference of path. A plate of equal thickness
throughout exhibits, therefore, in parallel polarised
licht a single and uniform tone of colour in its whole
extent.

To obtain a knowledge of the behaviour of erystal-
line plates in converging polarised light, a polarising

- aHT:
:.; [ e
2 -

Polarising apparatus of Dubosqg,

FiG. 175.

apparatus, constructed by Duhosq, is employed, the
essential features of which are shown in fig, 175. The
parallel rays of the sun falling on the lens, I, are
collected into a cone which undergoes double refraction
in a thick crystal of Iceland spar, K, which serves as a
polariser. The cone of the ordinarily refracted rays,
all of which vibrate at right angles to the principal
section of the Iceland spar, passes through the hole
in the metal plate, S, whilst the cone of extraordi-
narily refracted rays are obstructed by the metal plate.
The crystal plate, the action of which upon the con-
verging polarised light is desired to be investigated, is
placed at P, near the apex of the emerging cone of
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light ; the rays diverging from the crystal plate, P, fall
upon a second lens, which projects an image of the
interference phenomena produced by the lamina upon a
distant screen. Before the rays reach the screen, how-
ever, they are made to pass through the Nicol’s prism,
N, which serves as a polariscope.

147. The phenomena presented by plates of uniazial
crystals cut at right angles to the optic aais in converg-
ingly polarised light is particularly worthy of note. That
ray of the cone of light which strikes the plate vertically
traverses it in the direction of the axis, and undergoes
no double refraction ; every other ray, however, under-
goes double refraction, which is greater, because the path
it has to traverse within the crystal is longer, in propor-
tion as it strikes the crystal more and more obliquely.
Thus it comes to pass that the differences of path are
always greater the further the rays are distant from the
axis of the cone of light; and since around and at an
equal distance from the optic axis the two circumstances
which determine the difference of path—the degree or
amount of double refraction and the length of path—
are equal, it follows that the same difference of path
must exist for all points of a circle which may be con-
ceived as drawn upon the sereen around the point
struck by the axial ray. A system of concentric rays
consequently appears upon the screen, which exhibit a
succession of colours similar to those in the rings of
Newton.

When the planes of vibration of the polarising appa-
ratus are crossed, the system of rings appears to be
traversed by a black cross (fig. 176, A), the formation of
which is easily explained ; for since the optic axis is per-
pendicular to the surface of the crystal, every straight
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line, MN, PQ, RS, UV (fig. 174) drawn through the
middle point of the system of rings upon the screen,
corresponds to a principal plane. All rays that, proceed-
ing from the polariser, strike upon the crystal-plate,
vibrate parallel to M N, and consequently perpendicu-
larly to P @ ; they proceed therefore, without expe-
riencing any decomposition, and with unaltered direction
of vibration, both through the principal plane, M N, and
through the principal plane, P @—through the former
by virtue of the extraordinary, and through the latter
by virtue of the ordinary refraction—and are conse-
quently not transmitted by the polariscope, the plane
of vibration of which is placed at P Q. A black cross
thus originates, the arms of which are parallel with the
planes of the polarising apparatus. In every other prin-
cipal plane, RS, making an angle with the plane of
vibration, M N, of the polariser, a decomposition takes
place into a ray vibrating in R 8, and one perpendicular
to this, the part-rays of which vibrating in P @, in con-
sequence of the prolonged difference of path, interfere,
and thus give rise to the system of rings.

If the direction ‘of vibration of the polariscope be
parallel to that of the polariser, the rings that appear
are complementary to the foregoing ; and instead of the
black cross, a white one (fig. 176, B) is obtained. After
what has been already said, it is unnecessary to enter
into any explanation of this phenomenon.

148. A plate of a biaxial crystal, the surfaces of
which are perpendicular to the line which bisects the
acute angle of the two optic axes—as for example
a plate of Potassium nitrate—exhibits in the polarising
apparatus, when the planes of vibration decussate, the
beautiful phenomenon depicted in fig. 177. Two sys-
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tems of rings are then seen, each of which surrounds an
optic axis. The rings of higher order, approximating
each other on the two sides, ultimately blend to form

Fig, 176.

Rtings of colour produced by uniaxial crystals.

peculiarly shaped curves, which, gently undulating,
surround the two axial points. When the principal
plane passing through the optic axes of the crystal
plate coincides with one of the two planes of vibration

Fi. 177.

Rings of colonr produced by biaxial crystals.

of the polarising apparatus, the double system of rings
appears cut in two by a black cross (fig. 177, 4) ; but if
the crystal be rotated, the cross breaks up into two dark
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curved brushes, which, when the above-named principal
plane forms an angle with the axis of polarisation of
45°, presents the appearance shown in fig. 177, B, If
the polariser be rotated from the crossed into tHe
parallel position, the rings present complementary
colours to the foregoing, and the black brushes change
to white ones. All these phenomena are explicable
upon the laws of double refraction in biaxial crystals,
and upon the same fundamental propositions on which
the explanation of the coloured rings of uniaxial erystals
rests.

The peculiar forms of the systems of rings affords a
means of distinguishing biaxial from uniaxial crystals,
by simple examination in a polarising apparatus. For
the subjective observation of this phenomenon, the polar-
ising apparatus of Norremberg may be employed, a
lens being added both above and below the glass plate
(K’, fig. 168) on which the erystal plate is placed.

The Tourmaline forceps or tongs (fig. 170) are still
better adapted for this purpose, rendering the addition
of the lenses unnecessary, since, when placed imme-
diately in front of the eye, they permit the entry of rays
into it coming from every direction.

149. It may be shown, with the aid of interference
phenomena in polarised light, that singly refracting
bodies like glass may also under certain circumstances
become doubly refracting ; that is to say, acquire the
property of breaking up every incident ray of natural
light into two polarised rays. If a square plate of glass
fitted into a kind of vice be placed at the point P’
(fig. 175) of Dubosq’s polarising apparatus, and pressure
be exerted upon it from above downwards by means of
the screw, 1t 1s indeed compressed in this direction, but
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extended in the horizontal one. The arrangement of

1ts molecules is now no longer as before the same in all |

directions, and the plate becomes doubly refracting in |

consequence of the altered position of its molecules;
and thus the screen, which previously to the pressure
being exercised was dark on account of the crossed
position of the planes of vibration, now presents a bright
image of the plate, traversed by a dark cross. The
property of double refraction may be permanently con-
ferred upon a piece of glass by powerfully heating and
then suddenly cooling it. If a dise of glass which has
been thus treated be placed in the apparatus, a beautiful
system of coloured rings with a black cross comes into
view, just as in the case of a piece of Iceland spar cut
at right ancles to its optic axis. A black cross also
appears in the case of a square glass plate, and in each
of the four angles is a beautiful system of rings that
may be compared with the eye of a peacock (fig. 178).
These phenomena furnish additional evidence of
the intimate connection between the doubly refracting
powers of different substances, and the
arrangement of their molecules, to which
reference has already been made in the
chapter devoted to the double refrac-
tion of erystals. The double refraction
of compressed and suddenly cooled
o i e e
e ystals. In order
to project the system of rings of the
class disc upon the screen, it must be placed at the
point P;* the rays by which it is struck are nearly

Fig. 178.

* The little plate of gypsum, the Selenite wedge, and such bodies gene-
rally as are used in the experiments mentioned above, and the behaviour
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parallel, and traverse the plate in the same direction and
with the same length of path. The difference of path
which gives rise to the system of rings can therefore
only be due to the fact that the double refraction, whilst
the course of the rays remains unaltered, wncreases towards
the periphery of the plate. In a crystal, on the contrary,
the double refraction is at all points the same for the
same direction of the rays.

of which in polarised light is desired to be investigated, must be placed
at the same point.
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CHAPTER XXV,

CIRCULAR POLARISATION,

150. Ir a plate of Tceland spar cut at right angles
to the optic axis be placed between two Nicol’s prisms
i ) (fig. 179), the parallel polarised
rays emerging from the frst
Nicol run collectively through
the plate in the direction of the
optic axis, without undergoing
: double refraction or any altera-
f tion in the direction of their
vibration. Onrotating thesecond
Nicol, those variations of light
and shade are only seen which would otherwise occur
in the absence of the crystal plate.

All uniaxial erystals, with the exception of Quartz,
behave in the same way. If a polished Quartz plate, cut
at right angles to the optic axis, be inserted between
the two Nicols, the screen appears of a lively colour, the
colour varying with the position of the Nicol, but never
being dark. The colours, gradually passing into one
another through all intermediate tints as the polariscope
is turned, which are seen upon the screen, are suc-
cessively red, orange, yellow, green, blue, violet ; and
these are repeated in the same order as the rotation is
continued.

Two Nicol's prisms.
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These colours are, however, by no means pure
spectrum colours, and their composition, like the colours
of Selenite, can be determined by prismatic decomposi-
tion. Thus, if the green light which is emerging from
the polariscope in its present position be allowed to
pass through a prism, a spectrum is produced the red
part of which exhibits a perfectly black stria, whilst the
orange and red are feebly, and the green and blue more
vividly luminous. If the polariscope be turned in the
same direction as before, the black line is seen to travel
gradually towards the more refrangible end of the spec-
trum, and to blot out in succession the orange, yellow,
green, blue, and violet colours, finally being lost in the
extreme violet, in order to reappear at the red end of
the spectrum. It is thus rendered evident that the tints
which were seen when the prism was not used upon the
gereen are mixtures of all the simple colours left after
the extinction of the one corresponding to the dark stria.

The position of the second Nicol, which corresponds
to a definite position of the dark stria, is capable of
being read off if the frame be provided with a marker,
z, pointing to a divided circle, K, on the axis of which
the tube rotates.

The Nicol can only extinguish those rays that vibrate
at right angles to its principal section. Before the
Quartz plate was inserted, all vibrations were parallel to
the vertically placed principal section of the first Nicol
(in the direction of the arrow, fig. 180); and they were
therefore collectively extinguished and the screen was
perfectly dark, since the principal section of the second
Nicol was horizontal, and thus decussated at right
angles with that of the first. But after the Quartz plate
is inserted (the thickness of which is 375 of a milli-
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meter), the second Nicol must be rotated 60° from the
crossed position, by which means the red rays undergo
e ot extinction in consequence of the

A dark stria in the red part of the
spectrum. The direction of vi-

T bration of the red rays is con-
3 >,‘. sequently at right an gles to the

positionwhich it previouslyhad in
common with all the other kinds
of rays, and comes to occupy
the position »+ (fig. 180, upper
figure). Similarly, the plane of
vibration of the yellow rays has
undergone a rotation of 90° (g ¢),
Rotation of the planes of and that of the violet a rotation
vibration in Quartz.
of 165° (vv’). In the adjoining
figure the direction of the vibrations which are pursued
by the chief colours of the spectrum, after their passage
through the Quartz plate, is indicated in a very easily
intelligible manner.
The action of the Quartz plate thus consists in effecting
a rotaton of the plane of vibration of the polarised rays,
the amount of rolation wvarying for each kind of homo-
geneous light, and being greater in proportion to the
- number of vibrations.: In consequence of this dispersion
of the colours in various directions of vibration, white
light becomes broken up in a mode which is comparable
with the dispersion of colour by ordinary refraction,
and on this account has received the name of circular
or rotatory dispersion.

gr } present position of the principal
9’, \.——gr| plane, and thus, through the ac-

i ~/ p tion of the Quartz, it has been
7 rotated about 60° from the vertical

“
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The angle of rotation above given refers to a Quartz
plate of 3-75 millimeters thick. When plates of various
thickness are employed, it is found that for any given
homogeneous colour the rotation increases in propor-
tion to the thickness of the plate. If therefore the
amount of rotation is known for any particular thick-
ness, it may be immediately calculated for any other
thickness. Broch measured the angle of rotation at
which the dark stria in the spectrum occupied in sue-
cession the position of the principal Fraunhofer’s lines,
and found the following values for a Quartz plate of one
millimeter in thickness :—

B C D E F G
15°30 17°24 21°67 27°46 82°50 42°20.

151, In the case of the Quartz plate used in the
- foregoing experiments, whilst the dark line moves along
the spectrum from the red to the violet end, the polari-
scope must be so rotated that the indicator, z, moves
over the divided circle, K, in the direction of the hands
of a watch, that is, to the »ight. But there are other
specimens of Quartz in which the polariscope must
be rotated in the opposite direction, or to the left,
because the dark line moves in the spectrum from the
violet to the red end. Quartz crystals are consequently
distinguished as rotating to the right or to the left. Both
kinds, with equal thickness of plate, rotate the plane of
vibration of the same homogeneous light equally, but in
opposite directions. The lower half of fig. 180 repre-
sents the rotation of the various colours in the case of
a plate of 3:75 millimeters in thickness rotating to the
left, just as the upper half shows it in the case of a
plate of equal thickness, but rotating to the right.
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152. In order to pave the way for the right under-
standing of the process by which the rotation of the
e plane of vibration is effected in a
Quartz crystal, the motion must be

-\TQ investigated that is produced by the
co-operation of two vibrations at

right angles to each other; and for
this purpose nothing is superior to
the vibrations of an ordinary pen-
dulum. A heavy leaden weight
(fig. 181), pointed below, is suspended
by a wire from the ceiling over a
platter, the point when at rest being
A, at 0. Through the point O two lines,
AB and CD, are drawn at right
angles on the plane of the table. If

Circularly ibrating  the péndulum be brought to 4, and

then released, or if, when it is at
rest, a blow be communicated to it in the direction O 4,
it swings to and fro in the line O4. In the same way
it vibrates along the line C'D if it be struck in this
direction, or be brought to C or D and then released.
The period of vibration, that is to say, the time requisite
for its passage to and fro, is the same in whichever
direction the vibrations are made to take place.

The question now arises, however, what movement
will the pendulum perform if it be simultaneously acted
upon by two impulses acting at right angles to each
other? Let the pendulum be made to vibrate in the
direction A B, and when it has reached the extreme
point of its motion at 4, let a blow be given to it in the
divection Aa, at right angles to 4 B, the strength of
which is just sufficient, if the pendulum be moving in
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this direction alone, to send it as far to the side from
its present position as it was in the first instance moved
at the moment of the blow from the position of rest at
O. The result observed is that the lead weight de- -
seribes with uniform velocity a circle, ACBD A, in the
direction indicated by the arrows.

Had the vibration of the pendulum been measured
from the moment in which it shortly before went in the
direction B A through the point of rest, it would be found
to have already performed a, quarter-vibration* when it
received the impulse in the direction 4a. It is thus seen
that two movements of vibration at right angles to each
other, of which each is rectilinear in utself, combine to form
a curcular motion when one is a quarter-vibration before
the other. In the case illustrated by the figure, when the
vibration directed to O 4 is antecedent to that directed
to OC, the circular movement takes place it the direc-
tion of the hands of a watch, or to the right, as is indi-
cated by the arrows. If the impulse be given in the
opposite direction, a circular movement to the left is
produced. The circular movement to the left is also
engendered if the pendulum be first put into vibration
in the direction O C'; and when it has arrived at C, an
impulse in the direction 0 A be given, that is, if the
- movement in the direction O 4 is a quarter-vibration
behind that in O . The time required for the comple-
tion of an entire circle is always equal to the period of
vibration proper to the pendulum.

If the impulse given at A be more powerful than
that which it originally received, the leaden weight is

* It may not perhaps be superfluous to observe that by one entire vibra-
fion is meant the motion 0 4 OB 0, or complete to and fro movement,
The motion O 4 is consequently a quarter-vibration.

Z
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propelled to a greater distance laterally in the direction
O G, and the pendulum moves in an ellipse the smaller
axis of which is 4 B; but if the impulse be less powerful,
A B becomes the greater axis of the ellipse described
by the pendulum. Impulses applied to the pendulum
whilst it is passing from O to 4, or from O to B, like-
wise ocecasion elliptical paths of vibration, the axes of
which however are no longer in the lines 4 B and ¢ D.
If the lateral impulse in the direction O C be com-
municated at the moment when the pendulum passes
through its position of rest, it assumes again a rectilinear
movement, directed however neither towards A4 nor
towards C, but along some intermediate line; in this
case the one movement precedes the other either not
at all or a certain number of half-vibrations.
153. The conditions of movement which were ob-
served in the pendulum may also be followed in the
A case of light with the aid of thin
M crystalline laminz. Mica, which
U B easily splits up into still thinner

\ / plates than Selenite, is especially
Q e p adapted for this purpose. If a
/

"1\ thin plate of Mica be placed be-
7

tween the two Nicols (fig. 179), so
that its prineipal plane RS (fig.
182), forms an angle of 45° with
the axis of vibration, M N, of the
polariser (the fig. 182 being now considered as applied
to the surface of the lamina from which the light
emerges), two equally lnminous rays are found to emerge
from the plate, of which one vibrates in R S, the other
at right angles to it in U V. The particle of @ther
lying at O on the plane of emergence of the lamina is

S
N

Decomposition of wvibrations.
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consequently, like the pendulum weight, affected con-
temporaneously by two impulses at right angles to each
other, and assumes a circular, elliptic, or rectilinear
motion according to the amount of the start which one
vibration has over the other.,

The Mica plate used in these experiments is just so
thick that it occasions a difference of path of a quarter
wave-length of yellow light between the two rays
vibrating at right angles to each other. Under these
circumstances it is obvious that for this colour the
vibration of the more quickly propagated ray (which
may be assumed to be U V), on arriving at the par-
ticle O precedes by a quarter-vibration that of the more
slowly propagated ray (R S). |

The particle O assumes therefore a circular move-
ment to the right the period of revolution of which is
equal to the duration of vibration of yellow light, and
which communicates itself to the successive particles of
wther arranged serially in the direction of the ray.
Each of these moves in a ecircle, since its revolution
begins somewhat later than the preceding, the plane of
which is perpendicular to the ray around this; and if
the coetaneous position of the wmther particles at any
moment be conceived to be connected by a curved line,
a wavy line will be obtained which would wind round
the ray like a screw, a complete turn of the screw
corresponding to each wave-length.

A ray of light of this quality is said to be cureularly
polarised, whilst the rays that have hitherto been curtly
termed ¢ polarised ’ will henceforward be referred to as
rectilinearly polarised, because their vibrations take
place in straight lines perpendicular to the direction of
the ray,

z 2
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The difference of path of the two rays vibrating at
right angles to one another in the above-mentioned
Mica plate amounts to an exact quarter-wave for the
brightest yellow light alone ; it is somewhat less for red
rays and for blue somewhat more. The plate conse-
quently communicates to the yellow rays alone a per-
fectly circular, whilst the rest have a more or less elliptic
polarisation. Since, however, when the plate is thin the
deviations from the circular form are very inconsider-
able, the white light that is transmitted may be re-
sarded as being almost completely circularly polarised.

154. The white fasciculus of rays proceeding from
the quarter-wave Mica plate now demands examination.
After allowing it to pass through the second Nicol,
B, it will be found that the screen remains equally
bright in whatever direction the Nicol may be rotated. A
circularly polarised ray may in fact, since its quality is
the same all round, exhibit no laterality ; it behaves
itself when examined with a Nicol like an ordinary ray
of light. That it is not such a natural ray is imme-
diately rendered apparent if a second Mica plate of
equal thickness, but with its principal section at right
angles, be interposed. The original rectilinear polari-
sation is again shown to be present; the screen ceases
to be illuminated when the plane of vibration of the
second Nicol decussates with that of the first. The
very case mentioned above in regard to the pendulum is
before us, namely that neither of the two perpendicular
vibrations precedes the other, so that the two equal
vibrations, O R and O U, combine to produce a recti-
linear vibration, O M, the axis of which bisects the
angle, RO U. If the second Mica plate be superimposed
upon the first, with its principal plane parallel, the dif-
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ference of path between O U and O R amounts to a half
wave-length, and again gives rise to a rectilinearly po-
larised ray which now vibrates in P @, and consequently
disappears when the plane of vibration of the second
Nicol is parallel to that of the first. A quarter-wave
Mica plate may thus be used for the purpose of recog-
nising circularly polarised from rectilinearly polarised
and from natural light, as it is capable of converting a
rectilinearly polarised into a circularly polarised ray of
light; it may also, conversely, change circularly pola-
rised light into rectilinearly polarised, whilst it allows
a natural ray of light to continue unaltered.

155. In the above-mentioned experiment with a
circularly polarising Mica plate, it has been taken for
granted that the more rapidly moving ray vibrates in
the axis O U; on this supposition the circular move-
ment of the sther particles takes place to the right.
If the Mica plate be rotated in its plane 90° so that the
vibration in the axis O R is accelerated about a quarter-
vibration, the plate occasions the light to be polarised
circularly to the left. 'When this is examined with the
Nicol and with the second Mica plate, it behaves in
exactly the same manner as that polarised to the
right, and cannot be distinguished from it by these
means. The difference, however, can be instantly
recognised if a plate of Selenite, with its principal plane
placed at 45°, be interposed between the Mica plate, C,
and the second Nicol, B (fig. 179), at right angles with
the first, the phenomena of colour of which in recti-
linearly polarised light are now sufficiently known. The
light upon the screen now appears coloured, the colowr
varying according to whether the Mica plate is intro-
duced in right- or in left-handed circular polarisation.
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If, for example, the colour be in the first instance
bluish green, the complementary rose-red tint appears
in the second instance. In that case the principal sec-
tions of the Selenite and of the Mica plate are parallel
to each other, and to the difference of path which the
Selenite occasions must be added that difference, amount-
ing to a quarter wave, which is induced by the Mica
plate ; in the second case, where the principal sections of
the two plates decussate at right angles to each other,
the difference of path occasioned by the plate of Selenite
is diminished by a quarter wave. The difference of path
in light polarised circularly to the right exceeds conse-
quently by a half wave that polarised circularly to the
left, so that there all those rays are extinguished which
are here most brilliant, and wice versi. The mixed
colours therefore which occur in the two cases must be
complementary to each other.
156. Recurring for a moment to the pendulum
(fig. 181), and conceiving that the leaden weight whilst
o it is at 4 (fig. 183) receives an im-
pulse not only in the direction 4 a,
o 4 o but coincidently also an equally
;; \  powerful impulse in the opposite
’ | direction, Aa’, the first impulse,

\ i /" combined with the impulse which the
it
1

N

pendulum already possesses in the
B direction of the line 4 B, would lead
to a circular movement to the right;

Combined affect of two i A
opposite cireular vibra- the second, to a similar movement to
' the left. If the two impulses acted
simultaneously, they would neutralise each other, and
the pendulum would continue to vibrate to and fro
along the straight line, 4 B, as if nothing had happened.
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But supposing the second impulse to occur later, after
the pendulum had in consequence of the first impulse
already performed the circular movement, 4 r, and sup-
posing this impulse to be in opposition to the direction
of the movement it possesses at the point 7, a rectilinear
movement will obviously be developed along »+’. From
this it results that a vibrating body acted on coin-
cidently by two equal but opposite circular forces will
acquire a rectilinear vibrating movement, which takes
place along that diameter of the circle at the terminal
point of which it received the impulses.

If this proposition be applied to the vibrations of
light, it follows that a rectilinearly polarised ray is
always the result of the combined effect of two rays of
light polarised circularly in opposite directions, of equal
brilliancy and equal nwmber of vibrations, following the
same path; and conversely, it may be said that every
rectilinearly polarised ray may be regarded as composed of
two equally bright rays of light polarised curcularly in
opposite directions.

157. This representation or explanation of the phe-
nomena founded on the general laws of motion, and to
the effect that a rectilinearly polarised ray of light con-
sists of two rays polarised circularly in opposite direc-
tions, would only possess a theoretic significance were
there not bodies which act upon light polarised circu-
larly to the right differently to light polarised circularly
to the left. Fresnel has shown that Quartz is such a
body.

The fact of the rotation of the plane of vibration
through a plate of Quartz becomes perfectly intelligible
if it be admitted that rays polarised circularly in oppo-
site directions are propagated with different velocities
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along the axis of a crystal of Quartz. A rectilinearly
polarised ray of light must, on its entrance into 2
Quartz plate, be broken up into two rays polarised cir-
cularly in opposite directions, which, after they have
traversed the plate with unequal velocity, on their exit
again combine to form a rectilinearly polarised ray, the
plane of vibration of which differs either to the right or
left of that of the incident ray according as the right or
left circular impulse is antecedent and affects earlier
the particles of ather in contact with the surface of
emergence. The greater the thickness of the Quartz
plate, the greater is the retardation of one of the two
rays, and the greater must be the rotation of the plane
of vibration. The circumstance that equally thick plates
of Quartz rotate the plane of vibration to the right
and to the left to the same extent, although in opposite
directions, indicates that the rapidity of propagation of
the rays polarised circularly in opposite directions
1s the same in the two kinds of Quartz, and are only
interchangeable so far that that ray which has a greater
velocity in the one crystal moves more slowly in the
other.

158. If the two kinds of circularly polarised rays
are propagated with different velocities parallel to the
axis of the Quartz, a peculiar kind-of double refraction

s must take place in this diree-
tion, by means of which an
incident rectilinearly polarised
ray is decomposed into two rays
polarised circularly in opposite
directions. In the Quartz plates
that have hitherto been employed, and which were
struck rectilinearly by the incident rays, an actual

Fic. 184,

Double prism of Quartz.
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decomposition can certainly not take place, because
although the two rays are propagated with different
velocities, they course in the same direction. Fresnel,
. by an ingenious combination of two prisms of Quartz
rotating in opposite directions, did however effect this
decomposition, and thus demonstrated beyond a doubt
the correctness of the explanation previously given of
the rotation of the plane of vibration.

Fresnel’s double prism (fig. 184) consists of two
elongated rectangular prisms of Quartz, each having an
acute angle 4 OB of 7° one of which is cut from a
prism rotating to the right, and the other from a prism
rotating to the left. Being cemented together by their
oblique surfaces, 4 €, they form a rectangular column
the terminal surfaces of which, 4 B and C D, are per-
pendicular to the optic axis. If a rectilinearly pola-
rised beam be allowed to fali through a round opening
upon the surface 4 B, it undergoes decomposition into
two rays polarised circularly in opposite directions
which traverse the first prism with different velocities,
but in a path common to both. The ray which in the
first prism was the most rapid, on entering the second
prism becomes the less rapid of the two, and there-
fore approaches to the perpendicular (indicated in the
figure by the dotted line); on the other hand, the ray
moving more slowly in the first prism is propagated
more rapidly in the second, and must consequently
recede from the perpendicular. Two separate fasci-
culi consequently emerge from the surface C' D, which
produce two round spots of light upon the screen,
the borders of which overlap to some extent. When
looked at through a Nicol placed between C' D and the
screen, the two beams prove to be circularly polarised,
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and if a plate of Selenite be placed between the double
prism and the Nicol at an angle of 45° one of the
spots of light appears of a bluish green, the other of a
rose-red tint, whilst the area common to both remains
white. The oceurrence of these complementary colours
demonstrates that one of the beams is circularly pola-
rised to the right, the other to the left. This experi-
ment therefore furnishes decisive proof that a recti-
linearly polavised ray of light is decomposed by the
Quartz into two rays moving with unequal velocity and
polarised eircularly in opposite directions.

159. The power of circular double refraction belongs
to only a few substances besides quartz, and is not
associated with any definite crystalline system; it 1s
exhibited by a few singly refracting crystals belonging
to the regular system, as for example by Sodium
chloride in all directions. In doubly refracting crystals,
as for example in Quartz, it can only be perceived in
directions that are mearly parallel to the optic axis,
because in every other direction they are concealed by
the ordinary double refraction.

Cireular double refraction consequently appears not
to be dependent upon any special arrangement of the
molecules, but rather upon a peculiar structure of the
molecules themselves, which may no doubt betray it-
self in erystalline bodies by tbe external form of the
crystal, as in fact is the case with Quartz. This opinion
is materially supported by the fact, that many flurds
possess the power of effecting double circular refraction, and -
consequently the power of rotating the plane of vibration of
rectilinearly polarised light.

The plane of vibration is rotated to the right by
aqueous solutions of cane- and grape-sugar, tartaric acid,
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oil of lemons, and by an aleoholie solution of camphor.
It is rotated to the left by oil of turpentine, by cherry-
laurel water, and by solution of gum arabic.

As the rotatory power of these fluids is very inferior
to that of quartz, it is necessary in order to observe
1t conveniently to employ layers of considerable thick-

FiG. 185,

Tube for the reception of circularly polarising fluids.

ness, which is best accomplished by filling tubes with
them, the ends of which are closed with plane glass
plates (fig. 185).

If such a tube, filled with solution of sugar, be placed
between the crossed Nicols, the previously dark screen
immediately becomes illuminated, and from the amount
of rotation which must be communicated to the polari-
scope, in order that the screen may again be darkened,
the angle may be known which the solution of sugar
has rotated the plane of vibration of the incident recti-
linearly polarised light. This rotation is proportional
on the one hand to the thickness of the layer, and on
the other to the amount of active substance (sugar)
contained in the fluid, and as it is known that with a
tube 20 centimeters (78 inches) in length, the rotation
of the plane of vibration amounts to 1°333 for each
gramme (15-44 grains) of sugar contained in 100 cubic
centimeters (6:102705 cubie inches, or rather less than
one-sixth of a pint) of the solution, the amount of sugar
contained in the solution may be immediately determined
from the amount of rotation produced by the solution.
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160. Tn order to attain the greatest accuracy in the
determination of the amount of sugar contained in the
solution, an instrument is desirable which renders a
very small rotation perceptible. Such an instrument
is found in the double quartz plate (fig. 186) first con-
structed by Soleil. It is composed of
two quartz plates, cut at right angles to
the axis and cemented together, of which
one rotates to the right and the other
to the left, whilst each has a thickness
of 375 millimeters. If now a double

@l 8y plate of this kind be placed between
Douvle plate composed the two Nicols the planes of vibrations

Ei right and left ro-
ting ; = - =
o Rara of which are parallel, and if the image

be cast by means of a lens upon a screen, both halves
of the plate will be found to exhibit the same violet
tint of colour. On the interposition of the tube filled
with the solution of sugar, a dissimilarity of colour is im-
mediately observed in the two halves of the plate, one
half presenting a bluish, the other a reddish tint. The
plane of vibration of each colour contained in white
light is rotated to an equal amount in each half of the
double plate, but in the one half the rotation is to the
right and in the other to the left, as has been indicated
in the corresponding halves of fig. 180. If the prin-
cipal planes of the Nicol be parallel to each other (in
the direction of the arrow) the two halves must exhibit
the same tint of colour. A glance at the figure above
alluded to suffices to show that in this position of the

Nicol the yellow disappears, and that consequently a
violet colour must appear as a result of the mixture of

FiG. 186.

the remaining colours.
As the solution of sugar rotates the planes of vibra-
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tion of all rays to the right, the rotation is increased in
the half rotating to the right and diminished in the
half rotating to the left; in the former, therefore, the
planes of vibration of the orange tints, in the latter
those of the green rays, appear in the position previously
occupied by the planes of vibration of the yellow rays.
The former half will therefore exhibit a blue, the latter
a red tone of colour. In order to ascertain how much the
solution of sugar has rotated the plane of vibration, it is
only requisite to rotate the second Nicol till the two
halves of the plates again appear of the same colour.

161. As the rapid and convenient determination of
the amount of sugar contained in a saccharine solution
is of great practical importance in an economical point
of view, an apparatus has been constructed with this
object in view, called a Saccharimeter.

The Saccharimeter of Soleil has (fig. 187) the previ-
ously described double plate at » between the two Nicol’s
prisms S and 7, the planes
of vibration of which are I s
fixed parallel to each other. (bd na&s
The change of colour which (A& J‘
the tube filled with solu-
tion of sugar introduced
at m induces is, however,
not compensated for by
rotating the polariscope, T,
but by a highly ingenious .
cnmpensa.ting ﬂITE;ﬂgE]I]EHt Eu:nlcﬂ's E‘mnuchurimcteL |
placedate (the compensator).

The rays emerging from m pass first through a quartz
plate rotating to the right, cut at right angles to the
axis, and then through two wedges, » and o, cut from a

Fria. 137,
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quartz plate rotating to the left (fig. 188), and which by
means of a serew, b, can be moved towards each other.

F1G. 188,

[ —

Compensator,

When in contact they form a quartz plate, cut perpen-
dicularly to the axis, which is of the same thickness
as the first-mentioned one, and therefore completely
neutralises its rotation to the right. If they are moved
from this position to either side, the extent which the
rays have to traverse in the two wedges together is
augmented or diminished; the two wedges together
thus form a quartz plate rotating to the left, the thick-
ness of which within certain limits can be varied at
will and can be made equal to, or larger or smaller than
that of the quartz plate rotating to the right. The
alteration of thickness in each movement of the screw
can be read off by means of the indicator, », upon a
small scale, ¢, to the 1000th of a millimeter. According
as the rotation of the plate to the right, or the rotation
of the system of wedges to the left, is allowed to pre-
dominate, the action of the compensator is equivalent
with that of a plate of quartz rotating to the right or
to the left, the thickness of which may be exactly deter-
mined.

In order to compensate the difference of colour
between the two halves of the double plate, which is
brought about by virtue of the rotation to the right of
the solution of sugar, the compensator must be arranged
for an equal amount of left-handed rotation; then, by
reading the scale, the thickness is obtained of a quartz plate
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which possesses the same power of rotation as the saceharine
solution under examination. And as it has been ascer-
tained by carefully made experiments that a solution
of sugar which contains 16:35 grammes (252-44 grains)
of pure crystallised sugar in 100 cubic centimeters ex-
erts as great a rotating power in a tube 20 centimeters
In length as a quartz plate 1 millimeter in thickness, it
is only necessary to multiply the number read off upon
the scale by 16'35 in order to know the weight of sugar
contained in 100 cubie centimeters of the solution.

And now, in conclusion, let a brief retrospective
glance be cast upon the subjects that have here been
treated of. The reply to the question, What is Light ?
was the end in view. Proceeding step by step by the light
of experience, the various phenomena of light were
considered, the laws investigated to which those pheno-
mena ere subject, and the useful applications which
life and science have made from them. Finally, a fact
was disclosed (Fresnel’s interference experiment) which
pressed home to us the conviction that light must con-
sist in the undulatory movement of an attenuated elastic
substance. Having arrived at this stand-point, it was
requisite to call .a halt in order to reconsider the phe-
nomena already observed, and when it had been ascer-
tained that the previously isolated facts became in
succession, under this point of view, united into one
whole, further advances were made, and new facts
obtained which threw additional light upon the nature
and essence of light. The phenomena of polarisation
demonstrated, in point of fact, that the vibrations of light
take place at right angles to the direction of the rays.
The last part of this work gave results that did not at
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first appear to be capable of useful application to the
life of man until quite recently, when an apparatu
has been constructed of pre-eminent practical impor-
tance.

It is the task of science to strive after truth without
having any secondary object in view. If it remain
true to this ideal, the practical applications will fall
into its lap as the ripe fruits of knowledge.

L]
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Crown 8vo. Cloth, price 65,
BEVINGTON (L. S.).
Key Notes. Small crown
8vo. Cloth, price ss.
BISSET (A.)
History of the Struggle for

Parliamentary Government in
England. 2 wvols. Demy 8vo.
Cloth, price 24s.

BLASERMNA (Prof. Pietro).

The Theory of Sound in its
REelation to Musie. With nume-
rous Illustrations. Second Edition
Crown 8vo. Cloth, price ss.

Volume XX 11, of The International
Scientific Series.

Blue Roses: or, Helen Mali-
nofska's Marriage. EI? the Author
of *Véra.” =zvols. Fifth Edition.
Cloth, gilt tops, 125.

*.* Also a Cheaper Edition in 1
vol. With Frontispiece. Crown Bvo.
Cloth, price 6s.

BLUME (Major W.).

The Operations of the
German Armies in France, from
Sedan to the end of the war of 1870-
1. With Map. From the Journals

of the Head-quarters Staff. Trans-
lated by the late E. M. Jones, Maj.
zoth Foot, Prof. of Mil. Hist., Sand-

hurst. Demy 8vo. Cloth, price gs.
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BOGUSLAWSKI (Capt. A. von).

Tactical Deductions from
the War of 1870-91. Translated
by Colonel Sir Lumley Graham,
Bart., late 18th (Royal Irish) Regi-
ment. Third Edition, Revised and
Corrected. Demy 8vo. Cloth, price
75,
BONWICK (].), F.R.G.S.

Egyptian Belief and Mo-
dern Thought. Large post 8vao.
Cloth, price 105, 64,

Pyramid Facts and Fan-
cies. Crown 8vo, Cloth, price ss.

The Tasmanian Lily. With
Frontispiece. Crown 8vo. Cloth,
price L1 1

Mike Howe,the Bushranger
of Van Diemen's Land. With
Frontispiece. Crown 8vo, Clath,
pn::e 54

BOSWELL (R. B.), M.A., Oxon.

Metrical Translations from
the Greek and Latin Poets, and
other Poems, - Crown 8vo. Cloth,
price ss,

BOWEN (H.C.), M. A,

English Grammar for Be-
ginners. Fcap.8vo, Cloth, price 1s.

Studies in English, for the
use of Modern Schools. Sinall Crown
8vo. Cloth, price 15. 64,

Simple English Poems,
English Literature for Junior Clasces,
In Four Parts. Parts I, and I1., price
6. each, now ready,

BOWRING (L.), C.5.1.

Eastern Experiences.
Hlustrated with Maps and Diagrams.
Demy 8vo. Cloth, price 16s.

BOWRING (Sir John).
Autobiographical Recollections,

With Memoir by Lewin B, Bowring,
Demy &vo. Price 145,

Brave Men's Footsteps.

By the Editor of “ Men who have
Risen.” A Book of Example and
Anecdote for Young People. With
Four Illustrations by Doyle.
Sixth Edition. Crown 8vo. Cloth,
price 35 64,

e

——

BRIALMONT (Col. A.),

Hasty Intrenchments.
Translated by Lieut. Charles A,
Empson, R. A, With Nine Plates,
Demy 8vo, Cloth, price 65.

BRODRICK (The Hon. G. Cc.)

Political Studies, Demy
8vo. Cloth, price 14s.

BROOKE (Rev. 8. A.), M. A,

The Late Rev. F. W. Ro-
bertson, M.A., Life and Letters
of. Edited by,

I. Uniform with the Sermons,
2 vols. With Steel Portrajt, Price
75. b,

I1. Library Edition. 8ve. With
Two Steel Portraits. Price 125,

III. A Popular Edition, in 1 vol.
8vo. Price 6s.

Theology in the English

Poets. — Cowrer, CoLERIDGE,
WorpsworTy, and Burws, Third
Edition. Post Svo. Cloth, price gs.

Christ in Modern Life.
Thirteenth Edition. Crown 8vo. Cloth,
price 75, 6d.

Sermons. First  Series.
Eleventh Edition. Crown8vo. Cloth,
price bs.

Sermons. Second Series,
Third Edition. Crown 8vo. Cloth,
price 75,

The Fight of Faith, Ser-
mons preached on various occasions.
Third Edition. Crown 8vo. Cloth,
price 7s. fid.

Frederick DenisonMaurice:
The Life and Work of. A Memorial
Sermon. Crown 8vo. Sewed, price 15,

BROOKE (W. G.), M. A,

The Public Worship
REegulation Act. With a Classified
Statement of its Provisions, Notes,
and Index. Third Edition, Revised
and Corrected. Crown 8vo. Cloth,
price 38, 6.

Six Privy Council Judg-
ments—1850-1872. Annotated by.
Third Edition. Crown 8vo. Cloth,

price gs.
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BROUN (]J. A.).
Magnetic Observations at

Trevandrum and Augustia
Malley. Vol. 1. 4to. Cloth,
price G3s.

The Report from above, separately
sewed, price zis.

BROWN (Rev. ]J. Baldwin), B.A.
The Higher Life. Its Reality,

Experience, and Destiny. Fifth and
Cheaper Edition. Crown 8vo. Cloth,
price ss.

Doctrine of Annihilation
in the Light of the Gospel

of Love. Five Discourses. Thard
Edition. Crown 8vo. Cloth, price
25. 6d.

BROWN (J. Croumbie), LL.D.

Reboisement in France; or,
Records of the Replanting of the
Alps, the Cevennes, and the Pyre-
nees with Trees, Herbage, and Bush.
Demy 8vo. Cloth, price 125, 64,

The Hydrology of Southern

Africa. Demy 8vo. Cloth, price
105, 6.
BRYANT (W. C.)

Poems. Red-line Edition.

With 24 Illustrations and Portrait of
the Author. Crown 8vo. Cloth extra,
price 7i. 6.

A Cheaper Edition, with Frontis- |

piece. Small crown 8vo. Cloth, price
38, Gd.

BULEELEY (Rev. H. J.).

Walled in, and other Poems,
Crown 8vo. Cloth, price 5.

BURCKHARDT (Jacob).

The Civilization of the Pe-
riod of the Renaissance in Italy.
Authorized translation, by 5. G. C.
Middlemore. 2 wvols. Demy Svo.
Cloth, price 245.

BURTON (Mrs. Richard).

The Inner Life of Syria,
Palestine, and the Holy Land.
With Maps, Photographs, and
Coloured Plates. 2 vols. Second
Edition. Demy8vo. Cloth, price 24s.

# % Alsp a Cheaper Edition in
one volume. Large post 8vo. Cloth,
price 10s. 6.

BURTON (Capt. Richard F.).

The Gold Mines of Midian
and the Ruined Midianite
Cities. A Fortnight's Tour in
North Western Arabia. With nu-
merous Illustrations. Second Edi-
tion. Demy 8vo. Cloth, price 18s.

The Land of Midian Re-

visited. With numerous illustra-

tions on wood and by Chromo-
lithography. 2 vols. Demy B8vo.
Cloth, price g2s.

CALDEROMN.

Calderon’s Dramas: The
Wonder-Working Magician—Life is
a Dream—The Purgatory of S5t
Patrick. Translated by Denis
Florence MacCarthy. o5t Bvo.
Cloth, price 10s.
CANMDLER (H.).
The Groundwork of Belief.

Crown 8vo. Cloth, price 7s.

CARLISLE (A.D.), B, A.
Round the World in 1870.
A Volume of Travels, with Maps.
New and Cheaper Edition. Demy
8vo. Cloth, price 6s.

CARPENTER (E.).
Narcissus and other
Poems. Fcap. 8vo. Cloth, price 5s.

CARPENTER (W. B.), M.D.
The Principles of Mental
Physiology. With their Applica-
tions to the Training and Discipline
of the Mind, and the Study of its
Morbid Conditions.  Illustrated.
Fifth Edition. 8vo. Cloth, price 12s.

CAVALRY OFFICER. £
Notes on Cavalry Tactics,
Organization, &c. With Dia-
grams. Demy8vo. Cloth, pricezas.

CHAPMAN (Hon. Mrs. E. W.).

A Constant Heart, A Story.
2 vols. Cloth, gilt tops, price 125

CHEYNE (Rev.T. K.). p
The Prophecies of Isaiah.
‘I'ranslated, with Critical Notes and
Dissertations by. Two vols., demy
8vo. Cloth. Vol L., price 12s. 6d.

Children’'s Toys, and some
Elementary Lessons in General
Knowledge which they teach. Illus-
trated. Crown 8vo. Cloth, price 5.
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CHRISTOPHERSON (The late
Rev. Henry), M.A.
Sermons. With an Intro-
duction by John Rae, LL.D., F.S.A.
Second Series. Crown 8vo. Cloth,
price Gs.

CLAYDEN (P, W.).

England under Lord Bea-
consfield. The Political History of
the Last Six Years, from the end of
1873 to the beginning of 1880. Se-
cond Edition. With Index, and
Continuation to March, 1880. Demy
8vo, Cloth, price 16s.

CLERK (Mrs. Godfrey).

'Ilim en Nis. Historical
Tales and Anecdotes of the Times
of the Early Khalifahs. Translated
from the Arabic Originals. Illus-
trated with Historical and Explana.
tory Notes. Crown 8vo. Cloth, price7s-

CLERY (C.), Major.
Minor Tactics. With 26

Maps and Plans. Fourth and Revised
Edition, Demy 8vo. Cloth, price 16s.

CLODD (Edward), F.R.A.S.
The Childhood of the
World : a Simple Account of Man
in Early Times, Sixth Edition.
Crown 8vo. Cloth, price 3s.

A Special Edition for Schools.
Price 1s.

The Childhood of Reli-
gions. Including a Simple Account
of the Birth and Growth of Myths
and Legends. Third Thousand.
Crown 8vo. Cloth, price ss.

A Special Edition for Schools,
Price 15. 64,

Jesus of Nazareth. With a
brief Sketch of Jewish History to

the Time of His Birth. Small
crown 8vo. Cloth, price 6s.

COLERIDGE (Sara).

Pretty Lessons in Verse
for Good Children, with some
Lessons in Latin, in Easy Rhyme.
A New Edition. Illustrated. Fcap.
8vo. Cloth, price 35. 6.

Phantasmion. A Fairy Tale.
With an Introductory Preface by the
Right Hon. Lord Coleridge, of
Ottery St. Mary. A New Edition.
Hlustrated. Crown 8vo. Cloth,
price 75. 64.

COLERIDGE (Sara)—continned.
Memoirand Letters of Sara
Coleridge. Edited by her Daughter.
With Index. =2 vols. With Two
Portraits. Third Edition, Revised
and Corrected. Crown 8vo. Cloth,
price 24s.

Cheap Edition. With one Portrait.
Cloth, price 7s. 64.

COLLINS (Mortimer).

The Secret of Long Life.
Small crown 8vo. Cloth, price 35. 64.

Inn of Strange Meetings,
and other Poems. Crown &vo.
Cloth, price 5.

COLLINS (Rev. R.), M.A.
Missionary Enterprise in
the East. With special reference
to the Syrian Christians of Malabar,
and the results of modern Missions.
With Four Illustrations. Crown
8vo. Cloth, price 6s.

CONWAY (Hugh).
A Life’s Idylls. Small crown
8vo. Cloth, price 3s. 6.

COOKE (M. C.), M.A., LL.D.
Fungi; their Nature, Influ-
ences, Uses, &c. Edited by the Rev,
M. J. Berkeley, M.A., F.L.S.
With Illustrations. Second Edition.
Crown 8vo. Cloth, price 5s.

Volume XIV. of The International
Scientific Series,

COOKE (Prof. ]J. P.) ;
The New Chemistry. With
r Illustrations, Fourth Edition,
%rcmrn Bvo. Cloth, price gs.
Volume IX, of The International
Scientific Series.

Scientific Culture. Crown
8va. Cloth, price 1s.

COOPER (T. T.), F.R.G.5.

The Mishmee Hills: an
Account of a Journey made in an
Attempt to Penetrate Thibet from
Assam, to open New Routes for
Commerce. Second Edition. With
Four Illustrations and Map. Post
8vo. Cloth, price 1os. Gd.

COOPER (H.J.).
The Art of Furnishing on
Rational and /Esthetic Prin-
ciples. New and Cheaper Edition.
Fecap. 8vo. Cloth, price 15 64,



8 A List of

Fa

COPPE E (FFrangois).
L'Exil¢e. Done into English
Verse with the sanction of the Author
'L:}" I. O, L.. Crown 8vo. Vellum,
price ss,

CORY (Lieut. Col. Arthur).
The Eastern Menace; or,
Shadows of Coming Events.
Crown 8vo. Cloth, price gs.

Ione. A Poem in Four Parts.

Feap. 8vo. Cloth, price 5s.
CORY (William).

A Guide to Modern Eng-

lish I'I'i.:il‘.[]l':".{ Part 1. MDCCCXY.

—MDCCCX XX, Demy 8vo, Cloth,
pr;[;ﬂ L].'I-'.

Cosmos. .
A Poem. Fcap. 8vo. Cloth, price
35, b

COURTNEY (W. L.).
The Metaphysics of John
Stuart Mill, Crown 8vo. Cloth,
price g5, G,

COWAN (Rev. William). ,
Poems : Chiefly Sacred, in-
cluding Translations from some
Ancient Latin Hymns, Fcap. 8vo.
Cloth, price ss.

COX (Rev. Sir G. W.), Bart.
A History of Greece from
the Earliest Period to the end of the
Persian War. New Edition. 2 vols.
Demy 8vo. Cloth, price 36s.

The Mythology of the

Aryan MNations. New Edition. 2
vols. Demy 8ve. Cloth, price 28s.

A General History of Greece
from the Earliest Period to the Death
of Alexander the Great, with a sketch
of the subsequent History to the
present time. New Edition, Crown
8vo. Cloth, price 7s5. 6.

Tales of Ancient Greece,
MNew Edition. Small crown 8vo.
Cloth, price Gs.

School History of Greece.

With Maps. New Edition. Feap.
8vo. Cloth, price 35. 6d.

The Great Persian War
from the Histories of Herodotus.
New Edition. Fecap. 8vo. Cloth,
price 35. 6.

COX (Rev. Sir G. W.), Bart.—con-

fined,

A Manual of Mythology

in the form of Question and Answer.

New Edition, Fcap. 8vo. Cloth,
price 35,
COX (Rev. 8Sir G. W.), Bart.,

M.A.;, and EUSTACE HIN-
TON JONES.

Popular Romances of the

Middle Ages. Second Edition in
one volume. Crown 8vo. Cloth,
price G,

COX (Rev. Samuel).
Salvator Mundi; or, Is

Christ the Saviour of all Men? Sixth
Edition. Crown 8vo. Cloth, price s5s.

The Genesis of Evil, and
other Sermons, mainly Expository.
Crown Bvo. Cloth, price 6s.
CRAUFURD (A. H.).
Seeking for Light : Sermons.
Crown Bvo. Cloth, price ss.
CRESSWELL (Mrs. G.).
The King's Banner. Drama
in Four Acts. Five Illustrations.
4to, Cloth, price 105, 64,
CROMPTON (Henry).
Industrial Conciliation.
Feap. 8vo. Cloth, price 25, 64.
D ANVERS (N. R.).
The Suez Canal: Letters
and Documents descriptive of its
Rise and Progress in 1854-56. By
Ferdinand de Lesseps. Translated
by. Demy 8vo. Cloth, price 1os. 64,
Parted. A Tale of Clouds
and Sunshine. With 4 Illustrations.
Extra Feap, 8vo. Cloth, price 3s. 6d4.
Little Minnie's Troubles.
An Every-day Chronicle. With Four
Illustrations by W. H. Hughes.
Fcap. Cloth, price 3. 6d.
Pixie's Adventures; or, the
Tale of a Terrier. With 2 Illustra-
tions. 16mo. Cloth, price 45. 64.
Nanny's Adventures; or,
the Tale of a Goat. With 12 Illus-
trations. 16mo. Cloth, price 45. 6d.
DAVIDSON (Rev. Samuel), D.D.,
LL.D.
The New Testament, trans-
lated from the Latest Greek
Text of Tischendorf, A New and
thoroughly Revised Edition. Post
Bvo. 5Iolh, price 1o4. 6d.
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DAVIDSON(Rev. Samuel),D.D.,
LL.D.—continnued. 3
Canon of the Bible: Its
Formation, History, and Fluctua-
tions. Second Edition. Small crown
8vo. Cloth, price 5s.

DAVIES (G. Christopher),
Mountain, Meadow, and
Mere : a Series of Outdoor Sketches
of Sport, Scenery, Adventures, and
Natural History. With Sixteen II-
lustrations by Bosworth W. Har-
court. Crown 8vo, Cloth, price 6s.
Rambles and Adventures
of Our School Field Club. With
Four Illustrations. Crown B8vo.
Cloth, price ss.

DAVIES (Rev. J. L.), M.A.
Theology and Morality.

Essays on Questions of Belief and

Practice. Crown 8voe. Cloth, price
75, G,

DAVIES (T. Hart.).
Catullus. Translated into
English Verse. Crown 8vo. Cloth,
price s,

DAWSON (George), M.A,
Prayers, with a Discourse
on Prayer. Edited by his Wife.
Fifth Edition, Crown 8vo. Price 6s.
Sermons on Disputed
Points and Special Occasions,
Edited by his Wife. Third Edition.
Crown 8vo. Cloth, price 6s,
Sermons on Daily Life and
Duty. Edited by his Wife. Second
Edition. Crown 8vo. Cloth, price 6,

DE L'HOSTE (Col. E. P.).

The Desert Pastor, Jean
Jarousseau. Translated from the
French of Eugéne Pelletan. With a
Frontispiece. New Edition. Fcap.
8vo. Cloth, price 35. 6.

DENNIS (].).

English Sonnets. Collected
and Arranged. Elegantly bound.
Fcap. 8vo. Cloth, price 35. 6d.

DE REDCLIFFE (Viscount
Stratford), P.C., K.G., G.C.B,
Why am I a Christian ?
Fifth Edition. Crown 8vo. Cloth,
price 3s.

DESP&EZ{P]‘IH:’ 8.).

Daniel and John; or, the
Apocalypse of the Old and that of
the New Testament. Demy 8vo.
Cloth, price 125,

|
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DE TOCQUEVILLE (A.),
Correspondence and Con-
versations of, with Nassau Wil-
liam Senior, from 1834 to 1853
Edited by M. C. M. Simpson. 2
vols, Post 8vo. Cloth, price z1s.

DE VERE (Aubrey).

Legends of the Saxon
Saints. Small crown Svo, Cloth,
price 6s.

Alexander the Great. A
Drnmatic_ Poem. Small crown 8vo.

Cloth, price 55
The Infant Bridal, and
A New and En-

other Poems,
Fcap. 8vo. Cloth,

larged Edition.
price gs. 6a.
The Legends of St. Patrick,
and other Poems, Small crown
8vo. Cloth, price ss.
St. Thomas of Canterbury.
A Dramatic Poem. Large fcap. 8vo.
Cloth, price gs.
Antar and Zara : an Eastern
Romance. InisFaIL, and other
Poems, Meditative and Lyrical.
Fcap. 8vo. Price és.
The Fall of Rora, the
Search after Proserpine, and
other Poems, Meditative and Lyrical,
Fcap. 8vo. Price 63,

DOEBSON (Austin).
Vignettes in Rhyme and
Vers de Société. Third Edition.
Fcap. 8vo. Cloth, price 5§,
Proverbs in Porcelain. By
the Author of ““ Vignettes in Rhyme."
Second Edition. Crown 8vo.  6s.

DOWDEN (Edward), LL.D.
Shakspere: a Critical Study
of his Mind and Art. Fourth Edition.
Large post 8vo. Cloth, price 12s.
Studies in Literature, 178g-
1877. Large post 8vo. Cloth, pricerzs.
Poems. Second Edition.
Fcap. 8vo. Cloth, price gs.

DOWNTON (Rev. H.), M.A.
Hymns and Verses. Ori-
ginal and Translated. Small crown
8vo. Cloth, price 35. 6.

DRAFPER (]J. W.), M.D., LL.D,
History of the Conflict be=
tween Religion and Science.
Eleventh Edition. Crown 8vo. Cloth,
price ss.

Volume X 111. of The International
Scientific Series.
AZ
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DREW (Rev. G. §.), M.A,
Scripture Lands in con-
nection with their History.
Second Edition. 8vo. Cloth, price

IGF. %
MNazareth: Its Life and
Lessons., Third Edition. Crown

8vo. Cloth, price ss.
The Divine Kingdom on
Earth as it is in Heaven. Bvo.
Cloth, price 1os. 6d.
The Son of Man : His Life
and Ministry. Crown 8vo. Cloth,
price 7s. 6.

DREWRY (G. 0.), M.D.
The Common-Sense
Management of the Stomach.

Fifth Edition. Fcap. 8vo. Cloth,
price 2s5. 6d.

DREWRY (G. 0), M.D., and

BARTLETT (H. C.), Ph.D.,
F.C.S.
Cup and Platter: or, Notes
on Food and its Effects. New and
cheaper Edition. Small 8vo. Cloth,
price 15. 64.

DRUMMOND (Miss).

Tripps Buildings. A Slud{r
from Life, with Frontispiece. Small
crown Bvo. Cloth, price 35. 6.

DU MONGCEL (Count).

The Telephone, the Micro-
phone, and the Phanngraph
With 74 Illustrations. Small crown
Bvo. 4!{:111 price sé.

DURAND (Lady).

Imitations from the Ger-
man of Spitta and Terstegen.
Fecap. Bvo. Cloth, price 4s.

DU VERNOIS (Col. von Verdy).
Studies in leading Troops.
An authorized and accurate Trans-
lation by Lieutenant H. J. T.
Hild ard, 7i1st Foot. Parts I. and

emy 8vo. Cloth, price 7s.

EDEN (Frederick).

The Nile without a
Dragoman. Second Edition.
Crown 8vo. Cloth, price 75. 64.

EDMONDS (Herbert).

Well Spent Lives : a Series
of Modern Biographies. Crown &vo.
Price 55,

Educational Code of the
Prussian Nation, in its Present
Form. In accordance with the
Decisions of the Common Provincial
Law, and with those of Recent
Legislation. Crown &vo. Cloth,
price 25, 6.

EDW&RDE (Rev. Basil).
Minor Chords; or, Songs
for the Suffering: a Volume of
Verse. Fcap. 8vo. Cloth, price
5. 6. 1 paper, price 2s5. 6d.
iLIDT {Lad:,r Charlotte).
Medusa and other Poems.
Crown 8vo. Cloth, price &s.

ELLIOTT (Ebenezer), The Corn-
Law Ehymer.

Poems, Edited by his Son,
the Rev. Edwin Elliott, ﬂ-[ St. John's,
Antigua. =2 vols, Cruwn Bvo. Cloth,
price 185,
ELSDALE (Henry).
Studies in Tennyson’'s
Idylls, Crown 8vo. Clmh, price 55.
Epic of Hades (The).
Ey the author of “ Songs of Two
Worlds.” Ninth and finally revised
Edition. Fcap.8vo. Cloth, priceys.6d.
* ¥ Also an Illustrated Edition with
seventeen full-page designs in photo-
mezzotint by GEoRGE R. CHAPMAN.
4to. Cloth,extra gilt leaves, price 255.
Eros Agonistes.
Poems. By E. B. D.
Cloth, price 35. 6.
Essays on the Endowment
of Research.
By Various Writers.
Square crown Svo.
1085, 6.
EVANS (Mark). :
The Gospel of Home Life.

Crown 8vo. Cloth, price 4s. 6d.
The Story of our Father's
Love, told to Children. Fourth
and Cheaper Edition. With Four
Illustrations. Fcap. 8vo. Cloth,
price 1s. 6.

A Bookof Common Prayer
and Woership for Household
Use, compiled exclusively from the
Hﬂl}" Scriptures. Feap. 8vo. Cloth,
price z25. 6.4,

The King's Story Book.

In three parts. Fcap. 8vo. Cloth,
yrice 15. b, each. :

ot Part 1., with four illustrations
and Picture Map, now ready.

Feap. 8vo.

Cloth, price
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EX-CIVILIAN,

Life in the Mofussil; or,
Civilian Life in Lower Bengal. 2
vols. Large post 8vo. Price 145
EYRE (Maj.-Gen, Sir V.), C.B.,
K.C.8.1., &c.

Lays of a Knight-Errant
in many Lands. Square crown

8vo. With Six Illustrations., Cloth,
price 75. 6.

FARQUHARSON (M.).
I. Elsie Dinsmore. Crown

8vo. Cloth, price 3s5. 64.

II. Elsie’s Girlhood. Crown
8vo. Cloth, price 3s5. 64,

I11. Elsie’s Holidays at
Roselands. Crown 8vo,
Cloth, price 3s. 6d.

FERRIS (Henry Weybridge).
Poems. Fcap. 8vo. Cloth,
price 5r.

FIELD (Horace), B.A. Lond.
The Ultimate Triumph of
Christianity. Small crown 8vo.
Cloth, price 3s. 64.

FINN (the late James), M.R.A.S.

Stirring Times; or, Records
from Jerusalem Consular Chronicles
of 1853 to 1856. Edited and Com-
piled by his Widow. With a Preface
by the Viscountess STRANGFORD.
=z vols. Demy 8vo. Price 305.

FLEMING (James), D.D.

Early Christian Witnesses;
or, Testimonies of the First Cen-
turies to the Truth of Christianity.
Small crown 8vo. Cloth, price 35. 64,
Folkestone Ritual Case
The). The Argument,Pm-ceedin%::,
udgment, and Report, revised by
the several Counsel engaged. Demy
8vo. Cloth, price 255,
FOOTMAN (Rev. H.), M .A.
From Home and Back; or,
Some Aspects of Sin as seen in the
Light of the Parable of the Prodigal.
Crown Bvo. Cloth, price 5s.
FOWLE (Rev. Edmund).
Latin Primer Rules made
Easy. Crown 8vo. Cloth, price 3s.

Co.'s Publications. 11

FOWLE (Rev. T, W.), M.A.
The Reconciliation of Re-
ligion and Science. Being Essays
on Immortality, Inspiration, Mira-
cles, and the Being of Christ. Demy
8vo. Cloth, price 105, 6.

The Divine Legation of
Christ. Crown &vo. Cloth, price 7s.

FOX-BOURNE (H. R.)
The Life of John Locke,
1632—1704. =2 vols. Demy 8vo.
Cloth, price 28s. 4

FRASER (Donald),
Exchange Tables of Ster-
ling and Indian Rupee Cur-
rency, upona new and extended sys-
tem, embracing Values from One
Farthing to One Hundred Thousand
Pounds, and at Rates progressing, in
Sixteenths of a Penny, from 15. od. to
25. . per Rupee. Royal 8vo.
Cloth, price 105, 6.

FRISWELL (]. Hain).
The Better Self. Essays for
Home Life. Crown 8vo. Cloth,
Price bs,
One of Two; or, A Left-
Handed Bride. With 4 Frontis-
piece. Crown 8vo. Cloth, price 35 64

FYTCHE (Lieut.-Gen. Albert),

C.5.1., late Chief Commissioner of
British Burma.
Burma Past and Present,
with Personal Reminiscences of the
Country. With Steel Portraits, Chro-
molithographs, Engravings on Wood,
and Map. zvols. Demy 8vo. Cloth
price 305,

GAMBIER (Capt. J. W.), R.N.
Servia, Crown 8vo. Cloth,
price 55,

GARDNER (H.).

Sunflowers. A Book of
Verses. Feap. Bvo. Cloth, price ss.

GARDNER (].), M.D.
Longevity: The Means of
Prolonging Life after Middle
Age. Fourth Edition, Revised and
Enlarged. Small crown 8ve. Cloth,
Price 4x5.

GARRETT (E.).

By Still Waters. A Story
for Quiet Hours. With Seven Illus-
trations. Crown 8vo. Cloth, price 6s.
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GEBLER (Karl Von).
Galileo Galilei and the

REoman Curia, from Authentic
Sources. Translated with the sanc-
tion of the Author, by Mrs. GEORGE
SturcE, Demy 8vo. Cloth, price 125,

GEDDES (James).

History of the Administra-
tion of John de Witt, Grand Pen-
sionary of Holland, Vol. I. 1623—

1654. Demy 8vo., with Portrait.
Cloth, price 15s.

G. Hl Tl
Verses, mostly written in

India. Crown 8vo. Cloth, price 6s.
GILBERT (Mrs.).

Autobiography and other
Memorials. Edited by Josiah
Gilbert. Third Edition. With Por-
trait and several Wood Engravings.
Crown 8vo. Cloth, price 7s. 6d.

GILL (Rev. W. W.), B.A.

Myths and Songs from the
South Pacific. With a Preface by
F. Max Miiller, M.A., Professor of
Comparative Philology at Oxford.
Post 8vo. Cloth, price gs.

GLOVER (F.), M.A. ’
Exempla Latina. A First
Construing Book with Short Notes,
Lexicon, and an Introduction to the
Analysis of Sentences. Fcap. 8vo.
Cloth, price 2s.

GODWIN (William). '
William Godwin: His
Friends and Cuntemporaries.
With Portraits and Facsimiles of the
handwriting of Godwin and his Wife.
By C. Kegan Paul. = vols. Demy
8vo. Cloth, price 28s.

The Genius of Christianity
Unveiled. Being Essays never
before published. Edited, with a
Preface, by C. Kegan Paul. Crown
8vo. Cloth, price 7s. 6.

GOETZE (Capt. A. von)
Operations of the German
Engineers during the War of
1870-1871. Published by Authority,
and in accordance with Official Docu-
ments. Translated from the German
by Colonel G. Graham, V.C., C.B.,
R.E. With 6 large Maps. Demy
8vo. Cloth, price 215

GOLDIE (Lieut. M, H. G.)
Hebe: a Tale. Fcap, 8vo,
Clath, price ss.

GOLDSMID (Sir Francis Henry).
Memoir of. With Portrait.
Crown 8vo. Cloth, price ss.

GOODENOUGH g:nmmm!oﬂ: I
G.), R.N., C.B,, C.M.G.
Memoir of, with Extractsfrom
his Letters aui‘?}aurnals, Edited by
his Widow. ith Steel Engraved
Portrait. Square Bvo. Cloth, ss.

*«* Also a Library Edition with
Maps, Woodcuts, and Steel En-
graved Portrait. Sguare post 8vo.
Cloth, price z4s.

GOSSE (Edmund W.).

Studies in the Literature of
Northern Europe. Witha Frontis-
piece designed and etched by Alma
ladema. TLarge post 8vo. Cloth,
price 12s.

New Poems.
Cloth, price 75, 6.

GOULD (Rev. 5. Baring), M. A,
Germany, Present and Past.
z Vols. Demy 8vo. Cloth, price z1s.

The Vicar of Morwenstow:
a Memoir of the Rev. R. S. Hawker.
With Portrait. Third Edition, re-
vised. Square post8vo. Cloth, 1os. 6d.
GRANVILLE (A. B), M.D,
F.R.8., &c.
Autobiography of A. B.
Granville, F. R. S., &c. Edited,
with a briefAccount of the concluding
Years of his Life, by his youngest
Daughter, Paulina I{ Granville, =2
vols. With a Portrait. Second Edi-
tion. Demy 8vo. Cloth, price 325.
GREY (John), of Dilston.
John Grey (of Dilston):
Memoirs. By Josephine E. Butler.
Wew and Revised Edition. Crown
8vo. Cloth, price 35. 64.
GRIFFITH (Rev. T.), A M.
Studies of the Divine Mas-
ter. Demy 8vo. Cloth, price 125.
GRIFFITHS (Capt. Arthur).
Memorials of Millbank,and
Chapters in Prison History.
With Illustrations by E. Goff and

the Author. 2vols. Post8vo. Cloth,
price 21s.

Crown 8vo.
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GRIMLEY (Rev. H. N.), M.A.
Tremadoe Sermons, chiefly
on the SeiriTuAL Bopy, the UNsEEN
WorLp, and the Diving HumaniTy.
Second Edition. Crown 8vo. Cloth,
price 61,

GRUNER (M, L.).

Studies of Blast Furnace
Phenomena. Translated by L. ID.
B. Gordon, F.R.S.E., F.G.5. Demy
8vo. Cloth, price 75. 64.

GURNEY (Rev. Archer).
Words of Faith and Cheer.
A Mission of Instruction and Sugges-
tion. Crown 8vo. Cloth, price 6s.

Gwen: A Drama in Mono-
logue, By the Author of the ** Epic
of Hades.” Second Edition. Feap.
Bvo. Cloth, price 5s.

HAECKEL (Prof. Ernst).

The History of Creation.
Translation revised by Professor E.
Ray Lankester, M.A., F.R.5. With
Coloured Plates and Genealogical
Trees of the various groups of both
plants and animals. = vols, Second
Edition. Post Bvo. Cloth, price 325,
The History of the Evolu-
tion of Man. With numerous Il-
lustrations. =2 vols. Large post 8vo.
Cloth, price 3zs.

Freedom in Science and
Teaching. From the German of
Ernst Haeckel, with a Prefatory
Note by T. H. Huxley, F.R.S.
Crown Bvo. Cloth, price =5,

HAKE (A. Egmont).

Paris Originals, with twenty
etchings, by Léon Richeton. Large
post 8vo. Cloth, price 145,

Halleck’'s International
Law; or, Rules Regulating the
Intercourse of States in Peace and
War. A New Edition, revised, with
Motes and Cases. By Sir Sherston
Baker, Bart. =z wvols. Demy 8vo.
Cloth, price 38s.

HARCOURT (Capt. A, F. P.).
The Shakespeare Argosy.
Containing much of the wealth of
Shakespeare's Wisdom and Wit,
alphabetically arranged and classi-
fied. Crown Bvo. Cloth, price 6s.

HARDY (Thomas).

A Pair of Blue Eyes, New
Edition. With Frontispiece, Crown
8vo. Cloth, price 6s.

HARDY (Thomas)—continued.
The Return of the Native,
New Edition, With Frontispiece.
Crown 8vo, Cloth, price 6s.

HARRISON (Lieut.-Col, R.).
The Officer's Memoran-
dum Book for Peace and War.
Second Edition. Oblong 32mo.
roan, elastic band and pencil, price
3s. 64 ; russia, ss.

HAWEIS (Rev. H. R}, M.A.
Arrows in the Air. Crown
8vo. Second Edition. Cloth, price fis.

Current Coin. Materialism—
The Devil—Crime—Drunkenness—
Pauperism—Emotion—Recreation—
The Sabbath. Third Edition. Crown
8vo. Cloth, price 6s.

Speech in Season. Fourth
Edition. Crown 8vo. Cloth, price gs.

Thoughts for the Times.
Eleventh Edition. Crown 8vo. Cloth,
price 75 64,

Unsectarian Family
Prayers. New and Cheaper Edition.
Feap. 8vo. Cloth, price 1s5. 64.

HAWEER (Robert Stephen).
The Poetical Works of.
Now first collected and arranged
with a prefatory notice by J. G.
Godwin. With Portrait. Crown 8vo.
Cloth, price rzs,

HELLWALD (Baron F. von).
The Russians in Central
Asia. A Critical Examination,
down to the present time, of the
Geography and History of Central

Asia,  Translated by Lieut.-Col.
Theodore' Wirgman, LL.B, Large
post 8vo. With Map., Cloth,
price 1z,

HELVIG (Major H.).
The Operations of the Ba-
varian Army Corps. Translated
by Captain G. 8. Schwabe. With
Five large Maps, Inzvols. Demy
8vo. Cloth, price z4s.

Tactical Examples: Vol, 1.
The Battalion, price15s. Vol I1. The
Regiment and Brigade, price 10s. 64.
Translated from the German by Col.
Sir Lumley Graham. With numercus
Diagrams. Demy 8va. Cloth.
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HERFORD (Brooke).
The Story of Religion in

England. A Book for Young Folk.
Crown Bvo. Cloth, price ss.

HEWLETT (Henry G.).

A Sheaf of Verse,
Bvo. Cloth, price 3s. 64

HINTON (James).
Life and Letters of. Edited
by Ellice Hopkins, with an Introduc-
tion by Sir W. W. Gull, Bart., and
Portrait engraved on Steel by C. H.
Jeens. Second Edition. Crown 8vo.
Cloth, 8s. 64.

Chapters on the Art of
Thinking, and other Essays.
With an Introduction by Shadworth
Hodgson. Edited by C. H. Hinton,
Crown Bveo. Cloth, price Bs. 64.

The Place of the Physician.
To which 15 added Essays oN THE
Law oF Human LIFE, AND ON THR
RELATION BETWEEN (JRGANIC AND
InorGANIC WoRLDs, Second Edi-
tion. Crown 8vo. Cloth, price 35. 64.

Physiology for Practical
Use. By various Writers. With 5o
Illustrations. z vols. Second Edition.
Crown 8vo. Cloth, price 125 64,

An Atlas of Diseases of the
Membrana Tympani. With De-
scriptive Text. Post 8vo. Price £6 65,

The Questions of Aural
Surgery. With Illustrations. z vols.
Post 8vo., Cloth, price 125 64,

Feap.

The Mystery of Pain.
New Edition, Fr,:::tp. Bva. Cloth
limp, 15,

HOCKLEY (W. B.).

Tales of the Zenana; or,
A Nuwal's Leisure Hours. By the
Authorof “* Pandurang Hari.” With
a Preface by Lord Stanley of Alder-
Euy. z wvols. Crown 8vo. Cloth,
price z2rs.

Pandurang Hari; or, Me-
moirs of a Hindoo. A Tale of
Mahratta Life sixty years ago. With
a Preface by Sir H. Bartle E.
Frere, G.C.5.1., &c New and
Cheaper Edition. Crown 8vo. Cloth,
price 6s.

HOFFBAUER (Capt.).

The German Artillery in
the Battles near Metz, PBased
on the official reports of the German
Artillery. Translated by Capt. E.
0. Hollist. With Map and Plans,
Demy 8vo. Cloth, price z1s,

HOLMES (E. G. A)).

Poems. First and Second Se-
ries, Fcap.8vo. Cloth, pricess.each.

HOLROYD (Major W. R, M.).
Tas-hil ul Kilim; or,
Hindustani made Easy, Crown 8vo.
Cloth, price ss.

HOOPER (Mary).

Little Dinners: How to
Serve them with Elegance and
Economy. Thirteenth Edition.
Crown 8vo. Cloth, price ss.

Cookery for Invalids, Per-
sons of Delicate Digestion, and
Children. Crown 8vo. Cloth, price
35. 6.

Every-Day Meals. Being
Economical and Wholesome Recipes
for Breakfast, Luncheon, and Sup-
per. Second Edition. Crown 8vo.
Cloth, price ss.

HOOPER (Mrs. G.).
The House of Raby., With

a Frontispiece. Crown 8vo. Cloth,
price 35. G

HOFPKINS (Ellice).

Life and Letters of James
Hinton, with an Introduction by Sir
W. W. Gull, Bart., and Portrait en-

aved on Steel by C. H. Jeens.
second Edition. Crown 8vo. Cloth,
price 8s5. 64

HOPKINS (M.).
The Port of Refltge; or,

Counsel and Aid to Shipmasters in
Difficulty, Doubt, or Distress. Crawn
8vo. Second and Revised Edition.
Cloth, price 6s.

HORNE (William), M.A.

Reason and Revelation :
an Examination into the Nature and
Contents of Scripture Revelation, as
compared with other Forms of Truth.
Demy 8vo. Cloth, price 125,
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HORNER (The Misses).
Walks in Florence. A New
and thoroughly Revised Edition. =2
vols. Crown 8vo. Cloth limp. With
Illustrations.

Vol. 1.—Churches, Streets, and
Palaces, 108 64, Vol I1.—Public
Galleries and Museums. 55

HOWELL (James).
A Tale of the Sea, Son-
nets, and other Poems. Feap.
8vo. Cloth, price ss.

HUGHES (Allison).
Penelope and other Poems.
Fcap. 8vo. Cloth, price 45. 64,

HULL (Edmund C. P.).

The European in India.
Witha MepicaL GUIDE FOR ANGLO-
Immians. By K. R. 5. Mair, M.D.,
F.E.C.5E. Third Edition, Revised
and Corrected. Post 8vo. Cloth,
price 6s.

HUTCHISON (Lieut.-Col. F. ].),
and Capt.G. H. MACGREGOR.
Military Sketching and Re-
connaissance. With Fifteen Plates.
Small 8ve. Cloth, price 6s.

The first Volume of Military Hand-
books forRegimental Officers. Edited
by Lieut.-Col.C, B. BRACKENBURY,
R.A., AA.G.

HUTTON (Arthur), M.A.
The Anglican Ministry. Its
Mature and Value in relation to the
Catholic Priesthood. With a Pre-
face by his Eminence Cardinal New-
man. Demy 8vo. Cloth, price 145.
HUXLEY (Prof.)
The Crayfish: An Intro-
duction to the Study of Foology.
With Eighty-twe Illustrations.
Crown 8vo. Cloth, price 6s.
YVolume XX VIII. of the Interna-
tional Scientific Scientific Series.
INCHBOLD (]. W.).
Annus Amoris. Sonnets.
Fcap. 8vo. Cloth, price 45. 64.

INGELOW (Jean).
Off the Skelligs. A Novel.
With Frontispiece. Second Edition,
Crown 8vo. Cloth, price 6s.
The Little Wonder-horn.

A Second Series of ** Stories Told to
a Child.” With Fifteen 1llustrations,
Small 8vo. Cloth, price 25 64,

Indian Bishoprics, By an
Indian Churchman. Demy 8vo. 64.

International Scientific

Series (The).

1. Forms of Water: A Fami-
liar Exposition of the Origin and
Phenomena of Glaciers. By ]J.
Tyndall, LL.I},, F.R.S. With 25
Ilustrations. Sl.vmth Edition. Crown
Bvo. Cloth, price ss.
II. Physics and Politics ; or,
Thoughts on the Application of the
Principles of “ Natural Selection”
and ‘‘ Inheritance” to Political So-
ciety, Dy Walter Bagehot. Fourth
Edition. Crown8vo. Cloth, price 4s.
I11. Foods. By Edward Smith,
M.D., &e. With numerous Tlius-
trations. Fifth Edition. Crown 8vao.
Clath, price ss.
IV. Mind and Body: The Theo-
ries of their Relation. By Alexander
Bain, LL.D. With Four Illustra-
tions. Sixth Edition. Crown 8vo.
Cloth, price 4s.
V. The Study of Sociolo
lwHerbert Spencer. SeventhEdition.
Crown 8vo. Cloth, price gs.
VI. On the Conservation of
Energy. H% Balfour Stewart,
LL.D., &e. With 14 Illustrations.
Fifth Edition. Cloth,
rice gs,

II. Hn:ma! Locomotion ; or,
Walking, Swmlmmg. and Flying.
By J. B. Pettigrew, M.D., &c. Wit
r3o Illustrations. Secund Edition.
Crown Bvo. Cloth, price ss.

VIII. Responsibility in Mental
Disease. By Henry Maudsley,
M.D. Third Edition. Crown 8vo.
Cloth, price ss.

IX. The New Chemistry. By
Professor J. P. Cooke, With 31 Illus-
trations. Fourth Edition. Crown 8vo.
Cloth, price ss.

X. The Science of Law. By
Prof. Sheldon Amos. Third Edition.
Crown 8vo, Cloth, price ss.

¥I. Animal Mechanism. A
Treatise on Terrestrial and Aerial
Locomotion. By Prof. E. J. Marey.
With 117 Illustrations. Second
Edition. Crown 8vo. Cloth, price zs.

XII. The Doctrine of Descent
and Darwinism. By Prof. Oscar

Crown 8vo.

Schmidt. With =26 Illustrations.
Third Edition. Crown 8vo. Cloth,
price gs,
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International Scientific
Series (The)—continued.

K_III. The Hiatnr}r of the Con-
flict between Religion and Sci-
ence, HT J: W. Draper, M.D.,
LL.D. Eleventh Edition. Crown
8vo. Cloth, price 5s

XIV. Fungi; their Nature, In-
fluences, Uses, &c. By M. C.
Cooke, LL.D. Edited by the Rev.
M. J. Berkeley, F.L.S. With nume-
rous Illustrations. Second Edition,
Crown 8vo. Cloth, price 5s.

XV. The Chemical Effects of
Light and Photography. By Dr.
Hermann Vogel. With 100 Illustra-
tions. Third and Revised Edition.
Crown 8vo. Cloth, price ss.

X¥1. The Life and Growth of
Language. By Prof. William
Dwight Whitney. Second Edition.
Crown 8vo. Cloth, price ss.

XVII. Money and the Mecha-
nism of Exchange. By W. Stan-
ley Jevons, F.R.S. Fourth Edition.
Crown 8vo. Cloth, price ss.

XVIII. The Mature of Light:
With a General Account of Physical
Optics. By Dr. Eugene Lommel.
With 188 Illustrations and a table of
Spectra  in  Chromo- lithography.
Second Edition. Crown 8vo. CI:}EE,
price gs.

XIX. Animal Parasites and
Messmates. Ey M. Van Beneden.
With 83 Illustrations. Second Edi-
tion. Crown 8vo. Cloth, price ss.
XX. Fermentation. Ey Prof.
Schiitzenberger. With 28 Illustra-
tions. Second Edition. Crown 8vo.
Clath, price =5,

XXI. The Five Senses of Man.
By Prof. Bernstein. With gz Illus-
trations. Second Edition. Crown
Bvo. Cloth, price ss.

XXII. The Theory of Sound in
its Relation to Music. By Prof.
Pietro Blaserna. With numerous
Illustrations. Second Edition. Crown
8vo. Cloth, price ss.

XXIII. Studies in Spectrum
Analysis. By J. Norman Lockyer.
F.R.5. With six photographic Il-
lustrations of Spectra, and numerous
engravings on wood. Crown Bvo.
Second Edition. Cloth, price 6s. 6.
XXIV. A History of the Growth
of the Steam Engine. By Prol
E. H. Thurston. ith numerous
INustrations. Second Edition. Crown
8vo. Cloth, price 6s. 6.

International Scientific

Series (The)—continued,

XXV. Education as a Science,
By Alexander Bain, LL.D, Third
Edition. Crown 8vo. Cloth, price zs.

XEVI. The Human Species,
Dy Prof. A. de Quatrefages. F;E::ccmd
Edition. Crown 8vo. Cloth, price ss.

XXVII. Modern Chromatics,
With Applications to Art and Indus-
try, by Ogden N. Rood. With 130
original [llustrations. Crown 8vo.
Cloth, price ss.

KXVIII. The Crayfish : an Intro-
duction to the Study of Zoology. By
Prof. T. H. Huxley. With eighty-
twao Illustrations. Crown 8ve, Cloth,
price 6s,

Forthcoming Volumes.,
Prof. W. Kincpon CrLirrorp, M. A,
The First Principles of the Exact
Sciences explained to the Non-ma-
thematical.

W. B. CareenTER, LL.D., F.R.S.
The Physical Geography of the Sea.
Sir ﬁllﬂ' Lueeock, Bart.,, F.R.5.
On Ants and Bees.

Prof. W. T. THiseLTon Dver, B.A.,
B.Sc. Form and Habit in Flowering
Plants.

Prof. MichaeL Foster, M.D. Pro-
toplasm and the Cell Theory.

H. CharLTOoN Bastian, M.D.,
ETRdS The Brain as an Organ of
ind.

Prof. A. C. Ramsay, LL.D., F.R.8.
Earth Sculpture: Hills, Valleys,
Mountains, Plains, Rivers, Lakes:
how they were Produced, and how
they have been Destroyed.

P. BerT (Professor of Physiology,
Paris). Forms of Life and other
Cosmical Conditions.

The Rev. A Seccur, D.J., late
Director of the Observatory at Rome.
The Stars.

Pr{:f.lJ. RosENTHAL, of the Univer-
sity of Erlangen. General Physiology
of Muscles and Nerves.

Francis Gavrton, F.R.S5. Psyche-
metry.

J. W. Jupp, F.R.S. The Laws of
Volcanic Action.

Prof. F. N. Barrour. The Em-
bryonic Phases of Animal Life,
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International Scientific
Series (The)—continued.
J. Luvs, Physician to the H{)S}t‘lipl:
de la Salpétriere. The Brain and its
Functions. With Illustrations.
Dr. CArL SEMPER. Animals and
their Conditions of Existence.
Prof. WurTtz. Atoms and the
Atomic Theory.
GeorGe J. Romanes, F.L.S. Ani-
mal Intelligence.
AvLFrRep W. Benxerr. A Hand-
book of Cryptogamic Botany.

JACKSON (T. G.).
Modern Gothic Architec-
ture. Crown 8vo. Cloth, price ss5.
JACOB (Maj.-Gen. Sir G. Le
Grand), H.é.S;I., C.B.
Western India before and
during the Mutinies. Pictures
drawn from life. Second Edition.
Crown 8vo. Cloth, price 7s. 6d.
JENKINS (Rev. Canon).
The Girdle Legend of Prato,

Small crown 8vo. Cloth, price 2s.

JENKINS (E.) and RAYMOND
U!‘}, EEqSH
Legal Handbook for
Architects, Builders, and Build-
ing Owners. Second Edition Re-
vised. Crown 8vo., Cloth, price 6.

JENKINS (Rev. R. C.), M.A.
The Privilege of Peter and
the Claims of the Roman Church
confronted with the Scriptures, the
Councils, and the Testimony of the
Popes themselves, Fcap. 8vo. Cloth,
price 3s5. 64.

JENNINGS (Mrs. Vaughan).
Rahel : Her Life and Let-
ters. With a Portrait from the
Painting by Daffinger. Square post
8vo. Cloth, price 75. 64.

Jeroveam’s Wife and other
Poems. Fcap. 8vo. Cloth, price
35, 6d.

JEVONS (W, Stanley), M.A.,
F.R.8.

Money and the Mechanism
of Exchange. Fourth Edition.
Crown 8vo. Cloth, price =s.

VolumeXVII. of The International
Scientific Series.

| JOEL (L))

A Consul's Manual and
Shipowner's and Shipmaster's Prac-
tical Guide in their Transactions
Abroad.  With Definitions of Nauti-
cal, Mercantile, and Legal Terms ;
a Glossary of Mercantile Terms in
English, French, German, Italian,
and Spanish. Tables of the Money,
Weights, and Measures of the Prin.
cipal Commercial Nations and their
Equivalents in British Standards :
and Forms of Consular and Notarial
Acts. Demy 8vo. Cloth, price ras.

JOHNSTONE (C. F.), M.A.
Historical Abstracts. Bein
Outlines of the History of some o
the less-known States™ of Europe.
Crown 8vo. Cloth, price 7s. 64,

JONES (Lucy).
Puddingsand Sweets, Being
Three Hundred and Sixty-Five

eceipts approved by Experience,

Crown 8vo., price 25, 64,

JOYCE (P. W.), LL.D., &c.
Old Celtic Romances,
Translated from the Gaelic by.
Crown 8vo. Cloth, price 75 64

KAUFMANN (Rev. M.), B.A,
Utopias; or, Schemes of
Social Improvement, from Sir
Thomas More to Karl Marx. Crown
8vo. Cloth, price ss. )
Socialism : Its Nature, its
Dangers, and its Remedies con-
sidered. Crown 8vo. Cloth, price 75. 6.

KAY (Joseph), M.A., Q.C.
Free Trade in Land,
Edited by his Widow. With Preface
by the Right Hen. John Bright,
M. P. Third Edition. Crown 8vo.
Clath, price gs.

KER (David). ’
The Boy Slave in Bokhara,
A Tale of Central Asia. With Illustra-
tions. Crown 8vo. Cloth, price 35. 64.

The Wild Horseman of
the Pampas. Illustrated. Crown
8vo. Cloth, price 3r. 64.
KERNER (Dr. A.), Professor of
Botany in the University of
Innsbruck. : :
FlowersandtheirUnbidden
Guests. Translation edited by W.
OcLe, M.A., M.D., and a prefato
letter by C. Darwin, F.R.5. With I|-
lustrations. Sq.8vo. Clath, price gs.
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KIDD (Joseph), M.D,
The Lawsof Therapeutics,
or, the Science and Art of Medicine.
Crown 8vo. Cloth, price 6s.

KINAHAN(G. Henry), M.R.L.A.,
&c., of her Majesty's Geological
Survey.
Manual of the Geology of
Ireland. With 8 Plates, 26 Weod-
cuts, and a Map of Ireland, geologi-
cally coloured. Square 8vo. Cloth,
price 155,

KING (Alice).

A Cluster of Lives.
8vo. Cloth, price 7s. 64
KING (Mrs. Hamilton).

The Disciples. A Poem.
Third Edition, with some Notes,

Crown 8vo. Cloth, price 7s. 64.
Aspromonte, and other
Poems. Second Edition. Fcap.
8vo. Cloth, price 45. 6.

KINGSLEY (Charles), M.A.
Letters and Memories ot
his Life. Edited by his Wire.
With 2 Steel engraved Portraits and
numerous Illustrations on Wood, and
a Facsimile of his Handwriting.
Thirteenth Edition. =z vols. Demy
8va. Cloth, price 36s.

#.* Also a Cabinet Edition in =
vols. Crown 8vo. Cloth, price 12s.
All Saints’ Day and other
Sermons. Second Edition. Crown

Crown

Bvo. Cloth, 75 6d.

True Words for EBrave
Men: a Book for Seldiers’ and
Sailors' Libraries. Fifth Edition,

Crown 8vo. Cloth, price 25. 6d.
KNIGHT (A. F. C.).

Poems. Fcap. 8vo. Cloth,

price ss.

KMIGHT (Professor W.).
Studies in Philosophy and
Literature. Large post 8vo. Cloth,
price 7s. 6d.

LACORDAIRE (Rev. Pére).
Life: Conferences delivered
at Toulonse. A New and Cheaper
Edition. Crown8vo. Cloth, price 35.64.

Lady of Lipari (The).
A Poem in Three Cantos.
8va. Cloth, price 55

LAIRD-CLOWES (W.).
Love's Rebellion: a Poem,
Fcap. 8vo. Cloth, price 3s. 64,

Fcap.

LAMONT (Martha MacDonald).
The Gladiator: A Life under

the Roman Empire in the beginning
of the Third Century. With four
Illustrations by H, M. Paget. Extra
fcap. 8vo. Cloth, price 3s. 6.
LAYMANN (Capt.).

The Frontal Attack of

Infantry. Translated by Colonel
Edward Newdigate. Crown B8vo.
Cloth, price z5. 6.

LEANDER (Richard).

Fantastic Stories. Trans-

lated from the’ German by Paulina
B. Granville. With Eight full-page
Illustrations by M. E. Fraser-Tytler.
Crown 8vo. Cloth, price ss.

LEE (Rev. F. G.), D.C.L.
The Other World; or,

Glimpses of the Su&:ematumi. z vols.
A New Edition. Crown 8vo. Cloth,
price I5s.

LEE (Holme).

Her Title of Honour. A
Book for Girls. New Edition. With
a Frontispiece. Crown Bvo. Cloth,
price 55,

LENOIR (J.).
Fayoum; or, Artists in Egypt.
A Tour with M. Gérome and others.
With 13 Illustrations. A New and
Cheaper Edition. Crown Bva. Cleoth,
price 35. G,

LEWIS (Edward Dillon).

A Draft Code of Criminal
Law and Procedure, Demy Evo.
Cloth, price z1s.

LEWIS (Mary A.).

A Rat with Three Tales.
With Four Illustrations hiCat_herint
F.Frere. Crown 8vo. Cloth, price ss.
LINDSAY(W. Lauder), M.D_, &c.

Mind in the Lower Animals
in Health and Disease. 2z vols.
Demy Bvo.  Cloth, price 325

LOCKER (F.).
London Lyrics. A Newand
Revised Edition, with Additions and
a Portrait of the Author. Crown 8vo.
Cloth, elegant, price 6s.
Also, a Cheaper Edition. Fcap.
8vo. Cloth, price 2s. 6d.
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LOCKYER (J. Norman), F.R.S.
Studies in Spectrum Ana-
lysis; with six photographic illus-
trations of Spectra, and numerous
engravings on wood. Second Edi-
tion. Crown 8vo. Cloth, price 6s. 64,

Vol. XXIII. of The International
Scientific Series.

LOMMEL (Dr. E.).

The Nature of Light: With
a General Account of Physical Optics.
Second Edition. With 188 Illustra-
tions and a Table of Spectra in
Chromo-lithography. Second Edi-
tion. Crown 8vo. Cloth, price 5s.

Volume XVIII. of The Interna-
tional Scientific Series.

LONSDALE (Margaret).

Sister Dora. A Bmgraphgf,
with Portrait engraved on steel by
C. H. Jeens, and one illustration.
Twelfth edition. Crown 8vo. Cloth,
price 6s.

LORIMER (Peter), D.D,

John Knox and the Church
of England : HisWork in her Pulpit,
and his Influence upon her Liturgy,

Articles, and Parties. Demy 8vo.
Cloth, price 128,
John Wiclif and his

English Precursors, by Gerhard
Victor Lechler. Translated from
the German, with additional Notes,
2 vols. Demy 8vo. Cloth, price 21s.

LOTHIAN (Roxburghe).
Dante and Beatrice from

1282 to 1200. A Romance. 2z vols.
Post 8vo. Cloth, price Z45.

LOWNDES (Henry).
Poems and Translations,

Crown 8vo. Cloth, price 6s.
LUCAS (Alice).
Translations from the

Works of German Poets of the
18th and 1g9th Centuries, Fcap.
8vo. Cloth, price ss.
MAC CLINTOCE (L.).
Sir Spangle and the Dingy
Hen. Illustrated. Square crown
Bvo., price =25, 6.
MACDONALD (G.).
Malcolm, With Portrait of
the Author engraved on Steel. Fourth
Edition. Crown 8vo. Price 6s.
The Marquis of Lossie.
Second Edition. Crown 8va. Cloth,
price 6s.

MACDONALD (G.)—continued,
St. George and St. Michael,
Second Edition. Crown 8vo, Cloth, 6s.

MACKENNA (S. ].).

Plucky Fellows. A Book

for Boys. With Six Illustrations.
Second Edition. Crown 8va. Cloth,
price 35. 6.

At School with an 0Ol1d
Dragoon. With Six Illustrations.
Second Edition. Crown 8vo. Cloth,
price &g,

MACLACHLAN (A.N.C.), M.A,
William Augustus, Duke
of Cumberland : being a Sketch of
his Military Life and Character,
chiefly as exhibited in the General
Orders of His Royal Highness,
1745—1747. With Illustrations. Post
8vo. Cloth, price 15s.

MACLACHLAN (Mrs.}.

Notes and Extracts on
Everlasting Punishment and
Eternal Life, according to
Literal Interpretation. Small
crown 8vo. Cloth, price 35. 64,

MAEHAUGHT_(RH. Jehn).
Ceena Domini: An Essa
on the Lord’s Supper, its Primi-
tive Institution, Apostolic Uses,
and Subsequent History, Demy
8vo. Cloth, price 14s.

MAGNUSSON (Eirikr), M.A.,
and PALMER(E.H.), M.A.
Johan Ludvig Runeberg’s
Lyrical Songs, Idylls and Epi-
grams. Fcap. 8vo. Cloth, price 5s.

MAIR (R. 8.), M.D,, F.R.C.5.E.

The Medical Guide for
Anglo-Indians. Being a Compen-
dium of Advice to Eurcpeans in
India, relating to the Preservation
and Regulation of Health. With a
Supplement on the Management of
Children in India. Second Edition.
Crown 8vo. Limp cloth, price 35. 6.

MALDEN (H.E. and E. E\)
Princes and Princesses,
Illustrated. Small crown 8vo. Cloth,
price z2f. 6.

MANNING (His Eminence Car-
dinal}. g
Essays on Religion and
Literature. By various Writers.
Third Series. Demy 8vo. Cloth,
price 10s. 64,
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MANNING (His Eminence Car-

dinal)—confinued.
The Independence of the
Holy See, with an Appendix con-
taining the Papal Allocution and a
translation. Cr. 8vo. Cloth, price ss.
The True Story of the
Vatican Council. Crown Bvo.
Cloth, price ss.

MAREY (E. ].).

Animal Mechanics. A
Treatise on Terrestrial and Aerial
Locomotion. With 117 Illustrations.
Second Edition. Crown 8vo. Cloth,
price ss. x
VYolume XI. of The International
Scientific Series.
MARKHAM (Capt. Albert Hast-
ings), R.N.
The Great Frozen Sea. A
Personal Narrative of the Voyage of
the *“ Alert " during the Arctic Ex-
pedition of 187s5-6. With six full-
page Illustrations, two Maps, and
twenty-seven  Weodents.  Fourth
and cheaper edition. Crown 8vo.
Clath, price 6s.

ME.E.FIR,IDTT (Maj.-Gen. W. F.),
A Grammar of Political
Economy. Crown 8vo. Cloth,
price 6.

Master Bobby: a Tale. By
the Author of * Christina North.™
With Illustrations by E. H. BeLL.
Extra fcap. 8vo. Cloth, price 35.0d.

MASTERMAN (].).
Half-a-dozen Daughters.
With a Frontispiece, Crown 8vo.
Cloth, price i’i 6,

MAUDSLEY (Dr. H.).
Responsibility in Mental
Disease. Third Edition. Crown
8vo. Cloth, price ss5.

Volume VIII. of The International
Scientific Series,
MAUGHAN (W. C.).
The Alps of Arabia; or,
Travels through Egypt, Sinai, Ara-
bia, and the Holy Land. With Maﬁ.
Secand Edition. Demy 8vo. Cloth,

price ss.

MEREDITH (George).
The Egoist. A ComedyinNar-
rative. 3 vols, Crown 8vo. Cloth.
The Ordeal of Richard Fe-
verel. A History of Father and Son.
Inone vol. with Frontispiece. Crown
8vo. Cloth, price bs.

MERRITT ¢ Henry).
Art - Criticism and Ro-
mance. With Recollections, and
Twenl{-lhr&c IMustrations in ean-
_,.r"u:t-h’, Ly Anna I.;n Meaiu. Two
vols, arge post 8vo. Cloth, zss,

MICKLETHWAITE (]. ';".}
F.5.A. g
Modern Parish Churches:
Their Plan, Design, and Furniture.
Crown 8vo. Cloth, price 7s. 64,

MIDDLETON (The Lady).
Ballads. Square 16mo. Cloth,
price 3£, fd.

M ILLER (Edward).
The History and Doctrines
of Irvingism; or, the so-called Ca-
tholic and Apostolic Church. 2 vols,
Large post 8vo. Cloth, price 25s.
The Church in Relation to
the State. Crown 8vo. Cloth, price
75. bt

MILLER (Robert).
The Romance of Love.
Fcap. 8vo, Cloth, price ss.

MILNE (James).
Tables of Exchange for the
Conversion of Sterling Money into
Indian and Ceylon Currency, at
Rates from 1s5. 84. to 25. 34. per
Rupee. Second Edition. Demy
8vo. Cloth, price £2 2s.

MIVART (5t. George), F.R.B,
Contemporary Evolution :
An Essay on some recent Social
Ch::i“ es. Post 8vo. Cloth, price
75. b

MOCKLER (E.).
A Grammar of the Baloo-
chee Language, as it is spoken in
Makran (Ancient Gedrosia), in the
Persia-Arabic and Roman characters.
Fcap. 8vo. Cloth, price ss.

MOFFAT (Robert Scott).
The Economy of Consump-
tion; an Omitted Chapterin Political
Economy, with special reference to
the Questions of Commercial Crises
and the Policy of Trades Unions; and
with Reviews of the Theories of Adam
Smith, Ricardo, J. 5. Mill, Fawcett,
&c. Demy 8vo. Cloth, price 18s.
The Principles of a Time
Policy: being an Exposition of a
Method of Settling Disputes between
Employers and Employed in regard
to '[F;m& and Wages, by a simple Pro-
cess of Mercantile Barter, without
recourse to Strikes or Locks-ont,
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MOFFAT (Robert Scott)—con-
fl'.h‘-ntfﬂlr.

Reprinted from “The Economy of
Censumptiun," with a Preface and

ppendix containing Observations on
some Reviews of that book, and a Re-
criticism of the Theories of Ricardo
and J. S. Mill on Rent, Value, and
Cost of Production. Demy Bvo.
Cloth, price 3s. 64.

MOLTEKE (Field-Marshal Von).
Letters from Russia,
Translated by Robina Napier.
Crown 8vo. Cloth, price 6s.
Notes of Travel, Being Ex-

tracts from the Journals of. Crown
8vo. Cloth, price 65.

Monmouth: A Drama, of which
the Outline is Historical. Dedicated
by permission to Mr., Henry Irving.
sSmall crown 8vo.  Cloth, price ss.

MORE (R. Jasper).

Under the Balkans. Notes
of a Visit to the District of Philip-
Pﬂpﬂlis in 1876. With a Map and
llustrations from  Photographs.
Crown 8vo. Cloth, price 6s.

MORELL (]. R.).
Euclid Simplified in Me-
thod and Language. Being a
Manual of Geometry. Compiled from
the most important French Works,
approved by the University of Paris
and the Minister of Public Instruc-
tion. Fecap. 8vo. Cloth, price 25. 64,

MORICE (Rev. F. D.), M.A.
The Olympian and Pythian
Odes of Pindar., A New Transla-
tion in English Verse. Crown 8vo.
Cloth, price 7s. 6.

MORSE (E. 8.), Ph.D.
First Book of Zoology.
With numerous Illustrations. Crown
8vo. Cloth, price ss.

MORSHEAD (E. D. A))
The Agamemnon of ZEs-
chylus. Translated into English
verse. With an Introductory Essay.
Crown 8vo. Cloth, price ss.

MORTERRA (Felix).
The Legend of Allandale,
and other Poems. Small crown 8vo.
Cloth, price 6s.

MUSGRAVE (Anthony).
Studies in Political Eco-
nomy. Crown 8vo. Cloth, price 6s.

NAAKE (J. T.).
Slavonic  Fairy Tales.
From Russian, Servian, Polish, and
Bohemian Sources. With Four Illus-
trations. Crown 8vo. Cloth, price ss.

NEWMAN (J. H.), D.D.
Characteristics from the
Writings of. Being Selections
from his various Works. Arranged
with the Author's personal approval,
Third Edition. With Portrait.
Crown 8vo. Cloth, price 6s.
*<* A Portrait of the Rev. Dr. J. H.
Newman, mounted for framing, can
be had. price zs5. 6.

N}?ﬂéngAS (Thomas), Ph.D.,
The Pe digreeofthe English

People: an Argument, Historical

and Scientific, on the Formation and

Growth of the Nation, tracing Race-

admixture in Britainfrom the earliest

times, with especial reference to the

incorporation of the Celtic Abori-
ines. Fifth Edition. Demy 8vo.
“loth, price 165,

NICHOLSON (Edward Byron).
The Christ Child, and other
Poems. Crown 8vo. Cloth, price
45. 64, ]

The Rights of an Animal.
Crown 8vo. Cloth, price 35. 6d.

The Gospel according to
the Hebrews. Its Fragments trans-
lated and annotated, with a critical
Analysis of the External and Internal

Evidence relating to it. Demy 8vo.
Cloth, price gs. 6.

NICOLS (Arthur), F.G.S.,
F.R.G.S.

Chapters from the Physical
History of the Earth. An Intradue-
tion to Geology and Palxontology,
with numerous illustrations. Crown
Bvo. Cloth, price ss.

NOAKE (Major R. Compton).
The Bivouac; or, Martial
Lyrist, with an Appendix—Advice to
the Soldier. Fecap. 8vo. Price 55 64.

NORMAN PEOPLE (The).
The Norman People, and
their Existing Descendants in the
British Dominiens and the United
States of America. Demy 8vo.
Cloth, price 215,

NORRIS (Rev. Alfred).

The Inner and Outer Life
Poems. Fcap. 8vo. Cloth, price 6s.
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Notes on Cavalry Tactics,
U‘:;gn.nizntiuu, &c. By a Cavalry
Officer. With Diagrams. Demy 8vo.
Cloth, price 12s.

Nuces: Exercises on the
Syntax of the Public School
Latin Primer. New Edition in
Three Parts. Crown 8vo. Each 1s.

*.F The Three Parts can also be
had bound together in cloth, price 3s.

O'BRIEN (Charlotte G.).

Light and Shade. 2 wols.
Crown 8vo. Cloth, gilt tops, price
125. .

O'MEARA (Kathleen).

Frederic Ozanam, Professor

of the Sorbonne; His Life and

Works. Second Edition. Crown

Bvo. Cloth, price 7s5. 6.
Oriental Sporting Magazine

{The).

A Reprint of the first 5 Volumes,

in 2 Volumes. Demy 8vo. Cloth,
ice 285,
OWEN (F. M.).
John Keats. A Study.
Crown 8vo. Cloth, price 6s.

OWEHN (Rev. Robert), B.D.
Sanctorale Catholicum ; or
Boolk of Saints. With Notes, Criti-
cal, Exegetical, and Historical,
Demy 8vo, Cloth, price 185,

PALGRAVE (W. Gifford).
Hermann Agha; An Eastern
Marrative. Third and Cheaper Edi-
tion. Crown 8vo. Cloth; price 6s.

PALMER (Charles Walter).
The Weed : a Poem. Small
crown 8vo. Cloth, price 3s.

PANDURANG HARI;

Or, Memoirs of a Hindoo.
With an Intreductory Preface by Sir
H, Bartle E. Frere, G.C.5.1,, C.B.
Crown 8vo. Price 65

PARKER (Joseph), D.D.

The Paraclete: An Essay
on the Personality and Ministry of
the Holy Ghost, with some reference
to current discussions. Second Edi-
tion. Demy 8vo. Cloth, price 12s.

PARSLOE (Joseph).

Our Railways : Sketches,
Historical and Descriptive. With
Practical Information as to Fares,
Rates, &c., and a Chapter on Rail-
way Reform. Crown 8vo. Cloth,
price Gs.

FATTI ﬁﬂﬂ f_Mr:i. Il ark).
I'ne Kenaissance of Art in
France. With Nineteen Steel]

Engravings., 2 wvols, Demy B8vo.
Cloth, price 3as.

PAUL (C. Kegan).
Mary Wollstonecroft.
Letters to Imlay. With Prefatory
Memoir by, and Two Portraits in

eaw forie, by Anna Lea Merritt.
Crown 8vo. Cloth, price 6s.

Goethe's Faust. A New

Translation in Rime. Crown 8vo.
Cloth, price 6s.
His

William Godwin:
Friends and Contemporaries.
With Portraits and Facsimiles of the
Handwriting of Godwin and his
Wife. =z vols. Sguare post Bvo.
Cloth, price 28s.

The Genius of Christianity
Unveiled. Being Essaysby William
Godwin never before published.
Edited, with a Preface, by C.
Kegan Paul. Crown 8vo. Cloth,
price 75. 64
PAUL (Margaret Agnes).
Gentle and Simple: A Story.
2vols. Crown8vo. Cloth, gilt tops,
price 125,
*4" Also a Cheaper Edition in one

vol. with Frontispiece. Crown 8vo.
Cloth, price Gs.

PAYNE (John).
Songs of Life and Death.

Crown 8vo. Cloth, price g5,

PAYNE (Prof. J. F.).
Lectures on Education.
Price 64,
II. Fribel and the Kindergarten
system. Second Edition.

A Visit to German Schools:
Elementary Schools in Ger-
many. Notes of a Professional Tour
to inspect some of the Kindergartens,
Primary Schools, Public Girls'
Schools, and Schools for Technical
Instruction in Hamburgh, Berlin,
Dresden, Weimar, Gotha, Eisenach,
in the autumn of 1874. With Critical
Discussions of the General Principles
and Practice of Kindergartens and
other Schemes of Elementary Edu-
cation. Crown 8vo. Cloth, price

45. 6d.
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PEACOCKE (G eorgiana).

- Rays from the Southern
Cross : Poems. Crown 8vo. With
Sixteen Full-page Ilustrations
by the Rev. P. Walsh. Cloth elegant,
price ros. 6.

PELLETAN (E.).

The Desert Pastor, Jean
arousseau. Translated from the
rench. By Colonel E. P. De

I'Hoste. With a Frontispiece. New

Edition. Fcap. 8vo, loth, price
£ 6,

PENNELL (H. Cholmondeley).
Pegasus Resaddled. By
the Author of “ Puck on Pegasus,"
&c. &c. With Ten Full-page Illus-
trations by George Du Maurier.
Second Edition. Feap. 4to. Cloth
elegant, price 125, 64, -

FEHRIC?. (Maj. J.), B.A.

A Dictionary and Glossary

of the Ko-ran. With copious Gram-

matical References and Explanations

of the Text. 4to. Cloth, price 215,

PERCIVAL (Rev. P.).

Tamil Proverbs, with their

English Translation. Containing

upwards of Six Thousand Proverbs,

Third Edition. Demy 8vo. Sewed,

Price gs.

PE—SC]EI;EL {Dr. Oscar).

The Races of Man and

theirGeographical Distribution.

Large crown 8vo. Cloth, price gs,

PETTIGREW (]. Bell), M.D.,
F.R.S.

Animal Locomotion; or,

Walking, Swimming, and Flying.

With 130 Illustrations. Second Edi-

tion. Crown 8vo. Cloth, price ss.
Volume VII. of The International

Scientific Series,

PFEIFFER (Emily).
Quarterman’s Grace, and
other Poems. Crown 8vo. Cloth,
price ss. ¥ g
Glan Alarch: His Silence
and Song. A Poem. Second
Edition. Crown 8vo. price 6s.
Gerard’s Monument, and
other Poems. Second Edition.

Crown 8vo, Cloth, price s,
Poems. Second Edition,
Crown 8vo. Cloth, price 6s.

Sonnets and Songs. New
Edition, 16mo, handsomely printed
and bound in cloth, gilt edges, price 45.

PINCHES (Thomas), M.A.,

Samuel Wilberforce: Faith
-—ScrviceuHccnm;rense. Three
Sermons. With a Portrait of Bishop
Wilberforce (after a Photograph by
Charles Watkins). Crown 8vo. Cloth,
price 45, 6,

PLAYFAIR (Lieut,- Col.), Her

Britannic Majesty's Consul-General
in Algiers.

Travels in the Footsteps of
Bruce in Algeria and Tunis.
Illustrated by Enr:‘-imiles of Bruce's
original Drawings, Photographs,
Maps, &c. Royal 4to. Cloth,
bevelled boards, gilt leaves, price
43 35.

POLLOCK (W. H.)
Lectures on French Poets.
Delivered at the Royal Institution.
Small crown 8vo. Cloth, price ss,

POUSHKIN (A. S.).
Russian Romance.
Translated from the Tales of Belkin,
&c. By Mrs. J. Buchan Telfer (7ede
Mouravieff). Crown 8vo. Cloth,
price 3s. 64,

POWER (H.).
Our Invalids : How shall
we Employ and Amuse Them ?
Feap. 8vo. Cloth, price 2s. 6.

POWLETT (Lieut. N.), R.A.

Eastern Legends and
Stories in English Verse. Crown
8vo. Cloth, price ss.

FRESEYTER. :
Unfoldings of Christian
Hope. An Essay showing that the
Doctrine contained in the Damna-
tory Clauses of the Creed commonl
called Athanasian is unscriptural,
Small crown 8vo. Cloth, price 4s. 6d.

PRICE (Prof. Bonamy).

Currency and Banking,
Crown 8vo. Cloth, price 6s.

Chapters on Practical Poli-
tical Economy. Being the Sub-
stance of Lectures delivered before
the University of Oxford. Large
post Bvo. Cloth, price 125,

Proteus and Amadeus. A
Correspondence. Edited by Aubrey
DeVere. Crown8vo. Cloth, price 55,
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PUBLIC SCHOOLBOY.

The Volunteer, the Militia-
man, and the Regular Soldier,
Crown 8vo. Cloth, price ss.

Punjaub (The) and North
Western Frontier of India. By an
old Punjaubee. Crown 8vo. Cloth,
price ss.

QUATREFAGES (Prof. A, de).
The Human Species.
Second Edition. Crown 8vo. Cloth,
price ss.

. Vol. XXVI. of The International
n ® s -
Scientific Series.

RAVENSHAW (John Henry),
BIE‘EI
Gaur: Its Ruins and In-
scriptions. Edited with consider-
able additions and alterations by his
Widow. With forty-four photo-
graphic illustrations and twenty-five
fac-similes of Inscriptions. uper
royal 4to. Cloth, 32 135. 6d.

READ (Carveth). !
On the Theory of Logic:
An Essay. Crown 8vo. Cloth,

rice 6s.

REANEY (Mrs. G. 8.).
Blessing and Blessed; a
Sketch of Girl Life. With a frontis-

iece. Crown 8va. Cloth, price gs.
aking and Working ; or,
from Girlhood to Womanhood.
With a Frontispiece. Crown Svo.
Cloth, price 5s. 2
English Girls: their Place
and Power. With a Preface by
R. W. Dale, M.A., of Birmingham.
Second Edition. Fcap. 8vo. Cloth,
price 25. 6d.
ust Anyone, and other
tories. Three Illustrations. Royal
16mo. Cloth, price 1s. 6.
Sunshine Jenny and other
Stories. Three Illustrations. Royal
16mo. Cloth, price 1s. 6d.
Sunbeam Willie, and other
Stories. Three Illustrations. Royal
16mo, Cloth, price 15. 6d.

REYNOLDS (Rev. J. W.).

The Supernatural in Na-

ture. A Verification by Free Use of
Science. Second Edition, revised
and enlarged. Demy 8vo. Cloth,

price 14s. E

Mystery of Miracles, The.
By the Author of ** The Supernatural
in Nature.” Crown 8vo. Cloth,
price 6s.

A List of

RHOADES (James).

Timoleon. A Dramatic Poem.

Fcap. 8vo, Cloth, price ss.
RIBOT (Prof. Th.).

English Psychology. Se-

cond Edition. A Revised and Cor-

rected Translation from the latest

French Edition. Large post Bvo.
Cloth, price gs.

Heredity : A Psychological

Study on its Phenomena, its Laws,
its uses, and its Consequences.
Large crown 8vo. Cloth, price gs.

RINK (Chevalier Dr. Henry).
Greenland : Its People and
its Products. By the Chevalier
Dr. Henry Ring, President of the
Greenland Board of Trade. With
sixteen Illustrations, drawn by the
Eskimo, and a Map. Edited by Dr.
FoserT BrRown, Crown Evo. Price
10¥. O,

ROBERTSON (The Late Rev.
F. W.), M.A., of Brighton.
Notes on Genesis. New

and cheaper Edition. Crown 8vo.,
price 35, 6d.

Sermons. Four Series. Small
crown 8vo. Cloth, price 35, 64. each.

Expository Lectures on
St. Paul's Epistles to the Co-
rinthians. A New Edition. Small
crown 8vo. Cloth, price ss.

Lectures and Addresses,

with other literary remains. A New
Edition. Crown 8vo. Cloth, price 5.

An Analysis of Mr. Tenny-
son's “In Memoriam." (Dedi-
cated by Permission to the Poet-
Laureate.) Fcap. 8vo. Cloth, price zs.

The Education of the
Human Race. Translated from
the German of Gotthold Ephraim
Lessing. Fcap. 8vo. Cloth, price
25, O,

Life and Letters. Edited by
the Rev, Stopford EBrooke, M.A,,
Chaplain in Ordinary to the Queen.
I. 2 vols., uniform with the Ser-
mons. With Steel Portrait. Crown
8vo. Cloth, price 75 64,

I1. Library Edition, in Demy 8vo.,
with Two Steel Portraits. Cloth,
price 12s.
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ROBERTSON (The Late Rev.
F. W.}, M.A,, of Brighton—
coniinned,

III. A Popular Edition, in one vol.
Crown 8vo. Cloth, price 6s.
The above Works can alse be had
Ralf-bound in moreces,
*o' A Portrait of the late Rev, F. W.
Robertson, mounted for framing, can
had, price z5. 6.

ROBINSON (A. Mary F.).

A Handful of Honey-
suckle., Fcap. Bvo. Cloth, price

RODWELL (G. F.), F.R.A.S,,

F.C.S.
Etna: a History of the
Mountain and its Eruptions.
With Maps and Illustrations, Square
8vo. Cloth, price gs.

ROOD (Ogden N.). :
Modern Chromatics, with
Applications to Art and In-
dustry. With 130 Original Illus-
trations. Crown 8vo. Cloth, price 5s.

Vol. XX VII. of The International
Scientific Series.

ROSS (Mrs. E.), (* Nelsie Brook").
Daddy's Pet. A Sketch
from Humble Life. With Six Illus-
trations. Royal 16mo. Cloth, price 1s.

ROSS (Alexander), D.D.
Memoir of Alexander
Ewing, Bishop of Argyll and the
Isles., Second and Cheaper Edition.
Demy 8vo. Cloth, price 105, 64,

RUSSELL (Major Frank 8.).
Russian Wars with Turkey,
Past and Present. With Two Maps.
Second Edition. Crown 8vo.,price 65.

SADLER (S. W.), R.N.

The African Cruiser. A
Midshipman's Adventures on the
West Coast. With Three Illustra-
tions. Second Edition. Crown 8vo.
Cloth, price 35. 6.

SALTS (Rev. Alfred), LL.D.
Godparents at Confirma-
tion. With a Preface by the Bishop
of Manchester. Small crown 8vo,
Cloth, limp, price 2.

SAMAROW (G.).

For Sceptre and Crown. A

Romance of the Present Time.
Translated by Fanny Wormald, 2
vols. Crown Bvo. Cloth, price 154.

SAUNDERS (Katherine).
Gideon’s Rock, and other
Stories. Crown 8vo, Cloth, price 6s.
Joan Merryweather,and other
Stories. Crown 8vo. Cloth, price 6s.
Margaret and Elizabeth.
A Story of the Sea. Crown 8vo.
Cloth, price 6s.

SAUNDERS (John).

Israel Mort, Overman : A
Story of the Mine. Cr. 8vo, Price 6s.
Hirell. 'With Frontispiece,
Crown 8vo. Cloth, price 35. 6d.
Abel Drake's Wife., With
Frontispiece. Crown 8vo., Cloth,
price 35, fid.

SAYCE (Rev. Archibald Henry).
Introduction to the Science
of Language. Two vols., large post
8vo. Cloth, price 25s.

SCHELL (Maj. von).

The Operations of the
First Army under Gen. von
Goeben. Translated by Col. C. H.
von Wright. Four Maps. Demy
8vo. Cloth, price gs.
The Operations of the
First Army under Gen. von
Steinmetz. Translated by Captain
E. O. Hollist. Demy 8vo. Cloth,
price 108, 64,

SCHELLENDORF (Maj.-Gen.

B. von).
The Duties of the General
Staff. Translated from the German
by Lieutenant Hare, Vol. I. Demy
Bvo. Cloth, 10s5. 64.

SCHERFF (Maj. W. von).
Studies in the New In-
fantry Tactics. Parts I. and II.
Translated from the German by
Colonel Lumley Graham. Demy
8vo. Cloth, price 7s. 6d.

SCHMIDT (Prof. Oscar).

The Doctrine of Descent
and Darwinism. With 26 Illus-
trations. Third Edition. Crown
Bvo. Cloth, price cs.

Volume XI1. of 5[‘!‘ht International
Scientific Series.

SCHUTZENBERGER(Prof.F.).
Fermentation. With Nu-
merous Illustrations. Second Edition.
Crown 8vo. Cloth, price ss.

Volume XX. of The International
Scientific Series.
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SCOTT {Lc?.dcr}.
A Nook in the Apennines:
A Summer beneath the Chestnuts.
With Frontispiece, and 27 Illustra-
tions in the Text, chiefly from
Original Sketches. Crown 8vo.
Cloth, price 75, 64. 99

SCOTT (Patrick).

The Dream and the Deed,
and other Poems. Fcap. 8vo. Cloth,
price ss.

SCOTT (W. T.).

Antiquities of an Essex

Parish ; or, Pages from the History
of Great Dunmow. Crown B8vo.
Cloth, price 55. Sewed, 45.

SCOTT (Robert H.).

Weather Charts and Storm
Warnings. Illustrated. SecondEdi-
tion. Crown 8vo. Cloth, price 3s. 64,

Seeking his Fortune, and
other Stories. With Four Illustra-
tions. Crown 8vo. Cloth, price 35.64.

SENIOR (N. W.).
Alexis De Tocqueville.

Cprrespundence and Conversations
with Nassau W. Senior, from 1833 to
1859. Edited by M. C. M, Simpson.
2 vols. Large post 8vo. Cloth,price 211,

Journals Kept in France
and Italy. From 1843 to 18sz.
With a Sketch of the Revolution of
1848. Edited by his Daughter, M.
C. M. Simpson. 2 vols. Post 8vo.
Cloth, price 24s.

Sermons to Naval Cadets.
Preached on board H.M.S.

“ Britannia.” Small crown B8vo.
Cloth, price 3s. 6d.

Seven Autumn Leaves from
Fairyland. Illustrated with Nme
Etchings. Square crown 8vo. Cloth,
price 35 6.

SHADWELL (Maj.-Gen.), C.B.

Mountain Warfare. Illus-
trated by the Campaign of 1799 in
Switzerland. Being a Translation
of the Swiss Narrative compiled from
the Works of the Archduke Charles,
gumiui, and others. Also of Notes
v General H. Dufour on the Cam-
paign of the Valtelline in 1635, With
Appendix, Maps, and Introductory
Remarks. Demy 8vo.Cloth, price 164.

- SHAKSPEARE (Charles).

Saint Paul at Athens:
Spiritual Christianity in Relation to
some Aspects of Modern Thought.
Nine Sermons preached at St. Ste-
{ahpn's Church, Westbourne Park.
F’hth me(-i:ll':t 'l:-% thli: 11?1m Canon
ARRAR. Crown 8vo. Cloth, price ss,
SHAW (Major Wilkinsm?j. 4
The Elements of Modern
Tactics. Practically applied to
English Formations, ~ With Twenty-
five Plates and Maps. Small crown
Bvo. Cloth, price 125,
* " The Second Volume of *“ Mili-
tary Handbooks for Officers and
Non-commissioned Officers.” Edited

by Lieut.-Col. C. B. Brackenbury,
E.A., AAG,

SHAW (Flora L.).
Castle Blair: a Story of
Youthful Lives. 2 vols. Crown 8vo.
Cloth, gilt tops, price 125. Also, an
edition in one vol. Crown 8vo. 6.

SHELLEY (Lady).

Shelley Memorials from
Authentic Sources. With (now
first printed) an Essay on Christian-
ity by Percy Bysshe Shelley. With
FPortrait. hird Edition. Crown
8vo. Cloth, price ss.

SHELLEY (Percy Bysshe).
Poems selected from. Dedi-
cated to Lady Shelley. With Pre-
face by Richard Garnett. Printed
on hand-made paper. With miniature
frontispiece. Elzevir.8vo.,limp parch-
ment antique. Price 6s.,vellum 75.64.

SHERMAN (Gen. W. T.).

Memoirs of General W.
T. Sherman, Commander of the
Federal Forces in the American Civil
Ear. 1]3}? Himself. Ciz &ml& With

ap. emy Zvo oth, price 245.
Gt ik? Brettil Bt

SHILLITO (Rev. Joseph).
Womanhood : its Duties,
Temptations, and Privileges. A Book
for Young Women. Second Edition.
Crown 8vo, Price 35 6d.
SHIPLEY (Rev. Orby), M.A.

Principles of the Faith in
Relation to Sin. Topics for
Thought in Times of Retreat.
Eleven Addresses. With an Intro-
duction on the ntﬁlﬁ:t of Dogmatic
Theology in the Church of England,
and a Postscript on his leaving the
Church - of England. Demy Svo.
Cloth, price 12s.
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SHIPLEY (Rev. Oiby, M.A.)
—coniinned, 4
Church Tracts, or Studies
in Modern Problems. By various
Writers. 2vols. Crown8vo, Cloth,
price 5. each.

SHUTE (Richard), M.A.

A Discourse on Truath.
Large Post 8vo. Cloth, price gs.

SMEDLEY (M. B.).

Boarding-out and Pauper

Schools for Girls. Crown 8vo.
Cloth, price 3s5. 64,

SMITH (Edward), M.D., LL.B.,
F.R.S.

Health and Disease, as In-
fluenced by the Daily, Seasonal, and
other Cyclical Changesin the Human
System. A New Edition. Post Bvo.
Cloth, price 75. 6d.

Foods. Profusely Illustrated.
Fifth Edition. Crown 8vo. Cloth,
price s,

Yolume III. of The Internaticnal
Scientific Series,

Practical Dietary for
Families, Schools, and the La-
bouring Classes. A New Edition.
Post 8vo. Cloth, price 35 64,

Tubercular Consumption
in its Early and Remediable
Stages. Second Edition. Crown
8vo. Cloth, price 6s.

SMITH (Hubert).
Tent Life with English

Gipsies in Norway. With Five
full-page Engravings and Thirty-one
smaller Illustrations by Whymper
and others, and Map of the Country
showing Routes, Third Edition.
Revised and Corrected. FPost 8vo.
Cloth, price 21s.

Songs of Two Worlds. By
the Author of *“ The Epic of Hades."
Fifth Edition. Complete in one
Yolume, with Portrait, Fcap. 8vo.
Cloth, price 75. 6.

Songs for Music.

By Four Friends. Sqguare crown
Bvo. Cloth, price gs.

Containing songs by Reginald A.
Gatty, Stephen H. Gatty, Greville
J. Chester, and Juliana Ewing.

SPEDDING (James).

Reviews and Discussions,
Literary, Political, and His-
torical, not relating to Bacon.
Demy 8vo. Cloth, price 125, 6.

SPENCER (Herbert).

The Study of Sociology.
Seventh Edition. Crown 8ve. Cloth,
price ss.

Volume V. of The International
Scientific Series.

SPICER (H.).

Otho’s Death Wager. A

Dark Page of History Illustrated.
In Five Acts. Fcap. 8vo. Cloth,

price ss.
STAPLETON (John).

The Thames: A Poem.
Crown 8vo. Cloth, price 6s.

STEDMAN (Edmund Clarence).

Lyrics and Idylls. With
other Poems., Crown 8ve. Cloth,
rice 75 6.

STEPHENS (Archibald John),

LL.D,

The Folkestone Ritual
Case. The Substance of the Argu-
ment delivered before the Judicial
Committee of the Privy Council. On
behalf of the Respondents, Demy
8vo. Cloth, price 6s.

STEVENS (William).

The Truce of God, and other
Poems. Small crown 8vo. Cloth,

rice 35. 64,

EVENSON (Robert Louis).
An Inland Voyage. With
Frontispiece by Walter Crane.
Crown 8vo. Cloth, price 7s. 6.
Travels with a Donkey in
the Cevennes. With Frontispiece
by Walter Crane. Crown8vo. Cloth,
price 7s. 6.

STEVENSON (Rev. W. F.).

Hymns for the Church and
Home. Selected and Edited by the
Rey. W. Fleming Stevenson.

The most complete Hymn Book
published.

The Hymn Book consists of Three

Parts :—I. For Public Worship.—
I1. For Family and Private Worship.
—III. For Children.
% Published fn variows forms and
Prices, the latter ranging from 84,
fo Gs. Lists and _,r"u% particulars
will be frﬁi:&ifd’ on application to
the Puolishers.
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STEWART(Prof, Balfour), M. A.,
LL.D., F.R.S.

On the Conservation of
Energy. Fifth Edition. With
Fourteen Engravings. Crown 8vo.
Cloth, price g3,

Volume 'i.-’f. of The International
Selentific Series,

STORR (Francis), and TURNER
Hawes).
Canterbury Chimes; or,
Chaucer Tales retold to Children.
With Illustrations from the Elles-
mere MS. Extra Fcap. 8vo. Cloth,
price 35, 64,

STRETTON (Hesba).
David Lloyd’s Last Will.

With Four Illustrations. Royal
16mo., price =5, 6.

The Wonderful Life.
Thirteenth Thousand. Feap. 8vo,

Cloth, price 25. 64.
Through a Needle's Eye :

a Story. =z vols. Crown 8vo, Cloth,
gilt top, price 125.

STUBES (Lieut.-Colonel F. W)
The Regiment of Bengal
Artillery. The History of its
Organization, Eglu'tpmen:, and War
Services, Compiled from Published
Works, Official Records, and various
Private Sources. With numerous
Maps and Illustrations. = vols,
Demy 8vo. Cloth, price 3zs.

STUMM (Lieut. Hugo), German
Military Attaché to the Khivan Ex-
pedition.

Russia's advance East-
ward. Based on the Official Reports
of. Translated by Capt. C. E. H.

Vivcent. With Map, Crown 8vo.
Cloth, price 6s.

SULLY (James), M.A. )
Sensation and Intuition.
Demy 8vo. Cloth, price 10s. 6d.
Pessimism : a History and
a Criticism. Demy 8vo. Price 14s.

Sunnyland Stories.
By the Author of ““ Aunt Mary’s Bran
Pie.” Illustrated. Small 8vo. Cloth,
price 35. 64.

Sweet Silvery Sayings of
Shakespeare. Crown 8vo. Cloth
gilt, price 7s. 6d.

SYME (David),

Outlines of an Industrial
Science. Second Edition. Crown
8vo. Cloth, price 6s.

Tales from Ariosto. Retold for
Children, by a Lady. With three
illustrations. Crown B8vo, Cloth,
price 4s. 6,

TAYLOR (Algernon).

Guienne. Notesofan Autumn
Tour. Crown8vo. Cloth, price 4. 6d.

TAYLOR (Sir H.),

Works Complete, Author’s
Edition, in 5 vols. Crown B8vo.
Cloth, price 6s. each.

Vols. I. to IIl. containing the
Poetical Works, Vols. IV, and V.
the Prose Works.

TAYLOR (Col. Meadows), C.8.1.,

a LY &

A Noble Queen : a Romance

of Indian History. Crown 8vo.
Cloth. Price fs,

Seeta. 3 vols. Crown 8vo.
Cloth.

Tippoo Sultaun: a Tale of
the Mysore War. New Edition with
Frontispiece. Crown 8vc. Cloth,
price Gs.

Ralph Darnell. New and
Cheaper Edition. With Frontis-
piece. Crown 8vo. Cloth, price 6s.
The Confessions ofa Thug.
New Edition. Crown 8vo. Cloth,

ice 6f.

ara: a Mahratta Tale.
New Edition. Crown 8vo. Cloth,
price fs.

TELFER (]. Buchan), F.R.G.58.,
Commander, R.N.
The Crimea and Trans-
Caucasia. With numerous Illus-
trations and Maps. 2 vols. Medium
8vo. Second Edition. Cloth, price 36s.

TENNYSON (Alfred).
The Imperial Library Edi-
tion. Complete in 7 vols. Demy 8vo.
Cloth, price £3 135. 64.; in Rox-
burgh binding, £4 75. 6d.
Author's Edition, Complete
in 6 Volumes. Post §vo. Cloth gilt ;
or half-morocco, Roxburgh style :—
VoL, I. Early Poems, and
English Idylls. Price 6s5.; Rox-
burgh, 7s5. 64.
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TENNYSON (Alfred)—continued,
Vor. II. Locksley Hall,
Lucretius, and other Poems.
Price 6s5. ; Roxburgh, 75. 64

Vor. III. The Idylls of
the I{inF (Complete). Price 5. 643
Roxburgh, gs.

VoL.IV. The Princess,and
Maud. Price 6s.; Roxburgh, 75. 64.
VorL. V. Enoch Arden,
and In Memoriam. Price 65, ;
Roxburgh, 75 64

VoL.VI, Dramas. Price 7s. ;
Roxburgh, 8s. 64,

Cabinet Edition, 12 vols.
Each with Frontispiece. Fcap. Svo.
Cloth, price 25, 64, each.

CapiveT EpiTioN. 12 vOls. Com-
plete in handsome Ornamental Case.,
325,

Pocket Volume Edition.
13 vols. In neat case, 365. Ditto,
ditto. Extra cloth gilt, in case, 425,
The Royal Edition. Com-
plete in one vol. Cloth, 16s. Cloth
extra, 18s. Roxburgh, half morocco,

205,

TE& Guinea Edition. Com-
plete in 12 vols., neatly bound and
enclosed in box. Cloth, price 215,
French moroceo, price 315, 64.
The Shilling Edition of the
Peetical and Dramatic Works, in 12
vols., pocket size. Price 1s. each.
The Crown Edition. Com-
plete in one vol., strongly bound in
cloth, price 6s. Cloth, extra gilt
leaves, price 75, 6d. Roxburgh,
half morocco, price 8s. 64.

*s* Can also be had in a variety
of other bindings.
Original Editions :

The Lover’s Tale. (Now
for the first time published.) Feap.
8vo. Cloth, 35. 64,

Poems, Small 8vo. Cloth,
price 6s.

Maud, and other Poems,
Small 8vo. Cloth, price 35, 6d.
The Princess, Small Svo,
Cloth, price 35. 64

Idylls of the King. Small
Bvo. Cloth, price ss.

Idylls of the King. Com-
plete.  Small 8vo. Cloth, price 6s.

TENNYSON (Alfred)—continued.
The Holy Grail, and other

Poems. Small 8vo. Cloth, price
45. 6,

Gareth and Lynette, Small
8vo. Cloth, price 3s.

Enoch Arden, &c. Small
Bvo. Cloth, price 3s5. 6.

In Memoriam. Small Svo.
Cloth, price 4s.

Queen Mary. A Drama.
New Edition. Crown 8vo. Cloth,
price 6s.

Harold, A Drama. Crown
Bvo. Cloth, price 6s.

Selections from Tenny-
son's Works. Super royal 16mao.
Cloth, price 35. 64. Cloth giltextra,
Price 4.5,

Songs from Tennyson’'s
Works. Super royal 16mo. Cloth
extra, price 35. 64,

Also a cheap edition. 16mo.
Cloth, price 25. 64, ]

Idylls of the King, and
other Poems., Illustrated by Julia
Margaret Cameron. z vols. olio,
Half-bound morocco, cloth sides,
price £6 6s. each.

Tennyson for the Young and
for Recitation. Specially arranged.
Fcap. 8vo. Price 1s. 64,

Tennyson Birthday Book,
Edited by Emily Shakespear. 32mo,
Cloth limp, 25.; cloth extra, 35

"u" A superior edition, printed in
red and black, on antique paper,
specially prepared. Small crown 8vo.
Cloth, extra gilt leaves, price ss. ;
and in various calf and morecco
bindings.

In Memoriam. A new Edi-
tion, choicely printed on hand-
made paper, with a Miniature Por-
trait in ean forfe by Le Rat,
after a photograph by the late Mrs.
Cameron. Bound in limp parchment,
antique, price 6s., vellum 7s. 6.

Songs Set to Music, by
various Composers. Edited by W,
G. Cusins. Dedicated by express
permission to Her Majesty the
Queen. Royal 4to. Cloth extra,
gilt leaves, price 215, or in half-
morocco, price 254,



30 A List of

THOMAS (Moy).

A Fight for Life. With
Frontispiece. Crown 8vo. Cloth,
price 35. 6.
THOMPSON (Alice C.).
Preludes. A Vokime of
Poems. Illustrated by Elizabeth

Thompson (Painter of * The Roll
Call™). Bwvo. Cloth, price 7s. 64.
THOMSON (]J. Turnbull).
Social Problems; or, an In-
uiry into the Law of Influences.
sﬂ-’lﬁ Diagrams. Demy 8vo. Cloth,
price 105. 6.
Thoughts in Verse.
Small Crown 8vo. Cloth, price 1s. 64,
THRING (Rev. Godfrey), B.A.
Hymns and Sacred Lyrics.
Feap. 8vo. Cloth, price ss.
THURSTON (Prof. R. H.).
A History of the Growth

of the Steam Engine. With
numerous Illustrations.  Second
Edition. Crown Bvo. Cloth, price
5. 0.,

TODHUNTER (Dr. J.)
Alcestis : A Dramatic Poem.
Extra fcap. 8vo. Cloth, price ss.
Laurella; and other Poems.
Crown 8vo. Cloth, price 6s. 6d.

TOLINGSRBY (Frere).

Elnora. An Indian Mytho-
logical Poem. Fcapi'Bvo. Cloth,
price 6s.

TRAHERNE (Mrs. A.).

The Romantic Annals of
a Maval Family. A New and
Cheaper Edition. Crown 8vo.
Cloth, price ss.

Translations from Dante,
Petrarch, Michael Angelo, and
Vittoria Colonna. Fcap. 8vo.
Cloth, price 5. 6.

TURNER (Rev. C. Tennyson).
Sonnets, Lyrics, and Trans-
lations. Crown 8vo. Cloth, price
45, Gd.

TYNDALL (John),LL.D., F.R.S
Forms of Water. A Fami-
liar Exposition of the Origin and
Phenomena of Glaciers. With
Twenty-five Illustrations. Seventh
Edition. Crown 8vo. Cloth, price gs.

Volume I. of The International
Scientific Series.

— =

VAN BENEDEN (Mons.).
Animal Parasites and
Messmates, With 83 Illustrations,
Second Edition. Cloth, price ss.

Volume XIX. of The International
Scientific Series,

VAUGHAN (H. Halford), some-
time Regius Professor of Modern
History in Oxford University.
New Readings and Ren-
derings of Shakespeare's Tra-
gedies. Vol. I. Demy 8vo. Cloth,
price 15,

VILLARI (Prof.).

Niccolo Machiavelli and
His Times. Translated by Linda
Villari. =z wvols. Large post Bvo.
Cloth, price z24s.

VINCENT (Capt. C. E. H.).
Elementary Military
Geography, Reconnoitring, and
Sketching, Compiled for Non-
Commissioned Officers and Soldiers
of all Arms. Sguare crown Svo.
Cloth, price zs. 64.

VOGEL (Dr. Hermann).

The Chemical Effects of
Light and Photography, in their
application to Art, Science, and
Industry. The translation thoroughly
revised. With 1oo Illustrations, in-
cluding some beautiful specimens of
Photography. Third Edition. Crown
8vo. Cloth, price s

Volume XV. of The I ernational
Scientific Series.

VYNER (Lady Mary). 3
Every day a Portion.
Adapted from the Bible and the
Prayer Book, for the Private Devo-
tions of those living in Widowhood.
Collected and edited by Lady Marﬁ
Vyner. Square crown 8vo. Clot
extra, price 5f.

WALDSTEIN (Charles), Ph. D.
The Balance of Emotion
and Intellect: An Es“’tf Intro-
ductory to the Study of Philosophy.
Crown 8vo. Cloth, price 6s.

WALLER (Rev. C. B.)) .
The Apocalypse, Reviewed
under the Light of the Doctrine of
the Unfolding Ages and the Resti-
tution of all Things. Demy B8vo.
Cloth, price 125.
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WALTERS (Sophia Lydia).

The Brook : A Poem. Small
crown Bvo. Cloth, price 35. 64,
A Dreamer’s Sketch Book.
With Twenty-one Illustrations by
Percival Skelton, R. P. Leitch,
W.H. J. Boot, and T. R. Pritchett.
Engraved by J. D. Cooper. Fcap.
to. Cloth, price 125 64.

WARTENSLEBEN (Count H.
von).

The Operations of the
South Army in January and
February, 1871. Compiled from
the Official War Documents of the
Head-quarters of the Southern Army.
Translated by Colonel C. H. von
Wright. With Maps. Demy Svo.
Clath, price 6s.

The Operations of the
First Army under Gen. von
Manteuffel. Translated by Colonel
C. H. von Wright. Uniform with
the above. Demy 8vo. Cloth, price gs.

WATERFIELD, W.

Hymns for Holy Days and
Seasons. z2mo. Cloth, price 15. 64.

- Whi;t'II‘}SON (Sir Thomas), Bart.,
The Abolition of Zymotic

Diseases, and of other similar ene-
mies of Mankind. Small crown 8vo.
Cloth, price 3s. 6.

WAY (A.), M.A,
The Odes of Horace Lite-
rally Translated in Metre. Fcap.
8vo. Cloth, price 25

WEBSTER [Augusta).
Disguises. A Drama, Small
crown 8vo. Cloth, price ss.

WEDMORE (Frederick).
The Masters of Genre
Painting. With sixteen illustrations.
Crown 8vo. Cloth, price 75. G

WELLS (Capt. John C.), R.N.
Spitzbergen—The  Gate-
way to the Polynia ; or, A Voya
to Spitzbergen. With numerous ﬁt
lustrations by Whymper and others,
and Map. ew and Cheaper Edi-
tion. Demy 8vo. Cloth, price 6s.

Wet Days, by a Farmer,
Small crown 8vo. Cloth, price 6s.

WETMORE (W. 8.).
Commercial Telegraphic
Code. Second Edition. Past 4to,
Boards, price 425,

WHITAKER (Florence).
Christy’'s Inheritance. A
London Story. Illustrated. Royal
rémo. Cloth, price rs. 64,

WHITE (A. D.), LL.D.
Warfare of Science. With
FPrefatory Note by Professor Tyndall.
Second Edition. Crown 8vo. Cloth,
price 35 64. :

WHITNEY (Prof. W. D.)

The Life and Growth of
Language. Second Edition. Crown
8vo, Cloth, price 55, Copyright
Edition.

Volume XVI. of The International
Scientific Series,
Essentials of English
Grammar for the Useof Schools.
Crown 8vo. Cloth, price 35. 6a.

WICKHAM (Capt. E. H., R.A.)
Influence of Firearms upon
Tactics : Historical and Critical
Investigations. By an OFFICER oF
SureErior Rank (in the German
Army). Translated by Captain E,
H. Wickham, R.A. Demy 8Svo.
Cloth, price 7s. 64.

WICKSTEED (P. H.).

Dante: Six Sermons. Crown
8vo. Cloth, price ss.

WILLIAMS (A. Lukyn).
Famines in India; their
Causes and Possible Prevention.
The Essay for the Le Bas Prize, 1875,
Demy 8vo. Cloth, price ss.

WILLIAMS (Charles), one of the
Special Correspondents attached to
the Staff of Ghazi Ahmed Moulktar
Pasha.

The Armenian Campaign ;
Diary of the Campaign of 1877 in
Armenia and Koordistan, {Vith
Two Special Maps. Large post 8vo,
Cloth, price 10s. 6d.

WILLIAMS (Rowland), D.D.
Life and Letters of, with Ex-
tracts from his Note-Books. Edited
by Mrs. Rowland Williams. With
a Photographic Portrait. 2 vols,
Large post 8vo. Cloth, price 24s.
Stray Thoughts from the
Note-Books of the Late Row-
land Williams, D.D. Edited by
his Widow. Crown 8vo. Clath,
price 35. 6.



32

A List of C. Kegan Paul & Co.'s Publications,

WILLIAMS (Rowland), D.D.—
continued,
Psalms, Litanies, Coun-
sels and Collects for Devout
Persons. Edited by his Widow.
New and Popular Edition. Crown
Bvo. Cloth, price 35. 64,

WILLIS (R.), M.D.

Servetus and Calvin: a |

Study of an Important Epoch in the
Early History of the Reformation,
8vo. Cloth, price 165,

William Harvey. A History
of the Discovery of the Circula-
tion of the Blood. With a Portrait
of Harvey, after Faithorne. Demy
8vo. Cloth, price 145,

WILLOUGHBY(The Hon. Mrs.). |
On the North Wind —

Thistledown. A Volume of Poems.
Elc%f.ml}r bound. Small crown 8vo.
Cloth, price 7s. 6.

WILSON (H. Schiitz).
Studies and Romances.
Crown Bvo. Cloth, price 75, 6d.

The Tower and Scaffold.
A Miniature Monograph. Large
fcap. Bvo. Price 1s.

WILSON (Lieut.-Col. C, T.).
ames the Second and the

uke of Berwick. Demy 8vo.
Cloth, price 125. 64. |

WINTERBOTHAM (Rev. R), |
M.A., B.5c.
Sermons and Expositions.
Crown 8vo. Cloth, price 75. 64,

Within Sound of the Sea.

By the Author of * Blue Roses,"
“Vera," &c. Third Edition. = vols,
Crown 8vo. Cloth, gilt tops, price 125. |

** Also a cheaper edition in one
Vol. with frontispiece. Crown 8vo. |
Cloth, price 6s.

WOINOVITS (Capt. L)

Austrian Cavalry Exercise.

Translated by Captain W, 5. Cooke.
Crown 8vo. Cloth, price 75.

—

WOLLSTONECRAFT (Mary).

Letters to Imlay. With a
Preparatory Memoir by C, Kegan
Paul, and two Portraits in ean forfe
by Anna Lea Merritt. Crown 8vo,
Cloth, price 6s.

WOOD (Major-General J. Creigh-
ton).
Doubling the Consonant,
Small erown 8vo. Cloth, price 1. 64,

WOODS (James Chapman).

A Child of the People,
and other poems. Small crown 8vo.
Cloth, price ss.

WRIGHT (Rev. David), M.A.,
Waiting for the Light, and
other Sermons. Crown 8vo. Cloth,
price Gs.

WYLD(R. 8.), F.R.5.E.

The Physics and the Philo-
sophy of the Senses; or, The
Mental and the Physical in their
Mutual Relation. Illustrated by
several Plates. Demy 8Bvo. Cloth,
price 16s.

YOUMANS (Eliza A)).

An Essay on the Culture
of the Observing Powers of
Children; especially in connection
with the Study of Botany. Edited,
with Notes and a Supplement, by
oseph Payne, F.C.P., Author of
** Lectures on the Science and Art of
Education,” &c. Crown 8vo. Cloth,
price z5. fid,

First Book of Botany.
Designed to Cultivate the Observing
Powers of Children. With 300 En-
gravings. New and Cheaper Edi-
tion. Crown8vo. Cloth, price 25 64,
YOUMANS (Edward L.), M.D,
A Class Bookof Chemistry,
on the Basis of the New System.

With 200 Illustrations. Crown Bvo.
Cloth, price 5s.

| YOUNG (William).

Gottlob, etcetera. Small

crown 8vo. Cloth, price 35. 64,
ZIMMERN (H.). :

Stories in Precious Stones.

With Six Illustrations. Third Edi-
tion. Crown 8vo. Cloth, price ss.

e hamar

Lonpon:—C. KEGAN PaAvL & Co., 1, PATERNOSTER SQUARE.
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