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PREFACE.

THE present volume forms the second part of an elementary
treatise on Natural Philosophy. The former part explains
the Mechanical Properties of solid and fluid bodies ; the
present is devoted to the Secondary Mechanical Sciences,
namely, Sound, Light, and Heat. These three subjects are
closely connected ; they all involve the idea of some me-
dium by which mechanical action is transmitted, and all
bring before us alike such important principles as reflection,
refraction, and interference. Thus each subject illustrates
the others, and the difficulties become much diminished
by mutual comparison,

All the subjects here considered have been earnestly
cultivated for a long time, and consequently have been
developed into a large amount of interesting facts. I
have endeavoured to make a profitable selection from the
quantity of material thus available ; taking especially those
topics which afford exercise for reasoning in explaining
them, and those which admit of valuable practical appli-
cations, :

The examples are nearly 400 in number; they have
been partly selected from published examination papers,
but many of them are original. They will furnish ample
exercise of the student’s knowledge, and in some cases they

" lead by easy steps up to important general results.



vi PREFACE,

The very favourable reception which has been given to
the first volume, shews that the plan and execution have
been widely approved, and leads to the hope that the com-
plete work will be found well adapted for the purposes of
instruction.

I. TODHUNTER.

81 JorN’s CoLLEGE,
October, 1877.
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I, VELOCITY OF SOUND IN AIR.

1. THE name Acoustics, from a Greek word signifying
to hear, is given to the science which treats of Sound.
This science includes the nature and production of sournd,
and the laws of its propagation through the various sub-
stances which convey it to our ears,

2. We need not specify the different modes in whick
sounds are preduced, as they are sufficiently obvious. It
appears on investigation that in all cases sound originates
in motion. Suppose a string, fastened at both ends and
stretched not too tightly, to be set in motion by gulling it
a little out of its position of equilibrium; then the string

/ vibrates, that is moves to and fro, in a manner obvious to

‘ the eye. Let the string be more tightly stretched, and
then set in motion as before; in this case the eye may be
scarcely able to discern the different positions which the
string assuames, so that the general appearance resembles
that of a fine web: but at the same time the reality of the
motion is established by means of the sound derived
from it.
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2 VELOCITY OF SOUND IN AIR.
3. We know that weipr'e: surrounded by the atmo-

sphere, and thus all souyds’are conveyed to us under ordi-
nary circumstances thtcagh this medium; it does not
however immediately*€pllow that the presence of the
atmosphere is essentjal for the conveyance of sound. But
soon after the inventan of the air-pump it was found that

when hard bodieh,were struck together within an ex- .

hausted receiver ne-appreciable sound was produced. The
experiment been carefully repeated in more recent
times when the construction of the air-pump has been
improved;o.that the exhaustion of the air can be carried
much fufslfe} than formerly. Thus we conclude that some
mediusy.ig necessary for the conveyance of sound; air i3
that, ywhidh presents itself most readily, but it is found that
bqth.s88d and liquid bodies will also serve the purpose.
It 38 mecessary to take suitable precautions in order to
‘ensgre the success of the air-pump experiment : the bodies

**evhich are struck must not be allowed to be in contact with
the plate on which the receiver of the air-pump stands;
for, if they were, sound would pass through this plate and
tge contiguous parts of the machine, and finally reach
the ear.

4, We are familiar with the fact that sound does not

travel instantaneously; it takes time to pass from its origin

to our ears. We see a woodman cutting a tree at a dis-
tance, and we observe that the sound of his blow follows at
an appreciable interval after his axe has struck the tree.
80 also we believe the thunder and lightning to have their
origin at the same instant, but we may see the flash some
seconds before we hear the peal,

5. Many experiments have been made for the purpose
of determining the velocity of sound in the atmosphere,
The general principle of all these experiments is the same.
Two stations are taken at a known distance apart; a sound
is produced at one station, generally by the discharge of a
gun, and the instant at which the sound is heard at the
other station is noted. The instant at which the sound
was produced may be detecrmiued by actually observing at
tho second station the flash which accompanies the dis-
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charge of the gun, or by agreement that the discharge
shall be made at a prescribed instant. 1f the former
method is used it is assumed that the time which light
takes to pass over the distance may be disregarded; and
this is justified by the fact that the velocity of light is
enormous, being about 186000 miles per second.

6. The early experiments on the velocity of sound
were rude and did not agree very well with each other;
nor is this remarkable considering the small interval of
time which had to be correctly estimated. But more
recently by taking abundant precautions, and by adopting
the average of many trials, a result has been obtained
which may be accepted with confidence. Sir John Her-
schel in 1830 examined all the numerical values of the
velocity of sound which had been proposed up to that date,
and found that the average was about 1090 feet per
second; he concluded that “we may, thercfore, adopt 1090
feet without hesitation (as a whole number) as no doubt
within a yard of the truth, and probably within a foot.”
This applies to air at the temperature of the freezing point
of water. Since the year 1830 the power of correctly
estimating small intervals of time has been largely in-
creased, but this has not led to any appreciable change in
the determination of the velocity of sound. Some experi-
ments lately made at the Cape of Good Hope gave 10906
feet per second as the velocity at the temperature of the
freezing point of water.

7. The velocity of sound in the atmosphere may be
said roughly to be at the rate of a mile in five seconds;
this velocity falls far short of that of light, but still it is
one of the greatest with which we can be said to be practi-
cally familiar, If at a place in latitude about 45 degrees,
that is, about m{dway between the equator and one of the
poles, a gun were fired just as the sun crossed the meridian,
the sound of the explosion would arrive in succession at
places to the West, having the same latitude, just as the
sun crossed the meridian. :

8. We shall hereafter consider and explain the varicus
ways in which sounds may differ; we will here only notice
as familiar truths that one sound may be louder or fainter

1—2




4 VELOCITY OF SOUND IN AIR.

than another, and, in the language of music, one sound
may be higher or lower than another. Now it has long
been admitted as a general principle, obtained both from
theory and from experiment, that sounds of all kinds
travel with the same velocity in the atmosphere. The
simplest illustration of this principle is the fact that when
a band of music is playing the effect of the music is not
impaired by considerable changes of distance on the part
of the listener. 1f there were any difference in the veloeity
of the various sounds the notes would not reach a remote
ear 80 as to preserve the exact intervals of time at which
they were played; and the component notes of & harmony
though sounded together by the performers would not
be simultaneous to the hearer.

9. Nevertheless zome exceptions to the general princi-
ple have been adduced in recent times. Direct experiment
seems to assign an appreciably less velocity to a feeble
sound than to a lond sound ; and also a less velocity to a
high sound than to a low sound, though to a scarcely ap-
preciable amount. Also in the second Arctic expedition of
Captain Parry, on the occasion of some artillery practice,
it was found by persons stationed at a distance that the
sound of the explosion was heard before the command of
the officer to fire. But although it is difficult to resist the
evidence of this observation, or to find a good explanation
of it, we are searcely justified at ent in abandoning
the principle, which tixeo and the mnjoritilof experi-
ments seem to maintain, that sounds of all kinds travel
with the same velocity. See Airy on Sound.

10. The effect of wind on the velocity of sound must
be noticed. As sound is conveyed through the air, and
wind consists of a movement of the mass of the air, it
is obvious that sound must be quickened or retarded ac-
cording as the wind is moving with the sound or against
it. In fact if it were possible for wind to travel as fast as
sound, then in the direction exactly contrary to that of the
wind sound would be completely arrested, while it would
travel with twice its usual velocity in the direction of the
wind. But the most violent hurricane does not move with
mueh more than one-tenth of the velocity of sound.
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11 In accurate experiments to determine the velocity
. of sound, care is taken to avoid any error arising from
the influence of the wind. For instance, let us denote two
stations at & known distance apart by 4 and B respec-
tively; then simultaneous observations are made of the
time taken by sound in passing from A4 to B, and also of
the time taken by sound in passing from B to 4. If the
wind favours the passage omund in one direction it will
retard the passage in the contrary direction; and the
average of the two times will be very nearly the same as
if there were no wind at all.

12. The velocity of sound has been investigated by
theory as well as by experiment, and although the process
is far beyond an elementary book we will just allude to it.
Newton first obtained a result, though his method is now
seen to have been unsatisfactory : other writers afterwards
came to the same result by a different method. The re-
sult may be thus stated: to find the velocity of sound
through the air in feet per second, multiply the number
which expresses the force of grarity by the number which
expresses the height of the homogeneous atmosphere and
take the square root of the product., Now the first number
is about 32, and the second number is about 26000 :
see Vol 1. Arts. 288 and 509: the product of these two
numbers is 832000, of which the square root is about 912.

13. The result just assigned by theory, namely 912,
differs widely from that which is obtained by experiment,
namely, 1090. This discrepancy for a long time perplexed
writers on the subject until the difficulty was explained by
Laplace, who shewed that a circumstance had been omitted
in the theoretical investigation, namely, the influence of the
heat which is developed and absorbed by the alternate
condensation and refraction of the air through which the
sound is conveyed. When this circumstance is properly
taken into account by mathematical calculations it is gﬁnd
that the product of the two numbers mentioned in Art. 12
must be multiplied by 1'42; this gives 1181440, and the
square root of this is very nearly 1090.




6 CHANGE OF INTENSITY.

14, We have remarked in Vol. 1. Art. 509, that tho
height of the homogeneous atmosphere is the same at all
points of the atmosphere : hence according to the theoreti-
cal expression of Art. 12, the velocity of sound is the same
whatever be the part of the atmosphere through which it
is moving, so that sound travels at the same rate upwards
into a rarer stratum or downwards into a denser stratum.
This has been verified by experiment. Two stations were
taken, one on Faulhorn mountain, the other on the lake of
Brienz in Switzerland ; the stations were nearly six miles
apart, and the height of one about a mile and a quarter
above that of the other. It was found that sound took
the same time in passing from the lower station to the
higher as in passing from the higher to the lower.

15. We have stated that the velocity of sound through
the atmosphere at the temperature of the freezing povnt
of twater 18 about 1090 feet per secound. It is found by
theory, and confirmed by experiment, that the velocity
increases as the temperature rises, at the rate of about
2 feet for every degree of the Centigrade thermometer, that
is about 1'1 feet for every degree of Fahrenheit’s ther-
mometer. This is altogether distinct from the difficult
matter noticed in Art. 13, and depends on a very simple
consideration : if the temperature of the air rises while
the pressure to which the air is exposed remains un-
changed, the air expands and so the density becomes less ;
hence the height of the homogeneous atmosphere is in-
creased, and so the velocity is increased according to
the result of Art. 12.

I1." CHANGE OF INTENSITY.

16. Since air is in general the medium for the con-
veyance of sound,'it is natural to consider the circum-
stances which affect the intensity of sound in its passage
through the air. It has been found that when the air
is condensed the intensity of the sound is increased, that
is the sound seems louder. Thus corresponding to the
experiment of ringing a bell in an exhausted receiver, we
may make another in which a bell is rung in a receiver
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into which air has been condensed: it is found in the
latter case that the sound is stronger than in ordinary air
and the intensity of the sound increases as the density
increases. The same results have been obtained in diving
bells in which the air is necessarily condenred. On- the
other hand the fact that sound becomes feebler when
the air is rarefied is very familiar. Thus the sound of a
pistol shot on a high mountain is said to be like that of
a pop-gun at the foot of the mountain. The human voice
too in such elevated regions seems to lose much of ita
foree; though this may be partly due to the diminution of
muscular energy (i)roduced by the rarefied air. The in-
tensity of a sound depends on the dewmsity of the air at
the spot where the sound originated ; and it has been
found that persons in a balloon when elevated considerabl

above the surface of the earth have heard sounds whic]

were produced at the surface: thus the whistle of a steam
engine has been heard at the height of about 20000 feet.
It seems also to be clearly established that sounds reach
the earth from heights at which the air must be of almost
inconceivable tenuity. For instance, loud explosions have
been heard connected with meteors which must have
been 25 or even 50 miles above the surface of the earth.

17. If air be confined entirely as in a pipe, or par-
tially as by walls, sound may travel fur with little loss of
intensity. This was tested by Biot in a pipe of more than
3000 feet long: the slightest whisper at one end was
distinctly audible at the other. The tubes now much used
for conveying messages through large buildings illustrate
the fact ; words which can be scarcely heard by a person
standing close to the speaker are well heard by a listener
at the other end of the tube. But sound which travels
through unconfined air diminishes rapidly in intensity as
the distance from the origin is increased. Thus if the
distance is doubled the intensity becomes one-fourth of
what it was; if the distance is tripled the intensity be-
comes one-ninth; and so on. The fact is expressed by
saying that the intensity varies inversely as the square of
the distance: this is the same law as holds for the dimi-
nution of the force of gravity when the distance increases:
sce Vol. 1. Art. 301,
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18. Sound is conveyed with great clearness and
strength throngh the air which is just over the surface of
still water. Thus at a quiet part of the Thames, Dr Hutton
distinctly heard a person reading at twice the distance he
could have heard the same person on land. Lieutenant
Foster, in the third Polar Expedition of Captain Parry,
found he could converse with a man across the harbour of
Port Bowen, which is a distance of about a mile and &
quarter. Extraordinary statements are on record as to
the distance at which the sound caused by firing cannons
has been heard; putting this distance in some cases at
upwards of 100 miles. .

19. Sound when it meets with obstacles bends round
them, and thus is not completely cut off from points beyoud
the obstacle. Nevertheless there is a diminution of the
intensity of sound by the interposition of an obstacle be-
tween the origin of sound and the ear.

20. The intensity of sound in the atmesphere is af-
fected by the state of the weather and the wind. The
subject is of great practical importance, because ships may
be informed during dark hours of their dangerous vicinity
to land by loud signals, provided there is some security
as to the distance at which the signals can be heard. It is
well known that on some rocky islands the incessant noise
of sea birds serves as a warning to sailors, and that in
copsequence the destruction of the birds is disconraged.

21. Itishowever onlyquite recently that the facts of the
subject have been accurately collected, or that any attempt
at & theory has been made. The older writers assumed’;
for instance, that fog is “a powerful damper of sound,
and that “falling rain tends powerfully to obatruct sound”;
but it has been shewn by Professor Tyndall that neither
of these general statements is trustworthy, He has in-
vestigated the subject very fully, and thus sums up his
conclusions : “The real enemy to the transmission of
sound through the atmosphere has, I think, been clearly
revealed by the foregoing inquiry. That enemy has been
proved to be not rain, nor hail, nor haze, nor fog, nor
snow—not water in fact in either a liquid or a solid form,
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but water in a vaperous form, mingled with air so as o
render it acoustically turbid and flocculent. This acoustie
turbidity often occurs on days of m:grising optical trans-

parency, Any system of measures, therefore, founded on
the assumption that the optic and acoustic tran ney
of the atmosphere go hand in hand must prove dguive."
Proceedings of the Royal Society, xxi1. 68.

- 22, It bas long been observed that a wind blowing in -
the direction contrary to that in which sound is proceeding
diminishes the audibility of the souud. Cases are known
in which against a high wind guns could not be heard ot
a distance of 550 yards, although on a calm day the same
guus migh{ be heard from twenty -to thirty miles. A¢
first sight it may seem quite ressonable that sound should
be, a8 it were, blown back by a high wind, for sound is
kuown to travel through the air, and if the whole mass
of air i8.itself moving the sound must be carried with it;
but on consideration it is found that this does not explain
the effect of the wind on the intensity of sound. For the
velocity of sound is about 1100 feet per second, and the
velocity even of a high wind, which is from 50 to 100 miles
per hoyr, is small compared with this; so that the dimi-
ny:ti:lm of the velocity of sound would be scarcely appre-
ciable,

23. The influence of wind on the intensity of sound
seems due to the fact that, owing to obstructions opposed
by the ground, there is a considerable difference between
the velocity of the wind close to the ground and the velo-
city at the height of a few feet above the ground. Thus in
n meadow the velocitiy of the wind at one foot above the sur-
face may be only half what it is'at eight feet above the sur-
face. The process of tracing the consequences of this fact
is somewhat difficult, and may not be fully apprehended
by the beginner at once. Let us take the velocity of sound
at 1100 feet per second, and suppose that the velocity of
a contrary wind is 10 feet per second at tho surface, and
20 feet per second at the height of 8 feet above the sur.
face. Thus, considering this circumstance alone, the wave
of sound at the end of a second would be at the surface
10 feet in advauce of its position at 8 feet above the
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surface; so that the front of the wave instead of being
a vertical plane would be inclined to the horizon. In the
diagram of Vol 1, Art. 245, if we suppose AC to be
10 feet, and BC to be 8 feet, the angle BAC represents this
inclination to the horizon. But, by the nature of sound,
the direction of sound is at right angles to the front of
the wave, so that the direction is not along CA, but is
at right angles to 4B. Thus the sound instead of pro-
ceeding horizontally becomes turned wupwards. 1t only
remains to add that this tilting of the front of the wave is
not delayed until the end of a second, but begins at the
origin of the sound and .increases gradually. Hence a
ray of sound, so to speak, instead of travelling horizon-
tally is curved upwards, and thus passes over the head
of a person stationed at a distance from the origin.
A contrary wind then diminishes the intensity of sound by
lifting the sound off the ground, and the amount of this
lifting increases as the distance from the origin increases.

24. The various consequences which may be deduced
from the preceding theory have been verified by experi-
ments. Thus it follows that a listener when the wind is
contrary may expect to recover a sound, which he has lost
at a certain distance from its origin, by ascending to some
height above the surface. Also the influence of a wind
will be but small if the surface be very smooth; thus
sounds are heard against the wind much farther over
calm water than over land. Again, suppose the origin
of the sound to be elevated above the surface: then if
the listener be also raised above the surface he may hear
a very loud sound made up of two Earts‘, namely, that
which has travelled horizontally, and that which has been
tilted upwards from the ground by the action of the con-
trary wind. .

25. Next suppose the wind to be farourable instead
of contrary. In this case the higher part of the wave
of sound moves more rapidly than the lower, and so
the plane front of the wave is tilted forwards, and the
rays of sound are bent downwards to the advantage of
the listener on the ground.
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26. Thus the influence of the wind on sound has 1 |
shewn to depend on the circumstance that when )
wind is blowing, the velocity of sound is different at
ferent heights above the ground: similar effects will th .
fore follow if this difference of velocity is produced
any other cause instead of by the wind, Now change
temperature affects the velocity of sound : if the temp«
ture rise one degree of Fahrenheit’s thermometer
velocity increases by about a foot per second. In gene
as we ascend in the air during the day the temperat:
decreases, and therefore so also does the velocity of sow
Thus the result is the same as in the case of a contra
wind ; the ray of sound is lifted over the head of a pers
on the ground, so that the audibility of the sound is
minished. -

27. The presence of vapour in the atmosphere al :
affects the propagation of sound; the velocity increases
the quantity of vapour increases. The direct effect hov -
ever is very slight, but indirectly the vapour is of cons -
quence, for it gives to the air a greater power of radiatir |
and absorbing heat, and so promotes inequality of temI;‘A
rature. The variation of temperature is greatest when th:
fun is shining, so that it is greater by day than by nigh .
and greater in summer than in winter. Hence, accordin;
to the theory now explained, sounds ought to be hear:
more plainly by night than by day, and more plainly ir
winter than in summer. That sounds are heard more
plainly by night than by day is a well-known fact.

28. We have supposed that the temperature decrease:
as we ascend in the atmosphere; but it may happen o1
some occasions that the temperature at the surface is lowes
than it is a little above the surface. This may be the cas
for instance over the surface of the sea in tine day-time
and over the surface of the land by night. Thus the effec
on sound will be similar to that of a favourable wind. I
is obvious that by the combined influence of wind anc
temperature the results produced may vary much as t
degree ; for instance, the operation of a contrary wind ma;
be neutralized by that of temperature rising as we ascenc
above the surface. The whole theory is given in the Pro
ceedings of the Royal Society, Volumes Xx1I. and XXIV.
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IIL. VELOCITY OF SOUND IN OTHER MEDIA,

29. Sound may be transmitted through the various
gases. The theoretical value of the velocity would be
similar to that of Art. 12; and it would require a similar
correction to that of Art. 13,on account of the heat de-
veloped and absorbed. It is not easy to determine the
velocity by experiment in a direct manner, a8 we cannot
Brocure a column of any gas of sufficient length and purity;

ut theory points out a connexion between the velocity of
sound aﬁ the pitch of the note produced by an organ
pipe, and thus by filling an organ pipe with the gas to be
examined the velocity of sound in the gas is indirectly deter-
mined. It is found that at the temperature of the freezing
point of water the velocity is 1040 feet per second in oxy-
gen, and 4164 feet per second in hydrogen.

30. Hydrogen, the lightest of the gases, is somewhat
peculiar in relation to sound. The velocity of sound in
this gas, as we have just stated, is about four times as
great as in air. But the most remarkable circumstance
is the power which hydrogen seems to possess of deadening
sound and almost stifling it. The sound of a bell in a re-
ceiver charged with hydrogen is said to be scarcely more
audible than that of the bell in an exhausted receiver.

81. The transmission of sound through zapours pre-
sents some points of interest arising from the fact that a
vapour readily condenses, at least partially, into a liquid,
when there is an increase of pressure, such as according to
theory must occur in the course of the transmission of
sound. But on the other hand if the temperature is suffi-
ciently raised the condensation into a liquid is prevented ;
and it appears from experiment that there is such a rise of
temperature. Thus we obtain some indirect confirmation
of the truth of the remark made by Laplace: see Art. 13.
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32. Sound can be transmitted through liquide. It is
found by trial that a diver when under water can bear
sounds addressed to him by a person near the surface, and
also a sound produeed under the water at a considerable
distance, as striking together of twe stones half a mile
off,. Workmen in a diving bell make signals to those on
the surface by striking the bell. Moreover fishes are pro-
vided with organs of hearing, and often have an acute
sense of hearing. Some very careful experiments made at
the lake of Geneva in 1826 gave 4708 feet per second as
the velocity of sound in water, the temperature of the
water being about 464 degrees of Fahrenheit’s thermo-
meter. 1t is found that if a salt is dissolved in water the
velocity of sound i the water is increased; and in water,
as in air, the velocity increases as the temperature rises.

33. Theory shews that the possibility of transmitting
sound through water depends on the fact that water is
really elastic; that is, it may be diminished in bulk by
pressure, and will in its original bulk when the pres-
sure is withdrawn, It is known from direct éxperiment
that water is compressible; at the depth of about 7000 feet
below the surface of water the volume of any portion would
be about one hundredth less than at the surface, so that
the density would be one hundredth greater. The value
which theery assigns for the velocity of sound in water
agrees reasonably well with that found by experiment.
It ‘:gﬂum that no sensible amount of heat i8 developed in
liquids by compression, se that ne correction is required
like that of Art. 13.

34.- Sound can also be transmitted through solids, as
may be shewn by a simple experiment. Let a n put
his ear near one end of a long piece of good timber, and let
another person tap the other end of the timber slightly, or
even scratch it with a pin: then the first person will hear
the noise distinctly; indeed if he did not it would be taken
practically as evidence that the timber was not sound
throughout. In general all hard firm solids of uniform
texture transmit sound well and rapidly. A blow struck
against a rock in a stone quarry is heard at a distance
twice ; first, almost immediately, as transmitted through
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the stone, and next as transmitted through the air. The
same circumstance is noticed in mines with respect to the
sound excited by blasting. So also a sound produced at
one end of a long wire is heard twice at the other end;
first, almost immediately, as transmitted through the wire,
and next as transmitted through the air.

85. The velocity of sound in iron has heen investigated
by direct experiment. Biot made use of a length of
about 3000 feet of iron, consisting of 376 pipes joined at
their ends. A sound was roduceg by striking the pipe at
one end, and was heard twice at the other eng; the
interval between the arrival of the two sounds was ob-
served,and as the velocity of sound in air was known, that
in iron could be deduced. The experiment could not be
very satisfactory, for the transmitting body was not a con-
tinuous mass of iron; the connection between adjacent
pi{)es was made by collars of lead and tarred cloth. By
selecting the observations which seemed the best it was in-
ferred that the velocity in iron is 11090 feet per second.
Sir John Herschel remarks on Biot’s experiment; “ From
this determination we may estimate the time it requires
to transmit force, whether by pulling, pushing, or by a
blow, to any distance, by means of iron bars or chains. For
everﬂ 11090 feet of distance the pull, push, or blow, will
reach its point of action one second after the moment of
its first emanation from the first mover. In all moderate
distances, then, the interval is utterly insensible. But
were the sun and the earth connected by an iron bar, no
less than 1074 daYB, or nearly three years, must elapse
before a force applied at the sun would reach the earth.
The force actually exerted by their mutual gravity may
be proved to require no appreciable time for its trans-
mission. How wonderful is this connection !”

36. The velocity of sound along bars of metals has also
been investigated indirectly, by observing the musical note
mduced by such bars when set in vibration. Thus it has

een found that for tin, silver, and gold the velocities are
respectively about 73, 8, and 6} times as great as in air.
¥or ordinary iron wire a velocity of more than 16000 feet
per second was obtained.



VELOCITY OF SOUND IN OTHER MEDIA. 15

87. The velocity of sound depends very much on the
arrangement of the molecules of the substance through
which it is conveyed. This is shewn in a striking manner
by some results obtained indirectly with respect to the
velocit,{ of sound through wood. Thus, for example, in fir
the velocity along the fibres is said to be 15218 feet per
second; but in directions at right angles to the fibres it is
much less, being 4382 feet per second across the rings, and
2572 along the ringa. Sound is obstructed by any want of
uniformity in the composition of the substance through
which it i8 conveyed ; it would seem that at every change of
substance some portion of the sound is reflected, and thus
the intensity of the sound transmitted is diminished : more-
over the direction of the transmitted sound often under-
goes a change. In fact sound is liable to changes of motion
similar to those which, as we learn from optics, light ex-
periences,

88. It is well known that sounds seem more audible
by night than by day, and this is mainly owing to the
circumstance that the temperature and the density of
the air are more nearly uniform by night than by day;
for in the day-time the heat of the sun produces perpetual
currents of warm air from the surface of the ground up-
wards, by which the uniformity of the air is destroyed.
Sir J. Herschel remarks: “There is no doubt, however, that
the universal and dead silence generally prevalent at night
renders our auditory nerves sensible to impressions, which
would otherwise escape them. The analogy between Sound
and Light is perfect in this as in so many other respects.
In the general light of day the stars disappear. In the
continual hum of noises which is always going on by day,
and which reach us from all quarters, and never leave the
ear time to attain complete tranquillity, those feeble sounds
which catch our attention at night make no impression.
The ear, like the eye, requires long and perfect repose to
attain its utmost sensibility.” It has been stated however
that the greater audibility of sounds by night than by day
has also been observed near the torrid zone, where the day
seemed quieter than the night, which was disturbed by
insecta,
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89. A general expression is sometimes given which
applies to the velocity of sound-both in gases and liquids;
and this we will now briefly notiee: the considerations how-
ever are somewhat beyond the range of a beginner, and so
he eannot be expected to pay much atteation to them.

40. We bave treated of the property of Elastieity in
Volume 1., and have seen that it belongs to all matter.
Bodies when acted on by force experience & change of
volume ; and they regain their original volume when the
force ceases to act. Theory shews that in virtue of this
property sound can be transmitted through bodiea.

41. In Art. 12, we have stated the velocity of sound
in air, as assigned by theor{; this velocity is the square
root of a certain quantity. The general expression for the
velocity of sound In gases and liquids, which we have now
to notice, is this: the velocity is the square root of the
quotient of the elasticity divided by the density. The ad-
vantage of this mode of expression is that it brmgs the two
cases of the velocity of sound in gases and liquids under one
general statement ; and that it presents move obviously to
the mind the two elements on which the velocity depends.
But, on the other hand, it must be observed that in order
fto apply the rule we must know the way in which elasticity
i3 measured ; and apparently this is not measured in the
same way for both gases and liguids. In the elasti-
city is measured by the pressure to which the gas is ex-
posed, and in liquids it is inversely as the compressibilit
of the liquid. These remarks would have to be muc
developed in order to be fully understood ; but it is suf-
ficient for our purpose to bave just noticed: the subject.

IV. REFLECTION OF S8OUND.

42. When sound in its course meets with any obstacle
of sufficient regularity and extent it is reflected, that is,
deviated from its original direction and sent in a new
direction whieh may be called roughly backewards. The
process resembles in some degree what takes place when
a ball strikes a hard plane surface: see Vol 1. Art. 284.
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Sound thus diverted may be transmitted to a person who
by reason of some intervening ohject may be unable to sce
the place from which the sound started, or even to hear
the sound by a direct course. Moreover the sound may
be sent back to the place from which it started, after one
or more reflections, and may thus produce what is called
an echo. It is possible that there may be several obstacles
suitable for causing a reflection, and thus sound may re-
turn to its starting point by various routes, giving several
repetitions of the original, In the neighbourhood of al-
most every place situations can be found where an echo is
perceptible, and in general it is easy to recognize tho
obstacle which causes the Yeflection ; as for instance a wall
or arock. There are well-known localities in which tourists
are entertained with remarkable echoes; as, for instance,
f{articnla.r spots near the Rhirce, and near the Lakes of

illarney : 8ir J. Herschel notices a very fine echo beneath
the suspension bridge over the Menai Straits. Sometimes
on old bridges there are recesses in the form of half vaults
constructed of stone, on opposite sides of the bridge, and
thus words spoken in one recess may be heard by a person
in the opposite recess, being brought to him by two re-
flections. An echo is sometimes produced by what we may
call an acoustic cloud in the atmosphere, that is by a
stratum of air which owing to temperature or to moisture
differs in character from the air near it. The sails of a
di;tant ship at sea have also been known to produce an
echo.

43. As the velocity of transmission in air is known it
is easy to calculate the time which ought to elapse between
the origin of any sound and its echo, if we know the course
which the sound has taken. Thus we may determine the
distance of the obstacle which has caused the reflection;
or if we know that distance we can verify the received
value of the velocity of sound. The simplest case is that
of direct reflection, namely, when the sourid goes from its
starting point to an obstaclo, and then back again aloug the
same straight line. This case occurs when a person stands
directly in front of a large building and makes & sound
which is reflected by it. Suppose a person to stand be-
tween two parallel walls, which we will denote by 4 and I35

T.P. IL 2
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if he makes a sound he will hear an echo from both walls,
and these will be simultaneous if he stands midway be-
tween the two walls: if he is not midway between them
the echo from the nearer wall will be heard first. The
sound reflected from 4 may also be reflected again from
B with sufficient energy to be audible; and in like man-
ner the sound first reflected from B may undergo a second
reflection from 4 and be audible : these sounds, which have
undergone two reflections, will reach the listener simulta-
neously whatever be the position he occupies between the
walls, namely, at the interval, after the origin, which sound
takes in passing twice over the distance between 4 and B.

44. In the case of the oblique reflection of sound, as
in that of the oblique reflection of a perfectly elastic ball,
the angle of reflection is equal to the angle of incidence :
see Vol. L Art. 284.

45. The number of consecutive syllables which can
be heard distinctly as an echo will depend on the distance
at which the listener is placed from the obstacle which
causes the reflection, A speaker can articulate so as to
be distinctly audible at the average rate of four syllables
in a second. Suppose he stands at the distance of 1100
feet from an obstacle; sound then takes two seconds to
traverse this distance twice, so that if the speaker pro-
nounces eight syllables an echo of the first arrives just as
the last is completed: if the speaker goes on to use his
voice withont intermission the echo and the direct sound
become blended and confused. :

46. Two familiar applications of the principle of the
reflection of sound may be noticed. The ear trumpet
which persons who are rather deaf use to assist their
hearing consists of a tube, one end of which is slender
and is inserted in the ear, while the other end is wide
and is directed towards the sound which is to be received.
The sound falling on the inner surface of the tube is
reflected from side to side until it arrives at the ear;
thus the effect is much the same as if the receptive part
of the ear were enlarged to the size of the month of the
tube, The speaking trumpet is somewhat of the same
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kind as the ear trumpet, only it is straight instead of
being curved. The speaker applies the small end to his
mouth; much of the sound which, if there were no trum-
pet, would diverge in all directions, is reflected by the
sides of the trumpet and thrown off in a direction parallel
to the axis of the trumpet: thus it falls with great force
on the ear of the person towards whom the trumpet is
pointed. Bpeaking trumpets are used on board ships.
The case which we have noticed in Art. 42, of recesses
on the two sides of a bridge, illustrates the use both of
the speaking trumpet and the ear trumpet. The sound
uttered by the speaker is reflected by the stone near
which he stands, in one direction, in the manner of the
speaking trumpet; thus it travels acruss the bridge with
more intensity than the direct sound : and the stoue near
which the listener stands collects this sound and brings it
with force to his ear in the manner of the ear trumpet.

47. The subject of the reflection of sound is important
with respect to the construction of such buildings as
Lecture Hulls and Churches, in which the audibility of
a speaker is to be ensured. Few persons can have con-
sidered the matter without observing cases in which there
is a complete failure in this respect : indeed architects
and builders in general seem to regard only the appear-
ance of their erections, and not the end for which they
are designed. A large room is constructed, and it is
found on the first trial that it is difficult to hear the
speaker distinctly even when near to him, and impossible
when at a moderate distance. Theory at present scems
unable to anticipate the results beforehand; but at least
the facts of the subject might Le collected and classified
8o as to furnish some guide for practical men. A few
general remarks may be made. If a room be small, sound
reflected from any part of it will be separated by so brief
an interval from the original that the refiection strengthens
without confusing the impression ; in this cuse the object
would be to secure reflection, and therefore deep recesses,
bangings, and carpets should be avoided as unfavourable
to audibility. But if a room be large the reflected sound
may occur 80 long after the original as to preduce con-
fusion; the echo of one note or syllable may cvincide with

=
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the original of the next; thus ruining the effect of music
and rendering a speaker unintelligible. Attempts have
been made in churches to assist tie transmission of the
preacher’s voice by placing behind him or above him a
surface which should reflect the sound that would other-
wise be lost, and send it forward to corroborate the im-
pression produced by direct transmission. But no great
success seems to have been attained by these sounding
boards as they are called, while they have the obvious
disadvantage of bringing the noise of the congregation
with condensed effect to the preacher’s ears.

48. We may notice an interesting application which
has been made of the fact that sound can be reflected.
The pneumatic despatch tubes are long tubes of metal
which are employed for the rapid conveyance of small
parcels from one point to another. The parcel is put into
a small gutta-percha case covered with_ felt, called the
carrier; this just fits the tube, and is blown along it by
compressed air behind, or, as it were, drawn along it by
making a vacuum before it. In London these tubes are
used in the postal service; the longest extends from the
chief office to Charing Cross : the distance is about a mile
and a half, and is traversed by the carrier in four minutes.
In France such tubes are used to convey messages be-
tween Paris and Versailles. Sometimes a carrier sticks
in the tube: this is a troublesome accident because it
invo'ves the opening of the tube, and besides there is the
difficulty of ascertaining the exact spot where the stoppage
exists. An ingenious method has been devised for over-
coming this difficulty. An elastic skin is stretched over
the end of the tube, and a noise is made near it by the
discharge of a pistol. The noise passes through the skin,
along the air in the tube, to the point of stoppage; it is
reflected back again to the skin, and causes a tremulous
motion in it. The number of seconds between the ex-
plosion and the return of the sound to the skin must be
carefully observed; and as the velocity of sound is known
the space through which it can travel in this time is
koown: half this space is the distance of the point of
stoppage from the end of the tube. Thus the skin takes
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the place of the ear, and the ogemtion is like that of f:

observing the time which elapses between the production ;
of a sound and its return in the form of an echo.

. i

49. The studént of Optics knows what is meant by :

that bending of the rays of light which is called re¢fraction. !

A common example is seen in the bending of the sun’s rags
as they pass through a convex lens, 8o that they are brought
to meet with powerful effect at a point ; thus the lens be-
comes a burning glass. A similar thing has been observed
with respect to sound, though here it is of little conse-
quence, while the refraction of light is of extreme import-
ance. Carbonic acid gas is enclosed in a thin india-rubber
balloon, and an origin of sound, as, for example, a ticking
watch, is placed at a suitable distance from this sound-
lens ; then the rays of sound are found to be bent b
passing through the gas, and are brought together wit
concentrated effect at a certain point.

V. NATURE OF A WAVE. ‘

50. We have hitherto said nothing of the nature of !
the motion of the particles of air which constitutes sound. i
These particles are themselves invisible, and so of course
are their motions: we are therefore compelled to have
recourse to some illustrations,

51. When a stone is thrown into a smooth pond it
is seen that waves travel out in all directions from the
point of the water at which the stone fell. That is to say,
ripples in the form of circles are produced round this

int as centre, successively at greater distances, until they
ome too faint to be distinguished. Now it must be
observed that there is no movement of the general mass of
water from the centre of the circle; each particle of water
moves nearly up and down, never departing far from the
glace'which it occupied before the disturbance: this can
e clearly made out by watching a leaf or a piece of straw,
which happens to be on the surface of the water when the
disturbance reaches it.
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52. The nature of the machanical action which takes
place can in some degree be understood. The stone falling
on the water forces part of it down, and the surrounding
part is heaped up above its natural level; this part then
subsides and fills up the depression produced by the stone.
The ridge, while it is thus subsiding, exerts for some time
on the surrounding fluid a pressure greater than that
which subsisted before the disturbance, and thus forces up
am‘)ither ridge : this ridge in subsiding forces up another,
and so on.

53. It is easy to see what is meant by the welocity of
the wave, and also to determine the amount of it, at least
roughly. Suﬁpose we have two stakes fixed in the ground,
at a certain known distance apart, such that the two are
in a straight line with the origin of the disturbance. Note
the instant when the disturbance first reaches the nearer
stake, and also the instant when it first reaches the further
stake ; then, as we know the distance between the stakes,
we can find the average velocity with which the disturbance
has travelled from one to the other. If we have a series of
stakes we may ascertain whether the velocity remains the
same, or not, at all distances from the origin: in fact it is
found that the velocity diminishes as the waves travel to a
greater distance from the origin.

54. The velocity of a ware is quitc a different thing
from the velocity of any particle of the water: it woul
scarcely be practicable to determine the latter by observa-
tions. It would be difficult to measure both the small
space through which the particle moves, and also the small
iuterval of time during which the motion continues. More-
over the movement would not be uniform, but would
somewhat resemble that of a pendulum, being sometimes
faster and spmetimes slower than the average.

55. The analogy between the waves in water which we
have just considered and the waves in air which produce
sound is not very close. To take a simple case, suppose
sound transmitted through the column of air contained in
a long slender tube. Each particle of air always remains
near its original position, but moves forwards and back-
wards parallel to the length of the tube; and we may sup-
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pose that all the particles which were originally in any one |
plane at right angles to the tabe, move precisely in the
same way, 80 a8 always to lie in one plane. If we could
see the moving particles there would not appear ridges and
depressions as on the surface of the pond, but instead of
them alternately a plane where one layer of icles would
be closest to the next layer, and a plane where one layer
of particles would be furthest from the next layer ; these
layers being all equidistant in the undisturbed state. The
wave motion in this case consists in the transmission along
the tube of the state of contiguous layers; and this state
i8 most easily understood by adverting to its extreme forms
of greatest condensation and greatest rarefaction; the
former meaning the state in which contiguous layers are
closest, and the latter the state in which they are furthest
apart. The wave moves along the tube uniformly at the
rate of about 1100 feet per second.

o ——— .

—— e ——

56. By the aid of mathematical investigation we learn
the circamstances of the transmission of a wave of sound
through a long tabe; we will state the results thus ob-
tain Suppose that near one end of a long tube we have
a piston which moves regularly forwards and backwards
throngh a certain space. First while the piston moves
forwards it compresses the stratum of air in contact with
it ; this stratum acts in the same way on the next to it ; and
80 on. Thus a wave of condensation is propagated for-
wards through the tube. Each particle of air moves in the
same manner as & point in the ;istan mioves, that is, it
moves through an equal space, and its velocity is the same
as that of the piston in the corresponding position: the
particle of air begins to move at the end of the interval
which sound, travelling with its known velocity, takes to
pass from the piston to the particle. The condensation is
greatest at those points where the particles are moving
with the greatest velocity. For instance, suppose the .
Piaton to move after the manner of a pendulum, with a ve-

ocity gradually increasing up to a certain value, and then
diminishing in a corresponding degree. In this case the
condensation will be greatest in the middle of the wave,
and will diminish gradually to the ends. Next, while the
piston moves backwards a wave of rarefaction is in like

. et n Se .
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manner propagated through the tube; and the rarefaction
is greatest where the velocity of the particles is greatest.
‘We have spoken of a wave of condensation and a wave of
rarefaction; but it is more convenient to regard them as
two parts together making up a single wave. The two
parts correspond to the elevation and the depression which
together constitute a wave in water. When the piston
moves forwards the second time and backwards the second
time, another whole wave, consisting partly of a condensa-
tioll)le and partly of a rarefaction is propagated through the
tube. :

87. The term length of a wave requires careful notice.
It is the distanco between two consecutive particles which
are in similar states of motion. Thus in Art. 51 it is the
distance between the summits of two adjacent crests, or
the bottoms of two adjacent hollows. In the case of
Art. 56 it is the distance between one point where the’
condensation is greatest, and the adjacent point of the
same nature; or we may say that it is the distance be-
tween two consecutive points of greatest rarefaction: we
assume here that wave follows wave steadily without any
interruption.

- 58. Now we can arrive at some knowledge respecting
the time ¢f vibration of each particle, that is the time
which the particle takes in moving from one of its extreme
positions back again to the same point. Divide the length
of a wave by the velocity of propagation, and the quotient
is this time. For instance, take the case of Art. 56:
during the time the piston moves once forwards and once
backwards the disturbance travels over a wave length ;.
suppose this wave length to be 11 feet, the sound moving

at the rate of 1100 feet per second takes %) of a second,

that is, l_;f) of a second, to pass over this wave length :

thus the piston executes a vibration in I%() of a second, and

so also does each particle of the air in the tube. Thus
the velocity of sound is quite independent of the velocity
of the particles of air; the former remains unchanged,
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while the latter may have widely differing values, each
value having its own corresponding wave length. If we
know the time of vibration of the particles we may deter-
mine the wave length ; it will be simply the space through
which sound could travel in that time. For example, sup-

pose the time of vibration is 2—;—0 of a second ; then the

length of the wave is 12—]:—: feet, that is, ‘25—2 feet.

59. Other cases present themselves to our attention in
which the transmission of waves may be observed. Thus,
for instance, on the surface of the sea waves may be seen
to move in the form of parallel ridges and hollows. 8o
also we may notice the ripples which the wind makes as it
sweeps over a field of standing corn. The motion bears
a decided resemblance to that of the air in a tube which
causes sound; for the ears of corn describe arcs of curves
which do not differ much from straight lines, and in some
places they are brought closer together, while in others they
are wider apart than when there is no wind. The me-
chanical circumstances, however, are very ditferent in the
two cases. For the ears of corn are all moved by the wind
and not by action one upon another; moreover tiney are all
confined near their original places by the stalks,

VI. MUSICAL SOUNDS,

- 60. Although every impulse communicated to the air
.must be propagated onwards, and so may reach an ear,
yet an audible sound is not produced unless the disturb-
ance of the air is of sufficient extent and suddenness.
Thus the fall of a leaf through the air may be unheeded,
while the contact of the leaf with the ground may be
distinctly heard.

61. An irregular impulse communicated to the air
produces what we may call a noiss, as distinguished from a
mausical sound. The ear, like the eye, retains for a short
time an impression made upon it, so that if single im-
pulses are produced at very short intervals the impression
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is that of a continuous sound. In order to ensure this
the impulses must be produced at least as often as six-
teen times in a second ; the limit may be slightly different
for different ears. When the impulses are exactly similar
and occur at exactly equal intervals, they produce a sound
which is continuous and uniform, and pleasing to the ear;
this is called & musical sound. The sound may gradually
die away, so that the only change is the diminution of
loudness, without losing its claim to be called musical.
The human voice can produce either kind of sound;
namely, a musical sound in singing, or a non-musical sound
in speaking., The distinction between a musical sound
and & non-musical sound is however not very precise.

62. An extract from Mr Sedley Taylor's Sound and
Music, bearing on this distinction, will be read with
interest: “ We may then define a musical sound as a
steady sound, a non-musical sound as an wnsteady sound.
It is true. we may often be puzzled to say whether a par-
ticular sound is musieal or not : this arises, however, from
no defect in our definition, but from the fact that such
sounds consist of two elements, a musical and a non-
musical, of which the latter may be the more powerful, and
therefore absorb our attention, until it is specially directed
to the former. For instance, a beginner on the violin often .
Eoroduoea a sound in which the irregular scratching of the

w predominates over the regular tone of the string.
In bad flute-playing, an unsteady hissing sound accom-
panies the naturally sweet tone of the instrument, and
may easily surpass it in intensity. In the tones of the
more imperfect musical instruments, such as drums and
cymbals, the non-musical element is very prominent, while
in such sounds as the hammering of metals, or the roar
of a waterfall, we may be able to recognize only a trace
of the musical element, all but extinguished by its bois-
terous companion.”

63. There are three important characteristios to be
neticed in connexion with a musical sound, namely, inten+
sity, lpitch, and quality. The intensity is the greater or
less loudness of the sound, other things remaining the
samo, A change of intensity ean be produced in various
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ways, Thus we may approach to, or recede from, the
origin of the sound; we may strike a key on the piano-
forte with greater or less force; or we may take a musical
sound produced by one violin, and afterwards have the
same sound produced simultaneously by two or more vio-
lins. The pitch is that property by virtue of which some
musical sounds are called bass, or grave, or dea[), or low,
while others are called trebls, or acute, or shrill, or high.
A musical sound is called a nofe with especial reference to
its pitch. The difference of pitch is at once recognized
by striking in succession two keys of a piano-forte, one
towards the right-hand end of the key and the
other towards the left-hand end. The quality is that
property by virtue of which there is a difference between
various voices and instruments which are all producing
the same note with the same intensity. Thus a good musi-
cal ear can distinguish between a note sounded on a piano-
forte made by Broadwood, and the same note sounded on
a piano-forte of the same size made by Erard. Even an
ordinary ear must recognise the difference between a note
produced by a violin, and a note of the same intensity and
pitch produced by a flute. = At present we have considered
intensitly, pitch, and gquality merely as facts known by
observation ; we shall afterwards indicate the causes ¢n
which they depend.

VII. STRETCHED STRINGS.

64. If a string, tifhtly stretched and fastened at its
ends, be withdrawn a little from its pesition by pulling it
or striking it and then leaving it to itself, it vibrates to
and fro, and a nrusical sound is heard. A string of a harp
is a familiar example, and all stringed musical instruments
are similar cases. The motion has been investigated by
theory, and an expression found for the time of an oscilla-
tion. This time depends on the length and the weight of
the string, and on the tightness with which it is stretched.
The tightness may be conveniently expressed by means of
a length of the string which would be in weight equal to the
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force with which the string is stretched, that is to what
is called the tension of the string: this length of the
string may be called the tension-length. The following is
the Rule for finding the time of an oscillation in seconds,
the lengths being all expressed in feet: multiply the ten-
sion-length by 32 and extract the square root of the pro-
* duct; divide the length of the string by this square root,
and the quotient is the required time of an oscillation.
By an oscillation here is meant the motion of the string
from the extreme position on one side of the straight line
which it forms when at rest to the extreme position on the
other. We shall use the word wibration to demnote the
motion from one extreme position back again to the same

ition, 80 that a vibration is a double oscillation. There
18 some variely among writers as to the meaning of the
words oscillation and vibration.

65. The vibrations of the string here considered are
what are called ¢ransverse vibrations; each particle of the
string moves forwards and backwards nearly in a straight
line at right angles to the length of the string. It is pos-
sible to produce in a string what are called longitudinal
vibrations, where each particle of the string moves for-
wards and backwards ¢ the line of tho string; these are
like the vibrations of air in a tube which produce sound.
Longitudinal vibrations may be produced in a string by
rubbing the string in the direction of its length with a
piece of cloth sprinkled with resin : we shall not consider
such vibrations here.

66. For an example of the Rule in Art. 64 suppose
that the tension-length is 200 feet. The product of 32
and 200 is 6400; the square root of this is8 80. Hence
if the length of the string is 2 feet the time of oscillation

is 8:26 of a second, that is %) of a second; therefore the

time of vibration is 516 of a second, and consequently 20

vibrations will occur in a second.

67. Various inferences may be deduced from the Rule
of Art. 64. If the tension be quadrupled the time of
vibration is halved ; if the tension be made nine fold its
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original value the time of vibration becomes a third of its
original value; and so on. We may also observe the con-
sequence of making the vibrating string finer or stouter
while keeping the same length and tension, Suppose the
diameter of the string to be halved; then the area of a
section becomes one-fourth of its original value: thus the
tension-length is quadrupled, and therefore the time of
vibration is halved. The Rule shews that the shorter,
the tighter, the finer, and the lighter in weight the string
is, the briefer will be the time of vibration, and conse-
u::(fily, as we shall presently see, the higher the note pro-
uced,

€8. The laws of the transversal vibrations of stretched
strings are all involved in the Rule given in Art. 64; but
those who are familiar with technical language may per-
haps find it convenient to have these laws explicitly stated.
The rate of vibration, that is the number of vibrations in
a given interval, is directly proportional to the square root
of the tension, inversely proportional to the length of
the string, inversely proportional to the diameter of the
string, and inversely proportional to the square root of the
density of the string. These statements follow from the
fact that the number of vibrations in a given interval is
obtained by dividing the number of seconds in that in-
terval by the time of a vibration in seconds.

69. The amount of motion which a fine string can
communicate directly to the air is too small to produce a
very vigorous sound ; 8o that for musical instruments tho
assistance of a sound-board is secured. For instance, in
a violin the vibrations of the strings are conveyed to the
wood of the instrument, and thence to the air; the excel-
lence of the violin depends on the sonorous character of
the wood, and it is found that this improves by age, and
by the constant use of the instrument. .

%70. The Rule of Art. 64 can be experimentally verified
by means of an instrument called the Sonometer; this is
essentially a wire of string stretched over a sounding-boz,
which is of the nature of the body of a violin. The ten-
sion may be changed at pleasure by changing the stretch-
ing weight. The cffective length may be changed at
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pleasure by putting a bridge, like that-of a violin, between
the ends of the wire: for then the wire is practically
separated into two shorter wires, and either of them
singly ean be used. The Rule of Art. 64 can also be well
illustrated by playing on a violin; the length of a string
can be altered by fingering; the tension is increased by
using the screws provided for tightening the strings. Also
the consequences which result from changing the thickness
or the density of a string, while the length remains the
same, can be traced by the aid of the four different strings
usged in & violin.

71." We can now explain the origin of two of the three
character:stics mentioned in Art. 63 ; leaving the last for
consideration in the next Chapter.

72. The intensity of sound depends on the distance
through which each particle of air moves in its vibration.
The distance between the two extreme poiuts of its path
is called the amplitude ; and it is found that the intensity
of sound is proportional to the sguare of the amplitude.
Thus if the amplitude is doubled the intensity is quad-
rupled ; if the amplitude is tripled the intensity becomes
nine times as great, and so on. This supposes that the
hearer remains at the same distance.

73. The pitch of a sound depends on the time of vi-
bration ; or, to express the same thing in other words, it
depends on the number of vibrations in a second; the
greater the number of vibrations in a second the higher
the nute is. The note which is called middle C on a
Pia.no—forte corresponds to 264 vibrations in a second.
The lowest note heard in an orchestra is one in which
there are about 41 vibrations in a second. Modern piano-
fortes range from a note with about 27 vibrations in a
second to a note with about 3520. A good ear can distin-
guish between notes which differ but little as to the
number of vibrations in a second. It is said that trained
violinists can distinguish about seven hundred sounds
lying between one note and another which corresponds to
twice the number of vibrations. Thus a note differing
from middle C to the extent of less than half a vibration
in a second would be distinguishable from middle C.
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74. Many persons when ncar a railway must have no-~
tieed that if & train passes while the driver is sounding his
whistle the pitch of the note 7ises as the train approaches,
and falls as the train withdraws. In fact if the source of
sound and the ear approach each other, by the motion of
one or both, the waves fall on the ear with increased fre-
quency; and the contrary if the source of sound and the
ear separate from each other. It is found that a speed of
about 40 miles an hour will sharpen the note of the whistle
of an approaching railway train by what is called a semi-
tone; and flatten the nute as much when the train is re-.

.

75. Instruments are made by the aid of which a note
of a definite pitch can be obtained accurately. The
tuning-fork is an example; a piece of steel is bent so as
to form two prongs, and is adjusted so that when struck -
it will vibrate a certain number of times in a second
Thus a tuning-fork may be made to vibrate 440 times in a
second, giving & note which corresponds to the 4 which
follows the middle C of a piano-forte, Or it may be made
to vibrate 528 times in a second, giving a note which corre-
sponds to the C that follows this A. The same number of
vibrations is made by a tuning-fork whether it vibrates

feebly or strongly.

76. The Sirem is an instrument by which we can
produce any assigned note. The wind of a bellows issues
through a small tube ; a disc is made to revolve very near
to the tube, and so in fact to close it except that through
a hole or holes in the disc the air can escape when tie
hole is just over the end of the tube. It is obvious that
by making the disc revolve at a certain uniform rate the
emissions of the air will occur with regularity and as fre-
quently as we please. The sound produced is clear and
swoet like the human voice. The siren will sound under
water, if water be forced through it instead of air, and
this gave rise to its name. A steam-siren is found te be
an advantageous instrument in connection with the object
mentioned in Art. 20. The construction of one used by
Professor Tyndall in the investigations noticed in Art. 21
is thus described, “ A boiler had its steam raised to a
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pressure of 70 pounds to the square inch; on opening a
valve this steam would issue forcibly in a continuous
stream, and the sole function of the syren was to convert
this stream into a series of separate strong puffs. This
was done by causing a disk with 12 radial slits to rotate
behind a fixed disk with the same number of slits. When
the slits coincided a puff escaped; when they did not
coincide the outflow of steam was interrupted. Fach puff
of steam at this high pressure generated a sonorous wave
of great intensity; the successive waves linking themselves
together to a musical sound 8o intense as to be best de-
scribed as a continuous explosion.” It was found that
taking the fluctuations of the atmosphere into account the
best development of sound for the purpose of a signal was
obtained by making the siren perform from 2000 to 2400
revolutions in a minute; so that from 400 to 480 waves
wcre produced in one second.

VIII. QUALITY,

77. The origin of that characteristic of a musiceal
sound which is called its guality, is the most difticult to
explain of the three which are mentioned in Art. 63.
Although the nature of the explanation had been pre-
viously conjectured by mathematicians, it has only recently
been completely worked out by Helmholtz; and it is
Jjustly regarded as one of the most important contributions
ever made to the science of Acoustics.

78. Buppose that a stretched string is vibrating, and
that the vibrations are maintained by the use of a tiddle
bow, or in any other way. It is possible to touch the
string lightly at a certain point, 8o as to reduce that point
to rest, while yet the string continues vibrating. The
string resolves itself, as it were, into shorter strings, so as
to bring one point of division at the stopped point. Thus if
the middle point be stopped the string vibrates as if it
were made up of two equal strings. The time of vibration
is thus reduced to half what it was before, so that thero
are now twice as many vibrations as before in one second.
The note obtained when the string vibrates as a whole is

v
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called the fundamental note ; the note obtained when the
string vibrates as if it were divided into two equal strings
is called the octave of the fundamental note. In like
manner a stretched string might, as it were, resolve itself
into three equal strings, and then there would be three
times as many vibrations in a second as for the funda-
mental note; or the stretched string might, as it we
resolve itself into four equal strings, and then there woul
be four times as many vibrations as for the fundamental
note; and so on,

79. When a string in vibration resolves itself, as it
were, into separate portions, the points of rest are called
nodes ; and the intermediate portion between two succes-
sive nodes is called a ventral segment.

80. In the next place theory shews that two or more
modes of vibration may exist together. For instance the
different particles of a string may have given to them
simultaneously two sets of velocitics, one set by virtue
of which the string would vibrate as a whole, and another
set by virtue of which it would vibrate as if resolved into
two equal segments. This may be somewhat diflicult for a
beginner to understand completely; but it is fully made
out by theory and confirmed by experiments. It has long
been known that besides the fundamental note of a string
an experienced ear could detect other notes, as for instance
the octave, and even some of those which correspond to
still more rapid vibrations, as mentioned in Art. 78. In
bells and other sounding bodies these harmonic sounds as
they are-called are detected more easily than in strings,

81. That a string can thus vibrate, according to two
modes at once, may be rendered visibly evident. Sup-
pose a string vibrating in such a manner that its funda-
mental note is the distinctly predominant sound. Touch
the string lightly at its middle point, that is at the point
of greatest excursion of the string from its mean position;
then the vibration of the string as a whole, which gives
rise to the fundamental note, is destroyed. But if the
vibration corresponding to the octave above has also
coexisted with t.Ynat of the string as a whole, then since
the middle point of the string is a mode with respect to
this system, the corresponding vibration is not in any way

. TP OIL 3
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checked, and therefore will continue. This is frequently
the case; the string is observed to continue in motion
still ; and if a small piece of paper be put on the string at
the middle point it will remain there, while if it be put on
the string at any other point it will be thrown off.

82. When a string is thus put into vibration, it de-
pends on various circumstances how many of the harmonie
sounds are produced at the same time. One simple fact
may be noticed. Suppose the string to be set in vibra-
tion by being struck or pulled aside at a certain point;

then no harmonic can be produced which would require .

that point to be a node. For instance, if the string is thus
treated at its middle point, the first harmonic cannot be
Yroduced; for that requires a node at the middle point.

f the string is thus treated at a distance of a thirdpt(':'om
one end, the second harmonic cannot be produced; for
that requires a node at the specified point. And so on.
Makers of pianofortes had found that the most pleasing
effects are produced on the middle stringsof the instrument,
when the wire is struck by the hammer somewhere be-
tween one-seventh and one-ninth of the length from one
end ; and Helmholtz has accounted by theory for this fact.

83. We can now give the explanation of the quality
‘of a note, according to Helmholtz. What is called a note
of a musical instrument is in general a mized sound.
In this mixtare we have stmn%ly predominant the sound
correa‘ronding to the number of vibrations which the note
is held to represent. But mixed with this we may have
one, two, or more, of the harmonics; and each of the har-
.monics is susceptible of various degrees of intensity com-
pared with that of the fundamental sound. Hence we
may have the fundamental sound modified in an enormous
number of ways, giving rise to all the varieties of quality.
For instance, suppose we consider the fundamental sound
and five harmonics. First, if the fundamental round be
combined with one harmonic we can thus produce five
different qualities, even without any regard to variations
of intensity: if each harmonic be supposed susceptible of
two degrees of intensity we may produce ten different
qualities. Next, the fundamental sound may be com-
bined with any pair of harmonics; and as ten different
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pairs can be formed we may thus produce ten different
qualities, even without any regard to variations of inten-
sity: and, as before, by allowing for variations of inten-
gity the number of different qualities becomes largely
increased. Again, we may combine the fundamental
sound with any thres of the harmonics; and so on. It is
said that in one musical note there may enter as many as
15 or 20 of the harmonics: in notes formed by the violin
the first 8 harmonics occur. °

84. “The quality of pianoforte notes varies greatly in
different parts of the scale, In the lower and middle
region it is full and rich, the first six partial-tones being
audibly present, though 4, 5, 6 are much weaker than
1, 2, 3. Towards the upper part of the instrument the
higher partial-tones disappear, until in the uppermost
octave the notes are actually simple-tones, which accounts
for their tame and uninteresting character.” Sedley Taylor
on Sound and Music.

85. The sound of a tuning-fork when mounted on a
sounding-box is very nearly an unmixed note. Let us
then take a series of six or eight tuning-forks, such as will
yield a certain fundamental sound and its harmonics.
Then sound that which gives the lowest note, simultane-
ously with one or more of its harmonics; and give to the
harmonics successively various degrees of intensity: we
can thus manufacture the quality which belongs to the fun-
damental note on any instrument we please. This imita-
tion of any proposed quality is found to be very successful.

86. We must now advert to the nomenclature of the
subject. The word note had always been applied to a
sound corresponding to a definite number of vibrations ;
since it has been made out that a note produced by an
instrument i3 in general a mixed sound, it has been pro-
posed that in this case instead of note the word clarg
should be used, which corresponds to the German klang.
For quality the French use the word timbre, which sig-
nifies literally a stamp ; the Germans use the word ¥lang-
Jarbe which signifies sound-tint. Instead of quality it has
been proposed to use chkaracter, or clangtint in imitation
of the German word. The harmonics are sometimes
called partial-tones, and sometimes over-tones. Sce Pro-
fessor Tyndall on Sound.

3—2
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IX. NOTES FROM TUBES.

87. Musical sounds can be produced by the vibra-
tions of air in tubes; the theory of these sounds is like
that of the sounds Eeroduced by the vibrations of strings,
Suppose a tube to closed at one end and open at the
other; let a disturbance of the air be excited at the open
end, consisting of a condensation and a rarefaction, each
occnpying the same time, namely the time which sound
would take to travel twice the length of the tube, so that
the two together occupy the time sound takes to travel
four times the length of the tube. Let such a disturbance
be maintained at the open end ; then the air in the tube
is found to continue in regular vibration, and this gives
rise to a musical sound. The closed end of the tube is in
fact & node in the semse of Art.79; and the open end
corresponds to a point midway between two consecutive
nodes. The state of vibration is maintained by the con-

tinual production of waves at the open end, and the conti-

nual reflection of them at the closed end.

88. There are various ways of producing the disturb-
ance at the open end of the tube which the preceding
Article supposes. One way is by blowing into, or rather
over a tube, as in the case of a flute. Another way is by
introducing a current of air through an opening of pecu-
liar construction called a 7eed, provided with a tongue or
flexible plate of metal which is nearly of the same size as
the opening; the tongue is alternately forced away from
the opening, and then brought back to the opening by its
own elasticity, so that there is a regular succession of im-
pulses such as the case requires. There are two kinds of
reeds, called free reeds and beating reeds. In the former
the tongue moves to and fro through the opening, just
grazing its edges ; in the latter the tongue is longer than
the opening, and strikes against it at one end of each
vibration.

89. The note which is produced in this way from a
tube can be compared by the ear with that produced by
some standard instrument, as the siren; and hence the
number of vibrations performed in a second can be deter-
wmined, and 80 the time of a vibration, Thus we could
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deduce the velocity of sound in air, from the principle
that in the time of one vibration sound would traverse
four times the length of the tube. Practically we should
not use this method for determining the veloeity of sound
in air, because that has been found accurately by other
methods ; but it has been applied to find the velocity of
sound in gases : we have only to fill the tube with the gas
about which we are concerned, and determine by the aid
of the siren the note produced.

90. Next, suppose we take a tube open at botk ends.
Let a regular disturbance be maintained at one end such
that the time occupied in the condensation and rarefaction
is the time in which sound can traverse fwice the length
of the tube. Then it is found that the air in the tube
will contipue in vibration. If we suppose the tube to be
of the same length as that which was stopped at one end,
then as the vibration is performed in half the time the
note is an octave above the former. The state of vibration
is maintained b{l the continual production of waves at one
open end, and the continual reflection of them at the other.-
'l‘hg point midway between the two ends is found to be a
node.

91. Finally, suppose a tube stopped at both ends.
Then theory shews that vibrations may be maintained
which are performed in the time in which sound can tra-
verse twice the length of the tube. Thus the note is the
same as for the tube open at both ends. The state of
vibration when once produced will be maintained for a
brief period by perpetual reflections at the two ends, but
will pass away unless means are found to support it per-
petually. The two ends of the tube are nodes.

92. The notes which may be thus obtained from tubes
are called the fundamental notes, being the lowest which
the tubes will furnish. But we have seen that a stretched
string will vibrate as if it were fixed at various inter-
mediate points as well as at the ends; and in like manner
a tube may resolve itself, as it were, into shorter tubes.
This indeeg we may say that the tube open at both ends
does in order to produce its fundamental sound ; it re-
solves itself into two tubes of the nature of a tube open
at one end : for at the middle of the tube open at both

|
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ends we have a node, so that each half resembles a tube
closed at one end and open at the other. We will pro-
cced to consider separately the harmonics or ocertones
which can be produced from tubes,

93. The simplest case is that of the tube closed at
both ends. The tube can, as it were, resolve itself into
2, 3, 4, 5,...or any number of equal parts; and thus the
complete series of harmonics can be obtained which a
stretched string will furnish, Each of the parts of the
tube resembles the whole, having a node at each end,
g0 that it may be considered as a tube closed at both ends,

94. Next take the tube closed at one end. The sim-
plest mode of resolution is into two ;;larts, one extending
from the open end to one-third of the length, and the
other occupying the remaining two-thirds of the length.
The former portion constitutes a tube open at one end
and as its length is one-third of the length of the originai
tube, the time of vibration is one-third of the time for
the fundamental note. The latter portion constitutes a
tube clased at both ends. The next mode of resolution is
into three portions, one extending from the open end to
onefifth of the length, and the other two each occupying
two-fifths of the length. The first portion constitutes a
tube open at one end; the other two portions constitute
tubes closed at both ends: the time of vibration is one-
Jifth of the time for the fundamental note. Proceeding
in this way we see that we cannot get il the harmonics,
but only those in which the rate of vibration is an od4
multiple of the rate for the fundamental note.

95. Finally, take the tube open at both ends. The
simplest mode of resolution may be said to be that which
actually occurs when the fundamental note is sounded ;
there is then a node at the middle of the tube, and the
tube is tpmtically resolved into two, each of half the
length of the real tube, and each open at one end. The
next mode of resolution is when there are fwo nodes, one
at the distance of a quarter of the length from each open
end; thus we obtain, as it were, two tubes, each open
at one end and eqnal in length to a quarter of the original
tube, together with a tube closed at both ends equal in
length to half the original tube : the time of vibration is
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then half of that for the fundamental note of the original
tube open at both ends. The next mode of resolution
is when there are thres nodes, one at the distance of »
sixth of the length from each open end, and one at the
middle; thus we obtain, as it were, two tubes each open
at one end, together with two closed at both ends: the
time of vibration is then a third of that for the funda-
mental note of the original tube open at both ends.
Proceeding in this way we see that we can get all the
harmonics corresponding to the fundamental note,

96. ¢ Precisely, too, as in the vibrations of strings, any
number of these modes of vibration may go on simulta-
neously. Such combined modes may be produced by an
expert flute-player, by a nice adjustment of the force of his
breath ; at least the octave of any note may be obtained
without difficulty, and distinctly heard with the fundamental
tone.” Herschel on Sound.

97. The laws which we have stated with respect to
the vibration of air in tubes are vbtained by theory; they
are called Bernoulli’s Laws, as they were first investigated
by Daniel Bernoulli. They are not quite exactly confirmed
by experiment ; for the sounds obtained in practice are
deeper than those suggested by theory. The existence of
nodes may be werified by inserting a moveable piston in
the tube at different points; the sound is not altered
when the piston is at the place of a node. Or a tube may
be constructed of slight thickness so that its parts will
vibrate with the internal column of air; if the tube be
sprinkled with fine sand and placed horizontally the sand
will leave the ventral segments and accumulate on the
nodal lines : thus the existence of the nodes is experi-
mentally verified.

X. RESONANCE

98. The term resomance is applied to the cases in
which one sounding body excites another to give forth
sound: the following are examples. Let a string be
stretched and its ends fastened; then if it be ulfed a
little aside it will give forth a note. But instead of pulling
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the string aside let that note be played on some imstru-
ment, or sung, near it; then the string will vibrate in
unison ag if it had itself been pulled or struck. The
vibrations produced in the air by playing or singing the
note are in this case communicated to the stretched string.
Similarly if one tuning-fork be set in vibration, and held
near a second tuning-fork similar to tho former, the latter
will be set in vibration and sound the same note. 1f we
make a tuning-fork vibrate near a tube the air in the tube
is set in motion, and we have a powerful resonance, pro-
vided the length of the tube is properly adjusted so as to
correspond to the same note as the tuning-fork. Thus for
a tuning-fork which makes 1056 vibrations in a second,
the tube, if open at buth ends, should be slightly more
than 6 inches long; for then the time which sound takes
in traversing twice the length of the tybe is equal to the
time of a vibration, as it should be by Art. 90. If the
tube is closed at one end, but of the same length, the
tuning-fork must be an octave lower to suit it; that is
the tuning-fork must make 528 vibrations in a second : see
Art. 87.  Another example of resonance iz furnished by
the known fact that if we sing near the aperture of a wide-
mouthed vessel, some special note, corresponding to that
which the vessel is capab?e of producing, mﬁ be augmented,
and sometimes to a great degree.

99. The resomance box consists of a tuning-fork
screwed into one side of an empty wooden box, which is
8o adjusted that the air-column in the box will be reso-
nant to the note of the tuning-fork; thus the sound of the
tuning-fork is much intensified.

100. The resonator is an instrument invented by
Helmholtz. It consists of a hollow ball of brass, with two
apertures at the opposite ends of a diameter. The larger
aperture is for the entrance of sound vibrations, and the
ear is applied to the smaller aperture. If a sound com-
posed of various notes is produced the resonator selects
that which is in unison with itself, and by reproducing it
very powerfully renders it sensible to the ear. :

101, It must be observed that what is gained with
respect to the intensity of sound by the aid of a resonunt
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body is lost with respect to duration. Thus a tuning-fork
when placed on a resonance box loses its mote much
sooner than if left to itself. It is obvious that a resonant
body is useful or necessary for those musical instruments
which produce notes by the vibrations of strings; while it
i8 not necessary for those which are called wind instru-
ments, which put a considerable body of air in motion in
a direct manner. Resonance does not alter the pitch of a
pure tone, but it has an imrorta.nt influence on the mixed
sound of which a note usually consists ; for resonance does
not strengthen the various partial tones in the same de-
gree : in fact it may strengthen only one or some of them,
excluding all the others.

102. A tuning-fork is used to enable a singer to ob-
tain the exact pitch of a note which is to be reproduced.
It is however well known that the number of vibrations
corresponding to a specified name of note has varied con-
siderably in modern musical history. The number of
vibrations corresponding to a certain note called C was
about 466, according to Dr Smith in 1720; the number
has been gradually increasing since: Handel’s value in
1740 was nearly 500, and at the Italian Opera in 1859 it
was 546. The Bociety of Arts recommended 528 for per-
manent adoption, and tuning-forks are sold which are
guaranteed to give that number. There seems how-
ever to be some uncertainty as to the accuracy of tuning-
forks; for an eminent writer on music found that a C
fork which professed to give 528 vibrations really gave
538, and that an A fork which ought to have given 444
really gave 452. “It seems nearly impossible to prevent
the continued rise of pitch. Among other causes the
desire of an ambitious singer to exhibit a voice higher in
tone than can be exhibited by any other, leads to the
occasional raising of the pitch of all instruments: then in
a short time music is written for the use of ordinary sing-
ers with reference to that raised pitch, and then the rise
is established for ever.” Airy on Sound.
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XI. INTERFERENCE. BEATS.

103. Suppose that one unmixed note is produced by
an instrument, and that we simultaneously produce a
second of the same character; it is not necessarily an
intensified sound which will be heard; on the contrary
the sound may be extinguished. Let a tuning-fork be
set in vibration and held upright at about a foot from the
ear; then turn the tuning-fork slowly round and it will be
found that the sound is alternately clearly audible and
very faint. The situations of the ear favourable to audi-
bility are those in planes parallel or perpendicular to the
flat faces of tho tuning-fork; and the unfavourable situa-
tions are those in planes midway between the former.
Thus in turning the tuning-fork once round, the ear is
four times in a position in which the sound is well heard,
and four times in a position in which the sound is very
faint. Each prong of the tuning-fork conveys to the air
vibrations corresponding to the same definite note; and it
may happen that at a certain point the disturbance pro-
- ceeding from omne prong would give to the particles of air
a motion almost exactly contrary to that proceeding from
the other prong; thus practically the air is brought
?:iagl-y to rest at the point, and the sound becomes very

)

104. Let a tuning-fork be set in vibration and placed
in front of a tube, which then divides into two channels
afterwards again united. Thus, denoting by 4 the place
where the tuning-fork is placed, one branch of the tube
may pass along a curved path 4BC to a point D, and the
other branch along a curved path AEF to the same point
D. Then if the difference of the lengths of the two paths
from A4 to D is zero, or any multiple of the length of the
wave which corresponds to the sound, the note is well
heard at D. But if the difference is any odd multiple
of zalf the length of the wave the note 18 extinguished
at D,

105. Thus when two waves of sound arrive at the
same point by different courses the resulting effect may
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vary between two extremes; the waves may be quite in
concert and 8o, a8 it were, double the motion of any particle
which each would produce singly, or they may be quite in
opposition 80 as just to destroy the motion. The name
tnterference is given to the effects produced by the meet-
ing of two or more waves. Similar effccts are seen with
respect to waves of water. Thus if two stones are thrown
into a pond at different points, each gives rise to a series
of circular warves, whic%o may meet at various points.
‘Where the crest of one wave mects the crest of another
the water rises to an elevation equal to the sum of the
two elevations; and where the trough of one wave meets
the trough of another the water sinks to a depth equal to
the sum of the two depths. Kffects of an intermediate
character take place at other points. The same pheno-
meua are seen on a larger scale in connexion with the
tides. It may happen that a tide-wave will arrive at a
certain spot by two courses of different lengths, so ad-
Jjusted as to result in leaving the water without any per-
ceptible rise or fall. There is such a spot in the North
Sea about midway between Lowestoft and the coast of
Holland ; its position was discovered from theory by
J]E)Ir Whewell, and verified from observation by Captain
ewott

106. Suppose that we have two strings, one vibratin
100 times, and the other vibrating 101 times in a secomf
Let the strings be placed side by side near the ear, and
sounded together. At the beginning thg two vibrations com-
bine to produce a vibration which causes double the sound of
either. At the fiftieth vibration the effect of one string is
Jjust neutralised by that of the other, and there is a mo-
mentary silence. At the hundredth vibration there is
again a double sound. Hence the impression on the ear
is that of an intermittent sound, alternately loud and
faint, and this intermittent sound receives the name of
beats. When two strings are in perfect unison there are
no beats; when the strings are nearly but not dperfe;ctly in
unison the beats are heard, constituting a kind of unplea-
sant rattle.

107. Beats may also occur when two notes are sound-
ed together, one of which is nearly but not quite the octaze
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of the other. Buppose, for instance, that one string
vibrates 50 times in a seocond, and that anothor string
vibrates 101 times in a second ; then the combination of
every alternate vibration of the latter string with every
vibration of the former string will give rise to beats in the
manner already explained. The same thing also occurs
whenever the numbers of vibrations of two notes in a
second are nearly but not exactly in the proportion of two
small numbers. Thus if there are 100 vibrations of one
note in a second and 150 vibrations of anuther there will
be no beats; but if there are 100 vibrations of one and
151 vibrations of another there will be beats,

103. “Beats not too fast to be readily counted arise
between adjacent notes in the lower octaves of the harmo-
nium, or, still more conspicuously, in those of large o s,
They are also frequently to be heard in the sounds of
church-bells, or in those emitted by the telegraph-wires
when vibrating powerfully in a strong wind. In order to
observe them in the last instance, it is best to press one
ear against a telegraph-post and close the other: the
beats then come out with remarkable distinctness,”
Bedley Taylor on Sound and Music.

109. Beats may occur so rapidly that they can no
longer be separately perceived; but still they produce a
harsh and grating effect on the ear; the sensation is in
fact identical with that which we commonly call discord.

110. Suppose that we have two notes simultaneously
roduced, and that ¢00 vibrations in the one are performed
in exactly the same time as thres vibrations in the other.
Then every second vibration of the lower note coincides
exactly with every third vibration of the higher note.
The ear is sufficiently acute to take notice of this conjunc-
tion; so that besides the note actually sounded the ear
rceives one which corresponds to the conjunction, and
is therefore an octave lower than the lower of the two
notes which are simultaneously produced. Such sounds
have been called resultant-tones, or combination-tones, or
sub-harmonics; they have also been called Zartini’s tones,
from the name of an Italian violinist who drew attention
to them,

e ot -
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111. The older writers connected these reswu’tant.tones
with beats, and so they were often called Tartini’s beats.
But Helmholtz, who has recently investigated the subject,
has come to the conclusion that they are quite different
from beats. He divides resultant-tones into two classes,
namely, difference-tones and summation-tones. Only the
former had been previously noticed ; the number of vi-
brations in a sccond is the difference of the numbers
of vibrations in the two combined notes. The latter were
first discovered by theory and their existence confirmed
by experiment; the number of vibrations in a second is
the sum of the numbers of vibrations in the two combined
potes. Thus if for one note there are 200 vibrations in a
second, and for another 300 vibrations in a second, the
difference-tone will have 100 vibrations in a second, and
the summation-tone 500,

XI1. MUSIC.

112. Tn this Chapter we shall be concerned solely with
the pitch of notes, and it will be necessary to have some
short mode of speaking distinctly on the subject. The
pitch of a note depends on the number of vibrations which
the particles of air make in a given time, say onc second.
1f for a certain note there are 100 vibrations in a second
we shall say that 100 is the vibration nmumber of that
note; if for another note there are 200 vibrations in a
second we shall say that 200 is the wvibration number
of that note. So when we say that the vibration numbers
of two notes are as 1 and 2, or are in the proportion of
1 and 2, we mean that in the first note 1, or 10, or 100 °
vibrations are made respectively in the same time as 2, or
20, or 200 vibrations are made in the second. So also we
may speak of two notes whose vibration numbers are as

1 and g: here 100 vibrations in the first note are made in

the same time as 150 in the second.

113. When two notes of the same pitch are sounded
simultaneously they blend together and affect the ear
with a sensation of accordance which is called a unison.
When two notes, not of the same pitch, are sounded
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simultaneously, the ear is able to perceive both notes, and
to attend to either of them singly., Moreover most per-
sons who have been brought up in civilized countries
experience a feeling of satisfaction or of the reverse; the
combined sound that is pleasing to one person is also
pleasing to others, and that which is displeasing to one is
also displeasing to others. There is however a wide differ-
ence between people as to the degree of sensitiveness to
these pleasing or displeasing sounds; and in common
language some are said to possess a good ear for music
aud some to have no ear for music.

114, Now it is found that the union of twe notes is
pleasing to the ear when the vibration numbers are in a
proportion which can be expressed by very low numbers,
as 1t02,0orlto3,orlto4,or2to3. But the union of
two notes is displeasing to the ear when the vibration
numbers are in a proportion which requires high numbers
to express it, as 8 to 15. The absolute numbers of the
vibrations are not of any consequence; the proportion is
the essential thing. = These fucts are the foundation of all
harmony. The union of two notes when the sound is
pleasing is called a conecord, and when the sound is dis-
pleasing is called a discord. A combination of notes of
different pitch is called a chord ; if two notes are com-
bined it is called a binary chord; if three notes are com-
bined it is called for brevity a ¢riad. In a triad there are
three ways of forming a pair of notes, and each pair
must form a eoncord, if the effect of the triad is to be
pleasing.

115. The most satisfactory concord is the unison, in
which the vibration numbers are as 1 and 1, that is are
equal. Next to this is the case in which the vibration
numbers are a8 1 and 2; the word octave is used for
this case: the higher note is called the octave of the
lower, or an octave is said to be the interval between the
notes. 8ir J. Herschel says: “The octave approaches in
its character to a unison, and indeed two notes so related
when played together can hardly be separted in idea;
and when singly, appear rather as the same note differ-
ently modified, than as independent Sounds,” Again, the
union of two notes whese vibration numbers are as 1
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and 4 produces a very agreeable and perfect concord;
this is called the cctare of the octave, or the fifteenth.
Also the result is pleasing when there is a union of notes
whose vibration numbers are as 1 and 8 ; and 80 on.

116. The union of notes whose vibration numbers are
as 1 and 3 is pleasing ; it is called the fwelfth. 8till more
pleasing is the union of two notes whose vibration numbers

are a8 2 and 3, that is as 1 and g; this is called the fifth.
The union of two notes whose vibration numbers are as
1 a.ndg is called the magor third; of two whose vibration

numbers are as 1 and g is called the fourth; and of two

whose vibration numbers are as 1 and g is called the major
sizth: all these are concords. We may also mention the
proportions of 1 and g ,of 1 and g, and of 1 and %—' ; these

are called respectively the minor third, the minor sicth,
and the minor seventh: the first is a concord and the
others discords.

117, As an example of a triad take three notes whose
vibration numbers are as 1, g, and g Hore, by Art. 116

the Brst and second notes form a concord, and so also do
the first and third, Take then the sccond and third
notes; the vibration numbers here are in the proportion

of g and g , that is in the proportion of 4 and 5; and this
is a concord by Art. 116, Hence the effect of the whole
triad will be pleasing.
118. The natural or diatonic scale consists of a serics
of notes which may be represcnted thus:
1st 2nd 3rd 4th 5th 6th 7th 8th
L 9 8 4 3 5 1
H 8 b 4’ 3 ’ 2 b 3 b 8 b )
24, 27, 30, 32, 36, 40, 45, 48.
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In the first row the situation of the notes in order is given.
In the second row we have the proportions of their vibra-
tion numbers, taking unity for the lowest note, 8o that
fractions are used to express the other notes. In the
third row the same proportions are expressed by whole
numbers. There are said to be seven distinct notes in this
series, for the last note being the octave of the first is
regarded as a mere repet.ition of it 'When these notes
are sounded in succession, either upwards or downwards,
the effect is universally allowed to be pleasing. '

119. The series of notes may be continued indefinitely
by adding above it the octave of every mote, and then
again the octave of every new note, and so on; and the
serics may be continued in a similar way in the direction
below. But no human ear can appreciate the notes in-
definitely upwards or downwards. - When the vibrations
are less frequent than 16 in a second the ear does not
receive the sensation of a continuous sound, but that of
a succession of sounds which may be counted. On the
other hand when the frequency of the vibrations exceeds
a certain limit all sense of pitch is lost, and a shrill squeak
is heard. It is also remarkable that some persons who
are quite free from deafness as to ordinary sounds, are
insensible to certain sounds which affect other people to
whom they seem peculiarly acute. Thus one person's
range of audible notes may extend two octaves higher
than the range of another. Sir J. Herschel says: “The
whole range of human hearing comprised between the
lowest notes of the organ and tho highest known cry of
insects, seems to include about nine octaves.”

120. It must however be observed that very Aigh
notes are also in general very feeble. We have no me-
chanical means of producing 'lymeavy blows at the rate of
an enormous number per second. Thus the want of in-
tensity rather than the extreme pitch may render very
high notes inaudible to most ears. The limits of percep-
tible sounds are now,known to be wider than those assigned
by Sir J. Herschel. According to Helmholtz the lowest
limit corresponds to 16 vibrations and the highest to 33000
vibrations in a second.
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121. The notes in the greater part of the tunes sun,
by £emns not acquainted with technical music are includeﬁ
within the compass of an octave. The average compass of
the human voice is about two octaves. The lowest note
of a bass voice corresponds to about 90 vibrations per
second, and the highest of a soprano to about 800; but in
exceptional cases these limits may be as low as 50 vibra-
tions, and as high as 1500.

122, Harmony means the agreeable comsonance of
simultaneous notes, and this we have already noticed. A
few words from Bir G. B. Airy may be quoted respecting
Melody or the agreeable succession of notes. “This must
depend on some peculiar properties of our nervous physio-
logy.- It would almost seem that there is something in
our Sensorium which is put into vibration by vibrations of
air, and that these vibrations subsist after the cessation
of the atmospheric cause, through a time sufficiently long
to be mingled with the vibrations produced by the next
atmospheric disturbance, and thus g) produce the effects
of genuine Harmony. The expression of ‘sound continuing
to ring in our ears’ may not be so purely poetical as is
usually thought.”

XIII. INTERVAL. TEMPERAMENT.

123. In Art. 118 we have the following proportions for
the vibration numbers of the notes in the diatonic scale :

1st 20d 3rd 4th 5th 6th 7th 8th
L9 5 4 3 5 15,

’ 8 4 3 2’ 3’ BT

Thus under the fifth note we have g ; this tells us that

150 vibrations are made for the fifth note in the same time
as 100 vibrations are made for the first. This number

-g is said to indicate the inlerval between the two notes.

In like manner g indicates the interval between the first

T P I 4
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note and the sixth. Similarly the interval between any
two notes is expressed by the proportion of their vibration
numbers: thus the interval between the third note and

. . 4., b . 16, 15
the fourth is the proportion of 3 to 2’ that is °fT2 to15»
that is of 16 to 15; this is written as 16 Thus from the

15°
numbers given above we obtain the following to express
the interval between each note of the diatonic scale and
that immediately before it;
1st 2nd 3rd 4th 6th 6th 7th Sth
9 10 16 9 J0o 9 16
8 9’ 15° 8’ 9’ 8 15"
124. In the series just given it will be perceived that
only three different intervals are obtained, namely %, %0 s
16 9. . 10 16 .
Th of these g s slightly greater than 5 and ;18

decidedly less than ’—99. The intervals g_and 5 are called

and

Whole Tones, and :—g is called a Half Tone or Semi Tone.

Tt will be observed that the word Zone thus used to denote
an interval has a different sense from that which it else-
where implies, in which it is nearly identical with note.
As some aid to the reader we shall always employ a capital
letter when the word is used to denote an interval.

125. We see from Art. 123 that the interval corre-
sponding to a fourth is ;—, and the interval corresponding

to a fifth is g N ow; x -3=2: this is expressed by saying
that the successive intervals of a fourth and a fifth make
up an octave. The successive intervals of two Semi Tones do
) g 1616256
not however make up exactly a Tone; for 16 15 = 233
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which is greater than g, and of course therefore greater

than %’ The proportion of g—;g to gis the same as that

of 2048 to 2025.

126. It is found convenient to enlarge the diatonic
scale by inserting fize other notes; namely one between
every consecutive pair of notes, except between the third
and fourth and between the seventh and eighth. Thescale
thus enlarged is called the chromatic scale; it consists
of twelve notes, not counting the octave. The intervals
between the successive notes of tho diafonic scale are,
as we have secen, not all equal; nor will the intervals
between the successive notes of the chromatic scale be
all equal, though the intervals here may all be called
roughly Semi Tones. Musicians are not agreed as to the
most advantageous method of constructing the chromatic
scale ; some have proposed to make all the twelve intervals
equal, and for this purpose they alter slightly some of the
notes of the diatonic scale. Such arrangements are called
systems of temperament,but the discussion of them belongs
rather to practical music than to natural philosophy.

127. A simple example will shew the necessity of some
system of temperament. The note called the fifth, corre-
sponding to :% in the diatonic scale, occupies the eighth

place in the chromatic scale, so that there are seven inter-
vals between it and the first note. If the chromatic scale
were perfect twelve fifths should correspond exactly to
seven octaves. This however is not the case. For twelve
fifths -is denoted by what is called the twelfth power

of g, that is by the product of twelve numbers each equal

to ;3 this gives 523;:1 : while seven octaves is denoted by

the seventh power of 2, that isby2x2x2x2x2x2x 2, that
is by 128, that is by fii%z—?. These numbers are not equal;
42
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. ‘ . 531441
the proportion of the former to the latter is 524288’ that
. 12974
is about 128 °

128. The system of temperament which is now almost
universally adopted is that mentioned in Art. 126, which
is called the system of equal temperament. To determins
in this case the interval between successive notes we must
seek for the number which has 2 for its twelfth power;
such a number cannot be found exactly, but mathema-
ticians can get a solution as near to exactness as they

lease: to five places of decimals the number is 1:05946.
%or an approximation, which is a little too great, we may

take 106, that is i—g—g Thus, in the chromatic scale of .

equal temperament, 100 vibrations are made for any note
in about the same time a8 106 vibrations for the next note.
Taking then for the lowest note that of which the vibration
number is 264, the following are the vibration numbers,
to the nearest integer, for the thirteen notes between this
and the octave, both inclusive; for the sake of comparison
the corresponding numbers for the eight notes of the dia-
tonic scale are placed below : .

264, 280, 296, 314, 333, 352, 373, 395, 419, 444, 470, 498, 528,
264, 297, 330,352, 396, 440 495, 528.

129. The pianoforte being the musical instrument from
which our ideas of pitch are usually. obtained, persons are
liable to the mistake of supposing that pitch changes dis-
continuously, by a series of twelve jumps as it were,
between a note and its octave. But this is an obvious
error; a better instrument, as a violin, can produce notes
varying by almost insensible gradations of pitch. By an
instrument like the Siren, also, the continuity of pitch is
fully manifested. Those who wish to prosecute the study
of Music should consult the excellent work on Sound and
Music by Mr Sedley Taylor.
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XIV. SONOROUS VIBRATIONS OF VARIOUS
BODIES.

130. The vibrations of any-body will produce sound if
they are of sufficient force to be communicated to the ear
through the air or any other medium. Experiments have
been made on the vibrations of rods, and of narrow plates
of wood, glass, and steel.

131. Rods and narrow plates may vibrate either
transversely or longitudinally. The former vibrations
resemble those which we have already considered in the
case of strings. It is found with respect to these trans-
versal vibrations that in rods of the same kind, and also
in narrow plates of the same kind, the number of vibra-
tions in a given time varies directly as the thickness and
tnoversely as the square of the length,

132. Examples of such transversal vibrations are sap-
plied by a tuning-fork, and by a musical box. In a mu-
sical box small plates of steel of various sizes are fixed on
a rod, 8o as to resemble the teeth of a comb. A cylinder
having its axis parallel to the rod is placed near the rod
and turned round on its axis. The surface of the cylinder
is studded with hard prominences arranged in a suitable
manner; and as the cylinder is turned these strike the
steel plates and set them in vibration. Thus a tune can
be played, which corresponds to the arrangement of the
prominences on the cylinder.

133. We pass to the longitudinal vibrations of rods
and plates. If a straight rod of glass or metal be struck
at the end in the direction of -its length it will yield a
musical sound, which if the rod be only of moderate length
will be of very high pitch. The vibration is analogous to
that of air in a tube, but the pitch is higher because sound
in g:neral is propagated with much freater speed in
solids than in air. For instance the velocity of sound in
iron is, on the lowest estimate, ten times that in air; thus
the note of an iron rod will be the same as that of a tube
of air stopped at both ends of less than one-tenth of the
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length. It is found with respect to these longitudinal
vibrations, that in rods of the same kind the number of
vibrations in a given time varies inversely as the length,
and does not depend on the diameter or the form of the
section of the ro

134. The longitudinal vibrations are best produced
by rubbing the rods longitudinally; a glass rod is rubbed
with a wetted towel, and a rod of wood or metal with a
piece of leather on which powdered resin has been
strewed. The relative velocities of sound in different sub-
stances may thus be determined. For example, it is
found that a rod of deal 6 feet long yields the same note
48 a rod of mahogany 4 feet long ; hence we infer that the
velocities of sound in deal and mahogany are in the pro-
portion of 6 to 4. A musical instrument has been con-
structed, something like a harp in appearance, but instead
of strings which are set in vibration by pulling, it has
rods which are set in vibration by rubbing.

135. We may next advert to the transversal vibra-
tions of plates of glass or metals, or of membranes, as for.
example of those which form the ends of a drum. A
series of very interesting experiments is made by setting a
gla.te of glass in vibration. The plate should be held in a

orizontal Sosition by the points of a clamp screw, which
are covered with leather to prevent any jar; then.the
plate may be set in vibration by drawing a fiddle-bow
across an edge. Light sand is scattered on the surface,
and thus the nature of the vibration is rendered visible;
for the sand is thrown into a definite figure, being heaped
up at the points where the plate is at rest, and so indi-
cating the nodal lines. By varying the position of the
point of support, and the position of the point of applica-
tion of the tiddle-bow, an immense number of interesting
figures can be obtained. These have been describedcl;i
Chladni ; and some of his diagrams have been reprodu
by Sir J. Herschel, and by other writers on Acoustics.
‘With respect to these vibrations it has been found that in
plates of the same kind and shape, adjusted to give the
same figure of nodal lines, the number of vibrations in a
given time varies directly as the thickness of the plate and
inversely as the surface.
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136. We will take a very simple care of these figures.
Suppose a square plate is held by a suitable clump at the
centre, and let the bow be drawn
across the edge near a corner, while
the middle point of an edge is gently
touched so as to keep it at rest
Then the sand is heaped up along
two straight lines, parallel to the
edges, and passing through the centre
of the figure; the plate now gives
forth the deepest note of which it is
susceptible. Of the four squares into
which the figure is divided by the nodal lines it is found
that 1 and 4 are always in the same stage of vibration,
and that 2 and 3 are always in tho same stage of vibration
which is contrary to that of 1 and 4; so that when 1 and
th' are above their original position 2 and 4 are below

eirs. .

137. A simple experiment illustrating interference
may be made with the aid of the glass plate vibrating in
the manner just explained. 4B is a
tube which divides at B into two
branches ending at C and D respec-
tively. The end A4 is closed with a
membrane over which fine sand is
scattered, Let the part 4B be held
in a vertical position, so that C and D
may come over the middle points of B
the squares 1 and 2 respectively of
Art. 136; then the sand on the mem-
brane remains still: the waves of air

roceeding up the channels CBA and

B A are of opposite character, the con- € D
densatior in one coinciding with the
rarefaction in the other, and so they neutralise each other.
But suppose C and D to be placed over the middle points
of the squares 1 and 4 respectively of Art. 136; then the
waves are of the same character, and strengthen -each
other, so that the sand is forcibly agitated. In the
former case, where the waves neutralise each other. if we
stop up one of the two channels C and D, the sand at 4 is
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thrown into agitation: that is, by cutting off one out of
two sources of sound we, as it were, largely increase the
resulting effect.

138, The vibration of a bell when it sounds its deep-
est note bears some resemblance to that of the glass plate
as described in Art. 136. The bell divides itself, as it
were, into four parts by lines extending from the mouth
to the crown; these four lines are nodal lines, and the two
pieces adjacent to a nodal line are in opposite stages of
vibration. It is ible for a person to place himself in
such a position that, owing to interference, the waves of
sound will almost neutralise each other, and thus the
noise even of a large bell will seem very moderate: this
will be the case if he is just under the centre of the bell,
or exactly opposite to a nodal line. :

139. The transmission of vibrations is exemplified in
a curious manner by an experiment devised by 8ir C.
Wheatstone : by the aid of four long wooden reds & con-
cert played in a cellar was transferred to an upper room of
a house. One of these rods was put in contact with the
sounding-board of a pianoforte, another with the bridge
of a violin, the third with that of a violoncello, and the
Jast with a clarionet. The four rods were carried from
the cellar upwards, and at the other end of each was
attached a wooden tray to serve as a resounding board.
‘When the instruments were played in the cellar the rods
vibrated in unison, and the resounding boards at their
other ends dispersed the music through the upper room:
the effect was very striking as the music seemed to issue
from these boards without any exciting cause.

140. Professor Tyndall has made some curious expe-
riments with respect to singing flames. When a gas flame
is surrounded by a tube the air in the tube is thrown into
a state of vibration, in the manner usual for a tube open at
both ends; while the vibrations continue the flame goes
through a ragid series of extreme diminutions, or even of
extinctions, between every two of which the brightness
recurs. Flames unprotected by tubes exhibit, under cer-
tain circumstances, extreme sensitiveness as to sounds.
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For instance a certain flame when undisturbed was 24
inches high; and the slightest taﬁ on a distant anvil
reduced the height to 7 inches. The flame was sensibly
affected by the tick of a watch held near it, falling at
every tick; the twitter of a distant sparrow_or the note of
a cricket produced the same effect. See Professor Tyn-
dall on Sound.

XV. MISCELLANEOUS REMARKS.

141. Thse Ear. The form of the external o of hear-
ing is obvious from inspection; it is also well known that
the only part which is of great use for the conveyance of
sound 18 a certain recess in it, for if this be stuffed with
wool the sense of hearing seems almost lost. The skin
which forms the bound: of this recess is called the
tympanic membrane; and behind this membrane is a
cavity containing air, which is called the drum of the ear.
At the other end of the drum is a bony partition, pierced
with two holes, one round and the other oval: these holes
are covered by membranes. The drum of the ear contains
four little bones; the first, called the hammer, has its
smaller end in contact with the tympanic membrane, and
its larger end in contact with the second bone ; the second
bone, called the anvil, has one end in contact with the
hammer, and the other end in contact with the third
lone; this third bone, which is very little and round, is
also in contact with the fourth bone; the fourth bone,
called the stirrup, has its base resting on the membrane
of the oval bole above mentioned. Behind the drum is
a chamber called the Labyrinth, excavated in the bony
substance of the skull, and filled with fluid; in this are
situated the ends of the nerves which convey the sensation
of sound to the brain. If the membrane which bounds
the labyrinth is pierced, so that the fluid escapes, incurable
deafness is the result. Thus when sound is excited in
the air the waves strike on the tympanic membrane and
set it in vibration; these vibrations are conveyed through
the drum, partly by the medium of the air ib it, and part.lg
by the chain of the four small bones; they pass throug
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the membranes which close the round and oval holes
and so ‘enter the tympanum: from this they are conveyeri
by the nerves to the brain.

142. But although we have thus a general notion of
the way in which we perceive sounds, yet our knowledge
of the subject is very vague and imperfect. It seems that
the drum with its contents is not indispensably necessary,
for it is said that when the tympanum is destroyed, so
that the chain of small bones hangs loose, deafness does not
follow. Moreover in the labyrinth anatomists have dis-
covered various things of which they can only conjecture
the use. Thus there are small hard hodies, called otoconia
or ofolithes, which are sup to vibrate and knock
against the extremities of the auditory nerves. There is
also a structure called from its discoverer Corti’s fibres;
the part where this is found has been compared to a “key-
board, in function as well as appearance, the fibres of Corti
being the keys, and the ends of the nerves representing
the strings which the keys strike.” Huxley’s Elementary
Physiology.

143. The Voice. The human voice is produced by
the aid of air which is forted from the lungs up a chautnel
called the frachea or wind-pipe. Near the top of this
chaunel are two elastic bands like the parchment of a
drum slit in the middle; they are called zocal chords:
the slit between them in adults is about four-fifths of
an inch long, and a twelfth of an inch wide. By changes '*
in the tension of the vocal chords the pitch of the sound
can be changed. The following are stated by Professor
Huxley to be the essential conditions of the production
of the human voice: “The existence of the so-called
vocal chords. The parallelism of the edges of these
chords, without which they will not vibrate in such a
manner as to give out sound. A certain degree of tight-
ness of the vocal chords, without which they will not
vibrate quickly enough to produce sound. The passage of
a current of air between the parallel edges of the vocal
chords sufficiently powerful to set the chords vibrating.”

144, Although the essential principles on which Sound
depends have been long familiar to men of science, yet a
student 6f the Chapters on the subject here given will




MISCELLANEOUS REMARKS. 59

observe that various important parts have been explained
only in comparatively recent times. For examples we
may notice the account of the action of the wind in
changing the intensity of sound, and the explanation of
the cause to which the quality of musical notes is due: see
Arts. 23 and 83.

145. Moreover there still remain some matters, though
in general of subordinate interest, which have not yet
been thoroughly settled, perhaps mainly because they have
not been sufficiently examined. For example we may
refer to the constant failures which occur in the attempts
to construct buildings adapted for a large number of
listeners: see Art. 47. The theory of the speaking trumpet
has not yet been made clear; experience shews that the
funnel-shaped portion at the end farthest from the mouth
is of great service, but why it should be 8o has not been
agcertained. Various forms have been suggested for ear-
trumpets, but no convincing reasons for the choice of a
particular form have been assigned. The causes of the
remarkable echoes described by travellers have not always
been clearly exhibited; though this may be owing to the
insufficient accounts of the locality and the circumstances:
on the other hand, places seem sometimes suited for the
production of echoes, while yet none are heard. Such
a well known and familiar instance of the transmission and
corroboration of sound as is supplied by the Whisperin,
Gallerty of St Paul’s Cathedral in London cannot be sai
to be fully understood.

146, We will finish the subject of Sound by briefly
noticing four cases of historical interest in which remark-
able effects have been observed.

147. The Vocal Memnon. On the banks of the Nile,
near Thebes, are two statues in a sitting position, each
47 feet in height above the level of the soil, and extending
7 feet below it. Both the statues represent king Amunoph
the Third, who began his reign about 1400 years B.c. Each
statue was originally formed from a single block, but one
of them, namely that to the east, has been restored in five
pieces from the waist upwards. When the Greeks came
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to settle in Egypt they found this statue shattered from
the waist upwards, probably owing to an earthquake ; they
called it Memnon. Ear witnesses affirmed that this statue
would sometimes in the first hour after sunrise send forth
a musical voice, which they likened to the sound of a
harp-string when breaking. After the date 194 A.p. there
is no record of the sound being heard. The souud is now
attributed to the transmission of rarefied air through
crevices in the stone; and other examples have been ad-
duced of the action of the morning sun on the air in the
hollows of rocks: especially some effects of the same kind
were observed by Humboldt among granite rocks on the
banks of the Oronooko. The damaged statue was repaired,
it is supposed about in the time of the emperor Severus;
and it 18 probable that the crevices were then filled up
which had given rise to the sound, so that it was heard
no more. 5luarterly Review, April 1875,

148. The Ear of Dionysius. Near Syracuse there is
a cavern in a rock, extending in a winding form for about
200 feet; it is 70 feet high, and varies in width from 15 to
35 feet. The whisper of a person at the further end is
heard distinctly at the entrance, provided the speaker
puts his mouth to the wall; otherwise an indistinct mur-
mur is all that is heard. The general effect has been
compared with that produced in the Whispering Gallery
of St Paul’s Cathedral in London. The following is the
origin of the name given to the cavern. 1t is known that
Dionysius, the tyrant of Syracuse, was in the habit of
using stone quarries for dungeons; and in the sixteenth
century the painter Caravaggio suggested that this cavern,
which 18 close to a stone quarry, might have been used for
a dungeon, and that the tgmnt by stationing himself near
the entrance might have been able to hear the conversa-
tion of the prisoners within. The suggestion has been
handed down by tradition, and has been sometimes
accepted as a fact. Murray’s Handbook for Sicily.

149. Sounding Sand. At a place called E! Nakous
in the neighbourhood of Mount Sinai in Arabia some
remarkable sounds are heard connected with the motion
of loose sand down a declivity. Herschel in his Essay on
Sound quotes the narrative given by a traveller in 1812,
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and calls the phenomenon very surprising and utterly
inexplicable, An interesting account of the locality, and
of the circumstances under which the sounds are heard, is

iven in Professor Palmer’s work on 7he Desert of the

zodus, published in 1871; we will extract a small part of
this account. “The mountain itself is composed of white
friable sandstone, and filling a large gully in the side
facing west-southwest, is a slope of fine drift sand about
380 feet in height, 80 yards wide at the base, and tapering
towards the top, where it branches off into three or four
narrow gullies. The sand lies at so high an angle to the
horizon, namely 30° and is so fine and dry, as to be easily
set in motion from any point in the slope, or even by
scraping away a portion from its base. When this is
done, the sand rolls down with a sluggish viscous mo-
tion, and it is then that the sound begins, at first a low
vibrating moan, but gradually swelling out to & roar like
thunder, and as gradually dying away again, until the sand
has ceased to roar...... We found that the sand on the
cool shaded portions, at a temperature of 62° produced
but a very faint sound when set in motion ; while that on
the more exposed parts, at a temperature of 103° gave
forth a loud and often even startling noise. Other sand-
slopes in the vicinity were also experimented upon, but
these which were composed of coarser grains and inclined
at a l,ower angle produced no acoustic phenomena what-
ever,’

150. Arago’s Observation. Some elaborate experi-
ments on the velocity of sound were made in June 1822
by Arago and other eminent French philosophers. Two
stations were taken, Villejuif and Montlhéry, both lying
south of Paris, and distant about 11'6 miles apart. Guns
were fired at each place, and the velocity of sound was
deduced from the observed interval between the flash as
seen and the report as heard at the other place. Now in
the course of these experiments the following singular
fact was noticed: every report of guns fired at ont%l‘:éry
was heard distinctly at Villejuif, while few reports of guns
fired at Villejuif were heard at Montlhéry. There was
very little wind at the time, but such as there was blew
from Villejuif to Montlhéry. This difficulty has remained
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unexplained up to recent times. Professor Tyndall has
investigated it and arrived at the following conclusion.
Villejuif is close to Paris; consequently all the warm air
from an immense number of chimneys was wafted to Ville-
Jjuif and formed round it a non-homogeneous atmosphere,
which acted with respect to sound proceeding from Ville-
Jjuif like a screen with respect to light. In this case the
sound starting from Villejuif was intercepted by the neigh-
bouring - screen, and so prevented from passing on to
Montlhéry; while on the other hand sound starting from
Montlhéry was yet able to penetrate this screen, remote
from the origin of the soung, and reach Villgjuif. Direct
experiment shewed results of the same kind. For details
we must refer to Professor Tyndall’s valuable work on
Sound.



LIGHT.

XVI. MATHEMATICAL PRELIMINARIES

151. A little more mathematical knowledge than we
have hitherto assumed will be useful, though not abso-
lutely necessary, for the study of the subject of Optics ; we
will collect here the things which will be required. It
will be sufficient for the beginner to read them once care-
fully, and to return to them afterwards as occasion arises.
In Art. 162 we exemplify an Arithmetical definition; in
Arts. 153...156 we enunciate Bome propositions in Geometry,
and supply references to the places where the demonstra-
tions can be found; and in Arts. 157...164 we treat of
angles and of what are called the sines of angles.

152, The reciprocal of any fraction is obtained by
making the numerator and the denominator change places:

thus the reciprocal of g is g, and the reciprocal of g is
g; 80 also, since 5 is equal to g, the reciprocal of 5 is ;,
and the reciprocal of } is ‘I‘, that is &, '
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153. Let the straight
line 4B make with the
straight line CD on one side
of it the angles 4BC and
ABD: these angles will be
together equal to two right
angles. See Euclid 1. 13,
or Mensuration page 9.

154. Let two straight
lines 4B and UD cut one
another at £: the angle
AEC will be equal to the
angle BED, and the angle
AED will be equal to the
angle BEC. See Euclid 1.
15, or Mensuration page 9.

155. Let the straight
line EF cut the parallel
straight lines 4B and CD:
the angles AGH and GHD
will be equal. These angles
are called alternate angles.
See Euclid 1. 29, or Mensu-
ration page 9.

156. Let BC a side of
the triangle 4 BC be pro-
duced to D; the exterior
angle ACD will be equal
to the two interior and
opposite angles 4ABC and

AC; and the three inte-
rior angles of the triangle
are together equal to two
right angles. See Euclid 1.
32, or Mensuration page
10.

B




MATHEMATICAL PRELIMINARIES. 65

157. A right angle is divided into 90 equal parts
called degrecs ; and any angle is measured by ascertainin,
how many degrees it contains. A degree 18 subdivid
into sixty equal parts called minutes. Symbols are used
as abbreviations for the words degrees and minutes ; thus
6° 42’ is used to denote an angle of 6 degrees 42 minutes.

158. The complement of an angle is the difference
between the angle and a right angle; thus an angle of
83° 18’ is the complement of an angle of 6° 42/, for the sum
of the two is 90°.

159. Let CAB be any angle. From any point P in
AC draw PM perpendicular to 4 5. ¢
Then the proportion which PAM P
bears to AP is called the sine of the
angle A. The sine of an angle is a
very important and usefyl thing in
mathematics ; various facts respect-

- ing it are demonstrated in books on

Trigonometry. Thus, for example, 4

it is shewn that if the perpendicular is drawn from any
other point in AC, so long as the angle CAB is not
changed the sine is not changed: if P2 in the diagram is
*4 of 4 P, then if from asecond point in 4C a perpendicular
were drawn on 4 B, the new perpendicular would be °4 of
the distance of the second point from 4. )

160. TIn books on Trigonometry we learn how we must
proceed if we wish to calculate the sine of any angle. It
is found that if the angle is expressed exactly in degrees
and minutes the sine is scarcely ever a terminating deci-
mal; but the value can always ﬁe obtained to any extent
of accuracy we please. The values of the sines of angles
have been calculated and published in Tables; some of
these give, to seven places of decimals, the sines of angles
incxieasing by single minutes from one minute up to a right
angle.

161. Wae shall find it sufficient to have a Table which
gives, to three places of decimals, the sines of angles
increasing by single degrees from on¢ degree up to a right
angle; and accordingly we place the Table here.

T. P, II, 5
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Dcgrees  Sine Degrees £ine Degrees Bine

1 017 31 515 61 875
2 035 32 ‘530 62 883
3 . 052 33 545 63 891
4 070 34 559 64  '899
5 087 35 574 65 906
6 105 36 588 66 914
7 122 37 602 67 921
8 139 38 616 68 927
9 156 39 629 69 934

10 174 40 643 70 940
11 191 41 656 71 ‘946
12 208 42 669 72 951
13 225 43 682 73 956
14 242 4 695 74 961
15 259 45 707 "5 966
16 276 46 719 76 970
17 292 47 731 77 974
18 309 48 743 78 978
19 326 49 155 79 982
20 342 50 766 80 985
21 358 51 777 81 988
22 375 52 758 82 990
.23 391 53 799 83 993
24 407 54 ‘809 84 995
25 423 55 ‘819 85 ‘996
26 478 56 829 86 ‘998
27 454 57 ‘839 87 999
28 469 53 848 88 ‘999
29 485 59 857 89 1009
30 500 60  "8t6 90 1000

The sincs are given to the nearest figure ; so that in
some cases they are a little too small and in others a little
too great. When the angles are near 90° the sines cannot
be distinguished without going to more than three places of
decimals ; so we will give them to five places :

86°, 99756; 87", "99863; 88°% °99939; 897, ‘99985,
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162. In looking at the Table of sines the following
facts are apparent: The sine of an angle is never 8o great
as unity except in the extreme case of a right angle; in all
other cases the sine is less than unity. As the angle
increases 80 also does the sine, but not quite so rapidly.
Thus the sine of an angle of 20° is not quite so much as
twice the sine of an angle of 10°: the sine of an angle of
10° is by our Table just twice the sine of an angle of 5%;
but if our Table extended to 7 places of decimals the sine
of an angle of 10° would not be quite so much as twice the
sine of an angle of 5°%

163. The Table can be used either to find the sine
when the angle is known or to find the angle when the
sine is known. Thus if we require the sine of an angle of
8° we find it is “139; if we require the angle whose sine is
*707 we find it is 45°%

164. If we wish to find the sine of an angle which is
not contained exactly in our Table we must estimate it as
well as we can from the sines of the two angles in the
Table between which it lies. Thus suppose, for example,
we require the sine of an angle of 94°; the sine of an angle
of 9° i8 ‘156, and the sine of an angle of 10°is 174 ; now
the number °165 is midway between ‘156 and ‘174, and we
may therefore take it for the sine of 93° In like manner
if we have ‘165 given as the sine of some angle we may
infer that the angle is 93". The results thus obtained,
though not absolutely correct, will be sufficiently exact for
our purposes.

XVII, RECTILINEAR PROPAGATION.

165. The name Optics, from a Greek word signifying
{0 see, is given to the science which treats of light and
vision. We observe various natural bodies, as the sun and
the stars, and various artificial bodies, a8 candles and

5—2
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lamps, which send forth light to our eyes, by means of
which we see these bodies themselves and others which
transmit in various ways the light received from them.
Bodies are called self-luminous when they are themselves
the origin of the light they afford to us; most bodies how-
ever are not self-luminous but derive from some external
source the light by which we see them,

166. We shall hereafter say something as to the nature
of light, but at present wo shall confine ourselves to the
laws of its transmission, and the first thing we have to
remark is that light proceeds in straight lines so long as
1t continues in tia same medium. Let the shutters of a
room be carefully closed, 8o that the room is in darkness;
let a very small hole be made in a shutter opposite to the
sun: then a bright spot of light is seen on the floor, or on
the wall, 8o situated that the sun, the hole, and the bright
spot appear to be, at least roughly, in a straight line.
Also the fact that the path of the light from the hole to
the bright spot is a straight line appears from the shining
track which the heams of the sun mark out as they illu-
minate all the specks of dust they meet between the hole
and the bright spot. This shining track of the sun’s light
will enable us to form an idea of what is meant by a ray
of light. A 7ray of light is the slenderest conceivable beam
of light, and is to be considered as a geometrical line; it is
in fact what we can imagine as presented by the experi-
ment of the hole in the shutter, if the hole were only a
geometrical point, and the sun, instead of being a vast
though remote body, were only a brilliant geometrical
point.

167. A collection of rays of light is called & pencil of
rays, or briefly a pencil. We shall have to consider only
cylindrical pencils and conical pencils. A cylindrical
pencil consists of rays which are all parallel to each other.
A conical pencil consists of rays the directions of which all
pass through one common point: if the rays are considered
as coming from the J)oint the pencil is called dizergent,
and if they are considered as going towards tho point the
pencil is called contergent.
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168. The rectilinear path of light is also established
by the phenomena of shadows. Suppose that a bright
point is sending out light in all directions, and we put an
object before the points If the object is transparent, as
glass, the rays of light pass through it; but if the object is
opaque, as a book or a coin, the rays of light which fall on
it are stopped. Let a large screen be placed to receive
light from the point, so that the opaque object is between
the bright point and the screen; then there is a dark
space on the screen corresponding to the rays which are
stopped by the object, and the dark space is the shadow
of the object. The form of the shadow will be determined
in the following manuer: draw straight lines from the
bright point to the boundary of the object, and produce
them to the screen; then the points at which they meet
the screen constitute the outline of the shadow. Thus if
the object be a round coin, and the screen be parallel to it,
the shadow will also be round; but if the screen be not

allel to the coin the shadow will in general not be round

at oval ; it will in fact be the curve which mathematicians
call an ellipse.

169. We have hitherto spoken of a shadow as it would
appear if it were formed by stopping the light from a
bright point; but in reality an origin of light is always a

y of finite size, and not a mere point, though it may be
supposed for convenience to consist of a vast number of
points. Suppose that we hold up a coin before a common
candle, and receive the light on a screen behind the coin.
Then corresponding to each point of the candle-flame
there will now be a shadow on the screen. The shadow
corresponding to one point of the candle-flame does not
fall exactly over the shadow corresponding to another
point; the comsequence is that the shadow as a whole,
instead of being sharp and well defined, consists of a
darker central part surrounded by a band which is less
obscure, and which changes gradually to the bright part
where there is no shadow,

170. We may as an example of a shadow consider the
case of the sun and the earth. Let the circles of which
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the centres are .S and E represent the sun and the earth
respectively. Let a pair of straight lines be drawn to
touch these circles, meeting at the point A beyond the
earth. Let another pair of straight lines be drawn to
touch the circles, meeting at the point X betwecn the
earth and the sun; these straight lines are the dotted lines
in the diagram. Let 4BCD be a portion of the circle
described round the earth as centre, with the moon’s dis-
tance for radius. If the moon were at any point of the arc
between B and C not a ray from the sun could reach it ;
for a straight line drawn from any point in BC to any point

of the sun would pass through the earth. If the moon
were at any point of the arc between 4 and B gome of the.
rays of the sun would reach it; for instance, if the moon
were about midway between 4 and B, a straight line
drawn from it to touch the lower part of the circle repre-
senting the earth would, when produced, pass nearly
through the sun’s centre: the rays from the lower half of
the sun would reach the moon in this case, and the rays
from the upper half would not. With respect to the arc
between C and D remarks may be made similar to those
with respect to the arc between 4 and B. The whole
shadow 18 thns divided into two parts: the part corre-
sponding to BC, in which all the sun’s rays are cut off, is
culled the umbra ; and the part corresponding to 4.8 and
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CD, in which some of the sun’s rays are still received, is
called the penumbra. The obscurity of the shadow in-
creases gradually from 4 to B, is total from B to C, and
diminishes gradually from C to D. The diagram does not
profess to represent the various parts in their correct
proportions, for this could not be done without a loss of
distinctness, .

171. We will now give a little further attention to the
experiment of passing light into a dark room through a
small hole, which was noticed in Art. 166. Suppose a
bright point of light outside & room which is entirely
closed and dark ; let a hole be made in the side opposite
the point, 8o that light may enter the room, and form a
bright patch on a screen opposite the hole. If the hole is
triangular so also will the patch be; if the hole is four-
sided so also will the patch be; if the hole is round the
patch will be round or oval. If instead of a bright point
wo have a bright dody, as the sun, the appearances will be
different, and they may be summed up in the following
statement : let the light of the sun be azzm'ttad through a
small hole of any form, and received on a screen; then
U the screen 18 very mear the hole the bright patch re-
sembles the hole, but if the screen is very remete from the
hole the bright patch resembles the sun. Feor the sake of
definiteness consider the hole as ¢riangular. Every visible

int of the sun’s surface will produce on the screen an
1lluminated patch of a triangular form, and if the screen is
close to the hole these triangular patches, although not
occupying exactly the same position, do nearly coincide :
thus on the whole we have a central part, triangular in
form, of uniform brightness, surrounded by a narrow band
in which the brightness gradually fades away. But if the
screen is very remote from the hole the illuminated
patches, instead of nearly coinciding, are diffused over a
space which is large compared with the size of each patch,
To determine the form of the bright space we need con-
sider only the bright points which constitute the boundary.
of the sun’s visible surface ; corresponding to these points
there will be a set of illuminated patches arranged as we
may say close to each other round a circle, 8o that there
will-be a circular boundary to the bright space.
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172.. Common observation shews that the intensity of
the light received on an assigned surface diminishes wher
the distance of that surface from the origin of the light is
increased. Thus if we are reading at night, by the assist-
ance of a lamp, we bring the lamp nearer to the book
when we wish to increase the quantity of light which falls
on a page. The law respecting the diminution of intensity
owing to the increased distance from the origin of light, is
the same as holds for the dimimition of sound, and for the
diminution of the force of gravity ; namely, the intensity
diminishes in the same proportion as the square of the
distance Increases : see Art. 17. Thus if light falls from a
bright point on a screen, and we move the screen to a second

sition, similar to the former but at twice the distance
g:;m the point, the intensity of the light on the screen
will be one fourth of what it was before. In experimental
lectures means are devised for confirming this statement ;
for instance, four equal candles are placed side by side,
and it is shewn that they together produce the same illu-
mination on an object at a certain distance, as a single
candle would produce on the object at half the distance.
But with the aid of a little geometry the fact appeals
more forcibly to the mind. Sup a piece of wood or
metal, in the form of a square, held uf) before a bright
point, and let a screen be placed parallel to the square,
and so that the square is midway between the bright
point and the screen. Then the shadow on the screen is a
square, four times as large as the square object, being twice
as long and twice as broad. Thus the same amount of
light which falls on a certain area would be diffused over
four times that area if placed at twice the distance from
the origin; and therefore the illumination at a point
becomes one fourth of what it was before at the corre-
sponding point.

173. The illumination received by a surface from an
origin of light depends on the distance of the surface from
that origin, in the manner just explained ; the illumination
depends also on the tnclination of the surface to the rays
which fall upon it. Return to the experiment of admit-
ting light from the sun through a very small hole into a
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room. The rays appear to spread out in a conical form
from the hole where they enter. Hold a screen at a fixed
distance from the hole, but place it successively at different
inclinations to the rays. hen the rays fall on the screen
as nearly as possible at 7ight angles the patch is smallest
and brightest; but when the rays fall 80 as to make a ve

small angle with the screen the patch is large and mu

less bright : the same amount of light is in this case spread
over a larger arca, and so the brightness is diminished
to a corresponding degree. It is found by theory and
by experiment that when a small plane surface is kept
at the same distance from the origin of lizht, but placed
successively at ditforent angles of inclination to the rays
falling on it, then the brightness is proportional to the
2‘:1:' of the angle between the surface and the rays: see

169,

174, Tt is obvious that sources of light may differ as
to the amount of light which they send forth; thus a
candle may be inferior to a lamp, or one lamp to another,
in the power of illumination. It is often a matter of
interest to compare the light-giving powers of two sources
of light, and simple instruments are constructed to assist
in this comparison ; they are called photometers. Suppose,
for instance, that we wish to compare a certain candle
with a certain lamp. Two pieces of paper are placed, side
by side ; on one piece rays from the candle alone are
n.{lowed to fall, and on the other piece rays from the lamp
aloxie: the rays ill:t the ltwo casesTh should fall ?t the sg';lmﬁ
angle, say a right angle. e two pieces of paper wi
in general be, at first, unequally illuminated ; we must
then move one of the sources of light nearer to, or further
from, the piece which it illuminates, until the two pieces
appear to the eye to be equally bright. Suppose that the
distance of the candle from the piece of paper which it
illuminates is 1 foot, and that the distance of the lamp
from the piece which it illuminates is 3 feet; then the
light of the lamp is 9 times as powerful as that of the
candle: for if the lamp were put at the same distance as
the candle, that is at the distance of 1 foot, the illamina-
tion which it produces would be 9 times as great as at
present, that is 9 times as great as the illumination from
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the candle. In like manner if the lamp at the distance
" of 3} feet, that is at the distance of ; feet, is equivalent to
the candle at the distance of 1 foot, the lamp is g x; times
as powerful as the candle, that is 1:—) times, that is more
than 12 times.

175. A method of comparing the powers of two lights
by the aid of shadows may be noticed. 4 and B denote

- B,

D

two lights, as candles or lamps; CD isa rod. A white
screen is disposed 80 as to receive, as nearly as possible
at right angles, rays from the two lights. The screen then
will appear of nearly uniform brightness, except at a and
b where the shadows corresponding respectively to 4 and
B are formed ; and by suitably adjusting the distances of
the two lights from the screen these shadows can be made
to appear of the same degree of obscurity : suppose this
adjustment made. Now the shadow a is illuminated only
by the light B, and the shadow b is illuminated only by the
light 4 ; hence the power of A4 is in the same proportion
to the power of B as the square of the distance between A
and b 18 to the square of the distance between B and a.
Thus suppose the distance between 4 and b is 7 feet, and
the distance between B and a is 10 feet; then the power
of A4 is to the power of B in the proportion of 49 to 100:
that is, the power of A4 is not quite half the power of B,
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XVIII. VELOCITY OF LIGHT. ABERRATION.

176. Light is known to be transmitted through an
empty space with enormous velocity, namely at the rate of
about 185500 miles per second. This fact was originally
obtained from two different Astronomical investigations,
and in recent times has been confirmed by direct experi-
ment; we will here explain the principles of the Astro-
nomical investigations, and hereafter notice the direct
experiment.

177. The first knowledge on this point was obtained
by Roemer a Danish astronomer in 1676. The planet
Jupiter is accompanied by four satellites which revolve
round him as the moon revolves round the earth ; of these
satellites we shall now be concerned only with that which
is nearest to Jupiter : this passes through the shadow of
Jupiter, and so becomes eclipsed, once in every revolution
which it makes round Jupiter. Now the motion of this
satellite has been observed for so many years that the
average time between the ends of two successive eclipses
is well known, namely about 42} hours. Suppose the earth:
at that point of its orbit where it is nearest to Jupiter, °
and let the instant be noted when the satellite reappears
after having been eclipsed, which is called an emersion.
Let the instant of the next following emersion be noted ;
then between these two emersions the distance of the
earth from Jupiter has somewhat increased, owing to the
fact that the earth and Jupiter describe their orbits round
the sun in very different periods: the result is that the
interval between the two emersions is somewhat greater
than if the earth and Jupiter had remained fixed. The
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first ray of light which comes from the satellite after its
eclipse is the measenger of the emersion; and this has a
longer distance to travel than the messenger of the previous
emersion, and so takes longer time. Similarly the interval
between the second and third emersions will be greater
than if the earth and Jupiter were fixed ; and the same
will be true with respect to successive emersions during a
period of rather more than six months, as the distance of
the earth from Jupiter will be continually increasing. Now
the interval between two succeasive emersions could scarcely
be determined with sufficient accuracy to shew that it was
ater than the average, yet at the end of the six months,
y the accumulation of small excesses the amount became
perceptible ; it was found by Roemer that the last emer-
sion appeared to take place about 15 minutes later than it
ought to have done. But the earth was then more distant
from Jupiter than at first by the whole diameter of the
earth’s orbit; and consequently the inference was that
light moves with such velocity as to pass in 15 minutes
over the diameter of the earth’s orbit. During the next six
months the earth would be continually drawing nearer to
Jupiter, and consequently the interval between two succes-
sive emersions wmﬁd always be less than the average. The
emersion could not be observed during these six months,
as the satellite would be hidden behind Jupiter at the in-
stant of leaving the shadow ; but the ¢mmersion, that is the
instant of the beginning of an eclipse, can be observed,
which answers the same purpose,

178. A modern student on first being informed of the
velocity of light is generally astonished at the almost in-
conceivable swiftness; but at an earlier date the wonder
rather was that light should require any time at all to pass
from one point to another : the belief was that it flashed
instantaneously. Bacon has recorded that some cases pro-
duced in him “a suspicion altogether surprising ; namely,
whether the face of the serene and starry heavens be seen
at the very time it exists, or not till some time later”: but
he proceeds to dismiss the notion as untenable. The ex-
planation given by Roemer was not admitted by all his
contemporaries ; 1t was condemned by D. Cassini the emi-
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nent astronomer, and by Fontenelle the attractive writer:
it was however accepted by Huygens and by Newton, and
confirmed in 1729 in an unexpected manner by Bradley.

179. 'We shall not go into detail with respect to Brad-
ley’s discovery of what is called the Aberration of Light,
but merely give a sufficient account of it for optical pur-
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poses. Let S represent the centre of the sun ; 4 BCD the
curve traced out by the earth round the sun; this curve is
nearly a circle. Let P be a star in the same plane as this
curve ; the distance of P from S must be supposed to be
immensely-greater than our diagram would suggest ; for
SP would be, at the least, two hundred thousand times SC.
Now Bradley observed that the star P did not remain
fixed in the heavens, but appeared to move between two
extreme positions @ and ¢, passing over the space Qg twice
in the course of a year. Wﬁen the earth is at 4 the star
appears at ¢ ; as the earth moves through 4BC the star
appears to move from ¢ to @; and as the earth moves
through CDA the star appears to move from @ to ¢: the
star occupies its mean or average position, that is P, when
the earth is at B or D,

180. To shew how the apparent changes in the posi-
tion of the star are produced let us suppose that the
earth is at the point H of its orbit, and moving in
the direction indicated by the arrow. Light arrives at
the earth from the star ; and on account of the enormous
distance of the star the direction of the light may be
considered to be parallel to CS. Let HL be taken
to represent the velocity of light in magnitude and
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direction; let ZM, on the same scale, represent the ve-
locity of the earth in its orbit, drawn in the direction con-
trary to that of the L "
motion of the earth
when at H. To an
observeronthe earth
the relative velocity
of light will be the
same as if a velocity N M
equal and opposite to that of the earth were given both
to the light and to the earth; then the earth would
be brought to rest. Hence, if the parallelogram LHMN
be completed, HN will represent the velocity of light
with respect to the earth, both in magnitude and di-
rection: so that if NVH be produced through H it
will represent the straight line on which the star seems
to be situated. If the earth had been fixed at Z, the
straight line LH produced would have represented that
on which the star would have appeared to be situated;
and hence the angle LHXN ijs the apparent displacement of
the star in direction, produced by the combination of the
motion of the earth with the motion of light. The great-
est value of this angle is found to be whoen the angle ZNH
is a right angle; and as ZHN is even then only a small
angle, the angle ZHM is very nearly a right angle: see
Art. 155. Thus the angle ZH N has its greatest value when
the earth is very nearlyat 4 or C. Now observation shews
that the greatest angular distance between the apparent
position of a star and its mean or average position is about

:—l; of aminute, that is about f}ﬁ of a degree ; and this is found

to agree with the diagram when we take LH to HM in the

roper proportion, that is in the proportion of 185500 to 19.
then the earth is at B or D, since HM and HL are then
in one straight line, AN is also in that straight line; so
that the angle LHN vanishes, and the star appears in its
mean or average position.

181. The name aberration of light is given to the
apparent changes of position of a star produced, in the
manner we have exﬁlained, by a combination of the motion
of the earth with the motion of light. - We may illustrate
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this combination by comparing the rays of light to falling
drops of rain. Suppose a person standing on the deck of
a steamer while a shower is falling vertically, If the
steamer is at rest the rain-drops will fall on the person’s
head, so that their apparent direction is vertical, and this
agrees with their direction. But if the steamer is in
motion the rain-drops will strike the person’s face, and
their direction will be apparently, not vertical, but oblique
to the deck of the steamer.

. 182. In Art. 179, we explained the principle on which
the discovery of the aberration of light depended, but,
as may be readily supposed, the actual details of the
process were more eomf)limted. The stars specially ob-
served were not in the plane of the curve which the carth
describes, but considerably above it. Each star then, in-
stead of moving apparently backwards and forwards, de-
scribes an oval curve round the position which it would
have occupied if there had been no aberration. The
observations however were restricted to finding the changes
in what astronomers call the declination of the stars.
Since the numerical result obtained is the same for all
the stars it follows that light travels with the same velocity
whatever be the star from which it proceeds.

183. It will assist in understanding the aberration of
light if we advert to the case of the moon; this body
moves with the earth round the sun, and consequently the
motion of the lunar rays twith respect to the earth is the
same as if the earth and moon were at rest instead of
revolving round the sun. Hence aberration as depending
on the motion of the earth does not occur with respect to
the lunar rays; since however light takes about a second
and a quarter to pass from the moon to the earth, we
never see the moon in its actual position, but in the position
which it occupied a second and a quarter before.

184. The velocity of light is 80 great that writers use
various illustrations in order to assist the mind in con-
ceiving it. Thus we have said that in a second and a
quarter light passes from the moon to the earth; this dis-
tance could not be traversed in less than 6 months by a
fast railway train. Light passes from the sun to the earth
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in 7% minutes; a cannon-ball would require 17 years to
perform such a journey, supposing its velocity to remain
always the same as at the moment of its discharge. The
swiftest bird would require three weeks of continual flight
to pass round the circumference of the earth; light would
flash through an equal distance in about one-eighth of a
second, that is in less time than the bird would occupy for
one flap of his wings. Angd yet, great as this velocity is,
light seems but a slow and weary messenger in crossing
the vast celestial spaces. It is certain that light must take
at least three years to reach the earth from the nearest
fixed star; and there can be little doubt that rays from
some of the fainter objects in the sky must have taken
hundreds of years in their journey to our eyes. Hence the
supposition thrown out by Dr Whewell in his Plurality
of Worlds, though extravagant is not impossible, “that
the distant stars were sparks or fragments struck off in
the formation of the Solar 8ystem, which are really long
since extinct; and survive in appearance, only by the light
which they at first emitted.”

XIX. REFLECTION AT PLANE SURFACES.

185. We have said in Art. 166, that light proceeds in
straight lines so long as it continues in the same medium :
we must now consider what takes place when light travel-
ling in one medium arrives at another, as for instance
when light travelling in air arrives at a body formed of
wood, or metal, or glass, or water. The light in this case is
divided: part enters the body, and of this we shall treat
hereafter; and part is thrown back by the body, as we
shall now explain. In the majority of cases the light
thrown back by the body is scattered in various directions,
just as if the {)ody were self-luminous. Thus we may be
sitting by day in a room which the direct rays of the sun
do not enter, and ;iet every object in the room may be
distinctly visible. The sun’s rays fall on the clouds, the
ground, the trees, and the houses around us, and being
thrown off from these in every direction they stream in
at the window; then they fall on the tables, chairs, and
books, and being again thrown off by these objects they
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reach our eyes whatever place in the room we may occupy.
Thus by daylight rays originally derived from the sun are
diffused from all the things around us, and 80 render these
things visible. By night our candles or lamps take the
gla.ee of the sun; they send forth rays which are thrown

ack in all directions by the things on which they fall, and
8o render those things visible. This diffusion or radiation
of light in all directions around, by the objects on which
‘it falls, is sometimes called irregular reflection, in distine-
tion from that regular reflection to which we now proceed,
and which is usually called simply reflection.

186. We are now about to consider the case in which
light falls on the surfaces of smooth polished bodies such
as glass or bright metals. The surfaces may be plane or
curved, but in the present Chapter we take only plane
surfaces. Let BAC represent a flat polished surface, QA4
the direction of a ray of light which falls on the surface

N|

B A [
at 4, and g the direction in which the ray is reflected.
From A4 draw AN at right angles to the surface. Then
QA is called the incident ray, Aq the reflected ray, and
AN the normal to the surface at the point of incidence;
the angle QAN is called the angle of incidence, and the
angle g AN the angle of reflection. The direction Ag is
determined by the following laws: Ag is in the same plane
with 4Q and AN; and the angle AN is equal to the
angle QAN. With the aid of the preceding definitions
the laws may be stated verbally thus: the tncident ray
and the reflected ray are in the same plane with the
normal to the surface at the point of incidence, and on

T. P. 1L 6
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opposite sides of the normal; and the angle of reflection
8 equal to the angle of incidence. The reader will observe
that these laws coincide with those which hold with
resﬁect to the impact of a ball on a perfectly elastic plane
in Mechanics: see Vol. 1. Art. 284.

187. The angle QAC is the complement of the angle
QAN, and the angle gAB is the complement of the angle
gAN, see Art. 158; henoe the angle QA4C is equal to the
angle g48,

188, The laws of reflection may be verified, at least
roughly, by a very simple experimeut. Let light be ad-
mitted from the sun through a very small hole into a room,
and allowed to fall on a mirror placed on the floor; then
the track of the ray before and after reflection will be
revealed to the eye by the bright particles of dust which
float in the air: and it will be seen that the laws do hold
with sensible accuracy. But, as in other points of Natural
Philosophy, the best evidence of the truth of the laws
is the fact that many and various results deduced from
the laws are found to agree with observation. The laws
of reflection are stated with respect to all smooth polished
bodies, and there can be no reasonable doubt that they
do hold in all such cases; but for one special case, namely
that of reflection from the surface of mercury, the indirect
evidence for the truth of the laws is overwhelming. Cer-
tain astronomical observations consist partly in noticing the
image of a star reflected in a trough of mercury; the
use made of such observations depends on the truth of
the laws of reflection for mercury, and the accuracy, and
consistency of modern astronomy attest the truth of the
laws, In the whole range of Natural Philosophy there is
probably nothing more certainly known than the truth of -
the laws of reflection of light from the surface of mercury.

189. - After considering the reflection of a single ray
from a plane surface we pass to the reflection of a pencil
of rays; and with respect to a conical pencil we have
the following proposition: if rays diverge from a point
and fall on a plane reflecting surface, then qfter re-

ton they appear to diverge from a point as far
behind the rqﬂgcting surface as the origin of light wag
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before it. Let @A represent a ray incident at 4 on the
plane reflecting surface CD; draw @AM perpendicular to
CD, and produce it to R, so that MR may be equal to
Q@M. Join RA and produce it to X'; then AK will be
the direction in which the incident ray is reflected. For
the triangles AMR and AMQ are equal in all respects,
as is almost immediately obvious; and thus the angle
RAM is equal to the angle Q4AM. But the augle RAM

is equal to the angle KA D, by Art. 154, Hence the angle
KAD is equal to the angle Q4 ; and therefore 4K is
the direction in which the ray @4 is reflected. Thus the
direction of the ray after reflection is the same as if it
had come from R. In like manner if @B represent any
other ray coming from @ then after reflection it proceeds
a8 if it came from R; and this is the case whether the
plane containing @B and @M is or is not the same as the
plane containing @4 and QM. Thus if there be any coni-
cal pencil of rays, such as we may denote by @4 and @B
and intermediate ra{s, then after reflection it proceeds
as if it were just such a similar pencil with its vertex at
R instead of at @ In the diagram the part RA.of the
straight line RKX is drawn dotted while the part 4K is
drawn full; the former part represents only the direction
of a ray, while the latter part represents a real ray; and
a similar remark holds for the straight line RBLy: it is
often convenient to observe this distinction in diagrams,
190. Suppose in the preceding Article that @ is at
a great distanco from the reflecting surface, and that this
surface is of small extent: for example @ might be a point
.cn the sun, and the reflecting surface an ordinary mirror.

6—2
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Then the rays @4 and QB would be practically paralll
and the rays AKX and BZL would be practically parallel.
Hence we obtain in an indirect manner the following result
with respect to a cylindrical pencil of rays: a pencil of pa-
rallel rays consists of parallel rays afier reflection. This
can be established directly by the aid of a little more
geometry than we assume to be known; but the indirect
way in which we have deduced it is important on account
of its frequent use in mathematics.

191. In the diagram of Art. 189 let X4 and LB de-
note two rays which are proceeding to a point R, and fa!l
on a plane reflecting surface CD; then after reflection
they both proceed to the point @. Thus we obtain the
following proposition: if rays converging to a point fall
on a plane reflecting surface they converge after reflection
to a second point as far in front of the reflecting surface
as the first point was behind it.

192. A pencil of rays after being reflected by one plane
surface may fall on another and be reflected again. The
form of the pencil after the second reflection will be obvious
after what has been said. If the pencil consisted originally
of &)arallel rays it will consist of parallel rays after the first
reflection, and again of parallel rays after the second re-
flection. If the pencil is originally a conical pencil such it
will be after the first reflection, and such again after the
second reflection ; the vertices of the cones of rays before
and after the second reflection will be at equal distances
from the second reflecting surface and on opposite sides of
it, in the same manner as we have seen with respect to the
first reflecting surface in Arts. 189 and 191.

193. As we have already stated in Art. 185 when light
falls on a reflecting surface only a part of it is regularly
reflected. With respect to the quantity thus reflected it
is usual to quote some results obtained from experiment
by Bouguer long since. The quantity reflected increases
with the angle of incidence ; it is found that water, when
the incidence is perpendicular reflects 18 rays out of 1000 ;
when the angle of incidence is 40° it reflects 22 rays;
when the angle is 60° it reflects 65 rays; when the angle
48 80" it reflects 333 rays; and when the angle is 894° it
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reflects 721 rays. Mercury when the incidence is perlpen-
dicular reflects 666 rays out of 1000; when the angle of
iucidence is 894° it reflects 721 rays.

XX. REFLECTION AT SPHERICAL SURFACES.

194, We have hitherto confined ourselves to plane
reflecting surfaces, but curved surfaces of various kinds
may be made smooth and polished, and so fitted to reflect
light ; for instance we may have spherical, cylindrical, or
conical surfaces thus constructed. In Elementary Optics
however it is usual to consider only spherical surfaces.

195. Suppose a piece cut off by a plane from a spheri-
cal shell ; this piece will then resemble a bowl or a watch-
glass, It may be polished, and 8o be made capable of re-
flecting light, either on the inside or the outside; in the
former case it i8 called a concave reflector, and in the latter
a convex reflector. The axis of the reflector is a straight
line drawn through the centre of the sphere perpendicular
to the plane which cuts off the piece from the sphere, so
that it constitutes a central line round which the reflector
is symmetrical : the point at which the axis meets the
reflecting surface may be called the vertex of the reflector.
Any very small portion of a curved reflecting surface may
be considered as coinciding with a corresponding portion
of a plane which would touch the surfaco there. Thus let
M denote a small portion of a spherical reflector; then this
portion will reflect a ray of light in the same manner as a
portion of a plane reflector at 4 which touches the spheri-
cal reflector there : and mathematicians shew that a plane
surface touching the spherical surface at M will be at
right angles to the radius of the sphere there. Hence
finally the laws of reflection with respect to a spherical
surface are the same as for a plane surface, provided that
by the normal to the surface at the point of incidence we
here understand the radius of the sphere at the point of
inctdence. We shall now consider the case of a concave
spherical reflector.
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196. Rays of light fall on a concave spherical reflector
Jrom a point on the axis : it 18 required to determine their
course after reflection. Let O represent the centre of the

My

Nj

gphere, O4 the axis of the rcflector, 4 the vertex. We
will suppose the origin of the light to be further from
the vertex than O is; let it be at @ in 40 produced.
Let QM represent one of the rays, incident at M on
the reflector; join /0 and make the angle ¢ MO equal
to the angle QO : then Mg represents the direction of
the ray reflected at M. Now besides the ray @M, which
is drawn in the plane of the paper, there will be a
number of other rays the directions of which before re-
flection all make with the axis @4 an angle equal to that
which @ makes ; namely all the rays which would form
a certain conical surface having @ for vertex, Q4 for
axis, and for base a circle with its centre on @4, its plane
perpendicular to @4, and its circumference passing through
M. The directions of all these rays after reflection will
pass through the same point ¢ of the axis. Next suppose
that we take an incident ray not lying on the conical sur-
face just mentioned; for instance take a ray falling on a
point IV of the reflecting surface which is nearer to the
vertex than M is: and draw the corresponding reflected
ray. Then if the diagram be carefully constructed it will
be found that the reflected ray does mot cross the axis at
the same point q as the ray reflected from M, but at a
point slightly nearer to O. Hence rays which fall from @
on the concave reflector do not after reflection converge
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accurately to a single point. Nevertheless it is found that
if the rays from @ constitute a very slender pencil, so that
}he dgreatest ;.alue of the aa;{legle 5 QA d:)ies not exceed a

ew degrees, then the rays r reflection do converge very
nearly to a single point ; this point is called the focus of
the reflected rays.

. 197, It is impossible to secure minute accuracy com-
bined with clearness in the diagrams which must be em-
ployed in a work like the present; the reader should con-
struct the diagram for himself on a much larger scale. It
will then be easy, without producing any confusion, to
draw the rays reflected from three or four different points
of the arc which represents the spherical reflector; and
thus a satisfactory notion can be gained of the course of
the pencil after reflection.

198. We know that OM divides the angle Q Mg into
two equal parts; and hence it follows from Geometry that
QM bears the same proportion to Mg that QO bears to
Ogq : see Euclid vi. 3. This fact will serve as a test of the
accuracy with which a diagram is drawn; and it is the
foundation of the Rule, hereafter to be given, by which the
position of ¢ can be assigned by Arithmetic when the inci-
dent pencil is very slender.

199. Article 196 should be carefully compared with
Art. 189. In the case of a plane reflector the directions
of the rays proceeding from a single point pass accurately
through a single point after reflection; in the case of a
spherical reflector they do not, but they may be said to pass
approximately through a single point. Cases such as that
of Art. 196 will frequently occur in the rest of this work ;
and it must be borne in mind, even when it is not formally
repeated, that the results when stated concisely are nearly
true but not strictly true. In order that they may be
reasonably trustworthy in the present case the angle which
the ray most remote from the axis makes with the axis
should not exceed 8° or 10°. In the case of Art. 189 the
point R may be called the focus of the reflected rays, so
that we may define a focus generally as a point at which
the directions of rays meet, accurately or very nearly. The
focus is called real when, as in Art. 196, the rays themselves
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pass through the point, and it is called »irtwal when, as in
Art. 189, not the rays themselves but their directions pro-
duced pass through the point. Thus, according to this
definition, the point @ of Art. 189 or Art. 196 may be
called a focus. Also @ and R in Art. 189 are called conju-
gate foci; the name is justified by Art. 191 taken in con-
Jjunction with Art. 189. In like manner in Art. 196 a ray

roceeding from ¢ to M would be reflected to Q; and so
% and ¢ are called conjugate foci.

200. We will now examine in some detail the various
cases which may occur in connection with Art, 196, cor-
responding to various positions of @. Suppose in the first
place that the rays which fall on the reflector are all

parallel to the axis. Let O be the centre, 04 the axis,
and SM one of the incident rays ;ralle] to 04. Make
the angle ¢ 30 equal to the angle SMO, so that Mg is the
direction of the reflected ray. The angle SMO is equal to
the angle M0A by the nature of parallel lines : see Art. 155.
Thus the angles MOg and OMyg are equal; and hence it
follows by Geometry that Og and Mg are equal. And, as
two sides of a triangle are greater than the third side, Og
and Mg are together greater than OX ; and therefore Og
is greater than half the radius OJf, that is greater than
hnl%rOA. Bat if the angle 04 is small Og will be very
little greater than half O4 ; so that finally the focus of the
reflected rays may be said to be midway between the centre
O and the vertex 4. -
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201. The point midway between the centre and the
vertex of the concave reflector is called the principal
Jocus of the reflector; we denote this point by #: the
length FA is called the focal length of the reflector, so
that the focal length is half the radius. Rays parallel
to the axis pass after reflection approximately through this
point F, as we have seen, supposing that the angle M0A
does not exceed a few degrees at most. The angle be-
tween two radii drawn from O, one to the highest point
of the reflector and one to the lowest, may be called the
angular aperture of the mirror; and if this is small the
angle M0A, even at its greatest value, is small.

. 202. Next suppose that the point @ from which the
rays proceed is at a very great distance from 4; then the
ray incident at M makes with OM an angle slightly less
than if the ray were lel to the axis, and therefore
the reflected ray makes with OM an angle slightly less
than for such a case: thus the point ¢ falls slightly to the
right of its position in the diagram of Art. 200. In this
way we can see that if @ moves gradually from a remote
distance up to O, the conjugate focus ¢ moves from a

osition close to Fu to 0. In like manner if @ moves
‘from O to F the conjugate focus moves from O to a very
remote position on the right, so that the same relative
positions of the two foci occur as when @ moves from the
very remote distance up to 0. The following is the Rule
which connects the distances of @ and ¢ from A : the sum
of the reciprocals of these distances is the reciprocal of
the focal length. For example, suppose the radius to be

12 inches, and the distance of @ from A4 to be 15 inches;
find the distance of ¢. The focal length is 6 inches by

Art. 201, and the reciprocal of this is %; the reciprocal of

the distance of @ from A is 11—5; therefore the reciprocal of

. 1 1 . 5 2 . 3
the distance of ¢ hé—ﬁ’thatma_o—s_o’ that is 30 °F
%’ : therefore the distance of ¢ from A is 10 inches. Again,
with the same value of the radius, suppose the distance of
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@ from A to be extremely great; then the reciprocal of
this quantity is so small that it may be considered to be

“"nothing. Tence the reciprocal of the distance of q is %;

and therefore the distance of ¢ from A is 6 inches, so that
q is at the principal focus. Thus the case in which @ is
at an enormous distance coincides practically with the case
in which the incident rays are parallel to the axis, as might
have been expected : seoc Art. 190.

. 203. Finally, suppose Q to be between F and 4. Then
the rays after reflection proceed as if they came from a.
virtual focus ¢ behind the reflector. When @ is very near
to "F this focus ¢ is at a very remote distance behind 4,

—
-

-

and as @ moves up to 4 from the right hand ¢ moves up to
A from the left hand, being always more distant from 4
than @ is, until the two meet at 4. The following is the
Rule which connects the distances of @ and ¢ from 4 : ths
difference of the reciprocals of these distunces is the re-
ciprocal of the focal length. For example, suppose the
radius to be 12 inches, and the distance of @ from A to be
4 inches. The focal length is 6 inches, and the reciprocal

of this is-(‘-s ; the reciprocal of the distance of @ from 4 is

i; therefore the reciprocal of the distance of ¢ from A is-

11 . 3 2
;—-6, that is l_’i_l_2’

that is %2: therefore the distance of
¢ from A is 12 inches. '
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204. The results of Arts. 202 and 203 may besu >
up thus. The conjugate foci @ and ¢ always move . '
posite directions. As @ moves from a very remote _-
tance on the right through O up to the vertex ¢ moves first
from F to O, then from O to a very remote distance on the
right, and then from a very remote distance on the left up
to the vertex. The reader should draw diagrams for him-
self with great care and on an enlarged scale, corresponding
to the various cases which can occur: see Art. 197.

205. Rays of light fall on a convex spherical reflector
Jrom a point on the axis : itis required to determine their
course gfter reflection. Let O represent the centre of the

sphere, 04 the axis of the reflector, 4 the vertex, Q the
origin of light on 04 produced. Let QM represent one
of the rays, incident at M on the reflector ; join OM and
produce it to JV; make the angle RMN equal to the angle
QMN; then MR represents the direction of the ray re-
flected at M: produce RM to meet the axis at g. We
will state briefly results similar to those which have been
worked out for the case of the concave spherical reflector.
If the angle MOA does not exceed 8° or 10° for the ex-
treme ray from @, then all the rays after reflection proceed
very nearly as if they came from a single point ¢, so that ¢
is a virtual focus. The point Q is more distant than the
point ¢ front the vertex, and.the following is the Rule
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which connects these distances: the difference of the re-
ciprocals of these distances is the reciprocal of the focal
length. When the incident rays are parallel to the axis
they appear after reflection to proceed from a point F
which is midway between O and 4 ; and as in Art. 201 the

int # is called the principal focus and FA the focal
Ye.;lglh of the reflector. The conjugate foci @ and g always
move in opposite directions; as @ moves from a very re-
mote distance on the right up to the vertex of the reflector,
¢ movcs from the principal focus to the vertex.

206. In considering the case of a concave reflector we
supposed the rays of light to be dizerging from a point in
the front when they fall on the reflector ; but it is possible
that instead of this they may be converging to a point
behind when they fall on the reflector. This case can be
completely treated by the aid of Art.203; we have only to
suppose that a ray, instead of procceding along @37 and
then being reflected along MR, proceeds along RM and is
then reflected along MQ : in fact ¢ must now be considered
the focus of the incident rays, and @ the focus of the re-
flected rays. In like manner, in Art. 205 we supposed the
rays of light to diverge from a point in front when they fall
on the reflector ; but instead of this they may be converging
to a point behind when they fall on the reflector. If this
point be between 4 and F then the diagram and the state-
ment of Art. 205 may be easily applied; we must suppose
¢ to be the focus of the incident rays, and @ to be the focus
of the reflected rays. But if the rays are converging to a
point to the left of 7' then the rays after reflection appear
to diverge from a virtual focus also to the left of the re-
flector : the nature of the diagram may be inferred from
that in Art. 196, supposing that the convex side of the
sphere is polished, and that the ray falls on it from the left-
hand side so that Mg is the direction of the m}y; before re-
flection and QM after reflection, or that MQ is the direction
before reflection and g M after reflection. With the diagram
of Art. 205, as the focus of the incident rays moves from #
through O to a very remote distance on the left the focus
of the reflected rays moves from a very remote distance on
the left through O up to F; both foci being virtual.
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207. Hitherto we have considered the origin of
to be on the axis of the reflector ; we will now adve

the case when the origin is not on the axis: take for .a-
ample a concave spherical reflector. Let O be the centre,

/ |

4 0

0A the axis, 4 the vertex, @ the origin of light. Join Q0
and produce it to meet the reflector at C. Then it is found
by mathematical investigation that J)rovided the angle
j OC is small we may proceed as if QOC were the azis of
the reflector. The rays from @ after reflection will have
approximately a focus ¢ on the straight line @C, in the same
manner as in Art. 196 the reflected rays had a focus on the
axis. When the focus of the incident rays is not on the
axis the pencil is often called a secondary pencil, and the
straight line passing through the focus of incident rays and
the centre of the sphere is called the secondury axis: thus
QC is the secondary axis of the pencil proceeding from @
as focus.

208. When rays are reflected by a spherical surface
they are brought not exactly but only nearly to a focus;
and even this is not the case unless the reflector, so far as
the rays fall on it, i3 only a small portion of a sphere. If
by careful drawing, or by calculation, we determine the
exact course of the rays after reflection, some interesting
results are exhibited ; we will take one case as an example.
Suppose that rays parallel to the axis fall on a concave re-
flector. For the sake of distinctness in the diagram the
incident rays are not drawn, but only the rays reflected
from five points J, K, L, M, N. Let O be the centre, A
the vertex and # the principal focus. The reflected rays

A )
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all cross the axis between # and A4 ; the nearer an incident

ray is to the axis, the nearer to #'is the intersection of the

A\ F\

reflected ray with the axis. The intersections with each
other of successive reflected rays in the plane of the paper
%ive an assemblage of points which may be consideredp:o
orm a curve ; this curve is called a caustic. The reflected
rays in the diagram are all drawn from the part of the
reflector which is above the axis, and the corresponding
part of the caustic is above the axis, If we suppose the

>

.

rest of the rays drawn in the plane of the paper we shall
obtain the other part of the curve; and the whole then
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exhibits the form shewn in the diagram, having at # a c:
that is a sharp point. Since the reflector is spherical \ .
shall have precisely the same circumstances in every plane
section mngo through the axis ; and thus there will be a
caustic surface corresponding to the caustic curve of the
i This surface would bear some resemblance to
that of a convolvulus flower, or to that of the part of a
horn near the tip. The fact that rays reflected from a
spherical surface do not pass accurately through a point is
expressed by saying that there is splherical aberration.

209. As the rays of light intersect on a caustic curve
or eaustic surface, there is, as it were, a condensation of
light there ; and the consequent brightness can be exhibited
by experiment. Thus, for instance, take the spherical re-
flector of the Yareoeding Article, and cover up all the surface
. except a circular strip corresponding to points the distances
of which from 4 lie between those of M and N. Thus the
incident rays practically reduce themselves to such as form
a cylindrical shell, and the reflected rays form another
shell, which has no simple name. Then by holding a small
screen at right angles to 40 and moving it to and fro a
little we shall easily find a position in which the reflected
rays trace on the screen a narrow bright circular ring: this
represents the portion of the caustic surface which corre-
sponds to the cylindrical shell of incident rays.

210. Caustics may be formed by other reflecting sur-
faces as well as by sphe-
rical surfaces. Thus let
a bright piece of thin
metal, as a watch-spring,
be bent and placed on a
card; let the card be
held so that its plane
passes nearly through the
sun, or through & bright
light. Then the reflected
rays are not quite paral-
lel to the plane of the
card, and trace out on the card the form of a causti
curve, .
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211. We see by the diagram of Art. 208 that parallel
rays after reflection by a splherical surface are not brought
to a focus ezactly; but it is possible by using another form
of reflecting surface to effect this result. The reflecting
surface must be such that a section of it by a plane t.hronglh
the axis must be, not a part of a circle, but a part of the
curve called a parabola. The axis of the reflector must be
what mathematicians call the axis of the parabola; the rays
must fall on the reflector parallel to this axis, and then
after reflection they all pass exactly through the point
which is called the focus of the parabola. Thus in the
diagram the left-hand curve
ma(.f represent the parabola, CAD
and the right-hand curve
that circle which of all cir-
cles is closest to the para-
bola at the vertex 4. If O
is the centre of the circle,
and ¥ is midway between
O and 4, s0 that ¥ would
be the principal focus of
the spherical reflector, then
F is also the focus of the pa-
rabola; and it is the point
to which rays incident pa-
rallel to 04 are accurately
reflected by the parabolic
reflector.. And the course .
of the rays may be reversed, so that if a bright point be

laced at F the rays from it, after reflection by the para-
golic surface, will proceed_in directions strictly parallel to
AO. Thus a parabolic reflector is useful when it is neces-
sary to throw a beam of light in one direction without loss
by diffusion, as for instance if it be required to illuminate a
long straight passage. Such a contrivance is found of
great service in some light-houses ; the light is placed at the
focus of the parabolic reflector, and so if the reflector is
fixed the light is thrown off in one fixed direction: the
reflector is however sometimes made to move about a
vertical axis which es through the focus, and then
the beam of reﬂectemht is made to sweep round the
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horizon in turn, at regular intervals, as for instance onct
in every two minutes,

212. It is curious to observe how nearly the parabolic
reflector will coincide with a spherical reflector of the
same focal length when this focal length is large, and
the breadth of the reflector not very lar%e com, with
the focal length. Let ustake foran example the dimensions
of the parabolic reflector made by the ﬁw Earl of Rosse
for his great telescope. Here 4Z is 54 feet, and the half
breadth DE is 3 feet; it is found by calculation that 4 &

1 .
16000 of an inch.
And yet slight as is the deviation of the parabolic reflector
from the apgherical reflector, it is sufficient to render the
former much more advantageous for the purpose of the
telescope.

is about % of an inch, and CD is about

XXI. IMAGES FORMED BY :REFLECTION.

213. In the two preceding Chapters ‘we have con-
sidered various cases in which a pencil of rays going from
or towards a point falls on a reflecting surface; corre-
:i)onding to the focus of the incident rays we obtained

ways, at least approximately, a focus of the reflected
rays. We are now about to consider pencils of rays
issuing from the various points of a body, and to shew
that the assemblage of the corresponding- foci after re-
flection constitutes an image of such a body. We begin
with reflection at plane surfaces ; with this we are familiar
from our experience of common looking-glasses : the process
here however is a little complicated from the fact that
the rays go through the plate of glass before they fall on
the metallic surface at the back. In order to avoid for
the present this complication the reader may suppose
that our plane mirrors are, like those of the ancients,
simply polished metallic surfaces ; or that we have looking-
glasses in which the glass itself is of quite inappreciable
thickness.

T.P. II 7
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214. An object is placed before a plane reflecting sur-

face : it 18 required to determine the image of it. Let PQ
denote an object placed before a plane reflecting surfuce

b

<

AB. Consider any point of the object as P ; draw PM
perpendicular to 4B, and produce it to p, so that Mp
may be equal to MP. The rays which fall from P on
the reflector will after reflection proceed as if they came
from p, so that p is the image of P. Take any other point
of the object as @, draw %N perpendicular to 4B, and
produce it to g, so that Ng may be equal to NQ; then
in like manner ¢ is the image of @. Similarly to every
other point of the object there is its corresponding image ;
and thus we find that the image of the whole object is
precisely equal to the object itself, and is as far behind
the reflecting surface as the object is before it. The
image is virtual, for the rays of light do not actually pass
through it, but only their directions.

215. Suppose in the diagram that AB is vertical;
then @ is the tog of the object and ¢ is the top of the
image: so that the image is upright with respect to the
object. Next suppose that 4B is horizontal; then a
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Ferson placed between the mirror and the object, and
ooking at the object, sees the tip of the arrow towards
his right-hand side, but if he looks at the image he sees
the tip of the arrow towards his left-hand side. Thus the
image as far as regards the direction of right and left may
be said to be rezersed with respect to the object. This
circumstance can be recognised at once if a printed page
be held upright before a mirror, and the image noticed.
A person by looking at his own face in-a glass becomes
familiar with what we may call its reversed image, and
consequently is not a very good judge of a portrait which
exhibits him as he appears to others.

216. The image differs from the object which it re-
}I)‘resents in one respect which must be carefully noticed.
he object, which is luminous by itself'or by derivation
from the sun or some other source, sends forth rays in
all directions, and so may be viewed by an eye at any
point whatever, provided no opaque obstaele be inter-
: the image however does not send forth rays in all
directions, but only in directions within a certain ringe
which depends on‘'the extent of the reflector. For in-
stance, from the point p of the image rays proceed vir-
tnally in the plane of the paper in directions comprised
between pAda and pBb; so &it if an eye in the plane of
the paper is to see the point p of the image, the eye must
be placed at some point on the right-hand side of 4B,
between the -directions 4a and ZLb, both produced in-
definitely.

217. Suppose we wish to trace to-the eye of a spec-
tator the pencil of rays by which an assigned point of the
image is seen ; as for instance the point . Let E denote
the eye; jeoin -the extreme points of the eye, say the
highest and lowest points, with p ; and join with P the
points where the former straight lines cut the reflecting
surface. Thus we determine the extreme rays of the

ncil which proceeds from the point P and after re-
H:ction reaches the eye in the assigned position. It will
be observed that only a small portion of the reflecting
surface is used by the eye in its vision of a definite point

7—2
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of the image ; and that various portions of the reflecting
surface are used for the vision of various points of the
image. In joining the extreme points of the eye with p
the parts of the straight lines on the right-hand side of
the reflector are drawn full; the parts on the left-hand
side are drawn dotted as representing not real rays, but
only their directions : see Art. 189.

218. An object ts placed before a concave spherical
reflector : it is required to determine the image of it.
Let PQ denote un object placed before a concave spherical

reflector ; we suppose it more distant from the surface
than the centre is. Let O be the centre, 04 the axis,
A the vertex of the reflector. Consider any point of the
:!l)ﬁect, as P ; the rays which fall from P on the reflector

ill after reflection proceed very nearly to a single point
p on the straight line POC : see Art. 207. The position
of the point » may be determined by the Rule of Art.
202; or it may be determined thus. AZ the rays from
P after reflection very nearly through some single
point on the straigmine POC; consider the ray PB
which is parallel to O; then this ray after reflection must
take the direction BF, through the principal focus
of the reflector : see Art. 200. Hence, the intersection
of BF produced with PC determines the position of {,
the image of P. Similarly to every other point of the
object there is its corresponding image ; and in this way
we obtain pg the image of the whole object. It is obvious
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that the imaie is real amd inverted. 'We have not however
in this case the perfect accuracy which we had in Art. 214.
The rays proceeding from any peint P do not after re-
flection pass strictly through® a’ single point. Moreover
the image is not absolutely simiar*to the object; it is
found, for example, by mathematical . investigation, that
if PQ is a straight line the image pg is mot straight but
slightly curved. Nevertheless if tﬁg shgie, POQ does
not exceed a few degrees pg may be taken'to be similar
to P@, so as to be an image of it in the ordinary seuse
of the word image. o

219. The reader may exercise himself in drawing the
diagram carefully on a la;ll'%e scale, and then he will, fipd
that the image pg is smaller than the object PQ. -Tﬁe
same fact is still more conclusively established by the apgli-
cation of a little geometrical knowledge ; for regarding PQ
and pg as straight lines, the triangles POQ and pOg are
similar, and pq bears the same proportion to PQ as Og
bears to OQ : then pg is less than P@ by Art. 198.

220. To trace the course of a pencil by which an
assigned point of the tmage is seen. Let p denote the
point of the image. The position of the eye must lie
somewhere within the angle formed at » by two straight
lines drawn from the extreme points of the reflector to
», and produced through p. Let £ be the position of
the eye; join the extreme points of the eye, say the
highest and lowest points, with p, and produce these
straight lines to meet the reflector at G and D respec-
tively; draw PG and PD. Then PG and PD are the
extreme rays of the pencil which proceeds from the point
P, and after reflection reaches the eye in the assigned
position.

221. We find from the preceding construction that
the eye may use only a small portion of the reflector in its
vision of a single point of the image. Now, although rays
falling from any point on a large portion of the reflector
will not all be brought to a single focus, yet rays falling
on a small portion of the reflector will be so without
sensible error; and thus an image is formed more dis-
tinctly than the theory might at first lead us to expect.
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Thus if the diagram be carefily drawn, the rays proceeding
from any point P of the (_xhjocx;, and actually entering the
eye of a spectator will he found to come very nearly from
a single point . This Yeint also will not be far from the
’l)‘osition which our sopewhat rough process assigns for it.

he assemblage of all‘such points may however be by
no means simibar. to the.object P€'; for instance, it may
be decidedly-saived when the object is a straight line.
It appeats: however that in such cases the' mind will to
some extenf -control the aye. Suppose, for instance, the
object to_be an arrow: the mind knows that an arrow is
in genera! straight, and the eye is not a very rigid judge
of -tke "distance of the point from which a pencil of rays
peems to come, so that the image, though really curved,

.._1ay seem to the spectator reasonably straight.

222. In Art. 218 we supposed the object to be further

- from the reflector than the centre is : two other cases have

to be noticed ; the object may be between the centre
and the principal focus, or it may be between the principal
focus and the reflector. If the object is between the
centre and the principal facus the image is real, in front
of the reflector, more distant than the centre; it is in-
verted and larger t| the object. The diagram of Art.
218 will serve for this case ; we have only to suppose that
Pg now denofes. the object and PQ the image. There

remains then only tho case in which the ohject is between
the principal focus and the reflector. The image is in
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this case #»irtual, behind the reflector, erect, and larger
than the object. In the diagram P@Q denotes the object,
and pg the image. The ray PB parallel to the axis 04
after reflection must through ¥ ; so that the position
of p is determined by the intersection of #'B and OP
both produced: see Art. 218, Also PG and PD denote
the extreme rays of the pencil by which the point p of the
image is seen by an eye at Z.

223. An object is placed before a convex spherical
reflecior : it is required to determine the image of it.
Let PQ denote an object placed before a convex spherical

reflector ; let O be the centre, 04 the axis, 4 the vertex
of the reflector. Consider any point of the object as P ;
the rays which fall from P on the reflector will after
reflection appear to proceed very nearly from a point p
on the straight line PO. The position of p is determined
as in Art. 218 ; draw PR parallel to the axis, then this
ray after reflection appears to have come from the prin-
cipal focus, so that p is the point of intersection of PO
and BF. Similarly to every other point of the object
there is a corresponding image ; and in this way we obtain
pg the image of the whole object. It is obvious from
the diagram that the image is virtual, behind the re

flector, erect, and smaller than the object, - -
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224, The relative sizes of the object and the image
may be compared in Arts. 222 and 223, as they were in
Art. 218. The most obvious proportion is that given at
once from the diagram, namely PQ@ bears the same pro-
portion to pg as OQ bears to Og. Then, as follows
from what we have stated in Art. 198, this proportion
is nearly the same as AQ bears to 4g. Again, take
the diagram of Art. 218 ; the straight lines OF and PB
are parallel: hence it follows by Geometry that PO bears
the same proportion to Op, as BF bears to Fp, But the
proportion of PO to Op is the same as that of PQ to pg;
80 that the object is to the image in the same proportion
as BF to Fp. When the angle BFA is small we may
take this proportion to be the same as that of 4F to Fgq.
Finally, we observe that if pg.be regarded as an object P@
will be its image ; and then by what we have just seen pg
will bear the same proportion to PQ as 4F bears to FQ:
therefore PQ will gear the same proportion to pg as FQ
bears to AF. These remarks hold also with respect to
the cases of Arts. 222 and 223.

225. We have shewn in the preceding Article that
the proportion which the object bears to the image can
be expressed in four different ways: the reader should
verify that these four ways ?ve the same result, by nu-
merical examples, such as those of Arts. 202 and 203.
In particular from the last two of the four ways we infer
that #'Q bears the same proportion to 74 that #'4 bears
to Fy; hence from the nature of proportion we know that
tltx‘eipjoduet of FQ and Fy must be equal to the square
o . .

226. The formation of images by spherical reflectors
can be well examined by a person if he looks at the image
of his face formed by such a reflector, and notices the
changes in the image as the position of his face changes.
The case of a convex reflector presents itself most fa-
miliarly, as such reflectors are occasionally to be found
among the ornamental furniture of a house. In this case
the image is virtual, erect, and behind the reflector ; it

is smaller than the object and gradually increases in size -
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as the spectator approaches the reflector from a distance.
In the case of a concave reflector the image is real, in-
verted, in front of the reflector, smaller than the object
and gradually increasing in size as the spectator moves
from a distance up to the centre of the reflector. As he
moves from the centre up to the principal focus the image
is formed behind him, and so is invisible to him. As he
moves from the principal focus up to the reflector the
image is virtual, erect, behind the reflector, larger than
the object, and gradually diminishing in size. It is found
in practice that the eye is sometimnes unable at first to
recognise an image as being in front of the reflector when
the theory shews that it is there: it seems that by long
familiarity with the operation of plane reflectors the eye
is naturally disposed to refer an image to some position
behind the reflector.

XXII. LAWS OF REFRACTION.

227. We have said in Art. 185 that when a ray of
light moving in one medium arrives at another medium
part of the light is reflected and part enters the new
medium. Of that which enters the new medium more
or less is lost in the medium ; to use the technical word
it is absorbed. In the case of opaque bodies, such as

lates of metal or beams of wood, tge whole entering light
18 thus absorbed ; but it is known that films of metal
or shavings of wood can be taken so thin that rays of
light will pass through them. In the case of transparent
bodies a e part of the light which falls on them is
transmitted through them, and we are now about to
examine the change of course which a ray of light ex-
’)eriences when it passes from one medium to another.
The direction of the ray seems to be bent through some
angle ; so that the ray is said to be refracted or to suffer
refraction,
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228. Let IO represemnt the course of a ray of light

N
I
4 [) B
}/
[rr
moving in a vacuum, which is incident at O on a plane
surface of any tran nt medium: let 4OB represent

this surface. Let OR represent the course of the ray
within the medium. Draw NOJM at right angles to the
surface. Then JO and OR are straight lines; for, as we
have already said, light moves in a straight line so long
as it keeps to one medium. JO is called the incident
ray, OR the refracted ray, and NOM the normal to the
surface at the point of incidence; the angle ION is
called the angle of incidence, and the angle ROM the
angle of refraction. The direction OR is determined by
the following laws: OR is in the same plane with O
and ON; and tho sine of the angle ZJON bears a fixed
proportion, to the sine of the angle ROM. With the aid of
the preceding definitions the laws may be stated verbally
thus: ths incident and refracted rays are in the same
plane with the normal to the surface at the point of
tncidence, and, on opposite sides of the normal ; and the
sine of the angle of incidence bears a fized proportion to
the sine of the angle of refraction. The latter part of the
law is called for brevity the law of sines.

229. The number which expresses the fixed pro-
portion of the sine of the angle of incidence to the sine
of the angle of refraction is different in different media..
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For water it is about g; 8o that the sine of the avgle JON
is g times the sine of the angle ROM, or the sine of
the angle ROM is 2 of the sine of the angle JON. For

glass this number is g ; for diamond about g The number

for any medium is called the index of re¢fraction for that
medium. In passing from vacuum to any medium the

ray is bent as in the diagram 8o as to be brought nearer to
the normal.

230. Let us suppose that light is passing from vacuom
to water, and consider in some detail the various cases
which may occur. If the direction of the incident ray is
NO then the direction of the refracted ray is OM; it is
convenient to speak of OM: as the refracted- ray still,
though in this case there is no bending, for the ray goes
straight on. In every other.case the ray undergoes some
deviation ; for instance if 7O represents an incident ray
then the ray in water does not go along OK, which is the
production of JO, but along OR, which is nearer to the
normal OM. The angle KOM is equal to the angle JON
by Art. 154: the angle KOR is the deviation which the
ray undergoes. The greater the angle of incidence is, the
greater will the deviation be. Suppose the angle NOI to
be almost equal to a right angle ; by the Table of Art. 161
the sine of this angle will be 1; and by Art. 229 the sine

of the angle ROM will be 2, that is 75: hence by the same
Table the angle ROM will then be about 45%

231. It is an experimental law in Optics, which is
thoroughly established, that if a ray can go by any path
from one point to another, then a ray can also go back
along the same path from the second point to the first.
Thus if 70 and OR in Art. 228 constitute the path of a ray
between 7 and R in passing from vacuum into water, then
a ray can go along RO and O from water to a vacuum.
This principle enables us to give an interesting experi-
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mental verification of the laws of refraction. Let ABCD
be a vessel, and suppose an eye at & looking exactly over

D X B C

the edge of the vessel in the direction ZBK. Then an
object at the bottom of the vessel, such as a stone or coin,
placed at R, would be invisible to the eye. But let the
vessel be now filled with water, then it may be possible for
the eye to see the object; all that is necessary is that R
should be at a certain distance from C. Let the proper
position of R be assigned by trial ; and let the angles KB
and RBC be measured : then it will be found that the sine

of the angle RBC is 2 of the sine of the angle KBC.

232. By such contrivances as that of the preceding
Article we may verify the truth of the laws of refraction.
By }mtting the e{le in different positions we can make the

ngle K BC, which is equal to the angle between BE and
CB produced, take any value we please; and it will be
found that for water the law of sines always holds, and
that the index of refraction is g In like manner we
may experiment on glass. Suppose 4 BCD in Art. 231 to be
a tl{ick plate of glass; then the end BC may be blackened
or covered with paper to prevent any light from passing
through it: let a wafer be placed on some part of XC so
as to be seen by an eye at £, and results be obtained
similar to those for water, .

233. The reader will observe that he can draw with
tolerable accuracy the course of the refracted ray corre-
sponding to a given incident ray, when the index of refrac-
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tion is known. Let AOB denote the refracting surface,
and suppose that the angle of incidence is 40°. Draw
NOM at right angles to AB; and set off the angle NOJ
equal to 40°, which may be done with the aid of a graduated

’ N
—

B0

B
M

brass semi-circle, such as is usually to be found in a box of
mathematical instruments. By the Table of Art. 161 we

see that the sine of an-angle of 40°is *643. Suppose the
medium into which the ray is’proceeding to be glass; then

the sine of the angle of refraction is gx *643, that is *429:

by the Table this corresponds’to an-angle of 254°. Hence
if we take the angle ROM equal to 253° then OR is the
. direction of the refractéd ray. If we had not the Table to
consult we must proceed thus. -Make the angle JON equal
to 40° and from 7 draw JH perpendicular to ON. Then
measure off 7H on any finely divided scale of equal parts,
as one of tenths or twelfths of an inch; suppose JH to be

equal to 9 such divisions, Then %x 9=6; and we must

find a point R such that its perpendicular distance RK
from OM is equal to 6 of the divisions on the scale: then
OR is the direction of the refracted ray.
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234, The law of sines seems extremely simple, but the
discovery of it did not take place until long after the origin
of science; the auncient Greeks wrote on Optics, but they
were ignorant of this law. It could not fail to be observed
that if the angle of incidence were increased the angle of
refraction would also be increased ; but the precise connec-
tion between these two angles was not obvious. The law
of sines was discovered about 1621 by Snell; but it was
first published by Descartes who had seen Snell’s papers.

235. Tables of Indexes.of Refraction are to be found
in several works; the values given by various experi-
menters do not quite airee, and the principal reason of the
diversity will appear hereafter when we treat of colour.
The following list is selected from such Tablcs. :

Substance. ‘Index of Refraction.
Diamond .................. 2439

Bapphire .................. 1794

Rock Salt.................. 1'557 '
Alcohol............cccneee... 1372

Sca Water 1343

Pure Water. .. 1'336 \
Lce. it 1310

Two kinds of glass, called respectively crown glass and
Jlint glass, are much used in the construction of optical
instruments; the composition of eath kind, as furnished
by different manufacturers, varies slightly. The index of
refraction, for crown glass lies between 1530 and 1°563,
and for flint glass between 1576 and 1:732." We shall
continue however to use for the purpose of illustration
g as the index of refraction for water, and.,g a8 the index
of refraction for glass,

236. Suppose we take the index of refraction of a
substance, square it, and subtract unity from the result:
the remainder is a quantity which has some importance in
theory, and has received various names, as 7gfractive
power, refractive action, refractive force, absolute refrac-
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tive power. For example, taking the index for glass as
g, we have g—l, that is g, for this remainder. Newton

found that the refractive power was very -nearly ;i‘ro-
rtional to the density of bodies in many cases. The
arge index of refraction of diamond attracted his atten-
tion, and led him to conjecture that diamond * probably is
an unctuous substance coagulated” Modern chemistry
has ascertained that the substance of diamond is the same
as that of earbon; and the circumstance has often been
noticed as an example of Newton’s sagacity. Dr Youn
considers it as still more singular that he also imagin
water to consist of a “combination of oily or inflammable
icles with othérs earthy or nét inflammable.” See
ewton’s Optics, 1721, page 249, Young’s. Lectures on
Natural Philosophy, Leeture xxxv.

XXIII. VARIOUS CASES OF REFRACTION.

237. If a ray of light. proceed from vacuum into any
medium the angle of incidence may be as great as we
please, up to a right angle as the extreme case; but the
angle of refraction cannot exceed a certain limit, which is
different for different-media, but is always less than a right
angle. We have in fact found in Art. 230 that this limit
in the case of water is about 49°. As another example
consider the case of glass; suppose the angle of incidence
to be almost a right angle, and represent it by the anfle
NO:¢ in the diagram of Art. 234, where it is drawn for
distinctness a few degrees less than a right angle. The
sine of VOi may then be taken as 1, and tonsequently the

sine of the corresponding angle of refraction will be g

Kow §='6“7» and the Table of Art. 161 shews that this
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corresponds to an angle of about 42°; let this be represented
by the angle MOr. Then if any rui be incident on the
surface of the glass at O, between the directions VO and
BO, the corresponding refracted ray must lie between OM
and Or. The extreme angle for any medium, which is
here denoted by MOr, is called the critical angle. Thus
we may say that the critical angle for any medium is the
angle of refraction when a ray passing from vacuum into
that medium has its angle of incidence equal to a right
angle. Or we may say that the critical angle for any
medium is that angle the sine of which is :glual to the
reciprocal of the index of refraction for the medium.

238. Let 4B be a plane boundary, separating a

medium below it from- a vacuum above it. Let HO repre-
sent the course'of a ray in the medium, incident at O, so

A 0 B )

M

as to make the angle HOM 'between the ray and the
normal greater than the critical angle for the medium. As
no ray can come from the vacuum and pass along OH, we
may naturally expect that the ray proceeding along HO
cannot get out of the medium at O into the vacuum.
Experience confirms this, and shews that the ray is re-
flected at O, according to the laws of reflection ; that is, the
ray takes a course OK in the plane containing OH and
OM, and the angle -MOK is equal to the angle MOH,
Moreover it is found that in this case the reflected ray of
light is almost as bright as the incident ray, scarcely any
of the ray being lost: hence this is called total reflection.
The least value of the angle AOH for which the ray will
pass out occurs when the angle HOM has the greatest
admissible value; so that it is the complement of the criti-
cal angle.
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239. The brightness of light which has been totally re-
flected may be seen by taking a tumbler formed of clear

A D
Q
\P
B c

plain glass, putting water into it, and holding it a little
above the eye, 80 as to look at the under side of the surface
of the water. Let E denote the position of the eye, and
ABCD a section of the tumbler. Then rays entering the
water through CD, proceed in such a direction as PQ, are
totally reflected at 8, pass out through 4B, and enter the
eye. The under side of the surface of the water seems to
ine with a kind of metallic lustre, -

240. We have hitherto supposed that light passes
from vacuum to a medium, such as water or glass; but we
may now consider the case in which li%ht passes from one
medium to another medium, as from glass to water. The
laws of refraction are found by experiment to be precisely
the same as in Art. 228, and the only thing required is the
value of the index of refraction. The Rule for finding this
is best put in the following form, in order to be easily re-
membered; the tndex of refraction from A to C is equal
to the product of the index of refraction from A to B into
the index of refraction from B to C. Here 4, B and C
may denote any media, vacuum included. For example, sup-
pose we require the index of refraction from water to glass;
we will let 4 denote vacuum, B denote water, and C denote

glass. Theindex of refraction from vacuum to glass is g; the

T. P 1L 8
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index of refraction from vacuum to water is g; hence ac-

cording to the Rule, g is equal to the product of g into the
required index, so that the required index is ; divided by
4 . 9

5, that is 5.

241. The Ereoeding Rule is founded on an experi-
mental fact which may be stated thus: when a ray of
light passes through any number of media separated by
parallel plane surfaces, {f any two of these media are
identical the directions of the ray in them are parallel.
Let PQRST be the course of a ray which passes from a
medium A, through the media B and C, into a medium 4

K
P
L 4
B
B (4
M

again ; and let these media be separated by parallel plane
surfaces. Draw QK, LRM, and SN respectively at right
angles to the plane surfaces. Then these three straight
lines are all parallel; and therefore the angle LRQ is
equal to the angle between RQ and K@ produced, and the
angle SRM is equal to the angle between RS and NS
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produced : see Art. 155, Thus if we let 4, B, and C
stand for vacuum, water, and glass respectively, as in

Art. 240, we have, sine of ZSN =g sine of SRM, and

sine of PQK: =; sine of LRQ. Now by the experimental
fact stated above the angles 7SN and PQK are equal;
thus J sine of SRM=3 sine of ZRQ; and from this it

follows that sine of LRQ =g- sine of SRM. This de-
monstrates the result obtained from the Rule in Art. 240,

242. The index of refraction from vacuum to air is
found to be very nearly 1:0003 ; and thus strictly speaking
the index of refraction from air into any medium is not
the same as from vacuum into that medium. Suppose, for
instance, that the index of refraction from vacuum into
diamond is 2'439, then the index of refraction from air
into diamond will be the quotient of 2439 divided by
1'0003 ; but the correction thus introduced is scarcely
sensible when we restrict ourselves to three places of
decimals. Thus we may henceforth consider the refraction
between air and a medium as practically identical with the
refraction between vacuum amf that medium,

243. The index of refraction just stated for air applies
to air in the ordinary state; when the demsity of air
diminishes 8o does the index of refraction. Small however
as the index of refraction of air may seem to be, yet it is
known from Astronomy that the results are striking and
important. Thus by means of the refraction of the air the
Sun and Moon become visible to a spectator before they
have really risen, and continue visible after they have
really set: the air renders them visible when they are
actually below the horizon in the same manner as the
water f:‘enders the coin visible in the experiment described
in Art. 231.

8—2
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244. Rays diverge from a point and fall on a plane
refracting surface : it is required to find their course afier
refraction. Let BC denote the plane refracting surface,
Q the origin of the light; draw @4 from @ perpendicular

N\M
\L

to the refracting surface. Let QM re})resent a ray incident
at M on the refracting surface; let MN denote the
direction of the ray after refraction at the surface, and
produce NM to meet AQ produged at g. The angle
AQM is equal to the angle of incidence of the ray QM
at M, and the angle A¢M is equal to the angle of re-
fraction : see Art. 241, ﬁence the sine of the angle 4QM
bears to the sine of the angle 4¢M the proportion ex-
pressed by the index of refraction. This lemﬁo by a little
mathematical’ investigation to the result that Mg bears to
M@ the proportion expressed by the index of refraction;

for example, if the medium is glass My is g times MQ,

and if the medium is water My is g times MQ. If the

angle MQA4 i very small M@ is nearly equal to 49, and
My is nearly equal to 4g; so that we obtan the following
result as very nearly true: Agq <8 equal to the product of
AQ into the index of refraction. Thus if rays from a
point fall very nearly in a perpendicular direction on a
plane surface of glass they appear after refraction to come

very nearly from a virtual focus g times as distant from
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the surface as the origin; if the plane surface is that of
water the virtual focus is g times as distant from the surface
as the origin ; and so on,

245. If the diagram of the preceding Article be care-
fully drawn on a large scale it will be found that, the
further M is from A, the further is the point denoted by
¢, where the direction of the refracted ray crosses 4 Q pro-
duced. Su we draw two incident rays, as for instance
QM and é) ; then their directions after refraction will
not strictly meet on the azis, as we may eall .4 @, but at
some point beyond the axis. 1t is only approximately, and
on the supposition that the angle #/Q4 is small, that the
directions of the refracted rays meet at a single point on
the axis: this point is then the wirtual focus of the re-
fracted rays.

246. In the preceding Article we have supposed the
rays to pass from air or vacuum inte a medium ; that is, we
suppose air or vacuam on the right-hand side of BC, and
the medium on the left-hand side. The diagram however
will serve for the case in which the rays pass from a me-
dium to air or vacuum. We have only to sup q to be
the origin of the light, and @ the point at which the di-
rections of the rays meet after refraction : the medium
must now be supposed to be on the right-hand side of BC,
and air or vacuum on the left-hand side.

247. A pencil of parallel rays consists of parallel
rays after refraction. This proposition is strictly accurate,
and can be demonstrated by the aid of geometry; but the
reader may be content to take it as established by experi-
ments. Some impression of its truth may however be
obtained by considering such a diagram as that of Art. 244
For suppose M and L to remain fixed, and also the
direction M@, but let @ retire continually from the sur-
faco ; then the corresponding point ¢ reures continuall
from the surface: thus the incident rays QM and @
approach continually to a state of parallelism, and so
also do the directions of the refracted rays ¢Af and ¢LZ.
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XXIV. REFRACTION AT CURVED SURFACES.

248, Refraction may take place at curved surfaces as
well as at ?ln.ne surfaces. Any very small portion of a
curved surface may be considered as coinciding with a
corresponding portion of the plane which would touch the
surface there. We shall confine ourselves to spherical
- surfaces ; and, as we have stated in Art. 195, a plane surface
touching a sphere at any point is at right angles to the
radius of the sphere there. The axis and the vertex of a
spherical refracting surface are defined in the same way as
for a spherical reflecting surface : see Art. 195.

249. Rays of light fall on a concave spkerical re-
Jractor from a point on the azis: it 18 required to deter-
mine their course after refraction. Let O represent the

centre of the sphere, 04 the axis of the refractor, 4 the
vertex. We will suppose the origin of light to be further
from the vertex than O is; let it be at Q in 40 produced.
Let QM represent one of the rays, incident at M on the
spherical refracting surface ; and lyet MR be the direction
of the ray after refraction. Produce RM to meet the
axis at ¢. Join OM. Then QMO is the angle of incidence,
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and ¢MO is equal to the angle of refraction. If the
diagram be carefully constructed it will be found that the
rays after refraction do not in general proceed as if they
came exactly from a single point ; but if the angle M0A
does not exceed &° or 10° the rays will proceed very nearly
as if they came from a single point. This point is the
virtual focus of the refracted rays; we denote it by ¢.
The following is the Rule which connects the distances of
Q and ¢ from d: the difference of the reciprocals of the
distances of O and @ s equal to the product of the index
of refraction into the difference of the reciprocals of the
distances of O and q. For example, suppose 40 to be 12
inches, 4Q to be 18 inches, and the index of refraction to

4 1 1 3 2 1. .. 4
beg. Then,l—2—l~8_3—é—3—6_3—6, divide bya, thus
.. 1 3 . 1 . . .
we obtain 3% %1 that is 5" This then is the differsnce

of' the reciprocals of the distances of O and ¢ ; hence the re-

. . .1 1 N
ciprocal of the distance of ¢ is i3~ 18’ that is Ty
that is 4%, that is 11_6 Therefore Ag is 16 inches. For

another example suppose 40 to be 12 inches, AQ to be
16 inches, and the index of refraction to be g Then

R T Ty L divide by g; thus we obtain

45 % o that is 75 This then is the difference of the
reciprocals of the distances of O and ¢. Hence the re-
ciprocal of the distance of g is ;5-712, that is 5 — L,

that is 7% . Therefore Ag is 753 inches, that is 14% inches.

250. Suppose that instead of a pencil of rays proceeding
from a point on the axis we have a pencil of rays all parallel
to the axis ; the rule of Art. 249 will enable us to assign the
position of the virtual focus ¢ from which the rays appear
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very nearly to proceed after refraction. For this case
is practically the same as that of a pencil of rays proceeding
from a point on the axis which is excessively remote, so
that the reciprocal of the distance of @ is zero : see Art. 202.
Let O represent the centre of the sphere, 04 the axis of the
refractor, A the vertex. Let QM represent one of the
incident rays parallel to the axis, MR its direction after
refraction; produce RM to meet A0 esmducecl at ¢.
The position of the point ¢ is then called the principal
Jocus of the refracting surface, and its distance from the
vertex is called the focal th; this position is thus
determined according to the Rule of Art. 249: the re-
ciprocal of the radius is equal to the product of the index

A7\\:\“ 7

Q_

of refraction into the difference of the reciprocals of the
radius and of the focal length. Thus, suppose the radius

to be 12 inches, and the index of refraction to be :,1; ; then
we have the following calculation : the reciprocal of the
radius is %2; divide this by the index of refraction, and we

get % X %, that is %; this therefore is the difference be-

tween the reciprocals of the radius and the focal length,

0 that the reciprocal of the focal length is -~ 15 that
) .

. 4 .1, .
s 5 that is 50 the foc:_al length therefore is 48
inches.
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251. In various Rules of Optics we have to use the
number which is obtained by subtracting unity from the
index of refraction, and accordingly we shall give a name
to this number, and call it the index of deviation; the
propriety of the name will be more obvious when we treat
of refraction through & prism. We may then give this
simple Rule for finding the focal length of a spherical
refracting surface : multiply the radius by the index of
refraction, and divide the product by the indez of de-
viation. Thus, taking the same elements as in the Ex-
ample of Art. 250, we have the index of refraction g,

and therefore the index of deviation is % ; we must then

1
multiply 12 by g and divide the product by 3: the result
is 48.
" 952, In the next place suppose that the origin of light
is between the centre and the vertex. Th:ﬁ:ggnm is

then drawn in a similar manner to that in Art. 249; and
the Rule which connects the distances of @ and ¢ from 4

may be given in the same words as in that Article ; but in
agplying the Rule we must remember, what the diagram
shews, that 4Q and Ag¢ are now less than 40. For ex-
ample, suppose as before that 40 is 12 inches, and the

index of refraction 4 ; and let AQ be 6 inches. Then

3
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§- 5=~ 131y divide by 3; thus we obtain
1—12- X %, that is 1—16 This then is the difference between the
reciprocals of the distances of O and ¢ from 4 ; hence the
reciprocal of the distance of ¢ is Il§+ ILG’ thatis%+%,
that is 4—78. Therefore Aq is “—79‘ inches, that is 6¢ inches.
For another example suppose 40 to be 12 inches, 4@ to

be 8 inches, and the index of refraction to be g Then

1 1_3 2 1 divide by g_; thus we obtain

21—4 x g, that is 31—6 . This then is the difference between
the reciprocals of the distances of O and ¢ from A4 ; hence

the reciprocal of tho distance of ¢ is 5+ 5, that is

3_6 )
341 ihatis X, thatis 1. Therefore Ag is 9 inches.
36 36’ 36’ 9°

- 253. The results of Arts. 249, 250, and 252 may be
summed up thus. The points @ and ¢ always move in the
same direction. As @ moves from a very remote distance
on the right-hand side up to the refracting surface, ¢ moves
from the principal focus up to the refracting surface; and
the points coincide when @ is at O and when it is at 4.
It is obvious that when @ is at O the rays which fall on
the refracting surface proceed in the medium as if they
came accurately from a point, namely from 0. It can be
shewn by mathematical investigation that there is another
position of @ such that the rays from it will after re-
fraction proceed as if they came accurately from a point :
this is when @ is at the distance from A4 which is equal to
the product of the radius into the index of refraction in-
creased by unity; and then ¢ is at a distance from 4
which is equal to that of @ divided by the index of re-
fraction. For instance, if the radius is 12 inches, and the
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index of refraction is g , then to obtain the distance from
A of this position of @, estimated in inches, we nddg to

1 and multiply by 12; thus we get % x 12, that is 28 ; the
corresponding distance of g estimated in inches is 28
divided by g , that is 28 x 2 , that is 21.

254. Rays of light fall on a convex spherical refractor
Jrom a point on the axis: it is required to determine their
course afler refraction. We shall treat this rather briefly
after the full investigation with respect to the concave re-
fractor. Let O represent the centre of the sphere, 04 the
axis of the refractor, 4 the vertex.

» There are two cases to be considered ; we first suppose
the origin of light at a great distance from the refractor.
Let @ represent the origin of light, @M one of the rays
incident at M on the spherical refracting surface, Mg its
direction after refraction. When @ is at a very remote
distance from 4 the rays after refraction converge very
nearly to a point on the left-hand side of .4, which is
called the principal focus, and the distance of which from
A is called the focal length of the refractor: this distance
is given by the same Rule as in Art. 251. As @ moves
towards the surface ¢ moves away from it, the two con-
tinuing to move in the same direction. The Rule which
connects the distances of @ and ¢ from 4 is the following :
the sum of the reciprocals of the distances of O and @ is
equal to the product of the index of refraction into the
difference of the reciprocals of the distances of O and q.
When @ arrives at a certain point ¢ is at a very remote
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distance on the left-hand side, or, in other words, the rays
after refraction are parallel to the axis. The distance of
@ from A when this takes place is equal to the radius di-
vided by the index of deviation : thus for glass the radius

must be divided by 3—1, that is by 53 80 that the
distance is equal to twice the radius.

Next suppose the origin of light to be nearer to the
surface than the point just determined. Let @ represent

B \

S~

~—.
~——.

the origin, @M one of the rays incident at 3/ on the
refracting surface, MR the direction of the refracted ray ;
then if RM be produced it will meet the axis at some
point ¢ to the right of 4. The distances of @ and ¢ from
A are connecteg by the Rule of Art. 249, changing the
word difference to sum, so that it is: the sum of the re-
ciprocals of the distances of O and @ 8 equal to the
product of the index of refraction into the sum of the
reciprocals of the distances of O and q. As @ moves up to
the refracting surface from the point for which ¢ is very
remote, 80 also does g, starting, as it were, from a point on
the right-hand side very remote.

255. For an example suppose that the convex re-
fracting surface is formed of glass, so that the index of

refraction is g; and let the radius be 12 inches. The

tndex of deviation is here 1; thus the focal length is

12 x g:—;, that is 12 x ; x 2, that is 36: the principal
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Jocus then.is 36 inches to the left of 4, and to this point
the rays will converge when @ is at a very remote distance
on the right-hand side. The position of @ which separates
the two cases of Art. 254 is at a distance from A4 equal to
twice the radius, that is at a distance of 24 inches. Sup-
pose @ at a greater distance, say 36 inches from 4. Then
1 1 1 3 4 1 ae .
367 12"36"36 369> divide by the index of re-
fraction ; thus we get% X ;, that ia22—7. This therefore is
the difference between the reciprocals of the distances of
O and ¢; hence the reciprocal of the distance of ¢ is

1 2 . 9 8 "o . 1 .
1B that is 108~ 108’ that is T tha.tq'm 108
inches to the left of 4. Next suppose @ at a less distance,

. 1 2 1 ...
say 12 inches, from 4. Then BtE-12-6 divide by

the index of refraction; thus we get % X ;, that is % This

therefore is the sum of the reciprocals of the distances of
O and ¢; hence the reciprocal of the distance of ¢ is

1 1 . 4 3 . 1 N
g—ﬁ,that is 55— 35 that is 35" 80 that ¢ is 36 inches
to the right of 4.

256. Other cases which may be proposed will be found
to be really included in what we have given. Thus suppose
rails to be converging to a point on the axis of a convex
spherical refracting surface ; the dia, of Art. 249 will
be applieable wheu the point is further from the surface
than the centre is, and the diagram of Art. 252 when the

int is nearer to the surface : in both cases the light must

e supposed to come from the left-hand side, and the
medium to be on the right-hand side of the spherical sur-
face. Similarly the diagrams of Art. 254 cang)e rendered
applicable to the case in which rays are conrerging to a
point on the axis of a concave spherical refractor. Also our
diagrams suppose that light passes from a vacuum into a
medium, or from one medium into another which has a
greater refractive index; but they can be readily adapted
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to the case where light passes from a medium into vacaum,
or from one medium into another which has a less re-
fractive index. Thus in Art. 249 if light is to pass from a
medium into vacuum we have only to suppose that ¢ is the
origin of the light, and that @A produced through M is
the course of the ray refracted at M.

257. Hitherto we have considered the origin of light
to be on the aris of the refracting surface. 1f the origin is
not on the axis we must join the origin with the centre and
treat this straight line as if it were the axis : see Art. 207.
The straight line passing through the origin and the centre
is called a secondary azis, and the pencil of light from the
origin is called a secondary pencil. When a pencil of
rays is refracted by a spherical surface the directions of
the rays never pass accurately through a single %?lint, ex-
cept in the special cases noticed in Art. 253. is fact
is expressed, as in the case of spherical reflectors, by say-
ing that there is spherical aberration.

XXV. IMAGES FORMED BY REFRACTION.

258. An object iz placed before a plane refracting Jﬁr-
Jace: it is required to determine the image of it. Let

PQ be an object placed before a plane refracting surfaco
AB; we will suppose that on the other side of 4B there is
a vacuum, or & medium having a less refractive index than
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the medium in which P@ is situated. Consider any point
of the object as P; draw PM ndicular to the plane
refracting surface. The rays which fall from P on the
surface will after refraction proceed very nearly as if they
came from a single point p in PM; the distance of p from
M is obtained by dividing the distance M P by the index
of refraction for the medium: see Art. 246. Thus p may
be regarded as the image of P. Similarly take any other
int @ of the object and determine its image ¢; and in
ike manner proceed with the whole object. In this way
we obtain the image pg of the object P@; it is virtual and
erect. If PQ is a straight line then pg is also a straight
line. If PQ is parallel to the refracting surface so also is
24, and pg is of the same length as PQ. If, as in the
i , PQ is inclined to the refracting surface so also
is pg, and pq is less than PQ; if pg and PQ be produced
therstraight lines will meet at some point of the refracting
surface.

259. 7o trace the course of a pencil by which an
assigned point of the image is seen. Let p denote the
point of the image. The position of the eye must lie
somewhere within the angle formed by straight lines drawn
from p to the extreme points of the refracting surface, and
produced. Let E be the position of the eye; join the
extreme points of the eye, say the highest and lowest
points, with p; and let the straight lines cut the refracting
surface at G and D respectively: draw PG and PD.
Then PG and PD are the extreme rays of the pencil
which proceeds from the point P and after refraction
reaches the eye in the assigned position.

260. Suppose, for example, that the medium in which
AB is situated is water, so that the index of refraction is

%. Then Mp is the quotient of J£P divided by g; that

is Mp is 2 of MP. Similarly the image of any other point

of the object is at three-fourths of the distance of that
point from the refracting surface. This case of the forma-
tion of an image is very familiar, For if a straight stick
be partly immersed in water, in an oblique position, the
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image of the immersed part seems nearer to the eye than
the corresponding part of the stick would be if there were
no water; so that the stick appears as if it were bent at
the point where it enters the water. We observe too that
the apparent ggth of a stream or pond of clear water is
less the depth, namely about three-fourths of it.

261. If instead of & vacuum above 4B there is any
medium which has a less refractive index than the medium
in which PQ is situated the diagram is of the same nature
as in Art. 2568 ; we mnst now use the refractive index from
the upfer medium into the lower instead of the refractive
index from vacuum into the lower medium, in connecting
the distance p M with the distance M. If however the
upper medium have the greater refractive index the dia-
gram becomes altered: the image is then further from the
refracting surface than the object.

262. An object is placed before a concave spherical
refracting surface: it 18 required to determine the image
of it. Let PQ denote an object placed before a concave
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spherical refracting surface; we will suppose it more dis-
tant from the surface than the centre is, Consider any
point P of the object; the rays which fall from P on the
refracting surface will after refraction proceed very nearly as
if they came from a single point » on the straight line PO;
so that p is the virtual image of . Similarly to every
other point of the object there is its corresponding image;
and in this way we obtain pg the image of the whole of
the object: this image is virtual, erect, and less than the
obf'ect. The position of this image may be determined by
calculation: see Arts. 249 and 257. It may also be deter-
mined by the aid of the principal focus, as in the case of
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images formed by spherical reflectors. Suppose for instance
that the refracting surface is c;)::ﬁosed of glass; then the
focal length is three times the us: see Art. 261. Thus
if F denote the principal focus AF is three times A40.
Draw PB pa.ra.lle? to A0, then the direction of the ray
PB after refraction will pass through #; hence » is at the
intersection of PO and BF, so that its position is deter-
mined. As in Art. 218 it is found that the image is not
exactly similar to the object; but it is nearly so if the
angle POQ does not exceed a few degrees. In like
manner, if the object is nearer to the surface than the
centre 18, the image can be determined; as before it will
be found virtual, erect, and less than the object.

263. An object is placed before a convex spherical re-

" Jracting surface: it i8 required to determine the image
of i¢t. This may be treated briefly after the investigation
of the preceding Article: there are two cases as in Art. 254.
If the object is at a very remote distance on the right-
hand side the image is real, inverted, and less than the
object; it is on the left-hand side nearly at the principal

P
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focus. As the object approaches the surface the image
moves towards the left hand, and when the object is at a
certain distance the image is as far from O as the object
is, and tjilust'. equal to it. this position the distance of @
from the vertex is equal to the diameter of the sphere
divided by the index of deviation. We will denote this
position by H. Thus if the refracting surface is supposed
to be of glass the distance of A from 4 will be four times
the radius; if it be of water the distance will be six
times the radius, As the object moves from H to a point
T.P. I 9
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midway between H and A4 the image continues to move
towards the left hand, and is greater than the object; be-
coming at last very great and very remote.

As the object moves from the point just noticed up
to the refracting surface the image is erect, virtual, and

larger than the object, and it moves from a very remote
c{isf‘;..tianoe on the right-hand side up to the refracting sur-

As in former cases we may draw the pencil by which
any point of the image is seen by an eye in an assigned
position: see Arts. 217, 220, 222, and 258.

XXVI. SUCCESSIVE REFRACTION AT PLANE
SURFACES.

264. Rays of light after being refracted by a plane or
spherical surface may fall on another surface and be re-
fracted again. The most common and the most important
case is that in which the rays proceed from air into a
medium, pass through that medium, and come out into the
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air again ; this case occurs perpetually in the construction
of optical instruments, such as telescopes and microscopes :
the medium is then almost always glass,. We will consider
in the present Chapter successive refraction at plane sur-
faces; there are two cases to notice; for the second surface
may be parallel to the first, or may be inclined to it at
some angle.

265. A portion of any medium bounded by parallel
planes is called for shortness a plate; a piece of common
window glass is an example. Zhke direction of a ray of
light after passing through a plate is parallel to its
direction before entering the plate. Let PQRS represent
the course of a ray which passes through the plate bounded

P
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by AB and CD. Draw M@Qm at right an%les to AB, and

Rn at right angles to CD. Then, since #Qm and NRn
are parallel straight lines, the angle R@m is equal to the
angle QRn: see Art. 165. Since PQR is the course of a
ray, it follows by the nature of light that a ray would also
go along the course RQP. Then RQ, regarded as incident
at @, makes with the normal to the surface there an angle
equal to that which QR makes at R with the normal to
the surface there; and therefore the angles at emergence,
PQM and SRN, must be equal. Hence by the nature
of parallel straight lines RS is parallel to 2Q. In the
particular case in which the ray is incident perpendicularly
on AB there is no deviation at either surface, so that the
direction after passing through the plate is coincident with
the direction before entering the plate.

9—2
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266. Let PQRS represent the course of a ray through
the plate bounded by 4B and CD; then as we have just

shewn RS is parallel to PQ. Produce SR backwards to 7.
From @ draw QH perpendicular to S7), and @K perpen-
dicular to CD. Then by the action of the plate the course of
the ray is changed from P@Q to the pa.nS]el sition RBS;
that is, it is shifted through the distance QH. We may
calculate the length of QH if we know the thickness of the
plate, the index of refraction, and the angle of incidence. Or
we may draw the diagram very carefully to scale when we
know these things; and thus QA will become known. The
most important point to notice is that if the medium and
the angle of incidence remain the same, QA will always be
in proportion to the thickness of the plate,and will be very
small when this thickness is very small.

267. Su&pose now that a pencil of parallel rays falls on
a plate. If the incidence is perpendicugu' the pencil passes
through the plate without deviation on the part of any ray.
If the incidence is oblique the course of each ray after

leaving the plate is parallel to its course before entering
the plate; so that the whole pencil after leaving the plate
consists of rays parallel to the incident rays, and therefore
to each other. The pencil is shifted from its original
Egsition through a space which is very slight if the plate

very thin, -

|
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268. Rays of light fall from a point on a plate: it is
required to determine their course after refraction through
the plate. Let Q denote the origin of light. From @
draw a perpendicular on the plate, meeting the first

surface at 4, and the second surface at B. Let QRST be
the course of a ray refracted by the first surface at R, and
by the second surface at S. Produce SR to meet 4Q
}l)‘l;‘oduced at M; and produce 7S to meet 4Q at N
en, by Art. 245, if the angle RQA is small for the
extreme ray of the pencil, all the rays after refraction at
the first surface will proceed very nearly as if they came
from a single point /. Similarly the rays which appear to
diverge from M will after refraction at the secomf surface
roceed very nearli as if they came from a single point V.
y Art. 266 we know that SV is parallel to RQ; and
therefore it follows by Geometry that @V bears the same
roportion to QM that S bears to RM. When the angle
%QA is very small RM differs very little from 4M. Now

suppose the plate to be made of glass; then AM is g times
AQ; see Art. 244. Therefore QM is % of AQ, and conse-

quently % of AM. Thus when the angle AQR is very
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small @V is about % of RS, that s  of the thickness of the

plate. The reader may go through the process on the
supposition that the plate is of water instead of glass; the

result will be that @AV is about i of AB. And in this way

by examining various cases it will be found that QN is
always a certain fraction of the thickness of the plate; the
numerator of the fraction is the index of deviation, and
the denominator is the tndex of refraction.

269. An object is seen through a transparent plate :
tt 18 required to determine the image of the olyect. By
the aid of the result obtained in the preceding Article we
can easily determine the image. It will be found that the
image is erect, virtual, and equal to the object; it is
slightly nearer to the spectator than the object is: the
amount of approach is the fraction of the thickness of the
plate given by the result of the preceding Article.

270. We are now able to trace the course of the rays
by which an image is formed of an object placed before a
common looking-glags. Some of the rays which fall on the
first surface of the glass are reflected by it, and form an
image in the manner explained in Art. 214. This image
however is usually very faint compared with that which is
formed by the silvered back of the looking-glass, and thus
in general it is not noticed. But it may be readily observed
if a bright light, as that of a kindled match, is held near
the first surface of the glass. We are however now con-
cerned with the rays which pass into the glass at the first
surface, are reflected by the silvered back, and then come
out again through the first surface: these rays form the
image which is usually observed. In the diagram QRSTU
represents the course of a ray proceeding from @, re-
fracted by the first surface of the glass at R, falling on the
silvered back at S and reflected along ST, then refracted
by the first surface at 7, and proceeding out in the di-
rection 7U. Draw a straight line from @ perpendicular
to the plate, meeting the first surface at 4, and the second
surface at B. Produce SR to meet B4 produced at L ;
produce 7S to meet 4B produced at M, and produce U7
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to meet 4B produced at N. Then the rays proceeding
from @ and faﬂing with small obliquity on the first surface
of the glass will after refraction have a virtual focus at Z ;
after reflection at the silvered back they will have a vir-
tual focus at M; and after refraction again at the first

b3 N B 4 Qe L

surface they will have a virtual focus at N. It will be
found on investigation that ANV slightlg exceeds 4@ ; the
excess is equal to twice the thickness of the plate divided
by the index of refraction. For an example let us suppose

that AQ is 18 inches, and that AB is § of an inch, the
plate being formed of glass. Then, by Art. 244, we have AL
=g times 4Q = %x 18=27. By Art. 214 we have BM

. =BL=BA+AL=‘12+27. By Art. 244 we have AN

2 = 1,1, 001 .
_sofAM, a.ndAM_.AB+BM_4+4+27—§+27,
therefore AN is ; of 27}, that is 18}. Thus AN exceeds

AQ by %; and g is equal to twice the thickness of the
plate divided by the index of refraction.

271. After thus considering the sage of light
through a plate, that is through a medium bounded b
farallol plane surfaces, we proceed to the case in whic

ight passes through a medium bounded by plae surfaces
which are ¢nclined to each other. Such surfaces are pre-
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sented to us very conveniently by a body called in Optics
a prism. The formal definition may be given thus: a
prism is a body bounded by five plane figures ; of these
two are triangles, and are called the ends; the other three
are qnadrilabeml’s. The prism thus has the same form as
the wedge in Mechanics: see Vol. I. Art. 2562. The tri-
angles are usua.llf parallel and equal; and the quadri-
laterals are usual m{ rectangles : what is called the edge of
the wedge is called the r¢fracting edge of the prism. The
light is supposed to pass in succession through the two
faces which meet at the edge, and the angle between these
faces is called the re¢fracting angle of the prism. Unless
the contrary is stated the entire course of a ray of light is
suggzsed to be in one plane which is perpendicular to the
refracting edge.

272. Let PQRS denote the course of a ray which is
refracted at @ by the face AB of a prism, and at B by the

face AC. Produce PQ to L, and produce SR to meet
PL at M. Then by the two refractions the direction of
the ray has been changed from ML to M, so that it has
been turned through the angle ZM.S towards the thick
part of the prism. In the present diagram the ray both
at @ and at R undergoes deviation towards the thic

of the prism, and thus of course the whole deviation is of
the same character. But even when the deviation at one
of the surfaces is towards the th¢n part of the prism, and
at the other surface towards the thick part of the prism,
on the whole the deviation is towards the ¢tAick part of the
prism. This statement might be verified by actual experi-
ment, or by accurate diagrams shewing the courses of rays
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which are incident at various angles; but it may also be
established by reasoning of an elementary kind, and to this
we now proceed.

273. When a ray passes through a prism of greater
refractive index than the medium in which the prism is
P the deviation of the ray is on the whole towards
the thick part of the prism. Let PQRS be the course of
a8 ray meeting the faces of the prism at @ and R re-
sgectively. Three different cases may occur, according as
the triangle 4 RQ formed by the course of the ray within
the prism and the sides of the prism is right-angled, or
acute-angled, or obtuse-angled.

I Let the triangle A RQ be right-angled at B. Then
at @ the ray is turned from 4
its original direction towards
the thick émrt of the prism;
and at it undergoes no
deviation. Thus on the &
whole the deviation is to-
wards the thick part of the Q
prism. In like manner if
SRQP be the course of the
ray there is no deviation at é P
R, and the deviation at @ is B
towards the thick part of the prism; so that, as before, the
deviation on the whole is towards the thick part of the
prism,

II. Let the triangle A RQ
be acute-angled. Then the
deviations both at @ and R Q
are towards the thick part of
the prism, and so of course the
whole deviation is towards
the thick part of the prism, (o B
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ITI. Let the triangle 4RQ have an obtuse anglé
at R. Then at @ the ray is
turned towards the thick part
of the prism, and at R towards -
the thin part. Now it is known
by Geometry that the angle
QRC is greater than the angle e
RQA : see Art. 1566. Hence
QR makes with the normal to
AC at R a less angle than it
makes with the normal to 4B
at @; therefore the amount of P
deviation at R is less than the ¢ B
amount of deviation at @: see Art.230. Hence on the
whole the deviation is towards the thick part of the prism.
The same result follows if we regard SRQP as the course
of the ray. : ,

274. If the angle of the prism, that is the angle de-
noted by A, is too large, a ray of light will not pass through
the prism in the way supposed in the preceding Articles.
In L. the angle ARQ is a right angle; the least value of
the angle AgR is the complement of the critical angle, by
Art. 238: hence the angle 4 cannot be greater than the
critical angle : see Art. 156. In II. the least value of each
of the angles AQR and ARQ is the complement of the
critical angle, and therefore the angle A4 cannot be greater
than twice the critical angle. In IIIL the angle A is, by
Art. 156, equal to the excess of the angle QRC above the
ansle AQR; the former angle is at most a right angle,
and the latter angle is at least the complement of the
critical angle : hence the angle at 4 cannot be greater than
the critical angle. Thus we see that in Cases I. and III.
the refracting angle cannot be greater than the critical
angle, and in Case II. it cannot be greater than twice the
critical angle ; so that we have the following result: no
ray of light will pass by two refractions in a plane per-
pendicular to the edge through a prism in which the
refracting angle 18 greater than twice the critical angle.
If the reigncting angle of the prism falls slightly below this
value, and a ray passes through the prism, the angles of
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incidence at @ and of emergence at R must be very nearly
right angles; so that PQB and SRC will both be very
small angles: the ray then very nearly grazes the surface
at entering the prism and at leaving it.

275. In the di which belongs to Case IL. of Art.
273 suppose the angles 4QR and 4ARQ to be equal; then
it is found by mathematical investigation that the whole
deviation which the ray undergoes is less than for any
other case, so that it 1s the least possible. This result
may he verified by experiment. Let a beam of light pass
through a small hole into a darkened room, and be allowed
3o fall on a prism held so that its edge is perpendicular to
the direction of the beam. The course of the beam before
entering the prism, and after leaving it, can be perceived
by means of the bright specks of dust in the air; thus the
deviation can be estimated, and it is found that this is
least when the angle which the beam on entering the
prism makes with the face on which it falls is equal to the
angle which the beam on leaving the prism makes with the
other face. Two important facts are connected with the
adjustment of the prism which makes the deviation least:
these we proceed to notice in the next two Articles.

276. Suppose a slender pencil of rays to fall from a

int on a prism in such a manner as to be almost entirely
in a plane perpendicular to the edge of the prism. If the
rays are incident at very nearly the angle which secures
the least deviation, theory shews that after refraction
through the prism they proceed very nearly as if they
came from a single point. If the rays pass close to the
edge of the prism, so that their path inside the glass is
very short, the virtual focus on leaving the prism is at
about the same distance from the prism as the origin of
the light; the two points however do not coincide because
the rays undergo deviation in passing through the prism.

277. The index of refraction of any transparent solid
is best determined by constructing a prism out of the solid,
and allowing a ray to pass through it so as to have the
least deviation. The refracting angle and the whole
deviation must be carefully measured; then the index
of refraction is the quotient obtained by dividing the sine
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of half the sum of these angles by the sine of half the
former angle. This depends on simple geometrical facts.
Suppose the angles AQ%ea.nd ARQ to be equal ; and draw
AM perpendicular to QR : then 4.M divides the angle at

s é B

A into two equal parts. And the angle M4Q is equal to
the angle of refraction at @; for the angle between QR
and the normal to 4B at Q is equal -to the angle between
AM, which is perpendicular to MQ, and 4Q, which is
perpendicular to the normal. Thus Aaif the angle of the
prism_is equal to the angle of refraction at Q. The
deviation at @ is equal to that at R, and is therefore half
the whole deviation; add this to the angle of refraction at
@ and we obtain the angle of incidence at @: namely the
angle of incidence is half the sum of the deviation and the
m('gracting angle. Then the index of refraction is equal to
the quotient obtained when we divide the sine of the angle
of incidence by the sine of the angle of refraction.

278. For glass prisms in which the refracting angles
are respectively 207, 40°, and 60°, the corresponding least
deviations of a ray are found to be about 117 23°, and 409,
If the refracting angle of a prism is very small the least
deviation is nearly equal to the product of the index of
deviation into the refracting angle: thus for glass the
index of deviation is %, 80 that the least deviation is about
half the refracting angle; for water the index of deviation

is %, so that the least deviation is about one-third of that

angle. For example, if the refracting angle of a glass prism
is g4° the least deviation is about 57’ Moreover 5‘ the
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refracting angle is very small the deviation increases very
slightly when the incident ray is inclined several degrees to
the direction which corresponds to the least deviation:
thus for a glass prism having a refracting angle of 4° the
ray may be inclined as much as 5° to the direction which
corresponds to the least deviation, and the deviation will
not be increased by more than 1’. The facts stated in the
present Article explain the ground for introducing the
definition given in Art. 251, )

XXVIL LENSES.

279. We have treated of successive refraction at two
plane surfaces, and we proceed to consider successive
refraction at two curved surfaces, or at two surfaces one of
which is curved and the other plane; in practice the curved
surfaces are always spherical. .A portion of a medium
bounded by surfaces of which one is spherical and the other
plane or spherical is called a lons; In practice lenses are
almost always formed of glass. There are six kinds of
lenses known in Optics, which form two classes.

The first class 18 that of convex lenses. There are three
varieties of convex lenses. In A beth surfaces are spheri-
cal, and the convexities are turned in opposite ways; this

| /

is called a double-convex lens. In B both surfaces are
8 heric‘:li and the convexities are turned in the same way;

Kis is called a meniscus. In C one surfaceis plane; this is
called a plano-convex lens.
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The second class is that of concave lenses. There are
three varieties of concave lenses. In D both surfaces are
spherical, and the convexities are turned in opposite ways;

L]

this is called a double-concave lens. In E both surfaces:
are spherical, and the convexities are turned in the same
way; this is called a concavo-convez lens. In ¥ one sur-
face is plane; and this is called a plano-concave lens.

280. The axis of a lens is a straight line which passes
through the centres of the spherical surfaces; if one sur-
face be plane the axis is the straight line which is perpen-
dicular to the plane surface and passes Yhrough the centre
of the spherical surface. The tAickness of a lens is the
breadth estimated at the axis, that is th:nﬁortion of the
axis between the surfaces ; the thickness will be supposed
small in all the lenses we consider. It will be seen from
the diagrams that a convex lens is broadest at {the axis,
and that a concave lens is narrowest at the axis. The
lenses of the convex class have one important property
in common, na.melg, rays from a very distant point, after
passing thron%? the lens, are brought very nearly to a
real focus on the other side of the lens; and the lenses of
the concave class have a corresponding property in com-
mon, namely, rays from a very distant point, after passing
through the iens, are made to proceed very nearly from a
virtual focus on the sgame side of the lens. In general it
will not be necessary for us to specify any particular kind
of convex lens, or any parti kind of concave lens ;
when we speak of a convex lens it may be any one of the
first three varieties of Art. 279; and when we speak of a
concave lens it may be any one of the second three varie-
ties,
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261, The forms B and E of Art. 279 have some
degree of likeness; but there is a decisive difference be-
tween them. In B the left-hand surface is part of a
smaller sphere than the right-hand surface ; in £ the left-
hand surface is part of a larger sphere than the right-
hand surface. Moreover in E, the two spherical surfaces
do not meet, so that the lens is bounded, at the most
remote from the axis, by a portion of a cylinder ; this
remark applies also to the other concave lenses D and 7.

282. We begin with the discussion of the properties
of convex lenses. Now we might trace the course of a
pencil of rays through such alens by considering the refrac-
tions at the two surfaces of the lens, in the manner
exemplified for a plate in Art. 268. But it will be simpler
for the purposes of the ﬁresent work to state facts and
leave them to be verified by experiment. Suppose rays of
light which are parallel to the axis to fall on a convex
lens ; or, what is practically the same thing, let the rays
of light come from a very remote point on the axis: the
rays_after passing through the lens are brought very
nearly to a real focus at a single point on the axis, on the
other side of the lens. This point is called the prirg:ifal
Jocus of the lens; and its distance from the lens is called
the focal length of the lens. The focal length of every
lens is determined by the following Rule : the reciprocal
of the focal length is equal to the product of the index of
deviation into the sum or the differencs of the reciprocals
of the radii of the surfaces, according as the surfaces turn
in opposite ways or in the same way. I1f a surface is
plane the corresponding reciprocal must be taken to be
nothing. The focal length is the same whichever of the
two faces of the lens is exposed to the incident light. For
example, let the radius of one surface be 12 inches, and
the radius of the other surface 18 inches; and let the lens
be of glass. Suppose it of the form 4 of Art. 279 ; then
L, 1_3,2_05. .0a3x1-25. thisis the reci-
1218 36 36 36’ 36 2 72°
procal of the focal length, so that the focal length is
? inches, that is 142 inches, Suppose the lens to be




144 " LENSES.

1 1_38 2 1
of the form B of Art. 279; then 121536 3636’
1.1 1

and %%3=73 this is the reciprocal of the focal length,
so that the focal length is 72 inches. To test such a result
experimentally we proceed thus. Take a lens and put a
bright point at a very t distance from it; hold a piece
of white paper behind the lens and gerpendiculn.r to the
direction of the axis of the lens. The rays refracted by
the lens will form an illuminated round spot on the paper;
move the paper to or from the lens until a position is
obtained for 1t in which the round spot has its smallest
size, 80 as to be scarcely more than a bright point: this
then is the focus of the refracted rays, and the distance of
it from the lens is the required focal lenfth. Practicagﬁ
the sun may serve for the origin of the light, as we sh
860 when we treat of images formed by lenses ; then the
lens becumes in fact a burning glass, and the principal
focus is the point at which the rays of the sun are brought
most nearly to a point. A kind of burning glass may be
formed by a globe of water, for example by such a vessel
as is used for holding gold-fish ; and it is sald that window
curtains have been sometimes set on fire when the vessel
has been left exposed to sunshine.

283. Let rays coming from angagoint on the axis fall
on a convex lens ; after being refracted by the lens the
will be brought very nearly to a focus, real or vir
The origin of light and the real or virtual focus are
together called conjugate foci. We shall proceed to indi-
cate their relative itions in various cases. Let @
denote the orifien of light, and ¢ the focus after refraction
by the lens. t @ be at a very remote distance on the
right-hand side of the lens; then %coincides with the
pﬁmal Jocus which we denote by #. As @ moves
tow the lens ¢ also moves towards the left-hand side,
and when @ is at a point G, which is as far from the lens
as £ is, then ¢ is at a very remote distance: thus the focus
of the refracted rays is real up to this position. As soon
as @ e8 @G the focus of the refracted rays becomes
virtual, and is on the right-hand side of the lens, being at
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first at a very remote distance; then a8 @ moves up to
the lens so also does ¢, and they meet at the lens. We
may now suppose that @ is on the left-hand side of the
lens, and that, instead of being an origin of light, rays are
converging to it before they fall on the lens; then after
being refracted by the lens they will come to a real focus
between @ and the lens; and while @ moves from the

lens to a very remote distance on the left-hand side ¢
moves from the lens up to #. The points @ and ¢ are
called conjugate foci for this reason: let rays passing
from right to left have @ as their focus before refraction
through the lens, and ¢ as their focus gfterwards, then
rays passing from left to right, and having ¢ as their focus
before refraction through the lens, will have @ as their
focus qfterwards ; here the focus in every case may be,
according to circumstances, real or vi

284, The statement of the preceding Article may be
verified by experiment in the manner of Art. 282. The
distances of @ and ¢ from the lens are connected by the
following Rule : the reciprocal of the focal length of the
lens is equal to the difference or the sum of the recipro-
cals of the distances of @ and ¢ from the lens, according as
@ and ¢ are on the same side of the lens or on opposite
sides, %’or an example, suppose @ on the right-hand side
of the lens at a distance equal to twice the focal length,
then by the process in Art. 282 it follows that ¢ is on the
left-hand side of the lens; therefore ¢ will also be at a
distance equal to twice the focal length : for this makes
-the sum of the reciprocals of the distances of @ and ¢
equal to the reciprocal of the focal length.

T, P. IL 10
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285. We must now consider the case in which rays
falling on a lens proceed from a point which is not on the
axis. If we fix our attention on the part of the lens which
is very near the axis we see that it may be ded
roughly as a plate ; the spherical surfaces at the points
where the axis meets them are, as it were, parallel. Hence
if a ray be incident in such a manmner that its course
within the lens crosses the axis at a small angle it may be
considered to have passed throngh a plate; it will there-
fore have undergone no angular deviation but only a slight
shifting of position : see Art. 266. As the part of the lens
near t,%e axis is not exactly a plate it may seem that our
statement hitherto is rather vague; but it is found by
mathematical investigation that there is a certain point on
the axis of a lens, such that if the course of a ray while
within the lens passes through this point the incident ray
and the emergent ray are ezactly parallel. This point is
called the centre of the lens. The thickness of the lens is
usually so small that we may practically neglect the slight
shifting of position which occurs bﬁ the refraction of the
ray; and thus we arrive at the following result: when a
pencil of rays falls on a lens from a point not on the axis,
the straight line joining the point with the cenire of the
lens may be taken to represent a ray which goes through
the lens without any change of direction.

286. Thus if a pencil of rays falls on a lens from a
point not on the axis the straight line which joins the
point with the centre of the lens may be called a secondary
axis. Let @ denote the origin of the light, C the centre

4

of the lens, ¢ the focus of the refracted rays, real or vir-
tual; and suppose QO makes only a small angle with the
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axis of the lens : then theory shews that @, C, and ¢ are on
one straight line, and that the distances of @ and ¢ from C
are connected by the same Rule as the distances of the
conjugate foci from the lens when the origin of the light is
on the axis.

287. We will now shew how the position of the centre
of a lens is exactly determined. Let 4 be the centre of

I\

the first surface of a double convex lens, B the centre of
the second surface. Draw any radius 4Q of the first
surface ; draw the radius BR of the second surface pa-
rallel to AQ; join QR cutting AB at C': then Cis the
centre of the lens. It may be shewn by careful drawing
that, whatever may be the position of the radius 4Q with
which we start, we always arrive by the process at the
same point C. This is also clear from a little geometry ;
for Agzl and BCR are similar triangles, so that AC bears
to BC the same proportion as 4@ bears to BR : that is
AC bears to BC a ﬁP,.:ed proportion. Let PQ represent
the course of a ray which enters the lens at @ and is re-
fracted along QR ; and let RS represent the course of the
ray on leaving the lens : then RS is parallel to P@. For

10—2
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gince AQ and BR are parallel the angles AQR and BRQ
are equal, by Art. 155; hence by the laws of refraction
PQ must make an angle with 4@ equal to that which RS
makes with BR : and therefore PQ and RS are parallel.

288. In the case of a double convex lens the diagram
shews that the centre falls inside the lens; if the two
radii are equal the lens is called an ¢qui-convex lens; the
centre then is midway between the surfaces. Diagrams
can be easily drawn for the other two varieties of convex
lenses ; it will be found that for a plano-convex lens the
centre is at the point where the axis meets the convex sur-
face, and that for a meniscus the centre is outside the lens
on the side which is convex.

289. We proceed to discuss the properties of concare
lenses. Buppose rays of light which are parallel to the
axis to fall on a concave lens; or, what is practically the
same thing, let the rays of light come from a very remote
point on the axis: the rays after passing through the lens
proceed very nearly from a virtual focus on the axis on
the same side of the lens. This point is called the princi-
pal focus of the lens; and its distance from the lens is
called the focal length of the lens. The focal length is
determined by the same Rule as in Art. 282. To find the
focal length by experiment we may proceed thus : take the
lens and %ut a bright point at a very great distance from
it; then the rays after passing through the lens will spread
out and their course will be rendered visible, as usual, by
the illuminated specks of dust in the air. If the courses
of the rays be mentally produced towards the side from
which they came they will form a cone having its vertex at
the point assigned by theory as the principal focus.

290. Let rays coming from any point @ on the axis
fall on a concave lens ; after being refracted by the lens
they will be brought very nearly to a focus, real or virtual.
The origin of light and the real or virtual focus are to-
gether called conjugate foci. We shall proceed to indicate
their relative positions in various cases. Let @ denote the
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origin of light, and ¢ the focus after refraction by the lens.

L —
i

Let @ be at a very remote distance on the right-hand side
of the lens, then ¢ coincides with the principal focus which
we denote by #. As @ moves towards the lens ¢ also
moves towards it, and they meet at the lens: thus the
focus of the refracted rays is virtual ;{{to this position.
‘We may now suppose that @ is on the left-hand side of the
lens, and that instead of being an origin of light, rays are
oonvergin% to it before they fall on the lens, Take G as
far to the left of the lens as # is to the right. As @ moves
from the lens to G the focus of the refracted rays is real,
and ¢ moves from the lens to a very remote distance on
the left-hand side, being always further from the lens
than @ is. As soon as @ G the focus of the
refracted rays becomes virtual, and is at a very remote
distance from the lens on the right-hand side of it ; then as
@ moves from G to a very remote distance on the left-hand
side of the lens ¢ moves from a remote distance on the
right-hand side up to F.

291. By comparing Articles 283 and 290 we may note
some general results which can be easily remembered.
For both convex and concave lenses @ and ¢ always move
in the same direction, that is we may say from right to
left ; but in both cases when @ is at G' then ¢ suddenly
changes from a very remote distance on one side of the
lens to a very remote distance on the other. The charac-
teristic property of the convexr lens is to bring parallel
rays to a real focus; and it always brings rays to a real
focus except when @ lies between the lens and G. The
characteristic property of the concave lens is to bring
parallel rays to a virtual focus ; and it always brings rays
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to a virtual focus except when @ lies between the lens
and G.

292. The distances of Q and ¢ from the concave lens
are connected by the same Rule as in Art. 284. Asan
example, if rays be converging to a point which is distant
twice the focal length from a concave lens they will after
refraction proceed from a virtual focus at the same dis-
tance on the other side of the lens.

293. The remarks of Art. 285 apply to a concave lens
as well as to a convex lens. Also a concave lens has a
centre determined in the same manner as for a convex
lens. If the lens is double-concave the centre is within it;
if the two radii are equal the lens is called equi-concace,
and the centre is midway between the surfaces. If the
lens is plano-concave the centre is at the point where the
axis meets the concave surface; if the lens is concavo-
convex the centre is outside the lens on the side which
is concave.

294. Convex lenses are sometimes called converging
lenses, and concave lenses diverging lenses, from the way
in which they behave with respect to parallel rays. Con-
vex lenses are” also called negative lenses and concave
lenses positive lenses; the reason being that when the
origin of light is very distant a convex lens brings the rays
to a focus on the other side of the lens, whereas for a
concave lens the focus is on the same side of the lens.
One particular case may be noticed in which there is ap-

arently a lens, though without any of the properties of a -

ens ; it is that which resembles the concavo-convex lens
but where the radii are equal : the reciprocal of the focal
length is zero in this case, and the apparent lens may be
c(l)nsidered to act on light somewhat in the manner of a
plate.



VISION THROUGH A LENS. 151

XXVIII. VISION THROUGH A LENS.
MAGNIFICATION.,

295. If an :l()iiect be placed before a lens an image of
it may be formed and viewed by an eye in a suitable
position : the subject requires careful attention, on account
of its application to optical instruments,

296. Suppose for instance that an object is placed
before a convex lens at a distance greater than the focal
length ; then a real inverted image is found on the other
side of the lens. Let I2Q denote the object placed before
a lens whose centre is C; then the rays proceeding from
any point P of the object will after refraction through the
lens converge very nearly to a point » on PC produced ;
thus p is the image of P. Similarly for every other point
of the object there is its corresponding image ; and thus
we.obtain the real inverted image pg of the whole object :
if the angle PCQ is small the image will be a tolerably
accurate eo%y of the object. This image will be visible to
an eye suitably placed ; for instance if the eye is to see the

int p of the image it must be placed within the angle
ormed by the extreme rays which pass through p. 1f E
be the ¥osition of the eye the point p will be seen by
means of rays falling from 2 on the lower part of the lens;
in this position the eye would receive rays also from everg
gi;he.r. lint’. of the image, so that the whole image woul
visible,

297. The precise place which the image pg will occupy
can be determined if we know the distance of PQ from
the lens, and also the focal length of the lens ; for then we
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can use the Rule of Art. 284. Or we may adopt the same
method as in former cases: let # denote the principal
focus of the lens, and draw P B parallel to-the axis of the
lens; then a ray represented by B would after refraction
by the lens pass through #, and so the intersection of BF
and PC produced will determine the position of the point
p. As several examples of this method of finding the

lace of an image have now been given we may assume
that the reader is familiar with it, and so we need not
in future repeat it.

298. For another example suppose an object P@Q
placed before a convex lens whose centre is C,at a distance

less than the focal length ; then the image is erect, virtual,
and behind the lens. The rays falling on the lens from
any point P of the object will after refraction proceed as if
they came from a point » in CP produced, and will be
received by an eye on the other side of the lens if placed
within the angle formed by straight lines drawn from p to
the extreme points of the lens and produced. If the eye
is on the axis, as at E, the whole image will be visible
to it.

299. It is easy to perceive that the image in the pre-
ceding Article is larger than the object, and thus we
obtain some comprehension of the familiar fact that lenses
are used to magnify our view of objects; but some further
consideration will be necessary in order to understand the
matter fully. It is obvious that in general we see an
object more distinctly the nearer we are to it. We may
discern something in motion a mile off, and make out
that it is a man; Wwhen we approach within the distance
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of a few yards we can recognize every peculiarity of dress
and feature, and may discover that the man is a well-known
friend. So also in order to distinguish minute objects, as
the letters when we read small print, we bring them very
near to our eyes. But experience teaches us that we can-
not see distinctly any thing which is foo near our eyes; the
reason for this will become apparent when we explain the
constitution of the eye: the limit within which vision
ceases to be distinct 1s different for different persons, but
may be taken at about 10 inches on an average.

300. Now in the diagram of Art. 298 we perceive that
the image is really larger than the object, but on the other
hand it is more remote from the eye than the object is;
thus we may be for a moment in dou{)t whether the object
appears larger when seen through the lens than when seen
by the naked eye. Suppose straight lines drawn from the
points P and p to E where the eye is placed ; then it is
clear that the angle pEg is greater than the angle PEQ:
and consequently the image seems larger to the eye than
the object would if it were left in its place and the lens
were removed.

301. It is usual to give numerical expressions for the
magnifying power of lenses; thus one lens is said to mag-
nify 6 times, and another 8 times. Methods somewhat

ifterent have been proposed for estimating the magnifying
power of lenses; we will explain that which seems to be
the best. In this method the observer is supposed,
whether he uses the lens or not, to put the object in what
may be called the most advantageous position. Thus
when the lens is not used the object is supposed to be
gll:;ced at the least distance from the eye consistent with

istinet vision ; this we may take for example to be 10
inches. When the lens is used we arrange it 8o that the
image shall be at the least distance from the eye consistent
with distinct vision; that is at the same distance of 10
inches. We also put the eye close to the lens, because it is
found that then as much light as possible from each point
of the image reaches the eye. Thus, turning to the dia-
gram of Art. 298, we must suppose Cg to be 10 inches, and
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the eye to be placed close to C. Then the angle PEQ
becomes equal to p £y ; and thus it might for the moment
appear as if there were no magnification. But it must be
remembered that in this position of the object the eye
could not see it distinctly without the aid of the lens, for
it would be within the limit of distinet vision ; and so there
is practically a magnification. The amount of this may be
estimated by the proportion of the angle under which the
image :ppears to the angle under which the object would
appear if placed where the image is, that is at 10 inches
from the eye. It is found by investigation that this pro-
portion is the same as that of Cg to CQ, or is the same as
that of the limit of distinct vision to the distance of the
object when the image is at that limit.

302. Suppose, for example, that the focal length of
the lens is 4 inches ; then the difference of the reciprocals

of the distances of @ and ¢ from the lens must be i; and,

%) , the reciprocal

11 . b2
of the distance of @ 1s2+l—0,thatxs‘ﬁ+%,

thus CQ is 2—70- inches, The magnifying power is obtained

seqs 20 o s 7 .. 70
by dividing 10 by7,so that it is 10x2—0, that is 20° that

is .g, that is 33. Again, suppose that the focal length of

the lens is 1 inch; then it will be found that CQ is
%—(i) of an inch. The magnifying power is obtained by di-

a8 the reciprocal of the distance of ¢ is

o 7
thatls2—o.

viding 10 by :_(1); 8o that it is 11. In this way we can

shew that if the focal length is small the magnifying power
is nearly equal to the quotient obtained by dividing the
limit of distinct vision by the focal length of the lens.

303. Images may also be formed by' concave lenses
though these are not so frequently employed as convex




COLOUR. ' 155

lenses in optical instruments. Let PQ denote an object
placed before a concave lens whose centre is C. The rays

falling on the lens from any point P of the object will
after refraction proceed as if they came from a point » on
OP, and will be received by an eye if placed on the other
side of the lens within the angle formed by straight lines
drawn from p to the extreme point of the lens. If the eye
is on the axis the whole image will be visible to it. The
image is erect, virtual, and less than the object.

304. We have supposed throughout this Chapter that
the lenses are so thin that we may use the Rules given in
Chapter xxvir. But if the lens is very thick these Rules
must not be used. It will be n})ossible then by carefully
drawing diagrams on a large scale to determine the place
of the image formed by an object: as a simple example a
diagram might be drawn shewing the course of a beam of
parallel rays incident on a sphere of glass, and passing
through it.

XXIX. COLOUR.

305. We have hitherto considered light as varyin
only in intensity, so we have implicitly supposed that al
visible objects present to us only different combinations of
brightness and shade ; but this sombre and monotonous
aspect is really, as we know, relieved by the beauty and
variety of colour. We proceed to describe the way in
which Newton unravelled the texture of the solar beams,
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306. Let O denote a small hole through which the
light of the sun is admitted into a room otherwise dark,

I

1f the light is not in any way deviated a round white spot
will be seen on the floor at a point Z, such that ZO pro-
duced would pass through the sun. But suppose that a
prism of glass is held near the hole with its edge horizon-
tal and downwards ; then the light is refracted and forms
a bright patch RV on the opposite wall, instead of the
spot at Z. The patch instead of being round, like ¢he spot
at Z, may be about five times as long as it is broad ; and
instead of being white will exhibit various colours in
bands : these colours were thus named by Newton, be-
ginning from the upper end, violet, indigo, blue, green,
yellow, orange, and red. Thus the general result is that a
ray of the sun’s light is not of one simple kind, but consists
of various coloured rays, each having its own index of
refraction, the index being greatest for the violet rays,
least for the red rays, and of intermediate values for the
other colours. The coloured patch is called the prismatic
spectrum, or the solar spectrum, or briefly the spectrum.
Having given this general account of the spectrum we
must now advert to some matters of detail. .

307. We have spoken of the length of the spectrum as
about five times the breadth ; but the exact length will in
reality depend on various circumstances which we mus
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notice. In the first place the length changes with the
angle which the rays from O make with the face of the
prism on which they fall. It is usual to adopt as a stand-
ard position for the prism that in which the rays on pass-
ing through the prism undergo the least deviation : see
Art.275. The bright patch then takes the lowest possible
position on the wall; and so by gradually turning the
prism round its edge this position can be easily found.
Again, the length of the spectrum depends on the re-
fracting angle of the prism, increasing when this increases,
and nearly in the same proportion, ?rovided the angle be not
very large. Finally the length of the spectrum depends
on the nature of the material of which the prism is com-
posed, as may be conclusively shewn in the following
manner. Remove the prism hitherto ueed and substitute
one of another material, and of such a refracting angle
that the violet end of the spectrum occupies exactly the
same position on the wall as before: then the red end of
the spectrum will in general be higher or lower than be-
fore, instead of being at the same place. This fact escaped
the careful scrutiny of Newton ; or at least, as we shall see,
an obvious result from it was unknown to him.

308, It will be convenient to put the experimental
fact just noticed into technical language. The angle be-
* tween OZ and the direction of any ray after passing through

the prism is called the deviation of that ray. Consider a
rag which occupies about the middle position of those
which form the spectrum, a ray for instance on the confines
of the blue and the green : the deviation of this ray may
be called the mean deviation. The excess of the deviation
of the violet ray over the deviation of the red ray may Le
called the dispersion of the spectrum. Then experiment
shews that the mean deviation may be the same for two
different prisms while the dispersion is not the same; and
in like manner the dispersion may be the same for two
different prisms while the mean deviation is not the same.
Suppose, for example, that prisms are made of water,
diamond, and flint glass respectively, 8o as to give the
same mean deviation ; then it is foum{ that the dispersions
are in the proportion of 35, 38, and 48.
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309. The division of the spectrum: into seven coloured
spaces is somewhat arbitrary. The colour at one end is
bright red, and gradually changes to violet at the other ;
but observers coming fresh to the subject might very
easily divide the spectrum in different ways, depending
on the greater or less sensibility of their eyes, and on
the richness or poverty of their vocabulary for expressing
tints of colour. Newton availed himself of the services
of an assistant whose eyes for distinguishing colours were
more critical than his own, and divided the whole s
trum into parts the proportions of which are expressed in
the following Table; for the sake of comparison the result
given, according to Brewster, by Frauenhofer for a flint
glass prism is added.

Newton. Frauenhofer.

Red 45 56
Orange 27 27
Yellow 48 27
Green 60 46
Blue 60 48
Indigo 40 47
Violet 80 109

360 360

810. The rays into which a ray of white light is thus
separated do not admit of dispersion again by a prism.
Let a small hole be made in the wall at the point de-
noted by 7 in Art. 306, so that a violet ray alone passes
through the hole, and let it be refracted by a second
})rism in the same way as the original white ray was re-
racted l:{ the first prism ; then it is found that there is
no second dispersion, that is no second change of a round
sgot into a long patch. The same remark applies to
the red ray or to any intermediate ray between the vio-
et and the red.

311. Newton’s experiment then resolves, or analyses,
or decomposes white light into light of various colours.
On the other hand we may compound various colours so
a8 to produce white by their mixture. The following is
a rough example: mix together seven powders of the
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colours of the trum, taking the quantity of each pro-
portional to the length of the spectrum which that colour
occupies ; then the result of the whole is found to be a
sort of greyish white. It is however not necessary to mix
all the colours of the spectrum in order to obtain the
sensation of white; a pair of colours suitably chosen will
suffice, and the two colours in such cases are called com-
plementary. Thus red and greenish blue are comple-
mentary ; so also are yellow and dark blue. In general
for every colour in that part of the spectrum which extends
from the red end to the beginning of the green there is a
complementary colour in that part of the spectrum which
extends from the be%inning of the blue to the violet end :
the green colour of the spectrum alone has no simple
complementary colour. But it must be observed that the
mixing of two prismatic colours is not the same thing as
the mixing of two artificial colours which seem to cor-
respond with them ; thus prismatic blue and yellow make
white, while blue and yellow pigments produce green ; the
reason is said to be that the pigments are not purs colours,
the blue and the yellow pigments each containing green.
Newton says that he could never by mixing only two
primary colours produce a perfect white.

312. The question may be proposed whether the seven
rismatic colours are not reducible to a smaller number.
rewster held that they were reducible to three, namely red,

yellow, and blue, which he called the primary colours.
Ocihers hold that red, green, and violet are the primary
colours, -

313. We must now point out the modifications which
will have to be made in some of the statements of pre-
ceding Chapters in consequence of the compound nature
of the sun’s light. The main fact is that we can no longer
with strict accuracy speak of the indez of refraction for
an assigned medium, as glass, inasmuch as the index of
refraction is different for all the differert rays which make
up a ray of white light. Indeed the index of refraction
is not the same for all the rays which may be said to be of
the same colour: thus the index of refraction is really
less for the red ray which is at the end of the spectrum
than for the red ray which borders on the orange. Never-
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theless we may for purposes of general explanation speak
of the index of refraction of the red rays, and of the
index of refraction of the violet rays, and so on; and if
extreme precision is required we may understand this to
mean the index for the mean red ray, for the mean violet
ray, and so on. To furnish an idea of the accuracy with
which this matter has been investigated we will give the
index of refraction for the mean rays of all the colours
with respect to a piece of crown glass, as determined by
Frauenhofer, beginning with the mean red ray :

1525832, 11526849, 1529587, 1'533005, 1536052,
: 15641657, 1°546566.

314. All that has been said with respect to the re-
Slection of light remains unaffected by the discovery of
the oompoun?i nature of the sun’s light; in other words
the laws of reflection are absolutely true, and the conse-
quences deduced from them also. Let us pass on to the
case of a ﬁwﬂ of rays falling from a point on a re¢fracting
surface, plane or spherical. We have stated that the rays
after refraction have, at least nearly, a focus real or virtual.
This is however on the assumption that light is Aomo-
geneous, so that there is one fixed index of refraction for
every medium. If we consider real light as made up of
rays of various colours, we may say that the rays of any
assigned colour will have, at least nearly, a focus ; but the
focus for rays of one colour will not coincide with the focus
for ratys of another colour : the result is that images formed
by refracting surfaces are far less sharp and distinct than
they would be if light were really homogeneous.

315. Consider, for example, the case of a convex lens,
and suppose rays all parallel to the axis to fall upon it ;
these rays will not be brought to a single focus by re-
fraction through the lens : each system of rays of which the
incident white light is really composed will be brought to
its own focus, at least nearly. The index of refraction is
greatest for the violet rays, and so the focus for these rays
will be the nearest to the lens; the index of refraction is
least for the red rays, and so the focus for these rays will be
the furthest from the lens; the focus for any intermediate
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colour will lie between these two : see Art. 282. This fact,
that the foci of the different coloured rays do not all coin-
cide, is expressed by saying that there is chrvmnatic aber-
ration. The same remarks may be made if the rays instead
of being parallel come from a point on the axis at a greater
distance than the focal length of the lens. In consequence
of this separation of the refracted rays of various colours
the image of an object formed by a convex lens is not
sharp and distinct : instead of a single image we have in
fact a series of images which do not coincide, and so cause
confusion and loss of brightness. Now, as we shall see
hereafter, the construction of a telescope, one of the most
important of optical instruments, assumes that a bright
and distinct image of an object can be formed by a convex
lens. Even if light were homogeneous this end could not
be exactly attained by the use of a single lens, as the rays
coming from a single point would not be brought precisely
to a single point as focus ; but calculation shews that the
_deviation from accuracy owing to the eompound nature of
the sun’s light is vastly greater than would otherwise exist.
Iun technical language the chromatic aberration is far
greater than the spherical aberration.

316. The remarks made in the preceding Article sug-
gested themselves to Newton as soon a8 he had unfolded
the nature of light, and made a strong impression on him,
He calcnlated the deviation from accuracy in some cases of
the formation of images by convex lenses : in one case he
found that the error arising from the different refrangi-
bility of the rays of light was 1200 times as great as would
otherwise exist; in another. case it was more than 5000
times as great. In consequence of this Newton pro-
nounced the improvement of refracting telescopes of given
lengths to be desperate: nevertheless the difficulty has
been overcome, and the principle on which success depends
will be explained in the next Chapter.

T. P, 1IL 11
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XXX. ACHROMATISM. R

317. It might be supposed from the preceding Chapter
that when we view an object through any transparent
medium it will necessarily appear coloured and indistinct ;
but we shall now shew that images may be formed which
are practically ‘without colour, and which are therefore -
said to be ackromatic. We shall first explain how this is
brought about when objects are viewed through a plate ;
we know as a fact that this does take place from our
experience in looking through a common window pane,

318. Let us first consider the case in which a single
»ay passes through a plate. Suppose P4 to represent a

ray incident on a plate at 4 ; by refraction this ray is
decomposed into various coloured rays of which 48 may
represent the red ray, and AC the violet ray; the other
cofoured rays will occupy intermediate positions. At the
second surface of the pi;,te the rays are again refracted,
the red ray along BR, and the violet ray along CV, where
BR and CV are each of them parallel to PA : the other
coloured rays will otcupy intermediate positions. Thus a
single ray of white light will be s{:read out into a band of
coloured rays, and the band will be of the same width at
all distances from the plate. But now su%pose that we
have incident on the plate, not a single ray, but a pencil of
parallel rays, of which P4 and pa denote the extreme
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rays. The ray pa will give rise to the red ray pabr and
to the violet ray pacv in the same manner as before, and
to rays of intermediate colours., Thus after refraction
through the plate all the red rays will constitute & pencil
parallel to the incident pencil, of which BR and &r will
represent the extreme rays; and all the violet rays will
constitute a pencil parallel to the incident pencil, of which
CV and cv will represent the extremeo rays : the refracted
rays of other colours will occupy intermediate positions.
The result i this: the space between C¥ and b» contains
rays of all colours in the same way as for the incident

ncil, and the mixture constitutes white light ; the space
ggtween CV and BR does not contain all kinds of rays,
and so there is a tinge of colour becoming more decided
towards the end BR, where it is red; and in like manner
there is a tinge of colour in the space between br and cv,
becoming more decided towards the end cv, where it is
violet. In practice the tinges of colour are obliterated by
the superior brilliance of the white light over the larger
space ; for the angles BAC and bac are much e erated
in the diagram in order to ensure clearness. If the rays
instead of being parallel at incidence come from a point
not very near, the final result will be of a similar charac-
ter; and thus if an object is viewed through a plate there
is scarcely any trace of colour sensible to the eye.

319. In the Yreoeding Article the rays on leaving the
plate are parallel to their directions before entering the
plate; they experience no angular deviation. The image
formed is very nearly at the same place as the object
itself ; and therefore, as we shall find when we explain the
construction of telescopes, vision through a plate is of no
use for the purpose of such an instrument : thus we have
not yet obtained an achromatism of practical utility. The
difficulty which embarrassed Newton is overcome by usin

two lenses instead of one. Let two lenses be constructed,
one of the kind of glass called flint glass, and the other of
the kind of glass called crown glass, and let their focal
lengths be in a certain proportion assigned by theory ; the
lenses are placed close together and so as to have a
common axis : then when we use the two lenses instead of

11—2
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the single lens of Art. 315, the violet rays, the red rays,
and the rays of intermediate colours, are brought very
nearly to a common focus. A pair of lenses constructed
in this manner may be called a compound achromatic
lens, or simply an achromatic lens.

320. The possibility of constructing an achromatic
lens depends on the fact stated in Art. 308 that dispersion
and deviation are not necessarily in the same proportion
for different substances. It is easy by a little mathe-
matical investigation to trace the connection between this
fact and the practical construction ; but as such a process
is beyond the range of our book we must be content with
an illustrative case. Consider the passage of a ray of
light through two prisms in succession. Let PQ represent

a ray which is incident at @ on the surface 4B of a prism
BAC; this will be separated into various rays, of which
QR may represent the red ray and @V the violet ray.
Let these rays then fall on a second prism DEF, which
has its refracting angle turned in the contrary direction to
that of BAC; after passing through this prism M7 may
represent the red ray and No the violet ray, the other
coloured rays occupying intermediate positions. If the
original ray PQ were homogeneous, Mr and Nv would
coincide ; but according to the actual constitution of light
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they will not coincide ; they will not even be parallel in
general, but will be inclined at an appreciable angle. Now
in order to form an achromatic combination of two
prisms we endeavour to make Mr and No parallel, 1t
might at first consideration seem that this does not afford
much advantage, inasmuch as the rays in the space
bounded by Mr and Nv will still be all really distinct.
But, as we have explained in Art. 318, under such circum-
stances if a pencil of light co:lfosed of parallel rays be
incident on the first prism parallel to PQ then the emer-
gent rays will consist of a pencil parallel to Mr which will
be sensibly achromatic. We cannot make Mr and No
coincide, and s0 we must be content with making them
parallel, and by this adjustment we practically secure the
advantage we require.

321, 1In the preceding Article we have stated the end
which we wish to gain by the use of two prisms: let us
now consider how this i accomplished. Suppose the
prisms to be of the same materinl, and to have equal
refracting angles, and let DF be parallel to 4C; then the
end is gained in a certain sense, for Mr and Nv will be
parallel : in fact, the combination of the two prisms is now
equivalent to a plate, and the case becomes that of
Art. 318. But, as in that Article, the result is of no use
for the construction of optical instruments, inasmuch as
the emergent rays are now parallel to the incident ray ;
and 80 we cannot obtain any useful image. But by pro-
perly choosing two prisms which differ in material and in
refracting angle, it is found that we can make the emergent
rays Mr and Nv parallel to each other, but not parallel to
the incident ray P@: the refracting angles must be
turned in opposite directions, as in the diagram. In this
way we obtain a practical and useful achromatic combina-
tion of two prisms,

322. In the application of the principles to optical
instruments there are two favourable circumstances, which
‘we have hitherto left unnoticed in order to secure clear-
ness in the diagrams ; the refracting angles of the prisms
are usually small, and the rays at incidence and emergence
make small angles with the ¢orresponding normals to the
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surfaces. Let us now take a numerical example. Suppose
one prism to be made of crown glass and to have a
refracting angle of 10°. In this kind of glass the index of
refraction is about 1'55 for the violet ray, and 1'53 for the
red ray. The mean deviation of a ray incident at a small
angle after passing through such a prism is about 5°; and
the difference of the deviations of the extreme rays is
about 1 of a degree: see Art. 278. Now take another
prism; let it be of flint glass, and have a refracting
angle of 5% In this kind of glass the index of refrac-
tion is about 167 for the violet ray, and 1'63 for the red
ray. Thus the difference of the index of refraction for the
extreme rays is about double of what it was before;
namely ‘04 mstead of *02. The mean deviation of a ray
incident at a small angle after passing through this prism
is about 3°; and the difference of the deviations of the
extreme rays is about } of a degree. The two prisms will
thus form an achromatic combination; this arises from the
fact that the difference of the deviations of the extreme
rays is the same for the two prisms, namely about } of a
degree. The mean deviation on the whole will be about
5°—39, that is 2°; and it will be towards the thick part of
the prism of crown glass.

323. The proportion between the refracting angles of
two prisms when these angles are small and the prisms are
to form an achromatic combination may be inferred from
the preceding esample: the product obtained by multi-
plying the difference of the index of refraction for the
extreme rays into the refracting angle must be the same
for the two prisms,

324. The investigation of the course of a ray of light
through a prism is important because it admits of appli-
cation to the case of a lens, Thus suppose PQ to represent
the course of a ray within a lens, and draw straiggt lines
AB and AC, touching at P and Q respectively the arcs of
circles which represent the surfaces of the lens. Then a
prism denoted by BAC will act with respect to the light
passing along PQ, or very near PQ, in the same way as
the lens does. By drawing large and accurate diagrams
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practical men can trace the course of a ray of light through
two lenses, and can obtain rules for assigning the nature of

|

AN

the lenses so as to bring to a common focus the rays of
different colours which proceed from a point.

325. We will state the most important fact with
respect to an achromatic combination of two lenses placed
together; we shall require for this purpose a new defi-
nition. Let the difference of the incfex of refraction for
the two extreme rays of the spectrnm be divided by the
index of deviation for the mean ray: the quotient is
called the dispersive power or the index of dispersion.
For example, in a piece of crown glass the index of re-
. fraction for the extreme violet ray was 1°5466, for the ex-
treme red ray 1'56258; the difference is ‘0208 : also the
index of refraction for the mean ray was 1'5330, and so the
index of deviation was '5330. Therefore the index of dis-
persion is :%(;(8)’ that is about '039. Suppose now that
two lenses placed together are to form an achromatic
image of an object before them; then one lens must be
concave and the other convex, and the product of the
index of dispersion into the reciprocal of the focal length
must be the same for each lens.
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328. When two lenses are placed in contact it is found
that in some respects, such as the magnification they pro-
duce, they act like a single lens of a certain focal length :
hence this single lens is 8aid to be equivalent to the two.
"If the two lenses are both convex the equivalent lens is
convex, and the reciprocal of its focal length is equal to
the sum of the reciprocals of the focal lengths of the two.
If the two lenses are both concave the equivalent lens is
concave, and the reciprocal of its focal length is equal to
the sum of the reciprocals of the focal lengths of the two.
If one lens is concave and the other convex the equivalent
lens is of the same character as that which has the less
focal length, and the reciprocal of its focal length is equal
to the difference of the reciprocals of the focal lengths of
the two.

327. In the case of two lenses which are to form a
real achromatic image of a distant object the lens which
has the shorter focal length must be convex; and this
must therefore be made of the substance of Jeast dispersive
power. Usually the convex lens is made of crown glass
and the concave lens of flint glass. If we take the rough
numbers given in Art. 322 we find that for crown glass the

02

index of dispersion is 51’

the index of dispersion is %;, that is about i!é Hence

the focal length of the crown glass lens must be to the
focal length of the flint glass lens in the proportivn of 16
to 27,

that is 217; and for flint glass

328. Thus we have endeavoured to explain how an
achromatic combination of two prisms, or of two lenses,
may be obtained. The need of such a combination arises
from the circumstance that, owing'to the compound nature
of the sun’s light, rays proceeding from a point, after re-
fraction by a prism or a lens, will not have oue and the
same point as focus: in consequence of this the image
formed of an object will not be bright and well defined,
but comparatively dull and confused. The image at the
same time will be coloured, that is instead of being white
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it will be red, or yellow, or blue, or some other colour,
which will depend upon the position where it is supposm{
to be formed. It must be observed that the colour would
not in itself be a very serious objection ; the real disad-
vantage is the confusion and loss of brightness which occur
simultaneously with the colour, and arise from the same
cause.

XXXI. THE SPECTRUM.

529. We have described the spectrum as it appeared
to Newton who first studied it; we proceed to mention
some additional facts which have been discovered by phi-
losophers since. The spectrum has been examined as
formed by many transparent substances, solid and fluid;
a solid substance can always be cut into the shape of a
prism ; a fluid substance can be put into this shape by
confining it between plates of glass which are inclined at

-any angle that may be required.

330. When the spectrum, as formed by various sub-
stances, is examined it is found that the colours succeed
each other always in the same fixed order ; but the lengths
of the various coloured spaces are not in a fired pro-
portion. We have already given an example of this in
Art. 309 ; we see for instance that in a spectrum examined
by Newton the blue occupied one-sixth of the whole
coloured space, while in a spectrum examined by Frauen-
hofer it occupied two-fifteenths. For another example we
may compare the spectrum formed by a prism of flint
glass with the spectrum formed by a prism of water having
the same refracting angle. The glass spectrum is much
more deviated than the water spectrum, and is nearly
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three times as long ; but the various coloured spaces are
not equally enlarged ; for the red and yellow spaces are
not three times as large, while the violet space is four
times as large. Let the refracting angle of the glass prism
be diminished until the two spectra have the same length,
then the water spectrum is much more deviated than the
glass spectrum ; and the various coloured spaces have not
corresponding lengths: in the water spectrum the red,
orange, yellow, and green spaces are larger than in the
glass spectrum ; the blue is of about the same length in
both; the violet is much shorter in the water spectrum
than in the glass spectrum. For another example we will
compare the spectrum formed by oil of cassia with that
formed by sulphuric acid: in the former the red colour
occupies about one-fourth of the whole, and in the latter
one-fifth; on the other hand in the former the violet colour
occupies about one-sixth of the whole, and in the latter
about one-fifth. The middle ray for the former falls with-
in the blue space, and for the latter within the green
space. Thus we may say that the dispersive action of oil
of cassia is the stronger for the less refrangible rays, and
that the dispersive action of the sulphuric acid is the
stronger for the more refrangible rays. The general fact
illustrated by thesethree examples is called the irrationality
of the spectrum, the coloured spaces being not always in
the same ratio or proportion. hen this fact is traced to
its consequences by mathematical investigation it is found
that achromatic combinations of prisms or lenses are less
satisfactory than they would otherwise be. For instance,
in the case considered in Art. 320, if we adjust the prisms
so that the red and the violet rays corresponding to a
single incident ray are parallel when they emerge from the
second prism, then in general any other ray, as the yellow
ray, will not be strictly parallel to these.

331. When the solar spectrum is formed by very
transparent prisms and examined with great care it is
found to be traversed at right angles to its length by a
large number of dark lines. Dr Wollaston announced their
existence in 1802; but the matter excited little attention
until it was taken up by Frauenhofer in 1814. Seven of
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“these dark lines have been specially distinguished on ac-
count of their distinctness and the comparative
ease with which they can be found ; they are
called Frauenhqfer's lines, or the fized lines,
and are denoted by the letters B,C,D,E,F,
G, H : their positions are thus described by
Sir D. Brewster. ¢ Of these B lies in the red
space, near its outer end ; C, which is broad
and black, is beyond the middle of the red ;
D is in the orange, and is a strong double line,
easily seen, the two lines being nearly of the
same size, and separated by a bright one; £
is in the green, and consists of several, the
middle one being the strongest; ¥ is in the
blue, and is a very strong line; G is in the
indigo, and H in the violet.” These lines are
seen in the same order with respect to the
coloured spaces, whatever be the nature of the
prism, provided the light is directly or indirectly that of
the sun. Frauenhofer observed nearly 600 of these lines ;
and the number has been carried by other investigators,
as Brewster and Kirchhoff, up to 2000. Great precautions
are necessary in order to o‘)serve these lines; the light is
admitted through a very narrow slit, and after refraction
by the prism is viewed with the aid of a telescope.

332. The dark lines thus described are formed in the
sun’s light; but the system of lines is very different for
other kinds of light: this subject we shall consider in the
next Chapter.

333. We will now advert briefly to the heating power
of the sun's rays. It appears that the quantity of heat in
various parts of the spectrum is not in the same pro-

rtion as the quantity of light, so that the hottest part
18 not necessarily the brightest part. 8ir W. Herschel
found in some experiments that the heating power
gradually increased from the violet end to the red end
of the spectrum ; it did not however stop there but in-
creased to some further point. Hence he drew the
inference that there are rays in the sun’s beams which
convey heat though they are invisible; and that these
rays are less refrangible than the red rays. Seebeck has

oy

—
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shewn by experiment that the situation of the point of
greatest heat depends on the material of which the
prism is composed ; thus for water it is in the yellow
part, for crown glass in the middle of the red part, and
for flint glass beyond the red end.

334. Light produces effects of a certain kind which
may be described in general by the term chemical. Thus
the growth.and health of plants and animals are much
influenced by the action of light, as is shewn in works
on physiology. But besides such general results there
are special phenomena due to the operation of special
kinds of light. For instance, let a mixture of equal

rts of chlorine and hydrogen be put into a thin glass

all, and exposed to day-light: then the two gases
gradually combine to form a gas the aqueous solution of
which is called muriatic acid. But instead of sun-light
let the light of a magnesium lamp fall on the glass ball;
then it instantly bursts, with a loud explosion, into a
large number of fragments. It is found too that the
various coloured rays of the solar spectrum possess in
very different degrees the power of producing chemical
effects. Thus, for instance, muriate of silver is blackened
by exposure to the sun’s light; if the phenomenon is
examined in detail to ascertain the situation of the rays
which chiefly produce it, we find that the less refrangible
rays towards the red end of the spectrum exercise scarcely
any influence, but that the more refrangible rays near
the violet end are very powerful. Experiments on this
and similar points are very interesting on account of their
application to photography; but they belong rather to
Chemistry than to our subject. Sir J. Herschel remarks
in his Familiar Lectures on Scientific Subjects, *the im-
mense variety and extent of the chemical agencies of light
as displayed in its action both on organic and on inorganic
matter, revealed to us by the late discoveries in photo-
graphy, assign to it a rank among natural agents of the
highest and most universal character ; and have even ren-
dered it exceedingly probable, if they have not actually
demonstrated, that vision itself is nothing but the mental
rception of a chemical change wrought by its action on
the material tissue of the retina of the eye.”
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XXXII. SPECTRUM ANALYSIS,

335. We have described the solar spectrum, that is
the spectrum formed by ordinary sun light; we must now
observe that every kind of light when passed through a
prism exhibits a characteristic spectrum : these spectra
may be arranged in three classes, considered in the next
three Articles.

336. The Solar Spectrum. This consists of a bright
und interrupted by dark lines. The spectra produced
y the light of the fixed stars resemble the eolar spectrum,
though they are not identical with it. Thus according to
Sir D. Brewster; “In the spectrum from the light of
Sirius, no fixed lines could be perceived in the orangeand
yellow spaces ; but in the green there was a very strong
streak, and two other very strong ones in the blue.”

837. Continuous Spectra. In the spectrum formed by
the light of a lamp, and in ieneral of all white flames, the -
brightaess is continuous without any interruptions of dark
lines. The most remarkable examples are those of the
most powerful artificial lights, namely the oxyhydrogen or
ll)rlllxmmond light, the magnesium light, and the electrical-
ight,

338. Discontinuous Spectra. These consist of one or
more bright lines standing out on a dark ground. Thus
the flame produced by burning the metal sodium is a
brilliant yellow, and the spectrum reduces to a single yel-
low line : this shews that the yellow sodium light is homo-
geneous, that is consists of rays having all the same index
of refraction. Sodium is one of the components of common
salt, and the yellow flame may be obtained by salting the
wick of an ordinary lamp. The flame produced by burning
the metal lithium is red, and the spectrum reduces to two
bright lines, one red and one orange. The light of incan-
descent hydrogen produces a spectrum of three bright
lines, one red, one greenish-blue, and one violet.



174 SPECTRUM ANALYSIS.

339. Now by careful observation it is found that the
spectram produced by the light of any assigned burning
substance 18 always the same; and hence when we see u
certain spectrum we infer that the light must have pro-
ceeded from a certain definite substance. By this test two
lights may be distinguished which appear identical to the
unassisted eye. If a particle of sodium not larger than a
speck of dust be put in a flame it is sufficient to produce
in the spectrum tge yellow line which is characteristic of
godium. New metals have been discovered by examinations
of spectra ; for example in this way Mr Crookes discovered

- & lead-like metal to which the name tAallium has been

given: the spectrum formed by burning tkallium reduces
to a single green line. The name spectrum analysis is
now applied .to the collection of facts and inferences rela-
tive to the spectra of different lights.

340. An exception should be noticed to the general
law that every glowing substance has its permanent cha-
racteristic spectrum. Gases are enclosed in tubes and
rendered incandescent by sending electrical discharges
through the tubes ; then it has been found that by varying
the pressure of the gas, and the kind of the electrical dis-
charge, two different spectra may be obtained for the same
gas : some obscurity remains on this part of the subject.

341. Suppose we take one of the lights of the class
mentioned in Art. 337; this would of itself give a con-
tinuous spectrum. Let this light when used with a prism
to form a spectrum pass from the prism through the
vapour arising from burning sodium ; the result is that we
have in the spectrum a dark line just at the point where a
bright line occurs in the spectrum formed by the light of
burning sodium. In other words the vapour of sodium is
almost opaque for the rays of its characteristic colour,
while it fre&y transmits all the other rays. The fact thus
established for sodium is found to hold for other sub-
stances, and the general law may be thus expressed : every
vapour absorbs precisely those kinds of rays which it
emits when it is in a glowing condition.

342, The comparison of the solar spectrum with the
spectrum formed by glowing iron establishes a remarkable
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connection between the two. Many dark lines in the solar
spectrum correspond in position precisely with bright
lines in the iron spectrum ; not less than 490 of such coin-
cidences have been counted, Hence it has been inferred
that the dark lines in the solar spectrum indicate the ab-
sence of rays which have been absorbed by passing through
the vapour of iron near the sun’s surface. In the spectra
of other glowing bodies there are bright lines which cor-
respond in position to certain dark lines in the solar spec-
trum ; thus the bright sodium line is precisely in the pm
of the dark line D; so also the red hydrogen line is in the
place of the dark line C, and the greenish-blue hydrogen
line is in the place of the dark line #. In this mavner we
infer the presence near the sun of iron, sodium, hydrogen,
copper, zinc, and various other elementary substances with
which chemists are familiar. It is supposed that these
substances exist in the form of vapour near the sun, just
beyond the surface from which the light streams; so that
they absorb the rays which are missing where the dark
lines of the solar spectrum occur. Some of the dark lines
however correspond to rays which have been absorbed by
our atmosphere ; this is established by the fact that their
appearance changes with the position of the sun, being
darkest at sun-rise and sun-set when the rays pass through
the greatest breadth of the atmosphere: the dark line B3
belongs to this class.

343. It has been known for some time that during a
total eclipse of the sun rose-coloured flames appear to stand
out from various parts of the boundary of the sun’s disc.
These flames are not visible in ordinary day-light, being lost
ia the blaze of the sun’s light. During the total eclipse of
the sun on August 18th, 1868, the rose-coloured flames
were examined with the aid of a prism, and a series of
bright lines was observed in the spectrum ; among these
the three characteristic of hydrogen were noticed. Hence
the inference is that the rose-coloured flames consisted
chiefly of incandescent hydrogen. Methods have since
been devised for observing the rose-coloured flames even
when the sun is not eclipsed.

344. In Art. 74 we have noticed the fact that a sound
exerted by a musical instrument which is moving to-
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wards us appears a little sharper, and by a musical in-
strument which is moving from us a little Aatter, than
it would if excited by the same instrument at rest: now
something of a similar kind occurs with respect to light.
On examining the spectrum formed by the light of the
star Sirius a dark line is found so0 near the line F of the
solar spectrum that we may reasonably assume them to be
the same ; but in the Sirius spectrum this line is a little
nearer to the red end of the spectrum than it is in the
solar spectrum. Hence it may be conjectured that this is
owing to a motion of Sirius away from the solar system ;
and a calculation founded on the amount of this displace-
ment leads to the result that Sirius is moving away from
the solar system at the rate of about 20 miles in a second.
Similar observations have been made on the spectra of
other stars, and similar inferences drawn; thus, for ex-
ample, the star Arcturus is held to be approaching the
solar system at the rate of 50 miles in a second.

345. The subject of absorption of light thus introduced
in connection with spectrum analysis, leads us to give a
few remarks on two other classes of facts which also
depend on absorption, and are known by the names of
Suorescence and phosphorescence. ’

846, Fluorescence. Let a solution be prepared by
putting a small quantity of the bark of the horse-chestnut
tree in water. Let light be sent through a convex lens
and brought to a focus just at the surface of the solution,
80 that it diverges from this point and passes on; then
the course of the rays through the solution will be indi-
cated by a light blue shimmer: the particles of the sub-
stance held in solution appear as if they were self-lumi-
nous, and send out this delicate blue light in all directions.
The light is brightest where it enters the solution, and
gradually diminishes in intensity as it advances further
into the solution. There are numerous bodies, solid and
fluid, which exhibit a similar appearance; and in par-
ticular fluor spar, from which the name Auorescence is
derived.

347. Suppose light is passed through a glass vessel
containing a solution of horse-chestnut bark, refracted by a
convex lens, and brought to a focus at the surface of such
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a solution in another vessel: then the sky-blue shimmer
is not perceived. Thus the power of exciting the fluores-
cence is lost by being exercised; or in other words
fluorescence in a body is due to rays which are absorbed.

348. 'We have hitherto. supposed that white light was
employed to produce fluorescence; but by employing in
succession the various coloured rays of the solar spectrum
we can determine which of them are capable of producin
the effect. Now it is found that, starting at the red end,
the red rays and the others down to the indigo, do not
produce fluorescence; the sky-blue shimmer begins with
the light in the neighbourhood of the dark line @, and
reaches not omly to the end of the spectrum, as ususlly
visible, but also far beyond. Thus we learn the existence
of a new portion of the solar spectrum, extending in length
about as much as the ordi visible portion ; it is called
the ultra violet portion. There are jfived lines in this
ultra violet portion as in the ordinary visible portion.

349. The fluorescent light may be examined by means
of the prism, and a very remarkable result is thus ob-
tained, namely that the r¢frangibility of rays can be
changed ; for incident rays of a definite refrangibility give
rise to fluorescent rays of various re¢frangibilities. It is
found that the refrangibility of any ray is never exceeded
by that of the fluorescent ray to which it gives rise,

350. Phosphorescence. Some bodies when they have
been exposed to the action of a brilliant light will continue:
to shine for a time in the dark; the duration of this
shining is different for different bodies, but in general is
very brief for all. This property belongs to various com-
pounds of sulphur with calcium, barium, and strontium ;
and also to the diamond and to fluor spar. It is called
phosphorescence, and is, like fluorescence, an effect of ab-
sorbed light. Phosphorescent light when examined by the
aid of the prism exhibits the same peculiarity as fluores-
cent light ; namely the rays are in general less refrangible
than 1519 rays which excited them. To prevent mistakes,
which might arise from the similarity of name, it should be
stated that the light of phosphorus itself does not come
into the class now before us; phosphorus is self-luminous

T.P. 1L . 12
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by virtue of a chemical action, and in somewhat like man-
ner the glvw-worm is self-luminous by virtue of a vital
process.

XXXIII. THE RAINBOW.

351, Newton applied his knowledge of the compound
nature of light to explain the formation of the rainbow,
concerning which only very imperfect notions had been
previously entertained. The phenomena may be taken as
well known from observation. When a shower is falling
and the sun is shining at the same time, a person with his
back to the sun may see on the opposite sky a bright band
of colours in the form of a circular arch ; the colours are
arranged in the order of the solar spectrum, red being at
the outer boundary, and violet at the inner boundary, and
the other colours in intermediate positions: this is called
the primary bow. Outside of this may frequently be seen
a second band of colours, fainter than the former, having
red at the inner boundary, and violet at the outer
boundary : this is called the secondary bow.

352. We take the primary bow first. The explanation
is made most clear by considering separately the different
coloured rays of which sun-light is composed ; and we be-
gin by supposing this light to consist of homogeneous red
rays.

353. Let the circle represent a rain drop on which the
sun’s light falls, On account of the enormous distance of
the sun, rays falling from anlr Point of its surface on the
drop may be considered parallel. Some of these rays will
be refracted into the rain drop and so proceed to the back
of the drop; some of those that thus reach the back of
the drop will then be reflected towards the front of the
drop : there some of them will be refracted, and thus
out of the drop and reach an eye suitably p) . Now
the course of the rays which are thus twice refracted, with
an intermediate reflection, can be correctly determined,
either by mathematical calculation or by a diagram care-
fully drawn on a large scale. Let O denote the centre of
the drop, OS the straight line drawn from O towards the
sun ; let the circle denote the boundary of the drop. Let

-e
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the straight lines drawn from the circle denote rays which
issue from the drop; these rays are supposed to have .
fallen gan.llel to SO on the part of the drop which is
above SO and towards S, and to have been first refracted,
then reflected at the back of the drop, and finally refracted
by the part of the drop which is below SO : the course of
one of the incident rays through the drop is traced out as
an example, the others are omitted to avoid complication
in the diagram, Now by calculation or by careful drawing,

it is found that the rays which issue from a certain part
LM spread out from each other, but the divergence of the
rays gradually diminishes until at a certain point M two
ndfi'acent rays emerge almost parallel, and at this point the
angle between SO and the direction of the ray which
leaves the drop has its greatest value. Rays issuing from
the part MN of the drop spread out from each other, and
also make a smaller angle with SO than the ray at M.
12—2
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Thus an eye placed so as to receive the rays from 3 gets
more light than it would if placed in any other position,
since it receives parallel rays instead of diverging rays.
The angle between two straight lines drawn from the
drop, one to the eye of the spectator and one to the sun,
has then its greatest value ; this angle is found to be about
42° for the red rays,

854. The diagram shews the course of the rays which
leave the drop at M and enter the eye at £. Two parallel

p

) of

rays are drawn falling on the drop, of which PQ is one;
these rays are refracted so as just to meet at & on the
back of the drop; then they are reflected to 2, are re-
fracted there, and enter the eye as parallel rays. If EM
anbg S0 l:e produced to meet they will include an angle of
about 42°,

355. We must now consider the drops which are
situated in various directions from the eye of the spec-
tator; from all of these rays will reach the eye provided
the drop be not at.too -great angular distance from the
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eye. The limit is thus determined. Suppose a straight
line drawn from the eye £ downwards, parallel to 50 ;
this may be called the axis : then the straight line from
the eye to the drop must not make with the axis a greater
angle than 42°. But although light from all the drops
within this limit reaches the eye, yet the light is faint
except that which comes from the drops just at the ex-
treme angular distance; because it is only from these
- that the rays are parallel when they reach the eye. Thus
the eye would see a large patch of the sky of a red
colour, bounded by an arc of a circle; but the colour
would be comparatively faint except at the boundary : be-
youd the boundary the sky would appear dark.

356. Having thus determined the appearance cor-
responding to homogeneous red light, it 18 easy to infer
the results for homogeneous light of other colours, and
then finally for real light which is composed of these
various colours, For if we consider the violet light wo
find in like manner that there must be a large patch of the
sky of a violet colour, bounded by an arc of a circle, but
comparatively faint except at the boundary. This boun-
dary corresponds to an angle of about 401° with the azis,
instead of the 420 which occurs for red light, Similarly
for the intermediate colours we should have therelative
colourcd patches, larger than that for the violet and less
than that for the red. Now suppose all the coloured rays
to exist together. Then we obtain white sky over the
large apace where all the coloured patches exist together ;
the outer boundary will be red, because at this boundary -
the red alone occurs, and moreover is at its brightest
state; the inner boundary will be violet, because there the
. violet is at its brightest state and so prevails over the
other colours which are present there but are compara-
tively faint ; at intermediate points the tint will be mainly
that of the colour which is there at its brightest state.
Beyond the red boundary the sky will appear dark.

357. The secondary bow is now to be considered.
This is formed by light which has been twice refracted
with two intermediate reflections, . It is found that if ho-
mogeneous parallel rays fall on a rain drop, pass into the
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drop, and after two reflections emerge, they will in
general spread out from each other ; but that two adjacent
rays emerging in a certain direction will be almost parallel.
The course of the rays which thus emerge is shewn in the
diagram. Two parallel rays are drawn falling on the drop
of which PQ is one; they are refracted by the drop and

s

proceed to the back at 7 crossing at the point R such
that QR is three-fourths of @7'; at 7 the rays are re-
flected and proceed parallel to each other to U, where
they are again reflected ; they proceed to M, crossing at
the point ¥ which is such that MV is three-fourths of
MU; at M they are refracted out of the drop, parallel to
each other, and so may reach an eye £ suitably placed.
The line PQ is parallel to OS passing from the centre of
the drop to the sun. The angle at the drop between
straight lines drawn to the sun and to the eye has its least
value when the eye is so placed as to receive parallel
emergent rays: for red rays this angle is about 51° and for
violet rays about 54°. ’

358. Thus if we consider homogeneous red light we
find that drops at a greater angular distance from the
axis than 51° will send light to the eye; but the light
will be faint except in the case of drops which are just
at the limit of the angular distance. Thus the sky be-
yond a certain arc of a circle appears red, but the
colour is faint except at the boundary. Similarly for

4
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the violet rays there will be a violet colour on the sky
beyond a certain arc of a circle corresponding to the
angular distance of 54° from the awxis; but the colour
will be faint except at the bonndary. Kor intermediate
colours the boundaries will be determined by intermediate
angles. Hence when we suppose all the coloured rays
to exist together we obtain a band of colours, red at the
lower edge, and violet at the upper edge ; above the upper
edge there will be white light, and below the lower edge
a dark part of the sky. The secondary bow is not so
vivid as the primary bow, because more of the light
which enters tﬂe drop is lost, as there are two reflections
instead of one.

359, We have hitherto treated the sun as if it were
a point, To be accurate we must consider each point of
the visible surface of the sun as giving rise to its special
rainbow ; these will be blended ther, and as they
will not exactly coincide the colours will be in some degree
confused in consequence ; but the general appearance will
remain as we have described it.

360. Theoretically a third bow might be formed by
light which has undergone three reflections within the
drop; but the light would in general not be strong enough
to make an impression on a spectator,

361. It will be observed that when various persons
see a rainbow simultaneously, it is, strictly speaking, not
the same object which they contemplate : each eye really
forms its own rainbow, with the aid of the sun and the
drops of water. Aiain, it may bappen that a spectator
looking at a smooth reflecting surface, like that of a
quiet lake, sees a rainbow there: this however is not,
strictly speaking, the image of that rainbow which he can
see by direct vision at the instant. In the diagram of
Art. 189 let the straight line BD represent the level of
the lake, and @ the position of the eye; then the bow
which the eye sees in the lake is the same as would be
visible to an eye placed at R, if the obstruction caused by
the ground were removed : and this is not the sawme as the
bow seen in the sky by the eye at Q.
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862. We may place here a remark which will be under-
stood hereafter : the truth of the theory of the rainbow is
confirmed by the fact that the light from any part of the
bow is found to be polarised in the plane through the axis
and that part.

XXXIV. REFRACTING TELESCOPE.

363. We have already discussed the formation of images
by reflecting surfaces, and by lenses; and also the magni-
fication of visual objects by means of lenses. We shall
find that by a combination of these two priuciples, namely,
the formation of an image and the magnification of it,
telescopes and microscopes are formed. Telescopes are of
use for viewing objects which are too distant, and mi-

croscopes for viewing objects which are too small, for -

unassisted vision. We consider in the present Chapter
telescopes where the image is formed by a lens, and which
are therefore called r¢fracting telescopes.

364. The common Astronomical Telescope. AB and
HK are two convex lenses which are so placed as to have

L

a common axis; C'and I denote their respective centres.
4B is the larger, and is called the object glass; HK is
called the eye glass. Let PQ be a distant object which is
situated nearly on the common axis of the two lenses.
Rays falling from any point P on the object glass will
after refraction through it converge very nearly to u




REFRACTING TELESCOPE, - 185

focus p on PC produced; and as PC is supposed large
the distance of this focus from C will be very nearly equal
- to the focal length of the object glass., Similarly the
rays from any other point of the object will after refraction
be brought very nearly to a focus ; and thus a real inverted
image pq of the object will be formed. The eye glass HK
is 80 placed that this image is at a little less distance
from it than its focal length; hence the rays which di-
verge from p will after refraction through the eye glass
appear as ifp they came from a virtual focus 2 on /p pro-
duced. Similarly the rays which fall from any other point
" of the image pg on the eye glass will after refraction appear
as if they came from a virtual focus; thus a virtual
image 8¢ 18 formed, which is erect with respect to pg, and
is therefore inverted with respect to P@: this can be
lseen by an eye placed, as at E, on the common axis of the
enses. .

365, Magnification. Since PQ is supposed to be a
very distant object, the angle which it subtends at the eye
is practically equal to that which it subtends at C'; that is,
it is equal to the angle PCQ, which is equal to the angle
»0q. The angle which the image subtends at the eye is
8Et; and supposing, as is usually the case, that the
distance E7 is very small compared with the distance I?,
this angle is practically the same as the angle pJg: see
Art. 301. Thus the magnifying power of the telescope
may be taken as equal to the proportion of the angle
pIq to the angle pCq. Now it may be shewn by measure-
ment, or by calculation, that this portion is very
nearly the same as that of Cq to /. e former length is
not sensibly different from the focal length of the object
flass; the latter distance is somewhat less than the focal
ength of the eye glass, but may be taken as roughly
equal to it. Thus finally the magnifying power of the
astronomical telescoge is equal to the proportion of the
focal length of the object glass to the focal length of the
eye glass. For exa.mgle, if the focal length of the object
glass is 30 inches, and the focal length of the eye glass is

é an inch, the magnifying power is 30+$, that is 60.
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366. It need scarcely be said that the lenses are usu-
ally placed in a tube of wood or of light metal, so that
they may be kept steadily on a common axis ; the length
of the tube is a little ter than the sum of the focal
lengths of the lenses. The inside of the tube is blackened
in order to absorb any stray light, which might otherwise
be reflected from its sides and tend to counfuse the im-
pression made on the eye by the image. The object glass
18 fixed firmly in the tube while the eye glass is capable of
being pushed out or in a little; thus any observer can
adjust the position of the eye glass so as to make the dis-
tance of the image s¢ from his eye just that which best
suits his habit of sight.

367. 1t is usual with writers on Optics to suppose
the telescope to be adjusted so that the distance between
the lenses is equal to the sum of their focal lengths.
This seems to be taken uas a standard arrangement which
is satisfactory to many eyes; the image st must then be
supposed to have moved to an extremely remote distance
on the right-hand side of the eye glass, and to have be-
come excessively large. If then an observer who sees
best when objects are at a distance of 10 inches comes to a
telescope which is in the standard arrangement, he pushes
the eye glass in a little ; if he sees best when objects are
still nearer than 10 inches, he pushes the eye glass in
somewhat further.

.~ 368. The eye glass is small, and it is found conve-
nient to put it inside a little cyiindrical box, which has
holes at its ends to allow a passage for the light ; this
box is 8o constructed that the eye when placed close to
one end is at the proper distance from the eye glass:
this distance is the focal length of the lens. For consider
the ray PCp; the angle between this and the axis of
the lenses is so small that we may treat the ray as if it
were parallel to the axis, and so after refraction by the
eye glass it will proceed very nearly to the principal focus
of t%:e lens. 'l‘ﬁ;s we find that the secondary axes of
the pencils from all points of the object, after passing
through the eye glass, meet at a common point, namely, the
Erincipal focus of the glass; therefore if the eye is placed

ere it can receive pencils from all points of the object so
as to see the whole of it at once.
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369. The diagrams which are used to explain the con-
struction and use of telescopes are necessarily, from the
want of adequate space, considerably distorted. Thus PQ
ought to be much further from the object glass, and the
angle PCQ much less, than in our diagram. In an astro-
nontical telescope of any value the object glass 4B would
be at least two inches in djameter ; the opening of the eye
by which light enters into it is not more than a quarter of
an inch in diameter. 8till in spite of the imperfection of
the diagrams, the student ought not to fail to notice the
two principles which are employed in the construction of
the telescope: first, an image is formed by the object glass
in the manner of Art. 296 ; and next this image is magni-
tied by the eye glass as explained in Art. 301.

370. The magnifying power of the telescope, as we
have seen, is equal to the proportion of the focal length
of the object glass to the focal length of the eye glass;
hence we may theoretically make this as great as we
please, but practically there are serious difficulties. It
can be shewn by geometry that the magnifying power is
also equal to the proportion of the diameter of the object
glass to_the diameter of the pencil of light which enters
the eye from any ioint of the image, Now unless the eye
receives ample light from each point of the image, that
image appears faint, and consequently not adapted for ac-
curate vision, Thus it is important that the pencil of light
from any point of the image should fill the opening of the
eye, at least as nearly as possible: it would be of no use
for the pencil to be larger, as the excess of light could not
enter the eye, and so would be wasted. Hence if we want
high magnifying power we must have very large object
glasses ; and much trouble and expense are inc: in
producing clear pieces of glass of sufficient size, and in
grinding them into lenses.

371. The main purpose of the object glass is to form
an image of the object which may be examined and magni-
fied; and incidentally the object glass is of great im-
portance by collecting vastly more light from every point
of the object than the unassisted eye could obtain. When
the image is formed by the object glass we can, if we
please, view it by the eye alone, but the eye glass enables
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us to magnify the image; incidentally too the eye glass
secures this advantage, that by means of it more of the
image can be seen at once. In the diagram of Art. 364 if
we suppose the eye placed at the position there indicated
the whole of the image as drawn can be seen without
shifting the eye, and also an equal portion on the other -
side of the axis; but if we withdraw the eye glass, it will
be neeessary to move the eye up and down in order that
it may in succession receive pencils broad enough to fill it
from various points of the image pg. The extent of imago
visible to the eye in one position is called the field of view ;
it depends on the size of the eye glass. If the ray P4,
after refraction at A, passes just in the direction 4K, then
the whole pencil from this Foint falls on the eye glass and
is transmitted to the eye. 1f the ray P.B, after refraction
at B, passes just below the direction BK, then none of the
pencil from this point falls on the eye glass, and so none of
it reaches the eye. If the ray PC produced just passes
through X, then of the pencil from $ which falls on the
object glass, the lower half falls on the eye glass and is
transmitted to the eye, and the upper half is lost: P is
then said to be visible by a kalf pencil. '

372. After explaining the general principle of the
refracting telescope we must notice some matters of de-
tail. The telescope, as we have described it, exhibits
objects inverted ; this is of no consequence to astronomers,
but is inconvenient in the case of other observers. Ac-
cordingly it is usual to interpose two convex lenses between
the object glass and the eye glass by the aid of which the
fixed image is rendered erect. Let LM and XY denote
two convex lenses on the same axis as the object glass
and the eye glass of the telescope. Let pg denote the
image of an object formed by the object glass. The lens
LM is so placed that its distance from pg is about equal
to the f length of the lens. Hence the rays diverginﬁ
from the point p, after refraction by the lens ZM, wi
proceed nearly as a pencil parallel to the straight line
which joins p with the centre of ZM. These rays falling
on X if will be brought to a focus at a point s, such
that the straight line which joins it to the centre of XY
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is parallel to the rays incident on XY : moreover the
distance of this point from XY is very nearly the focal
length of the lens. In this way a real image #f is formed,

which is inverted with respect to pg, and therefore erect
with respect to the original object; and this image may
be viewed through an eye glass, and 8o magnified, in the
usual way.

373. The image formed by a single object glass will be
confused, mainly because of the compound nature of light ;
and to remedy this instead of a single lens w0 lenses are
used. These consist of a convex lens of crown glass, and
a concave lens of flint glass, placed in contact; the
former is the nearer to the object. The focal lengths of
the two lenses must be in the same lproport;ion as the
dispersive powers of the two kinds of glass : see Art. 325,
Now in the two lenses there are four spherical surfaces,
80 that the sour radii of the spheres are quantities at
our disposal, with (;1;13 one condition to be rded,
namely, that just stated with respect to the focal lengths.
Hence by taking the four radii properly it is possible to
attend to other conditions besides that of achromatism ;
and accordingly opticians are guided by theory and by
trial to give such values to the radii as to alleviate other
defects to which we have already made some allusion.
Thus a single lens will not bring accurately to a focus
even homogeneous rays which fall upon it; this fact is
called spherical aberration : also the image which a lens
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forms of an object is not exactly similar to the object;
this defect is called distortion. These defects are alleviated
by & suitable construction of the two lenses which con-
stitute the compound achromatic object glass.

374. Again, vision through a single eye glass is de-
fective for reasons like those which apply to the image
formed by the single object lens; theory and practice
shew that a great improvement is effected by the use of
an eye piece instead of a single eye lens. The eye piece
consists of two lenses placed on a common axis at a
suitable distance apart; the lens nearest the object is
called the field lens, and the other the eye lens. There
are two eye pieces which have been much used, Rams-
den’s eye picce, and Huygens’s eye piece: these we will
now describe.

375. Ramsden’s eye piece. This eye piece.is named
after a celebrated maker of optical instruments. It con-
X - - I

\

Y8

Y . M

sists of two plano-convex lenscs of the same material,
and the same focal length, placed at a distance from
cach other equal to two-thirds of the focal length of
either. Let ZM and XY denote the lenses, and let pg
be the inverted image of a distant object which has been
formed by the object glass of a telescope. The eye piece
is 80 placed that pq is in front of LM, at a distancé from
LM equal to one-fourth 'of the focal length. Then a
virtual image of will be formed by the rays after
refraction through LA ; this image will also be in front of
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LM and at a distance from LM equal to one-third of
the focal length: let st denote this image. Then as the
distance between ZM and XY is two-thirds of the focal
length, the distance between st and XY will be equal
to the focal length. Thus rays which diverge virtually
from-¢, and fall on X Y, will after refraction by XY forma
pencil parallel to the straight line which joins ¢ with the
“centre of X Y. Hence to an eye at E, which is adapted for
the reception of -parallel rays, such rays will form an
image of the point ¢ ; and in this way the eye will perceive
an image of the whofe object.

376. Ramsden’s eye piece is much used for large
telescopes in cases where the visible field is required to
marked out into equal 8 8 ; & system of very fine wires
is placed at pg, and so the relative position and ma’ﬁ'nitude
of various parts of the image can be estimated. The eye
piece i8 not quite achromatic: it might, according to
theory, be rendered nearly achromatic by making the dis-
tance between the two lenses equal to the focal length of
either: but then pg and st fall on ZM, and it is found
that dust or moisture collected on LM is seen magnified
by XY, so that vision is not distinct. Ramsden’s eye
piece may be used as a magnifier apart from the object
glass of a telescope to which wé have supposed it attached ;
we have only to place the thing which we wish to examine
in the position pg. In estimating the magnifying power
of a telescope furnished with Ramsden’s eye piece, it is
found by theory that the result is the same as if instead of
the eye piece a single lens had been used with a focal
length equal to three-fourths of the focal length of either
of the lenses of the eye piece. This is expressed by saying
that the focal length of a lens equivalent to the eye piece
is three-fourths of the focal length of either of the lenses
of the eye piece. Ramsden’s eye piece is sometimes called
the positive eye piece, apparently because it can be used
to magnify a real object.

377. Huygens's eye piece. This consists of two con-
vex lenses placed on a common axis; let LM denote the
field lens and X Y the eye lens. The focal length of ZM
is three times that of XY ; and the distance between the
lenses is half the sum of their focal lengths. The eye .
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piece is 80 placed that LM/ is in front of the inverted image
pq of a distant object formed by the object glass of a
telescope, and at a distance from it «:lc}ual to half the focal
length of ZM. The rays which would form this image if
the eye piece were absent, being refracted by the field
glass, form an image & which is just midway between the
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field lens and the eye lens: this image is therefore at a
distance from X Y equal to the focal length of X ¥. Thus
rays which diverge from ¢ and fall on X ¥, will after re-
fraction by XY form a pencil parallel to the straight line
Joining ¢ with the centre of X Y. Thus to an eye at £
which is adapted for the recéption of parallel rays such rays
will form an image of the point ¢ ; and in this way the eye
will perceive an image of the whole object.

378. Huygens’s eye piece cannot be used indepen-
dently as a magnifier, and ap%rent.ly on this account is
called the negative eye piece. hen used in conjunction
with the object glass of a t.eleﬁscope it is found that with
res to magnifying power Huygens’s eye piece is equi-
eaz%t to a lens of half the focal length of t{\e tield glass,

379. Huygens’s eye piece was devised with the view
of diminishing the distortion which exists when an image
is formed by a single lens. It happens that the confusion
arising from the compound nature of light is at the same
time so much diminished that the eye piece may be said to
be achromatic : this can be shewn by theoretical investi-
gations upon which we do not enter {ere. It must how-
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ever be remarked that there is considerable difference be-
tween the two problems of making an achromatic object
lass, and of making an achromatic eye piece ; this arises
m the difference in the character of the pencils of rays
which through them from a distant object : the pencil
which falls from any point of the object on the object glass
fills the whole of it, whereas that which after refraction
through the object glass falls on the field glass of the eye
piece fills only a very small part of it. The next Article
will give some notion of the problem of constructing an
achromatic eye piece.

380. We will -now illustrate the way in which by Huy-
gens’s eye piece the confusion which would arise from the
compound nature of light is alleviated. Let a ray of white
light fall in the direction PN on the field glass of Huy-
gens’s eye piece. The ray is separated by refraction into
its components, and we may denote the red ray by Nr and
the violet ray by No. The rays now fall on the eye lens

X L
P
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XY, and the red ray meets it at a point more distant
Jrom the azis than the violet ray. The effect is the same
as if the red ray passed through a prism of greater re-
fracting angle than the violet ray: see Art. 320. On this
account the red ray undergoes more angular deviation
than the violet ray; while by reason of its smaller index of
refraction it would undergo less angular deviation from the
eye lens as well as from the field lens. Hence if the dis-
tance between the two lenses is pr:})erly adjusted the two
rays may emerge from XY parallel, as drawn in the
diagram ; and thus we shall obtain a practical achromatism

T.P. IL 13
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of the kind considered in Art. 324. Theory shews that if
the incident ray PN is very nearly parallel to the common
axis of ZM and X ¥, then the distance between the lenses
should be equal to half the sum of their focal lengths.

381. GQalileo’s Telescope. This differs from the com-
mon Astronomical telescope in having a concave eye glass
instead of a convex eye glass. 4B is a convex lens called
tho object glass, C its centre; HK is a concave lens called

g /f!sM
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the eye glass, I its centre; let 2@ denote a distant ob-
ject, which is situated nearly on the common axis of the
enses. Rays falling from any point P of the object on the
object glass will after refraction through it converge very
nearly to a focus p on PCproduced. Similarly the raysfrom
any other point of the object will after refraction be brought
very nearly to a focus ; and thus a real inverted image
of the object would be formed. But the concave lens Equ
is placed in front of the position of pg, and at a distance
from it somewhat greater its focal length. Hence the
rays which were converging to p, appear after refraction
through the lens as if they came from a point s on p7 pro-
duoedg. In this way a virtual image st is formed, which is
inverted with respect to pg, and therefore erect with
respect to the original object PQ. The eye of the observer
is usually placed close behind the eye glass, and conse-
uently the diameter of this eye glass need not be greater
than that of the opening of the eye; thus the field of view
is not very large, which is a disadvantage in this instru-
ment. On the other hand, it avoids the loss of light which
is caused by the use of two additional lenses to obtain an
erect image, as explained in Art. 372. The object glass
ought to be compound in order to secure achromatism ;



REFLECTING TELESCOPES. 195

but this is not found to be 8o necessary for the ey&(flaxs.
It is usual to suppose that the telescope is 8o adjusted that
the distance between the lenses is equal to the difference
of their focal lengths : see Art. 367. The magnifying power
is found, as for the common Astronomical telescope, to be
equal to the proPortion of the focal length of the object

lass to the focal entgth of the eye glass. This construction
is in°common use for opera glasses, which, as is well
known, consist of two small telescopes, placed side by side,
one for each eye. Galileo, from whom this telescope re-
ceived its name, though not the original inventor of an
instrument for agsisting the view of distant objects, set the
example of em loii:;g it for imgrta.nt pm?)oses, such as
for astronomical observations. His first telescope magni-
fied three times, his second eight or nine times, and finally
he constructed one that magnified above thirty times.

XXXV. REFLECTING TELESCOPES,

. 382, In refracting telescopes, as we have seen, an
image of the distant object is formed, and the necessary
amount of light is collected by means of a lens; in re-
flecting telescopes these ends are attained by means of a
concave reflector. Reflecting telescopes differ from one
another only in the contrivance used to transfer the image
to a position w!nch is convenient for observation ; and the
image is then viewed, as in the case of refracting telescopes,
by an eye glass or an eye piece. Newton was the first who
actually constructed a reflecting telescope; as we have
seen in Art. 316, he despaired of obtaining a good refract-

ing telescope, and this led him to recommend the use of
reflectors. .

13—2
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383. Newton’s telescope. ACB is a concave spherical
reflector; O the centre of the surface; OC the axis of the
reflector. Let PQ denote a distant object placed nearly
on the axis of the reflector. Rays from any point P of the
object would after reflection from 4CB be brought very
nearly to a focus » which is in the straight line 20 pro-
duced; and as PC is supposed large the distance of p
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from the reflector is about half the radius of the reflector.
Similarly the rays from any other point of the object would
after reflection be brought very nearly to a focus, and thus
a real inverted image pg of the object would be formed.
HK is a small plane reflector inclined at an angle of 45°
to the axis of the spherical reflector, and placed between
this reflector and the ¥osition where the image pg would
be formed. The rays falling from the spherical reflector
on HK are reflected, and thus an image p'¢’ is formed,
which is situated, with respect to the front of HK, at the
same distance and in the same position as pg with respect
to the back, This image p’{ is then viewed by an eye at
E with the aid of a convex lens X ¥, which produces the
virtual image st of 2'¢.

384. The spherical reflector ACB is placed at the end
of a tube the axis of which coincides with that of the
spherical reflector ; the small plane reflector AK is suﬁ)-

rted by an arm which is attached to this tube. The
ens XY is placed in a second tube which can move out-

ol—x
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wards or inwards through a small hole in the first tube, in
a direction at right angles to the axis of it. The plane
reflector intercepts some of the light which falls on the
spherical reflector ACB from every point of the object ;
but its size is in reality far less than would appear from
the diagram. The boundary of it is of an ovafet“:)rm 80
that it may just catch all the rays reflected from 4CB,
without intercepting more of those which fall on ACB
than is necessary. When the telescope is used the lens
XY is on the upper side of the I tube, 80 that the ob-
server looks downwards thrqugh the small tube and sees
an inverted image of the object. It is usual to suppose, as
a -standard arrangement, that the lens X Y is placed so
that ’¢ may be at the distance of the focal length from
it ; and then the image s¢ becomes very large and at a very
remote distance : see Art. 367, The magnifying power is
found to be equal to the focal length of the concave re-
flector divided by the focal length of the convex lens.

385. 1Inthetwo reflections which occur in this telescope
it is found that about half the light incident on the concave
reflector is lost. In order to diminish this loss Newton
proposed to use the internal reflection of a glass prism in-
stead of the reflection from
HK. The prism has one o
angle a ri&ht angle, and each
of the er angles half a
right angle; it is placed so
that its back M takes the

osition of ZK. The rays of
ight reflected from ACB
enter the face ML nearly at
right angles, so that they un- P2 X
dergo scarcely any deviation ;
then they fall on MWV and
are totally reflected; next
they come qut through the face LN nearly at right angles
to it, and proceed to form the image p'q’ as in Art. 383.
It appears from experiment that the loss of light, by the
two refractions and the total reflection in the prism, is less
than the loss by the single reflection at the surface HX of
Art. 383.
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386. Gregory's telescope. AB is a concave spherical
reflector, a.ndeg HEK another. much smaller. The two are
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placed on the same axis and have their concavities turned
towards each other. Let PQ denote a distant object,
l¥ on the axis of the reflectors. A real inverted image
»q of PQ will be formed by AB nearly at its principal
focus; the position of HKX is so adjusted as to bring pg a
little further from AKX than its principal focus. Thus an
image p'¢’ of pg will be formed at a much greater distance
from HK, on the same side of it: this image will be in-
verted with respect to pg, and therefore erect with respect
to PQ. This image faﬁg very near 4B, and a small hole is
made round the vertex of 4B,s0 as to allow tho rays
which form the image to pass through ; thus the image
»'q may be viewed by an eye at E, with the aid of a con-
vex lens X ¥, which produces the virtual image 3¢ of p'q'.

387. The reflector- AB is placed at the end of a
tube the axis. of which coincides with that of the re-
flectors ; and the reflector HK is supported by an arm
which is attached to the side of this tube: the arm can
be moved in such a manner as to allow the distance be-
tween the two concave reflectors to be a little increased or
decreased at Eleasnre. The eye glass X ¥ is placed in a small
tube which has the same axis as the large tube and works
through the small hole in 4B. The small reflector HK
intercepts some of the light which would otherwise fall on
the large reflector ; the hole in the large reflector does not
cause much additional loss, for the rays which would fall on
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it are mostly such as are intercepted by HK. It is usual -
to suppose, as a standard arrangement, that the lens XY
is placed so that p'¢’ may be at the distance of the focal
length from it: see Art. 367. The magnifying power of
the telescope is found to be iiven with sufficient accuracy
by the following rule: take the square of the focal length
of the large reflector and divide it by the product of the
{(l)lcal le of the small reflector into the focal length of
e eye g!

388. Cassegrain’s telescope. 'This differs from Gre-
gory's telescope in having the small reflector convez in-
stead of concave. 4B is a concave spherical reflector, and

H
) [ Ft [ 4
N \ 5 ¢

HK a small convex reflector. The two are placed on the
same axis, and the convexity of HK is turned towards the
concavity of 4B. Let PQ denote a distant object nearly
on the axis of the reflectors. A real inverted image pg of
PQ would be formed by 4B nearly at its principal focus ;
but HK is placed between pg and 4B, and so as to have
pq a little nearer to HK than its egrincipal focus. Thus
the rays which would have formed the image pg are
reflected, and form the real image »'¢’ at a considerable
distance from HK ; this image is erect with res; to pg,
and therefore inverted with respect to ¢. This image
falls very near to 4B, and a small hole is made round the
vertex of AB, so a8 to allow the rays which form the
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image to pass through ; thus the image »'¢’ may be viewed
by an eye at E, with the aid of a convex lens X Y, which
produces the virtual image s¢ of p'¢’.

889, The arrangement of tubes is the same for Cas-
se%min’s telescope as for Gregory’s; and the same rale
holds for the magnifying power. Cassegrain’s telescope is
considered to have a little advantage over Gregory’s from
the fact that the large tube is a trifle shorter, namely, to
the extent of about twice the focal length of the small
reflector. Moreover theory shews that the rays which
form any point of the image p'¢’ are brought rather more
accurately to a single point by the convex and concave
reflectors of Cassegrain’s telescope than by the two con-
cave reflectors of Gregory’s telescope. But, on the other
hand, Cassegrain’s telescope exhibits the objects inverted,
while Gregory’s exhibits them erect.

390. Herschel's telescope. Sir W. Herschel con-
structed a great number of fine Newtonian telescopes,
but his name is specially given to a very large instru-
ment which he began in 1785, and finished in 1789,
The reflector was about 4 feet in diameter, and had a
focal length of 40 feet. In this telescope the observer
sat at the mouth of the tube with his face turned to-

A

wards the reflector. Then by the aid of an eye glass he
examined the image formed by the concave reflector, so
that he did not have to shift the position of this image
a8 in the other reflecting telescopes, and thus he avoide«i
the loss of light caused by this shifting. In order to pre-
vent the head and shoulders of the observer from inter-
cepting too much of the light falling on the concave re-
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flector the image was formed out of the axis of the
reflector. Thus let ACB represent the reflector, O its
centre, CO its axis, and PQ a distant object. Then PQ
is not on the axis of the reflector, and a real inverted
image of it pg is found on the other side of the axis,
so that the angle OCg is equal to the angle 0CQ.
Then this image could be viewed by an eye E, with
the aid of the convex lens XY which produces the vir-
tual image st of pg. But the rays proceeding from a
point P which is at a considerable angular distance from
the axis would not be broxaght very accurately to a
single point as focus after reflection; and it is certain
that the image formed by Herschel’s large telescope was
not distinet. It is usual to supgose, as a standard adjust-
ment, that the lens X ¥ is placed so that pg may be at the
distance of the focal length from it: see Art. 367. The
magnifying power of Herschel’s telescope is found by the
same rule as for Newton’s,

391. For the sake of simplicity we have described the
reflecting telescopes as furnished with an eye glass; but
an eye piece may be used instead of an eye glass, as
with the refracting tel 8. In all cases the eye glass
or eye piece can be moved forwards or backwards a little
80 a8 to enable an observer to put the final image at that
distance from his eye which best suits his habit of vision.

892. Numerous large reflecting telescopes have been
made by zealous astronomers, and have rewarded the
labour and thought e?ended on them by striking dis-
coveries. It will be sufficient to notice two made by the
late Earl of Rosse, and used by him in important obser-
vations, since continued by his son, The smaller of these
telescopes had a reflector of 3 feet diameter, and of
27 feet focal length ; the larger had a reflector of 6 feet
diameter and of 50 feet focal length : both were of New-
ton’s form. In such instruments as these, and that of Sir
‘W. Herschel, much ingenuity is displayed in the erection
of suitable mechanism for supporting the instrument and
for directing it to various parts of the heavens ; but these
arrangements belong to Engineering rather than to Optics.

393. The main advantage of reflecting telescopes is
that the image formed by the large reflector is free from
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the confusion which exists in an image formed by & lens,
owing to the oom?ound nature of light. Hence before
the manufacture of glass had reached its present state of
excellence, which allows good achromatic lenses to be
formed, reflecting telescoges were made as articles of trade
and extensively sold. Thus Short was famous for the
merit of his Gregorians; and afterwards Herschel pro-
duced very good Newtonians. But the reflector would
never long retain its polish unimpaired, and thus the per-
formance of these telescopes must have rapidly deteriorated,
unless in the hands of a person who had the ability and the
patience to renew the brightness of the surface from time
to time. Bir J. Herschel when he went to the Cape of
Good Hope, to spend some years in examining the south-
ern stars, polished his reflectors before he set out, with the
expectation that they would serve for his whole stay ; but
afterwards he became so fastidious and so skilful that he
usually repeated the %peration before any long series of ob-
servations. It is difficult to admit that all the fine re-
flecting telescopes made by Short and by Sir W. Herschel .
have completely Xerished; probably some of them may
exist which could be rendered serviceable again with a
little careful restoration. However the comparative ease
and cheapness with which refracting telescopes can now be
made, combined with their durability, seem to have almost
banished reflecting telescopes from the shops of oxiticians.
It has been said with respect to the few excessively large
reflecting telescopes, that none of them ever really satisfied
any observer except the maker himself; this is doubtless
an exaggeration, but it is easy to see that a person who
has himself superintended all the laborious processes in-
volved in the casting of the metal and the grinding and
polishing of the surface will feel a special interest in the
result. With respect to thz{powers of refracting and re-
flecting telescopes see the Monthly Notices of the Royal
Astronomical Society, xxxv1, 305 and XXXvII., 89,

394. The metal of which the reflector of a instru-
ment is made must be very carefully eomgound , 80 a8 to
ensure hardness and susceptibility of polish, without ex-
treme brittleness; a mixture of copper and tin is found
to answer best, the weight of the former being rather
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more than double that of the latter. A new method has
been recently introduced by Foucault, by which the re-
flector of an astronomical telescope is constructed so as
to resemble a common looking-glass. Suppose a thin
convex glass, like a watch glass, to be silvered on the
convex side; then when the other side is turned towards
the light we have a concave reflector. The silvering is
effected by an electrotype process, and the reflecting
surface thus obtained is said to be brilliant and durable.

395, The manufacture of glass for scientific purposes
has been much improved of late years, first on the con-
tinent, and afterwards in England. Thus telescopes with
achromatic object glasses of three inches in diameter
can be procured for a fow pounds; and numerous fine
instruments are to be found in public and private ob-
servatories with achromatic object glasses of a foot and
upwards in diameter.

XXXVI. MICROSCOPES.

396. Microscopes are divided into two classes, ssmple
and compound ; in the former the object itself is viewed.
and in the latter a real image of it is formed an
viewed.

397. We have already explained the process of vision
through a simple microscope : see Arts. 298...302. One of
the most convenient forms of a simple microscope is that
which is usually called the Coddington lens, from an emi-
nent Cambridge writer on Optics; it seems however that
the lens is attributed to him by mistake, and that it was
really invented by Brewster. This consists of a sphere of
transparent material
in which the equa-
torial parts have been
ground away. Thus
the gencil of rays by
which any point of a
small object is seen
will have its axis co-
incident with a diameter of the ;them; and the rays after
passing through the sphere will appear to come very
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pearly from a single point, or to be very nearly parallel.
Thus all parts of a tolerably large field are seen equally
well defined in all directions.

398. Instead of a single lens a combination of two
lenses called a doublet, or of three lenses called a iriplet,
is-often used ; these rank with simple microscopes so long
as there is no real image formed by part of the combi-
pation and magnified by the rest. Sne such combination
is known as Wollaston’s doublet, This consists of two

P'

R

plana-convex lenses on a common axis, with their plane
surfaces towards the object ;. the focal length of the lens
nearest the eye is three times the focal length of the
other : the distance between the lenses is about an inch
and & half When a small object pg is placed - before
the first lens, at a less distance than the focal length, an
erect virtual image p’gl' is formed at somewhat ter.dis-
tance, but still at a distance from the second lens rather
less than the focal length of that lens. Hence the rays
after passing through this second lens appear to come
from an_ereot virtual image s¢; and this therefore can
be seen by an eye &K on the common axis of the lenses.
The magnifying power, as in Art. 301, is equal to the pro-
portion of the angle under which the image st a;:gears to
the angle under which the object would appear if placed
where the image is.

399. We proceed to compound microscopes; here a
real image is formed by part of the instrument and magni-
fied by the rest : in the simplest case the image is formed
by one lens and magnified by another. 4B and HK are
convex lenses having a common axis ; 4B, which is nearest
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to the object, is called the object glass, and HK is called
the eye glass. 4B is of short focal length. PQ is a small

o

s
object nearly on the common axis of the lenses, a little
further from 4B than the focal length of this lens; thus a
real inverted ima.ﬁfupq will be formed on the other side of
AB. The eye glass HK is so placed that pq is at a little
less distance from it than its focal length ; hence the rays
coming from pg will after refraction appear to come from
a virtual image s¢ which is erett with respect to pg, and
therefore inverted with respect to PQ: this will be visi-
ble to an eye £ on the axis of the lenses.

400. The magnification here is two-fold. In the first
place the image pg is a magnified representation of PQ;
and in the next place the lens HK magnifies p¢ in the
manner explained in Arts. 298...302. The proportion of
pq to PQ is the same as that of Cq to CQ ; for example if
(q is six times CQ then pg is six times P@Q. Again su
gfse that the focal length of HK is one inch, and that the

istance of distinct vision is ten inches, then the eye glass
m