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PREFACHE

T

THE ENGLISH EDITION.

SINcE my return from the United States I have sought,
by additions and emendations of various kinds, to
render these Lectures more useful to my readers on

both sides of the Atlantie.

JOHN TYNDALL.

Royar IxsTiTUTION :
June 1873.
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——— ——

My eminent friend Professor Joserm HEeNry, of the
Smithsonian Institution, Washington, did me the
honour of taking these lectures under his personal
direction, and of arranging the times and places at
which they were to be delivered.

Believing that my home duties could hardly be
suspended for a longer period, I did not, at the outset,
expect to be able to prolong my visit to the United
States beyond the end of 1872.

Thus limited as to time, Professor HuNRY began
i the North, and, proceeding southwards, arranged
for the sueccessive delivery of the lectures in Boston,
New York, Philadelphia, Baltimore, and Washington.

By this arrangement, which circumstances at the
time rendered unavoidable, the lectures in New York
would have been rendered coincident with the period of
the presidential election. This was deemed unsatisfac-
tory, and the fact being represented to me, I at once
offered to extend the time of my visit so as to malke the
lectures in New York succeed those in Washington.
The proposition was cordially accepted by my friends.

Lo me personally this modified arrangement has
proved both pleasant and beneficial. It gave me a
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much-needed and delightful holiday at Niagara Falls ;
it, moreover, rendered the successive stages of my
work a kind of growth, which reached its most im-
pressive development in New York and Brooklyn.

My reception throughout has been that of a friend
by friends : and now that my visit has become virtually
a thing of the past, I look back upon it as a memory
without a single stain of unpleasantness. Excepting
one inexorable event, nothing has oceurred that I could
wish not to have occurred; while from beginning to
end I have been met by expressions of good-will on the
part of the American people never, on my part, to be
forgotten. Indeed, ¢good-will’ is not the word to ex-
press the kindness manifested towards me in the United
States.

Would that it had been in my power to meet the wishes
of my friends more completely, by responding to the invi-
tations sent to me from thegreat citiesof the Interior and
the West. But the character of the lectures, and their
weight of instrumental appliances, involved such heavy
labour that the need of rest alone would be a sufficient
reason for my pausing here. Besides this, each succes-
sive mail from London brings me intelligence of work
suspended and duties postponed through my absence.

The Royal Institution possesses an honorary secretary
who has devoted the best years of an active professional
life and the best energies of a strong man to ils
interests. And if anything of the kind should ever be
founded here, the heartiest wish that I could offer for
its success would be, that it may be served with the
singleness of purpose, and self-sacrificing love, bestowed
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by its managers and its members on the Royal Institu-
tion ; and by none more unceasingly than by Dr. BENCE
Joxes. But he, on whom I might rely, is now smitten
down by a distressing illness;" and, though others are
willing to aid me in all possible ways, there can be no
doubt as to my line of duty. I ought to be at home.
T ask my friends in the Interior and the West to take
these thingsinto consideration ; and to think of me not
as one insensible to their kindness, but as one who, with -
a warmth commensurate with their own, would comply
with all their wishes if he could.

One other related point deserves mention. On quit-
ting England I had mno intention of publishing these
lectures, and, except a fragment or two,they were wholly
mnwritten when I arrived in this city. Since that time,
besides lecturing in New York, Brooklyn, and New
Haven, the lectures have heen written out and carried
through the Press. No doubt many evidences of the
rapidity of their production will appear ; but I thought
it due to those who listened to them with such un-
wavering attention, as also to those who wished to hear
them, but were unable to do so, to leave them behind me
in an approximately authentic form. The constant
application which this work rendered necessary has
cut me off from many social pleasures; it has pre-
vented me from making myself acquainted with the
working of institutions in which I feel a deep interest,
and from availing myself of the generous hospitality
offered to me by the clubs of New York. .In short, it

' ‘HE died, working for the Institution to the last, on Sunday morning,
April 20, 1873,
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has made me an unsociable man. But, finding social
pleasure and hard work incompatible, I took the line
of devoting such energy as I could command, not to
the society of my intimate friends alone, but to the
people of the United States.

In the opening lecture are mentioned the names of
gentlemen to whom I am under lasting obligations for
their friendly and often laborious aid. The list might
readily be extended, for in every city I have visited
willing helpers were at hand. I must not, however,
omit the name of Mr, Ruzgs, Professor HeNry's private
‘secretary, who not only in Washington, but in Boston,
gave me most important assistance. To the Trustees
of the Cooper Institute my acknowledgments are due;
and to the Directors of the Mercantile Library at
Brooklyn. I would add to these a brief but grateful
- reference to my high-minded friend and kinsman
General Hecror TyYxpaLE, for his long-continued care of
me, and for the thoughtful tenderness by which he and
his family softened, both to me and to the parents of
the youth, the pain occasioned by the death of my
junior assistant in Philadelphia.

Finally, I have to mention with warm commendation
the integrity, ability, and devotion with which, from
first to last, I have been aided by my principal assistant,
Mzr. Jonx COTTRELL.

JonN TYNDALL.

New York : Felruary 1873.
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LECTURE I.

INTRODUCTORY —USES OF EXPERIMENT—EARLY SCIENTIFIC NOTIONS—
SCIENCES OF OBSERVATION —ENOWLEDGE OF THE ANCIENTS REGARD-
ING LIGHT—NATURE JUDGED FROM THEORY DEFECTIVE—DEFECTS OF
THE EYE—0OUR INSTRUMENTS—RECTILINEAL PROPAGATION OF LIGHT—
LAW OF INCIDENCE AND REFLECTION—STERILITY OF THE MIDDLE AGES—
REFRACTION —DISCOVERY 0OF SNELL—TPARTIAL AND TOTAL REFLECTION
—VELOCITY OF LIGHT—REMER, BRATLEY, FOUCATLT, AND FIZEATU—
FRINCIPLE OF LEAST ACTION—DESCARTES AND THE RAINBOW —NEW-
TON'S EXPERIMENTS ON THE COMPOSITION OF SOLAR LIGHT—HIS MIS-
TAKE AS REGARDS ACHROMATISM—SYNTHESIS OF WHITE LIGET—YELLOW
AND BLUE LIGHTS PRODUCE WHITE BY THEIR MIXKTURE—COLOURS OF
NATURAL BODIES—ABSORPTION—MIXTURE OF PIGMENTE CONTRASTED
WITH MIXTURE OF LIGHTS,

SOME twelve years ago I published, in England, a

little book entitled the ¢ Glaciers of the Alps,’ and,

2 a couple of years subsequently, a second volume, en-

titled ¢ Heat as a Mode of Motion.” These volumes were

followed by others, written with equal plainness, andwith

a similar aim, that aim being to develop and deepen

Sympathy between science and the world outside of

Science. I agreed with thoughtful men! who deemed

it good for neither world to be isolated from the other,

or unsympathetic towards the other, and, to lessen

this isolation, at least in one department of science, I

' Among whom may be mentioned, especially, the late Sir Edmund
Head, Bart., with whom I had mADY eonversations on this subject.

¢ B
74
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swerved aside from those original researches which had
previously been the pursuit and pleasure of my life.

The works here referred to were, for the most part,
republished by the Messrs. Appleton of New York,'
under the auspices of a man who 18 untiring in his
offorts to diffuse sound scientific knowledge among the
people of the United States; whose energy, ability,
and single-mindedness, in the prosecution of an arduous
task, have won for him the sympathy and support
of many of us in ‘the old country.” I allude to
Professor Youmans. Quite as rapidly as in England,
the aim of these works was understood and appreciated
in the United States, and they brought me from this
<ide of the Atlantic innumerable evidences of good-
will. Year after year invitations reached me® to
visit America, and last year I was honoured with a
request 8o cordial, and signed by five-and-twenty
names so distinguished in science, in literature, and
in administrative position, that I at once resolved to
respond to it Dby braving not only the disquieting
oscillations of the Atlantic, but the far more disquiet-
ing ordeal of appearing in person before the people of
the United States.

This invitation, conveyed to me by my accom-
plished friend Professor Lesley, of Philadelphia, and
preceded by a letter of the same purport from your
scientific Nestor, the celebrated Joseph Henry, of
Washington, desired that I would lecture in some of
the principal cities of the Union. This I agreed to

1 At whose hands it gives me pleasure to state T have always ex-

-periented honourable and liberal treatment.
z One of the earliest of these came from Mr. John Amory Lowell, of

FBoston.
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do, though much in the dark as to a suitable subject.
In answer to my inquiries, however, I was given to
understand that a course of lectures showing the uses of
experiment in the cultivation of Natural Knowledge
would materially promote scientific education in this
country. And though such lectures involved the selec-
tion of weighty and delicate instruments, and their
transfer from place to place, I at once resolved to
meet the wishes of my friends as far as the time and
means at my disposal would allow.

Experiments have two great vses—a use in dis-
covery and verification, and a use in tuition. They
were long ago defined as the investigator’s language
addressed to Nature, and to which she sends intelligible
replies. These replies, however, usually reach the ques-
tioner in whispers too feeble for the public ear. But
atter the discoverer comes the teacher, whose funection
1t 1s so to exalt and modify the experiments of his pre-
decessor as to render them fit for public presentation.
This secondary function I shall endeavour, in the present
instance, to fulfil.

I propose to take a single department of natural
philosophy, and illustrate, by means of it, the growth
of scientific knowledge under the guidance of experi-
ment. I wish, in this first lecture, to make you
acquainted with certain elementary phenomena ; then
to point out to you how those theoretic principles by
which phenomena are explained, take root, and flourish
in the human mind, and afterwards to apply these prin-
ciples to the whole body of knowledge covered by the
lectures. The science of optics lends itself to this
mode of treatment, and on it, therefore, I propose to

B 2
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draw for the materials of the present course. It will
be best to begin with the few simple facts regarding
light which were known to the ancients, and to pass
from them in historic gradation to the more abstruse
discoveries of modern times.

All our notions of Nature, however exalted or how-
ever grotesque, have some foundation in experience.
The notion of personal volition in Nature had this basis.
In the fury and the serenity of natural phenomena the
savage saw the tramseript of his own varying moods,
and he accordingly ascribed these phenomena to beings
of like passions with himself, but vastly transcending
him in power. Thus the notion of causality—the as-
sumption that natural things did not come of them-
selves, but had unseen antecedents—lay at the root of
even the savage’s interpretation of Nature. Out of
thiz bias of the human mind to seek for the ante-
cedents of phenomena all science has sprung.

We will not now go back to man’s first intellectual
gropings; much less shall we enter upon the thorny dis-
cussion as to how the groping man arose. We will take
him at a certain stage of his development, when, by evo-
lution or sudden endowment, he became possessed of the
apparatus of thought and the power of using it. For
+ time—and that historically a long one—he was limited
to mere observation, aceepting what Nature offered,
and confining intellectual action to it alone. The ap-
parent motions of sun and stars first drew towards them
the questionings of the intellect, and accordingly astro-
nomy was the first <cience developed. Slowly, and with
difficulty, the notion of natural forces took root in the
human mind. No such notion, I may remark, is spon-
taneously generated, and the seedling of this one was the
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actual observation of electric and magnetic attractions
and repulsions. Slowly,and with difficulty, the science
of mechanics had to grow out of this notion ; and slowly
at last came the full application of mechanical princi-
ples to the motions of the heavenly bodies. We trace
the progress of astronomy through Hipparchus and
Ptolemy ; and, after a long halt, through Copernicus,
Galileo, Tycho Brahe, and Kepler 3 while from the high
table-land of thought raised by these men Newton shoots
upward like a peak, overlooking all others from his
dominant elevation.

But other objects than the motions of the stars at-
tracted the attention of the ancient world. Light was
a familiar phenomenon, and from the earliest times we:
find men’s minds busy with the attempt to render some
account of it. But without experiment, which belongs
to a later stage of scientific development, little progress
could be made in this subject. The ancients, accord-
ingly, were far less successful in dealing with light
than in dealing with solar and stellar motions. Still
they did make some progress. They satisfied them-
selves that light moved in straight lines; they knew
also that light was reflected from polished surfaces, and
that the angle of incidence of the rays of light was
equal to the angle of reflection. These two results of
ancient scientific curiosity constitute the starting-point
of our present course of lectures.

But in the first place it will be useful to say a few
words regarding the source of light to be employed in
our experiments. The rusting of iron is, to all intents
and purposes, the slow burning of iron. It develops
heat, and, if the heat be preserved, a high temperature
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may be thus attained. The destruction of the first
Atlantic cable was probably due to heat developed in
this way. Other metals are still more combustible
than iron. You may light strips of zinc in a candle
flame. and cause them to burn almost like strips of
paper. But we must now expand our definition of
combustion, including under this term not only com-
bustion in air, but also combustion in liquids. Water,
for example, contains a store of oxygen, which may
unite with and consume a metal immersed in it ; it is
from this kind of combustion that we are to derive the
heat and light employed in our present course.

The generation of this light and of this heat merits
a moment’s attention. Before you is an instrument—
" o small voltaic battery—in which zine is immersed in
a suitable liguid. An attractive foree is at this
moment exerted between the metal and the oxygen
of the liquid, actual union, however, being in the
first instance avoided. Uniting the two ends of the
battery by a thick wire, the attraction is satisfied,
the oxygen unites with the metal, zine is consumed,
and heat, as usual, is the result of the combustion. A
power which, for want of a better name, we call an
electric current, passes at the same time through the
wire.

Cutting the thick wire in two, let the severed ends
be united by a thin one. It glows with a white heat.
Whence comes that heat ?  The question is well worthy
of an answer. Suppose in the first instance, when
the thick wire 13 employed, that we perm it the action
to continue until 100 grains of zine are consumed, the
amount of heat generated in the battery would be
capable of accurate numerical expression.  Let the
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qotion then continue, with the thin wire glowing, until
100 grains of zine are consumed. Will the amount of
heat generated in the battery be the same as before ?
No, it will be less by the precise amount generated in
the thin wire outside the battery. In fact, by adding
the internal heat to the external, we obtain for the
combustion of 100 grains of zine a total which never
varies. We have here a beautiful example of that law of
constancy as regards natural energies, the establishment
of which is the greatest achievement of modern scientific

philosophy. By this arrangement, then, we are able to
burn our zine at one place, and to exhibit the effects
of its combustion at a distant place. In New York, for
example, we may have our grate and fuel ; but the heat
and light of our fire may be made to appear at San
Franeisco.

Removing the thin wire and attaching to the severed
ends of the thick one two rods of coke, we obtain on
bringing the rods together (as in fig. 1), a small star of
light. Now, the light to be employed in our lectures
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is a simple exaggeration of this star. Instead of being
produced by ten cells, it is produced by fifty. Placed
in a suitable camera, provided with a suitable lens,
this powerful source will give us all the light necessary
for our experiments.

And here, in passing, I am reminded of the common
delusion that the works of Nature, the human eye
included, are theoretically perfect. The eye has
grown for ages towards perfection; but ages of per-
fecting may be still before it. Looking at the
dazzling light from our large battery, I see a luminous
globe, but entirely fail to see the shape of the coke-
points whence the light issues. The cause may be thus
made clear: On the screen before you is projected an
image of the carbon points, the whole of the lens in
front of the camera being employed to form the image.
It is not sharp, but surrounded by a halo which nearly
obliterates the carbons. This arises from an impertec-
tion of the lens, called its spherical aberration, due to
the fact that the circumferential and central rays have
not the same focus. The human eye labours under a
similar defect, and from this and other causes it arises
that when the naked light from fifty cells is looked at,
the blur of light upon the retina is sufficient to destroy
the definition of the retinal image of the carbons. A
long list of indictments might indeed be brought against
the eye—its opacity, its want of symmetry, its lack of
achromatism, its absolute blindness, in part. All these
taken together caused Helmholtz to say that, if any
optician sent him an instrument so full of defects, he
would be justified in sending it back with the severest
censure. But the eye is not to be judged from the
stand-point of theory. It is not perfect, as I have said,
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but on its way to perfection. Asa practical instrument,
and taking the adjustments by which its defects are
neutralized into account, it must ever remain a marvel
to the reflecting mind.

The ancients, then, were aware of the rectilineal pro-
pagation of light. They knew that an opaque body,
placed between the eye and a point of light, intercepted
the light of the point. Possibly the terms ¢ray’ and
‘beam’ may have been suggested by those straight
spokes of light which, in certain states of the atmos-
phere, dart from the sun at his rising and his setting.
The rectilineal propagation of light may be illustrated
at home by permitting the solar light to enter by a
small aperture in a window shutter a dark room in which
a little smoke has been diffused. In pure air you can-
not see the beam, but in smoke you can, because
the light, which passes unseen through the air, is scat-
tered and revealed by the smoke particles, among which
the beam pursues a straight course.

Or proceed in this way : Make a small hole in a closed
window-shutter, before which stands a house or a tree,and
place withinthe darkened room awhitesereenat some dis-
tance from theorifice. Everystraightray proceedingfrom
the house or tree stamps its colour upon the screen, and
the sum of all the rays will, therefore, be an image of
theobject. But,as the rays cross each other at the orifice,
the image is inverted. At present we may illustrate and
expand the subject thus: In front of our camera is a
large opening (L, fig. 2), from which the lens has been
removed, and which is closed at present by a sheet of tin-
foil. ~ Pricking by means of a common sewing-needle a
small aperture in the tin-foil, an inverted image of the
carbon-points starts forth upon the screen. A dozen
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apertures will give a dozen images, a hundred a
hundred, a thousand a thousand. But, as the apertures
come closer to each other, that is to say, as the tin-foil
between the apertures vanishes, the images overlap
more and more. Removing the tin-foil altogether, the
sereen becomes uniformly illuminated. Hence the
Jight upon the screen may be regarded as the overlap-
ping of innumerable images of the carbon-points. In

F1a. 2.

like manner the light upon every white wall on a
cloudless day may be regarded as produced by the
superposition of innumerable images of the sun.

The law that the angle of incidence is equal to the
angle of reflection has a bearing upon a theory, to be
subsequently mentioned, which renders its simple 1llus-
tration here desirable. A straight lath (pointing
to 5 in fig. 3) is placed as an index perpendicular
to a small looking-glass (M) capable of rotation.
A beam of light is first received upon the glass and re-
flected back along the line of its incidence. Though
the incident and the reflected beams pass in opposite
directions, they do not jostle or displace each other.
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The index being turned, the mirror turns along with it,
and at each side of the index the incident and the re-
flected beams (L 0, 0 R), are seen tracking themselves
through the dust of the room. The mere inspection of
the two angles enclosed between the index and the two
beams suffices to show their equality. Small elastic balls
impinging on the looking-glass would follow the course

Fia. 3.

of the reflected light. A card placed edgeways upon a
table without inclination to the right or to the left
is said to be perpendicular to the plane of the table.
In the case of light the incident and reflection rays
always lie in a plane perpendicular to the reflecting
surface.

This simple apparatus enables us to illustrate another
law of great practical importance, namely, that, when a
mirror rotates, the angular velocity of a beam reflected
from it is twice that of the reflecting mirror. A simple
experiment will make this plain to you. The are (m n fig.
3) before you is divided into ten equal parts, and when
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the incident beam and the index cross the zero of the
graduation, both the incident and reflected beams are
horizontal. Moving the index of the mirror to 1,
the reflected beam cuts the arc at 2 ; moving the index
to 2, the are is cut at 4 ; moving the index to 3, the arc
is eut at 6 ; moving the index to 4, the arc is cut at 8
finally, moving the index to 5, the arc is cut at 10 (as
in the figure). Inevery case the reflected beam moves
through twice the angle of the mirror.

One of the problems of science, on which scientific
progress mainly depends, is to help the senses of man
by carrying them into regions which could never be
attained without such help. Thus we arm the eye with
the telescope when we want to sound the depths of
gpace, and with the microscope when we want to ex-
plore motion and structure in their infinitesimal dimen-
sions. Now, this law of angular reflection, coupled
with the fact that a beam of light possesses no weight,
gives us the means of magnifying small motions to an
extraordinary degree. Thus, by attaching mirrors to
his suspended magnets, and by watching the images of
divided scales reflected from the mirrors, the celebrated
Gauss was able to detect the slightest thrill of variation
on the part of the earth’s magnetic force. Bya similar
arrangement, the feeble attractions and repulsions of
the diamagnetic force have been made manifest. The
minute elongation ofa bar of metal by the mere warmth
of the hand may be so magnified by this method as to
cause the index-beam to move from the ceiling to the
floor of this room. The lengthening of a bar of iron
when it is magnetized may be also thus demonstrated.
Helmholtz long ago employed this method to render
evident to his students the classical experiments of
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Du Bois Raymond on animal electrieity ; while in Sir
William Thomson’s reflecting galvanometer the prin-
ciple receives one of its latest applications.

For more than a thousand years no step was taken
in optics beyond this law of reflection. The men of the
Middle Ages, in fact, endeavoured on the one hand to
develope the laws of the universe & priori out of their
own consciousness, while many of them were so occupied
with the concerns of a future world that they looked
with a lofty scorn on all things pertaining to this one.
Speaking of the natural philosophers of his time, Euse-
bius says, ‘It is not through ignorance of the things
admired by them, but through contempt of their useless
labour, that we think little of these matters, turning
our souls to the exercise of better things.” So also
Lactantinus—* To search for the causes of things; to
inquire whether the sun be as large as he seems;
whether the moom is convex or concave; whether the
stars are fixed in the sky, or float freely in the air;
of what size and of what material are the heavens ;
whether they be at rest or in motion; what is the
magnitude of the earth; on what foundations is it
suspended or balanced ;—to dispute and conjecture upon
such matters is just as if we chose to discuss what we
think of a city in a remote country, of which we never
heard but the name.!

! The spirit of those ancient heroes of the faith is still to be found
in unexpected places. Inthe April number of the Contemporary Review,
after describing how modern seience came to be what it is, my friend
Dr. Acland puts the following language into the mouth of Bishop
Wilson :—f What is surprising to me is the Iabour that you have taken
to attain so very little. You deserve for this the utmost credit a reason-
able being can desire; for you, being so accurate and so painstaking,
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As regards the refraction of light, the course
of real inquiry was resumed in 1100 by an Arabian
philosopher named Alhazen. Then it was taken up in
succession by Roger Bacon, Vitellio, and Kepler. One
of the most important occupations of science is the deter-
mination, by precise measurements, of the quantitative
relations of phenomena ; the value of such measurements
depending greatly upon the skill and conscientious-
ness of the man who makes them. Vitellio appears to
have been both skilful and conscientious, while Kepler's
habit was to rummage through the observations of his
predecessors, to look at them in all lights, and thus distil
from them the principles which united them. He had
done this with the astronomical measurements of Tycho
Brahe, and had extracted from them the celebrated
¢laws of Kepler., He did it also with Vitellio’s mea-
surements of refraction. But in this case he was not
successful. The principle, though a simple one,
escaped him, and it was first discovered by Willebrod
Snell, about the year 1621.

l.ess with the view of dwelling upon the phenomenon
itself than of introducing it in a form which will render
intelligible to you subsequently the play of theoretic
thought in Newton’s mind, the fact of refraction may
be here demonstrated. I will not do this by drawing

seem well aware of the uncertainty of some of your data, and of the possi-
ble futility, therefore, of some of your conclusions, For T am told that
with all your pains, your seiences contain within them so many examples
of proved errors, that, being candid men, you must often feel the material
ground under your feet to be very slippery.’ Schelling thus expresses
his contempt for experimental knowledge: * Newton’s Opties is the
greatest illustration of a whole structure of fallacies, which in all its

arts is founded on observation and experiment.” There are some smull
imitators of Schelling still in Germany.
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the course of the beam with chalk on a black board,
but by causing it to mark its own white track before
you. A shallow circular vessel (R I G, fig. 4), with a
glass face, half filled with water rendered barely turbid
by the admixture ofa little milk or the precipitation of a
little mastic, is placed upon its edge with its glass face
vertical. By means of a small plane reflector (M), and
through a slit (I) in the hoop surrounding the vessel, a

Fic. 4.

beam of light is admitted in any required direction.
It impinges upon the water (at O), enters it, and
tracks itself through the liquid in a sharp, bright band
(00 G). Meanwhile the begm passes unseen through
the air above the water, for the air is not competent to
scatter the light. A puff of tobacco-smoke into this
space at once reveals the track of the incident-beam.
It the incidence be vertical, the beam is unrefracted.
If oblique, its refraction at the common surface of air
and water (at O), is rendered clearly visible. It is also
seen that reflection (along O R) accompanies refraction,
the beam dividing itself at the point of incidence
into a refracted and a reflected portion.,
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The law by which Snell connected together all the
measurements executed up to his time, is this: Let
A B CD (Fig 5.) represent the outline of our eircular
vessel, A C being the water-line. When the beam
is incident along B E, which is perpendicular to A C,
there is no refraction. When it is incident along m E,
there is refraction : it is bent at E and strikes the
circle at n. When it is incident along m’ E, there is
also refraction at E, the beam striking the point n'.

F1c. §.

From the ends of the incident beams, let the perpen-
diculars m 0, 7w’ o’ be drawn upon B D, and from the
ends of the refracted beims let the perpendiculars
p m, p’ @ be also drawn. Measure the lengths of 0 m
and of p m, and divide the one by the other. You
obtain a certain quotient. In like manner divide m’ o
by the corresponding perpendicular p’ '3 you obtain
in each case the same quotient. Snell, in fact, found
" this quotient to be a constant quality for each par-
ticular substance, though it varied in amount from
cubstance to substance. He called the quotient the
index of refraction.
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In all cases where the light is ineident from air upon
the surface of a solid or a liquid, or, more generally still,
when the inecidence is from a less highly refracting to
a more highly refracting medium, the reflection is par-
tial. In this case the most powerfully reflecting sub-
stances either transmit or absorb a portion of the ineci-
dent licht. At a perpendicular incidence water reflects
only 18 rays out of every 1,000; glass reflects only 25
rays, while mercury reflects 666. When the rays strike
the surface obliquely the reflection is augmented. At
an incidence of 40°, for example, water reflects 22 rays,
at 60° it reflects 65 rays, at 80° 333 rays; while at an
incidence of 894°, where the light almost grazes the
surface, it reflects 721 rays out of every 1,000. Thus,
as the obliquity increases, the reflection from water
approaches, and finally quite m*ertakes, the reflection
from mercury; but at no incidence, however great, is
the reflection from water, mercury, or any other sub-
stance, tofal.

Still, total reflection may ocenr, and with a view to
understanding its subsequent application in the Nicol's
prism, it 1s necessary to state when it occurs. This
leads me to the enunciation of a principle which under-
lies all optical phenomena—the principle of reversi-
bility.! 1In the case of refraction, for mstance, when
the ray passes obliquely from air into water, it is bent
towards the perpendicular ; when it passes from water
to air, it is bent from the perpendicular, and accurately
reverses its course. Thusin fig. 5, if m & % be the tra_cfc
taken by a ray in passing from air into water, n £ m

' From this principle Sir John Herschel deduces in a simple and

elegant manner the fundamental law of reflecti e
: on,—Se 5
Lectures, p. 236, e Familiar

C
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will be its track in passing from water into air. Let
us push this principle to its consequences. Supposing
the light, instead of being incident along 7 £ or m ¥
were incident as close as possible along ¢ E, (fig. 6);
suppose, in other words, that it just grazes the surface
before entering the water. After refraction it will pur-
sue the course E 7’/ Conversely, if the light start from
w”, and be incident at =, it will on escaping into the
air just graze the surface of the water. The question
now arises, what will oceur supposing the ray from the

water follows the course 7/ E, which lies beyond %" 7

Fiag. 6.

The answer is, it will not quit the water at all, but will
be totally reflected (along E@). At the under surface of
the water, moreover, the law is just the same as at
its upper surface, the angle of incidence (p En’"") being
here also equal to the angle of reflection (0 E ).

Total reflection may be thus simply illustrated :—
Place a shilling in a drinking-glass, and tilt the glass
so that the light from the shilling shall fall with the
necessary obliquity upon the water surface above it.
Look upwards towards that surface, and you see the
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image of the shilling shining there as brightly as the
shilling itself. Thrust the closed end of a glass test-
tube into water, and incline the tube. When the incli-
nation is sufficient, the horizontal light falling upon
the tube cannot enter the air within it, but is totally
reflected upward ; when looked down upon, such a tube
looks quite as bright as burnished silver. Pour a little
water into the tube ; as the liquid rises total reflection
1s abolished, and with it the lustre, leaving a gradually
diminishing shining zone, which disappears wholly when
the level of the water within the tube reaches that
without it. Any glass tube, with its end stopped water-
tight, will produce this effect, which is both beautiful
and instructive.

Total reflection never oceurs except in the attempted
passage of a ray from a more refracting to a less re-
fracting medium ; but in this case, when the obliquity
is sufficient, it always occurs. The mirage of the desert
and other phantasmal appearances in the atmosphere
are in part due to it. When, for example, the sun
heats an expanse of sand, the layer of air in contact
with the sand becomes lighter and less refracting than
the air above it ; consequently, the rays from a distant
object striking very obliquely on the surface of the
heated stratum, are sometimes totally reflected upwards,
thus producing images similar to those produced by
water. I have seen the image of a rock called Mont -
Tombeline inverted on the heated strand of Normandy
near Avranches; and by such delusive appearances the
thirsty soldiers of the French army in Egypt were for
a time greatly tantalized.

The angle which marks the limit beyond which total
reflection takes place is called the limviting angle (it is

Cc 4




20 ON LIGHT. LECT,

marked in fig. 6 by the strong line E«). It must evi-
dently diminish as the refractive index increases. For
water it is 481°, for flint glass 38° 41, and for diamond
23°49’. Thus all the light incident from two complete
quadrants, or 180°% in the case of diamond, is con-
densed into an angular space of 47° 22’ (twice 23° 427)
by refraction. Coupled with its great refraction, are
the great dispersive and great reflective powers of dia-
mond ; hence the extraordinary radiance of the gem,
both as regards white light and prismatie light.'

In 1676 an impulse was given to optics by astronomy.
In that year Olav Reemer, a learned Dane, was engaged
at the Observatory of Paris in observing the eclipses of
Jupiter's moons. The planet, whose distance from the
gun is 475,693,000 miles, has four satellites. We are
now only concerned with the one nearest to the planet.
Reemer watched this moon, saw it move round in front
of the planet, pass to the other side of it, and then
plunge into Jupiter’s shadow, behaving like a lamp sud-
denly extinguished: at the second edge of the shadow
he saw it reappear like a lamp suddenly lighted. The
moon thus acted the part of a signal light to the
astronomer, and enabled him to tell exactly its time of
revolution. The period between two successive light-
ings up of the lunar lamp he found to be 42 hours, 28
minutes, and 35 seconds.

This measurement of time was s0 accurate, that

1 With regard to the total reflection of light within a jet of water,
where the jet shines like molten lava as it falls, it might well be
asked, if the reflection be fofal and internal, how is the jet seen?
Were the water pure, I believe the jot could not be seen; the light, as
Emerson says, would in this case hide itself in transparency. The jet
is seen as our beam is seen in the experiment on refraction (Fig. 4)—

through the scattering of the light by mechanically suspended particles,
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having determined the moment when the moon emerged
from the shadow, the moment of its hundredth appear-
ance could also be determined. In fact it would be
100 times 42 hours, 28 minutes, 35 seconds, after the
first observation.

Reemer’s first observation was made when the earth
was in the part of its orbit nearest Jupiter. About
six months afterwards, the earth being then at the
opposite side of its orbit, when the little moon ought
to have made its hundredth appearance, it was found
unpunctual, being fully 15 minutes behind its calen-
lated time. Its appearance, moreover, had been grow-
ing gradually later, as the earth retreated towards the
part of its orbit most distant from Jupiter. Rcemer
reasoned thus:—¢ Had T been able to remain at the
other side of the earth’s orbit, the moon might have
appeared always at the proper instant; an observer
placed there would probably have seen the moon 15
minutes ago, the retardation in my case being due to
the fact that the light requires 15 minutes to travel
from the place where my first observation was made to
‘my present, position.’

This flash of genius was immediately succeeded by
‘another. ¢ If this surmise be correct,” Reemer reasoned,
“then as I approach Jupiter along the other side of the
earth’s orbit, the retardation ought to become gradu-
ally less, and when I reach the place of my first obser-
‘vation, there ought to be no retardation at all’ He
found this to be the case, and thus not only proved that
light required® time to pass through space, but also
determined its rate of propagation.

The velocity of light, as determined by Reemer, is
192,500 miles in a second.
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For a time, however, the observations and reasonings
of Reemer failed to produce convietion. They were
doubted by Cassini, Fontenelle, and Hooke. Subse-
quently came the unexpected corroboration of Reemer by
the English astronomer, Bradley, who noticed that the
fixed stars did not really appear to be fixed, but that they
deseribe little orbits in the heavens every year. The
result perplexed him, but Bradley had a mind open to
suggestion, and capable of seeing, in the smallest fact,
a picture of the largest. He was one day upon the
Thames in a boat, and noticed that as long as his
course remained unchanged, the vane upon his mast-
head showed the wind to be blowing constantly in the
same direction, but that the wind appeared to vary with
every change in the direetion of his boat. ¢Here,” as
Whewell says, ¢ was the image of his case. The boat
was the earth, moving in its orbit, and the wind was
the light of a star.

We may ask in passing, what without the faculty
svhich formed the ¢image,” would Bradley’s wind and
vane have been to him? A wind and vane, and nothing
more. You will immediately understand the meaning

- of Bradley’s discovery. Imagine yourself in a motion-
less railway-train with a shower of rain descending
vertically downwards. The moment the train begins
to move the rain-drops begin to slant, and the quicker
the motion of the train the greater is the obliquity. In
a precisely similar manner the rays from a star verti-
cally overhead are caused to slant by the motion of the
earth through space. Knowing the speéd of the train,
and the obliquity of the falling rain, the velocity of
the drops may be calculated ; and knowing the speed
of the earth in her orbit, and the obliquity of the rays



ABERRATION OF LIGHT, BRADLEY. 23

T.

due to this cause, we can calculate just as easily the
velocity of light. Bradley did this, and the ¢aberra-
tion of light, as his discovery iz called, enabled him
to assign to it a velocity almost identical with that
deduced by Reemer from a totally different method
of observation. Subsequently Fizeau, employing not
planetary or stellar distances, but simply the breadth
of the city of Paris, determined the velocity of light:
while after him Foucault—a man of the rarest me-
chanical genius—solved the problem without quitting
his private room. Owing to an error in the determi-
nation of the earth’s distance from the sun, the velocity
assigned to light by both Reemer and Bradley is too
great. With a close approximation to accuracy it may
be regarded as 186,000 miles a second.

By Reemer’s discovery, the notion entertained by
Descartes, and espoused by Hooke, that light is pro-
pagated instantly through space, was overthrown. But
the establishment of its velocity through stellar space
led to speculations regarding its velocity in transparent
terrestrial substances. The index of refraction of aray
passing from air into water is #. Newton assumed these
numbers to mean that the velocity of light in water
being 4 its velocity in air is 3; and he deduced the
phenomena of refraction from this assumption. The
reverse has since been proved to be the case—that is to
say, the velocity of light in water being 3, its velocity
in air is 43 but both in Newton’s time and ours the
same great principle determined, and determines, the
course of light in all cases. In "passing from point to
point, whatever be the media in its path, or however it
may be reflected, light takes the course which oceupies
least time, Thus in fig. 4, taking its velocity in air

*



24 ON LIGHT. ' LECT,

and in water into account, the light reaches G from I
more rapidly by travelling first to O, and there changing
its course, than if it proceeded straight from I to G.
This is readily comprehended, because in the latter case
it would pursue a greater distance through the water,
which is the more retarding medium.

Snell’s law of refraction is one of the corner-stones of
optical science, and its applications to-day are million-
fold. Immediately after its discovery Descartes applied it
to the explanation of the rainbow. A beam of solar light
falling obliquely upon a rain-drop is refracted on enter-
ing the drop. It is in part reflected at the back of the
drop, and on emerging it is again refracted. By these
two refractions, at its entrance and at its emergence, the
beam of light is decomposed, quitting the drop resolved
into its coloured constituents. The light thus reaches
the eye of an observer facing the drop, and with his
back to the sun.

Conceive a line drawn from the sun to the observer’s
eye and prolonged beyond the observer. Conceive
another line drawn, enclosing an angle of 42}° with the
line drawn from the sun, and prolonged to the falling
shower. Along this second line the rain-drop, at its
remote end, when struck by a sunbeam, will send a ray
of red light. Every other drop similarly situated, that
is, every drop at an angular distance of 423" from the
line aforesaid, will do the same. A circular band of red
light is thus formed, which may be regarded as a portion
of the base of a cone, having the rays which form
the band for an envelope, and its apex at the observer’s
eye. Because of the magnitude of the sun, the angular
width of this red band will be half a degree.

From the eye of the observer conceive another line

b

B —
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to be drawn, enclosing an angle, not of 4247 but of
401° with the line drawn from the eye to the sun.
Along this line a solar beam striking a rain-drop will
send violet light to the eye. All drops at the same
angular distance will do the same, and we shall there-
fore obtain a band of violet light of the same width as
the red band. These two bands constitute the limiting
colours of the rainbow, and between them the bands
corresponding to the other colours lie.

Thus the line drawn from the observer to the middle
of the bow and the line drawn through the observer to
the sun always enclose an angle of about 41°; to account
for this was the great difficulty, which remained un-
solved up to the time of Descartes.

Taking a pen in hand and caleulating by means
of Smell’s law the track of every ray through a rain-
drop, Descartes found that, at one particular angle,
the rays emerged from the drop aluiost parallel to
each other. They were thus enabled to preserve
their intensity through long atmospheric distances.
At all other angles the rays quitted the drop
divergent, and through this divergence became so
enfeebled as to be practically lost to the eye. The
angle of parallelism here referred to was that of forty-
one degrees, which observation had proved to be in-
variably associated with the rainbow.

And here we may devote a moment to a question
which has often been the subject of public discussion—
whether, namely, a rainbow which spans a tranquil sheet
of water is ever seen reflected in the water ? Supposing
you eut an arch out of pasteboard, of the apparent width
of the rainbow, and paint upon it the colours of the bow ;
such a painted arch, spanning still water, would, if not
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too distant, undoubtedly be seen reflected in the water.
The coloured rays from such an arch would be emitted
in all directions, those striking the water at the proper
angle, and reflected to the eye, giving the image of the
arch. But the rays effective in the rainbow are emitted
only in the direction fixed by the angle of 41°. Those
rays, therefore, which are scattered from the drops upon
the water, do not carry along with them the necessary
condition of parallelism; and, hence, though the
clond on which the bow is painted may be reflected
from the water, we can have no reflection of the bow
itself.

In the rainbow a new phenomenon was intreduced
—the phenomenon of colour. And here we arrive
at one of those points in the history of science, when
great men’s labours so intermingle that it is difficult
to assign to each worker his precise meed of honour.
Descartes was at the threshold of the discovery of the
composition of solar light; but for Newton was
reserved the enunciation of the true law. He went
to work in this way: Through the closed window-
shutter of a room he pierced an orifice, and allowed
a thin sunbeam to pass through it. The beam stamped
a round white image of the sun on the opposite wall
of the room. In the path of this beam Newton placed
a prism, expecting to see the beam refracted, but also
expecting to see the image of the sun, after refraction,
round. To his astonishment, it was drawn out to an
image with a length five times its breadth. It was,
moreover, no longer white, but divided into bands of
different colours. Newton saw immediately that solar
light was composite, not simple. His elongated image
revealed to him the fact that some constituents of the
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light were more deflected by the prism than others,
and he concluded, therefore, that white solar light was
a mixture of lights of different colours and of different
degrees of refrangibility.

Let us reproduce this celebrated experiment. On
the screen is now stamped a luminous disk, which may
stand for Newton’s imugi-; of the sun. Causing the beam
(from L, fig. 7) which produces the disk to pass through
a lens (E) which forms an image of the aperture, and

Fia. 7.

then througha prism (P), we obtain Newton’s coloured
image, with its red and violet ends, which he called «
spectrum. Newton divided the spectrum into seven
parts—red, orange, yellow, green, blue, indigo, violet ;
which are commonly called the seven primary or pris-
matic colours, The drawing out of the white light
into its constituent colours is called dispersion.

This was the first analysis of solar light by Newton ;
but the scientific mind i¢ fond of verification, and never
neglects it where it is possible. Newton completed his
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proof by synthesis in this way: The spectrum now
before you is produced by a glass prism. Causing the
decomposed beam to pass through a second similar
prism, but so placed that the colours are refracted back
and reblended, the perfectly white luminous disk is
restored.

In this case, refraction and dispersion are simulta-
neously abolished. Are they always so7 Can we have
the one without the other? It was Newton’s conclu-
sion that we could not. Here he erred, and his error,

Fic. 8.

which he maintained to the end of his life, retarded
the progress of optical discovery. Dolland subse-
quently proved that, by combining two different kinds
of glass, the colours can be extinguished, still leaving
a residue of refraction, and he employed this residue
in the construction of achromatic lenses— lenses
yielding no colour—which Newton thought an impossi-
bility. By setting a water-prism—water contained in
a WEdﬂ'B*ﬂlﬂpﬂ‘d vessel with glass sides (B, fig. 8)—in
opposition to a wedge of glass (to the right of B), this
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point can be illustrated before you. We have first of
all the position (dotted) of the unrefracted beam marked
upon the sereen; then we produce the narrow water-
spectrum (W): finally, by introducing a flint-glass
prism, we refract the beam hack, until the colour disap-
pears (at A). The image of the slit is now white; but
you see that, though the dispersion is abolished, there
remains a very sensible amount of refraction.

This is the place to illustrate another point bearing
upon the instrumental means employed in these lee-
tures. Bodies differ widely from each other as to their
powers of refraction and dispersion. Note the position
of the water-spectrum upon the sereen. Altering in
no particular the wedge-shaped vessel, but simply
substituting for the water the transparent bisulphide
of carbon, you notice how much higher the beam is
thrown, and how much richer is the display of colour.
To augment the size of our spectrum we here employ
(at L) a slit instead of a circular aperture.!

The synthesis of white light may be effected in
three ways, which are mnow worthy of attention :
Here, in the first instance, we have a rich spectrum

' The low dispersive power of water masks, as Helmholtz has re-
marked; the imperfect achromatism of the eye. With the naked eye, I
ean see a distant blue disk sharply defined, but not ared one. I ean also
see the lines which mark the upper and lower boundaries of a horizon-
tally refracted spectrum sharp at the blue end, but ill-defined at the red
end. Projecting a luminous disk upon a sereen, and covering one semi-
eircle of the aperture with a red and the other with a blue or green glass,
the difference between the apparent sizes of the two semicireles is in
my case, and in numerous other cases, extraordinary, Many per-
sons, however, see the apparent sizes of the two semicireles reversed.
If with a spectacle glass I correct the dispersion of the red light over
the retina, then the blue ceases to give a sharply-defined image. Thus

examined the departure of the eye from achromatism Appears very gross
indeed.
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produced by the decomposition of the beam (from L
fig. ). One face of the prism (P) is protected by a
diaphragm (not shown in the figure), with a longitu-
dinal slit, through which the beam passes into the prism.
It emerges decomposed at the other side. I permit the
colours to pass through a eylindrieal lens (C), which so
squeezes them together as to produce upon the screen a
sharply-defined rectangular image of the longitudinal
slit (now upright). In that image the colours are re-

Fig. 9.

blended, and you see it perfectly white. Between the
prism and the cylindrical lens may be seen the colours
tracking themselves through the dust or the room.
Cutting off the more refrangible fringe by a card, the
rectangle is seen red; cutting off the less refrangible
fringe, the rectangle is seen blue. By means of a thin
olass prism (W), I deflect one portion of the colours, and
leave the residual portion. On the screen are now two
coloured rectangles produced in this way. These are
complementary colours—colours which, by their union,
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produce white. Note that, by judicions management,
one of these colours is rendered yellow, and the other
blue. I withdraw the thin prism; yellow and blue
immediately commingle, and we have white as the result
of their union. On our way, then, we remove the
fallacy, first exposed by Helmholtz, that the mixture
of blue and yellow lights produces green.

Restoring the circular aperture, we obtain once
more a spectrum like that of Newton. By means
of a lens, we gather up these colours, and build them
together, not to an image of the aperture, but to an
image of the carbon-points themselves.

Finally, in virtue of the persistence of impressions
upon the retina, by means of a rotating disk, on which
are spread in sectors the colours of the spectrum, we
blend together the prismatic colowrs in the eye itself,
and thus produce the impression of whiteness.

Having unravelled the interwoven constituents of
white light, we have mnext to inquire, What part the
constitution so revealed enables this agent to play in
Nature? To it we owe all the phenomena of colour ;
and yet not to it alone, for there must be®a certain rela-
tionship between the ultimate particles of natural bodies
and white light to enable them to extract from it the
luxury of colour. But the function of natural bodies is
here selective, not creative. There is no colour generated
by any natural body whatever. Natural bodies have
showered upon them, in the white light of the sun,
the sum total of all possible colours, and their action
1s limited to the sifting of that total, the appropri-
ating from it of the colours which really belong to them
and the rejecting of those which do not. It will fix
this subject in your minds if I say that it is the portion
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of light which they reject, and not. that which belongs
to them, that gives bodies their colours.

Let us begin our experimental inquiries here by -
asking, What is the meaning of blackness? Pass a
black ribbon through the colours of the spectrum; it
quenches all of them. The meaning of blackness is
thus revealed —it is the result of the absorption of all
the constituents of solar light. Pass a red ribbon
through the spectrum. In the red light the ribbon 1s a
vivid red. Why? Because the light that enters the
ribbon is not quenched or absorbed, but in great part
sent back to the eye. Place the same ribbon in the green
of the spectrum ; it is black as jet. It absorbs the green =
light, and leaves the space on which it falls a space of
intense darkness. Place a green ribbon in the green
of the spectrum. It shines vividly with its proper
colour ; transfer it to the red, it is black as jet. Here
it absorbs all the light that falls upon it, and offers
mere darkness to the eye.

Thus, when white light is employed, the red sifts
it by quenching the green, and the green sifts 1t
by quenching+the red, both exhibiting the residual
colour. The process through which natural bodies
acquire their colours is therefore a megative one.
The colours are produced by subtraction, not by addi-
tion. This red glass is red because it destroys all the
more refrangible rays of the spectrum. "This blue
liquid is blue because it destroys all the less refrangible
rays. Both together are opaque because the light
transmitted by the one is quenched by the other. In
this way, by the union of two transparent substances
we obtain a combination as dark as pitch to solar light.
This other liquid, finally, is purple because it destroys
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the oreen and the yellow, and allows the terminal
colours of the spectrum to pass unimpeded. From the
blending of the blue and the red this gorgeous purple
is produced. :

One step further for the sake of exactness. The light
which falls upon a body is divided into two portions,
one of which is reflected from the surface of the
body; and this s of the same colour as the incident light.
If the incident light be white the superficially reflected
light will also be white. Solar light, for example, re-
flected from the surface of even a black body, is white.
The blackest camphine smoke in a dark room through
which a sunbeam passes from an aperture in the window-
shutter, renders the track of the beam white, by the
light scattered from the surfaces of the soot particles.
The moon appears to us as if

¢ Clothed in white samite, mystie, beautiful ;’

but were she covered with the blackest velvet she would
still hang in the heavens as a white orb, shining upon
our world substantially as she does now.

The second portion of the light enters the body,
and upon its treatment there the colour of the body
depends. = Let us analyse the action of pigments upon

light. They are composed of particles mixed with a

vehicle ; but how intimately soever the particles may
be blended, they still remain particles, separated it may
be by exceedingly minute distances, but still separated.
To use the scientific phrase, they are not optically
continuous. Now, wherever optical continuity is
ruptured we have reflection of the incident light. It
1s the multitude of reflections at the limiting surfaces
of the particles that prevents light from passing
D
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through glass, or rock-salt, when these transparent
substances are pounded into powder. The light here is
exhausted in a waste of echoes, not extinguished by
true absorption. It is the same kind of reflection that
renders the thunder-cloud so impervious to light. Such
a cloud is composed of particles of water mixed with
particles of air, both separately transparent, but practi-
cally opaque when thus mixed together. }
In the case of pigments, then, the light is reflected
at the limiting surfaces of the particles, but it is in
part absorbed within the particles. The reflection is
necessary to send the light back to the eye ; the absorp- |
tion is necessary to give the body its colour. The same
remarks apply to flowers. The rose is red in virtue,
not of the light reflected from its surface, but of light
which has entered its substance, which has been re-
flected from surfaces within, and which in returning -
through the substance has its green extinguished. A
similar process in the case of hard green leaves ex-
tinguishes the red, and sends green light from the body
of the leaves to the eye. |
All bodies, even the most transparent, are more
or less absorbent of light. Take the case of water:
in small quantities it does not sensibly affect the light.
A glass cell of clear water interposed in the track of
our beam does not perceptibly change any one of the
colours of the spectrum derived from the beam. Still
absorption, though insensible, has here occurred, and
to render it sensible we have only to increase the depth
of the water through which the light passes. Instead of
a cell an inch thick, let us take a layer, ten or fifteen
feet thick : the colour of the water is then very evident.
By augmenting the thickness we absorb more of the
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light, and by making the thickness very great we absorb
the light altogether. Lampblack or pitch can do
no more, and the only difference between them and
water is that a very small depth in their case suffices
to extinguish all the light. The difference between
the highest known transparency, and the highest known
opacity, is one of degree merely.

If, then, we render water sufficiently deep to quench
all the light ; and if from the interior of the water no
light reaches the eye, we have the condition necessary
to produce blackness. Looked properly down upon
there are portions of the Atlantic Ocean to which one
would hardly ascribe a trace of colour: at the most a
tint of dark indigo reaches the eye. The water, in
fact, is practically black, and this is an indication both
of its depth and purity. But the case is entirely
changed when the ocean contains solid particles in a
state of mechanical suspension, capable of sending
light back to the eye.

Throw, for example, a white pebble into the blackest
Atlantic water; as it sinks it becomes greener and
greener, and, before it disappears, it reaches a vivid
blue green. Break such a pebble into fragments, these
will behave like the unbroken mass: grind the pebble
to powder, every particle will yield its modicum of
green ; and if the particles be so fine as to remain
suspended in the water, the scattered light will be a
uniform green. Hence the greenness of shoal water.
You go to bed with the black water of the Atlantic
around you. You rise in the morning and find it a
vivid green; and you correctly infer that you are
crossing the bank of Newfoundland. Such water is
found charged with fine matter in a state of mechanical

D2
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suspension. The light from the bottom may sometimes
come into play, but it is not necessary. The subaqueous
foam generated by the screw or paddle-wheels of a
steamer also sends forth a vivid green. The foam here
furnishes a reflecting sunface, the water between the
eye and it the absorbing mediuwn.

Nothing can be more superb than the green of the
Atlantic waves when the circumstances are favourable
to the exhibition of the colour. As long as a wave
remains unbroken no colour appears, but when the foam
just doubles over the erest like an Alpine snow-cornice,
under the cornice we often see a display of the most
exquisite green. It is metallic in its brilliancy. But
the foam is necessary to its production. The foam is
first illuminated, and it scatters the light in all direc-
tions; the light which passes through the higher
portion of the wave alone reaches the eye, and gives
to that portion its matchless colour. The folding of the
wave, producing as it does, a series of longitudinal
protuberances and furrows which act like cylindrical
lenses, introduces variations in the intensity of the
light, and materially enhances its beauty.

We are now prepared for the further consideration
of a point already adverted to, and regarding which
error long found cwrency. You will find it stated
in many books that blue and yellow lights mixed
together produce green. But blue and yellow have
been just proved to be complementary colours, pro-
ducing white by their mixture. The mixture of blue
and yellow pigments undoubtedly produces green,
but the mixture of pigments is totally different from
the mixture of lights.

Helmholtz, who first proved yellow and blue to be
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| complementary colours, has revealed the cause of the
green in the case of pigments. No natural colour is
pure. A blue liquid or a blue powder permits not
only the blue to pass through it, but a portion of the
adjacent green. A yellow powder is transparent not
only to the yellow light, but also in part to the
adjacent green. Now, when blue and yellow are mixed
together, the blue cuts off the yellow, the orange, and
thered ; the yellow, on the other hand, cuts off the
violet, the indigo, and the blue. Green is the only
| colour to which both are transparent, and the conse-
| quence is that, when white light falls upon a mixture
of yellow and blue powders, the green alone is sent
back to the eye. You have already seen that the fine

. blue ammonia-sulphate of copper transmits a large
portion of green, while cutting off all the less re-
frangible light. A yellow solution of picric acid also
allows the green to pass, but quenches all the more
refrangible light. What must occur when we send a
beam through both liquids ? The experimental answer
to this question is now before you : the green band of
the spectrum alone remains upon the sereen. -
The impurity of natural colours is strikingly illus-
trated by an observation recently communicated to
me by Mr. Woodbury. On looking through  a blue
glass at green leaves in sunshine, he saw the super-
ficially reflected light blue. The light, on the con-
trary, which came from the body of the Ileaves
was crimson. On examination, I found that the
glass employed in this observation transmitted both
ends of the speetrum, the red ag well as the blue,
and that it quenched the middle. This furnished an
easy explanation of the effect. In the delicate spring
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foliage the blue is for the most part absorbed, and a
light, mainly yellowish green, but containing a con-
siderable quantity of red, escapes from the leaf to the
eye. On looking at such foliage through the violet
glass, the green and the yellow are stopped, and the red
alone reaches the eye. Thus regarded, therefore, the
leaves appear like faintly-blushing roses, and present a
very beautiful appearance. With the blue ammonia-
sulphate of copper, which transmits no red, this effect
is not obtained.

As the year advances the crimson gradually hardens
to a coppery red; and in the dark green leaves of old
ivy it is entirely absent. Permitting a concentrated
beam of white light to fall upon fresh leaves in a dark
room, the sudden change from green to red, and from
red back to green, when the viclet glassis alternately
introduced and withdrawn, is very surprising. Looked
at through the same glass the meadows in May appear
of a warm purple. With a solution of permanganate
of potash, which, while it quenches the centre of the
spectrum, permits its ends to pass more freely than
the violet glass, striking effects are also obtained.’

This question of absorption, considered with refer-
ence to its molecular mechanism, is one of the most

) Both in foliage and in flowers we have striking differences of ab-
sorption. The copper beech and the green beech, for example, take in
different rays. But the very growth of the tree is due to some of the
rays thus taken in. Arve the chemical rays, then, the same in the
copper and the green beech? In two such flowers as the primrose and
the violet, where the absorptions, to judge by the colours, are almost com-
plementary, are the chemically active rays the same? The general re-
lation of colour to chemical action is worthy of the application of the
method by which Dr. Draper proved so conclusively the chemical poteney
of the yellow rays.
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subtle and difficult in physics. We are not yet in a

| condition to grapple with it, but we shall be by-and-

by. Meanwhile we may profitably glance back on

| the web of relations which these experiments reveal
. tous. We have in the first place in solar light an agent

of exceeding complexity, composed of innumerable
constituents, refrangible in different degrees. We find,
secondly, the atoms and molecules of bodies gifted
with the power of sifting solar light in the most vari-
ous ways, and producing by this sifting the colours
observed in nature and art. To do this they must pos-
sess a molecular structure commensurate in complexity
with that of light itself. Thirdly, we have the human
eye and brain, so organized as to be able to take in and
distinguish the multitude of impressions thus generated.
The light, therefore, at starting is complex ; to sift and
selectit as they do natural bodiesmust be complex ; while
to take in the impressions thus generated, the human
eye and brain, however we may simplify our conceptions
of their action,! must be highly complex. Whence this
triple complexity ? If what are called material pur-
poses were the only end to be served, a much simpler
mechanism would be sufficient. But, instead of sim-
plicity, we have prodigality of relation and adaptation—
and this apparently for the sole purpose of enabling us
to see things robed in the splendours of colour. Would
it not seem that Nature harboured the intention of edu-
cating us for other enjoyments than those derivable
from meat and drink ? At all events, whatever Nature
meant—and it would be mere presumption to dogmatize

' Young, Helmholtz, and Maxwell reduce all differences of hue to
combinations in different proportions of three primary colours, It is

demonstrable by experiment that from the red, green, and violet all the
other colours of the spectrum may be obtained,
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ag to what she meant—we find ourselves here as
the upshot of her operations, endowed with capacities
to enjoy not only the materially useful, but endowed
with others of indefinite scope and application, which
deal alone with the beautiful and the true.

Sir Charles Wheatstono has recently drawn my attention to a work
by Christian Ernst Wiinsch, Leipzig, 1792, in which the author an-
nounces the proposition that there are neither five nor seven, but only
threo simple colours in white light. Wiinsch produces five spectra,
with five prisms and five small apertures, and he mixes the colours first
in pairs, and afterwards in other ways and proportions. His resultis that
« red is a simple colour incapable of being decomposed ; that orange is com-
pounded of intense red and wenk green ; that yellowis a mixture of mtense
red and intense green ; that green is a simple colour ; that blue is com-
pounded of saturated green and saturated violet ; that indigo is a mixture
of saturated violet and weak green; while violet is a pure simple
colour.” He also finds that yellow and indigo blue produce white by
their mixture. Yellow with bright blue (hochblau) also produce white,
which seems, however, to have a tinge of green, while the pigments of
these two colours when mixed always give a more or less beautiful
green. Wiinsch very em phatically distinguishes the mixture of pigments.
from that of lights. Speaking of the generation of yellow, he says,
» I say expressly red and green light, because I am speaking about light-
colours (Lichtfarben), and not about pigments’ However faulty his
theories may be, Wiinsch's experiments appear in the main to be
precise and conclusive. Nearly ten years subsequently Young adopted
red, green, and violet as the three primary colours, each of them
capable of producing three sensations, one of which, however, pre-
dominates over the two others. Helmholtz adopts, elucidates, and
enriches this mnotion. (Popular Leetures, P. 249, The beautiful
paper of Helmholtz on the mifture of colours, translated by myself, is
published in the * Philosophical Magazine * for 1852. Maxwell's excel-
lent memoir on the Theory of Compound Colours is published in the
« Philosophical Transactions,’ vol. 150, p. 67.)
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E might vary and extend our experiments on
light indefinitely, and they certainly would prove
us to possess a wonderful mastery over the phenomena.
But the vesture of the agent only would thus be re-
vealed, not the agent itself. The human mind, however,
is so constituted and so edueated as regards matural
things, that it can never rest satisfied with this outward
view of them. Brightness and freshness take posses-
sion of the mind when it is crossed by the light of
principles, which show the facts of Nature to be organi-
cally connected.
Let us, then, inquire what this thing is that we
h.mre been generating, reflecting, refracting, and analy-
zing.
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In doing this, we shall learn that the life of the
experimental philosopher is twofold. He lives, in his
vocation, a life of the senses, using his hands, eyes, and
ears in his experiments, but such a question as that
now before us carries him beyond the margin of the
senses. He cannot consider, much less answer, the
question, ¢ What is light?’ without transporting him-
self to a world which underlies the sensible one, and
out of which, in accordance with rigid law, all optical
phenomena spring. To realize this subsensible world,
if I may use the term,the mind must possess a certain
pictorial power. It must be able to form definite
images of the things which that subsensible world con-
tains ; and to say that, if such or such a state of things
exist in that world, then the phenomena which appear
in ours must, of necessity, grow out of this state of
things. If the picture be correct, the phenomena
are accounted for; a physical theory has been enunci-
ated which unites and explains them all.

This conception of physical theory implies, as you
perceive, the exercise of the imagination. Do not be
afraid of this word, which seems to render so many
respectable people, both in the ranks of science and
out of them, uncomfortable. That men in the ranks of
science should feel thus is, I think, a proof that they
have suffered themselves to be misled by the popular
definition of a great faculty instead of observing
its operation in their own minds. Without imagina-
tion we cannot take a step beyond the bourne of the
mere animal world, perhaps not even to the edge of
this. But, in speaking thus of imagination, I do not
mean a riotous power which deals capriciously with
facts, but a well-ordered and disciplined power, whose
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| sole function is to form conceptions which the intel-
|lect imperatively demands. Imagination thus exer-
| cised never really severs itself from the world of fact.
| This is the storehouse from which all its pictures are
| drawn; and the magic of its art consists, not In
| creating things anew, but in so changing the magnitude,
| position, and other relations of sensible things, as to
' render them fit for the requirements of the intellect in
 the subsensible world.!
. Descartes imagined space to be filled with something
| that transmitted light instantancously. Firstly, be-
cause, in his experience, no measurable interval was
known to exist between the appearance of a flash of
 light, however distant, and its effect upon consciousness;
| and secondly, because as far as his experience went, no
- physical power is conveyed from place to place without
a vehicle. But his imagination helped itself farther

1 The following charming extract, bearing upon this point, was dis-
covered and written out for me by my deeply lamented friend Dr.
Bence Jones, late Hon. Secretary to the Royal Institution:

¢In every kind of magnitude there is a degree or sort to which our
sense is proportioned, the perception and knowledge of which is of
greatest use to mankind, The same is the groundwork of philosophy ;
for, though all sorts and degrees are equally the object of philosophical
speculation, yet it is from those which are proportioned to sense that a
philosopher must set out in his inquiries, ascending or descending after-
wards as his pursuits may require. He does well indeed to take his
views from many points of sight, and supply the defects of sense by a
well-regulated imagination; nor is he to be confined by any limit in
space or time ; but, as his knowledge of Nature is founded on the ob-
servation of sensible things, he must begin with these, and must often
return to them to examine his progress by them. Hereis his secure
hold ; and as he sets out from thence, so if he likewise trace not often
his steps backwards with eaution, he will be in hazard of losing his way
in the labyrinths of Nature.'—(Maclaurin: An Account of Sir I, New-
ton's Philosophical Discoverics, Written 1728 ; second edition, 1750 ;
pp- 18, 19.)
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by illustrations drawn from the world of fact. ¢ When,’
he says, ‘one walks in darkness with staff in hand, the
moment the distant end of the staff strikes an obstacle
the hand feels it. This explains what might otherwise
be thought strange, that the light reaches us instan-
taneously from the sun. I wish thee to believe that
light in the bodies that we call luminous is nothing
more than a very brisk and violent motion, which, by
means of the air and other transparent media, is con-
veyed to the eye exactly as the shock through the
walking stick reaches the hand of a blind man. This
is instantaneous, and would be so even if the intervening
distance were greater than that between earth and
heaven. It is therefore no more necessary that any-
thing material should reach the eye from the luminous
object, than that something should be sent from the
ground to the hand of the blind man when he is con-
scious of the shock of his staff.” The celebrated Robert
Hooke first threw doubt upon this notion of Descartes,
but afterwards substantially espoused it. The belief in
instantaneous transmission was destroyed by the dis-
covery of Reemer referred to in our last lecture. :

The case of Newton still more forcibly illustrates the
position that in forming physical theories we draw for
our materials upon the world of fact. Before he began
to deal with light, he was intimately acquainted with
the laws of elastic collision, which all of you have seen
more or less perfectly illustrated on a billiard-table. As
regards the collision of sensible masses, Newton knew the
angle of incidence to be equal to the angle of reflection,
and he also knew that experiment, as shown in our last
Jecture (fig. 3), had established the same law with regard
to light. He thus found in his previous knowledge the
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material for theoretic images. He had only to change
| the magnitude of conceptions already in his mind to
arrive at the Emission Theory of Light. He supposed
' light to consist of elastic particles of inconceivable
minuteness shot out with inconeeivable rapidity by
{luminous bodies. Such particles impinging upon smooth
surfaces were reflected in accordance with the ordinary
law of elastic collision. The fact of optical reflection
certainly occurred as if light consisted of such
particles, and this was Newton’s sole justification for
introducing them.

But this is not all. In another important particular,
also, Newton’s conceptions regarding the nature of
light were influenced by his previous knowledge. He
had been pondering over the phenomena of gravitation,
and had made himself at home amid the operations of
this universal power. Perhapshis mind at this time was
too freshly and too deeply imbued with these notions
to permit of his forming an unfettered judgment re-
garding the nature of light. Be that as it may, Newton
saw in refraction the action of an attractive force ex-
erted on the light-particles. He carried his conception
out with the most severe consistency. Dropping ver-
tically downwards towards the earth’s surface, the mo-
tion of a body is accelerated as it approaches the earth.
Dropping in the same manner downwards on a horizontal
surface, say through air on glass or water, the velocity
of the light-particles, when they came close to the sur-
face, was, according to Newton, also accelerated. Ap-
proaching such a surface obliquely, he supposed the
particles, when close to it, to be drawn down upon it,
as a projectile is drawn by gravity to the surface of the
earth. This deflection was, according to Newton, the
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refraction geen in our last lecture (fig 4). Finally, it
was supposed that differences of colour might be due to
differences in the sizes of the particles. This was the
physical theory of light enunciated and defended by
Newton ; and you will observe that it simply consists
in the transference of conceptions born in the world of
the senses to a subsensible world.

But, though the region of physical theory lies thus
behind the world of senses, the verifications of theory
oceur in that world. Laying the theoretic conception
at the root of matters, we determine by rigid deduction
what are the phenomena which must of necessity grow
out of this root. If the phenomena thus deduced agree
with those of the actual world, it is a presumption in
favour of the theory. If as new classes of phenomena
arise they also are found to harmonize with theoretic
deduction, the presumption becomes still stronger. If,
finally, the theory confers prophetic vision upon the
investigator, enabling him to predict the existence of
phenomena which have never yet been seen, and if those
predictions be found on trial to be rigidly correct, the
persuasion of the truth of the theory becomes over-
powering.

Thus working backwards from a limited number of
phenomena, genius, by its own expansive force, reaches
a conception which covers all the phenomena. There
is no more wonderful performance of the intellect than
this; but we can render no account of it. Like the
scriptural gift of the Spirit, no man can tell whence
it cometh. The passage from fact to principle is
sometimes slow, sometimes rapid, and at all times a
source of intellectual joy. When rapid, the pleasure
is concentrated and becomes a kind of ecstasy or in-
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| toxication. To any one who has experienced this

pleasure, even in a moderate degree, the action of
Archimedes when he quitted the bath, and ran naked,
crying ¢Eureka!’ through the streets of Syracuse,

| becomes intelligible.

How, then, did it fare with the Emission Theory when

. the deductions from it were brought face to face with

natural phenomena? Tested by experiment, it was
found competent to explain many facts, and with tran-

. scendent ingenuity its author sought to make it account

for all. He so far succeeded, that men so celebrated
as Laplace and Malus, who lived till 1812, and Biot
and Brewster, who lived till our own time, were found
among his disciples.

Still, even at an early period of the existence of the
Emission Theory, one or two great names were found
recording a protest against it ; and they furnish another
illustration of the law that, in forming theories, the
scientific imagination must draw its materials from the
world of fact and experience. It was known long ago
that sound is conveyed in waves or pulses through the
air ; and no sooner was this truth well housed in the
mind than it was transformed into a theoretic concep-

tion. It was supposed that light, like sound, might

also be the product of wave-motion. But what, in this
case, could be the material forming the waves ? For the
waves of sound we have the air of our atmosphere ; but
the stretch of imagination which filled all space with a
luminiferous ether trembling with the waves of light
was 80 bold as to shock cautious minds. In one of my
latest conversations with Sir David Brewster he said to
me that his chief objection to the undulatory threcvry
of light was that he could not think the Creator guilty
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of so clumsy a contrivance as the filling of space with
ether in order to produce light. This, I may say, i
very dangerous ground, and the quarrel of science with
Sir David, on this point, as with many estimable persons
on other points, is, that they profess to know too much
about the mind of the Creator.

This conception of an ether was advocated, and in-
deed applied to various phenomena of optics, by the
celebrated astronomer, Huyghens. It was espoused
and defended by the celebrated mathematician, Euler.
They were, however, opposed by Newton, whose au-
thority at the time bore them down. Or shall we say it
was authority merely ? Not quite so. Newton’s pre-
ponderance was in some degree due to the fact that,
though Huyghens and Euler were right in the main,
they did not possess sufficient data to prove themselves:
right. No human authority, however high, can main-
tain itself against the voice of Nature speaking through
experiment. But the voice of Nature may be an un-
certain voice, through the scantiness of data. This was
the case at the period now referred to, and at such a
period by the authority of Newton all antagonists were
naturally overborne.

Still, this great Emission Theory, which held its
ground so long, resembled one of those circles which,:
according to your countryman Emerson, the force of
genius periodically draws round the operations of the
intellect, but which are eventually broken through by
pressure from behind, In the year 1773 was born, at
Milverton, in Somersetshire, one of the most remarkable -
men that England ever produced. He was educated for"
the profession of a physician, but was too strong to be:
tied down to professional routine. He devoted him=+

1
A
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self to the study of natural philosophy, and beecame in
all its departments a master. He was also a master of
letters. Languages, ancient and modern, were housed
within his brain, and, to use the words of his epitaph,
‘he first penetrated the obscurity which had veiled for

| ages the hieroglyphics of Egypt.’ It fell to the lot of

this man to discover facts in optics which Newton’s
theory was incompetent to explain, and his mind

. roamed in search of a sufficient theory. He had made
. himself acquainted with all the phenomena of wave-

motion ; with all the phenomena of sound; working
successfully in this domain as an original discoverer.
Thus informed and disciplined, he was prepared to
detect any resemblance which might reveal itself be-
tween the phenomena of light and those of wave-motion.
Such resemblances he did detect ; and, spurred on by
the discovery, he pursued his speculations and his
experiments, until he finally succeeded in placing on an
immovable basis the Undulatory Theory of Light.

The founder of this great theory was Thomas Young,
a name, perhaps, unfamiliar to many of you, but which
ought to be familiar to you all. Permit me, there-
fore, by a kind of geometrical construction which I once
ventured to employ in London, to give you a notion
of the magnitude of this man., TLet Newton stand
erect in his age, and Young in his. Draw a straight
line from Newton to Young, tangent to the heads of
both. This line would slope downwards from Newton to
Young, because Newton was certainly the taller man
of the two. But the slope would not be steep, for the
difference of stature was not excessive. The line
would form what engineers call a gentle gradient from
Newton to Young. Place underneath this line the

E
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biggest man born in the interval between both. It may
be doubted whether he would reach the line; for if he did
he would be taller intellectually than Young, and there
was probably none taller. But 1 do not want you to
vest on English estimates of Young ; the German,
Helmholtz, a kindred genius, thus speaks of him : ¢ His
was one of the most profound minds that the world
has ever seen; but he had the misfortune to be too
much in advance of his age. He excited the wonder
of his contemporaries, who, however, were unable to
follow him to the heights at which his daring intellect
was accustomed to soar. His most important ideas
lay, therefore, buried and forgotten in the folios of the
Royal Society, until a new generation gradually and
painfully made the same discoveries, and proved the
exactness of his assertions and the truth of his de-
monstrations.’

It is quite true, as Helmholtz says, that Young was
‘0 advance of his age; but something is to be added
which illustrates the responsibility of our public writers.
For twenty years this man of genius was quenched—
hidden from the appreciative intellect of his country-
men— deemed in fact a dreamer, through the vigorous
sarcasm of a writer who had then possession of the
public ear, and who in the Edinburgh Review poured
ridicule upon Young and his speculations. To the cele-
brated Frenchmen Fresnel and Arago, he was first i
indebted for the restitution of his rights, for they,
especially Fresnel, remade independently, as Helm--
holtz says, and vastly extended his discoveries. To
the students of his works Young has long since ap-
peared in his true light, but these twenty blank years
pushed nim from the public mind, which became in turn
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filled with the fame of Young’s colleague at the Royal
Institution, Davy, and afterwards with the fame of
Faraday. Carlyle refers to a remark of Novalis, that
a man’s self-trust is enormously increased the moment
he finds that others believe in him. If the opposite
remark be true—if it be a fact that public disbelief
weakens a man’s force—there is no ecalculating the
amount of damage these twenty years of neglect may
have done to Young’s productiveness as an investiga-
tor. It remains to be stated that his assailant was
Mr. Henry Brougham, afterwards Lord Chancellor of
England.

Our hardest work is now before us. But the
capacity for hard work depends in a great measure
on the antecedent winding up of the will; I would
call upon you, therefore, to gird up your loins for our
coming labours. If we succeed in climbing the hill
which faces us to-night, our future difficulties will not
be insurmountable.

In the earliest writings of the ancients we find the
notion that sound is conveyed by the air. Aristotle
gives expression to this notion, and the great architect
Vitruvius compares the waves of sound to waves of
water. But the real mechanism of wave-motion was
hidden from the ancients, and indeed was not made
clear until the time of Newton. The central difficulty
of the subject was, to distinguish between the motion
of the wave itself and the motion of the particles which
at any moment constitute the wave.

Stand upon the sea-shore and observe the advancing
rollers before they are distorted by the friction of the
bottom. Every wave has a back and a front, and, it

E 2



I

52 ON LIGHT. o

you clearly seize the image of the moving wave, you
will see that every particle of water along the front of
the wave is in the act of rising, while every particle
along its back is in the act of sinking. The particles
in front reach in succession the crest of the wave, and
as soon as the crest is passed they begin to fall. They
then reach the furrow or ginus of the wave, and can
<ink no farther. Immediately afterwards they become
the front of the succeeding wave, rise again until they
reach the crest, and then sink as before. Thus, while
the waves pass onward: horizontally, the individual
particles are simply Jifted up and down vertically.
(Observe a sea-fowl, or, if you are a swimmer, abandon
yourself to the action of the waves; you are not carried
forward, but simply rocked up and down. The propa-
gation of a wave 1s the propagation of a jorin, and not
the transference of the substance which constitutes the
wave.

The length of the wave 1s the distance from ecrest to
crest, while the distance through which the individual
particles oscillate 1s called the amplitude of the oscilla-
tion. You will notiee that in this description the par-
ticles of water are made to vibrate across the line of

propagation.’

And now we have to take a step forwards, and it 18
the most important step of all. You can picture two =
series of waves proceeding from different origins
through the same water. When, for example, you

1 T do not wish to encumber the conception here with the details of
the motion, but I may draw attention to the beautiful model of Prof.
Liyman, wherein waves are shown to be produced by the circular motion
of the particles. This, as proved by the brothers Weber, is the real
motion in the case of water-waves.
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throw two stones into still water, the ring-waves pro-
ceeding from the two centres of disturbance intersect
each other. Now, no matter how numerous these waves
may be, the law holds good that the motion of every
particle of the water is the algebraic sum of all the
motions imparted to it. If crest coincide with crest
and furrow with furrow, the wave is lifted to a double
height above itssinus ; if furrow coincide with crest, the
motions are in opposition, and their sum 1s zero.
We have then still water, which we shall learn pre-
sently corresponds to what we call darkness in reference
to our present subject. This action of wave upon
wave is techunically called interference, a term to be
remembered.

To the eye of a person conversant with these princi-
ples, nothing can be more interesting than the erossing
of water ripples. Through the interference of the
waves, the intersecting surface is sometimes shivered
mmto the most beautiful mosaie, trembling rhythmiecally
as if with a kind of visible music. When waves are
skilfully generated in a dish of mercury, a strong
light thrown upon the shining surface, and reflected
on to a screen, reveals the motions of the liquid
metal. The shape of the vessel determines the forms
of the figures produced. In a circular dish, forsex-
ample, a disturbance at the centre propagates itself as
a series of circular waves, which, after reflection, again
meet at the centre. If the point of disturbance bhe a
little way removed from the centre, the interference of
the direct and reflected waves produces the magnificent
chasing shown in the anmexed figure! The light

' Copied from Weber's Wellealehre,
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reflected from such a surface yields a pattern of extra-
ordinary beauty., When the mercury is slightly struck

Tia. 10.

by a needle-point in a direction concentric with the
curface of the vessel, the lines of light run round in
mazy coils, interlacing and unravelling themselves
m a wonderful manner. When the vessel is square,
a splendid checker-work 1s produced by the crossing of
the direct and reflected waves. Thus, in the case of
wave-motion, the most ordinary causes give rise to the -
most exquisite effects. The words of your countrymat, '
Emerson, are perfectly applicable here:—

¢ Thou can’st not wave thy staff in the air,
Or dip thy paddle in the lake,
But it carves the brow of beauty there,
And the ripples in rhymes the onrs forsake.’
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The most impressive illustration of the action of
waves on waves that I have ever seen occurs mnear
Niagara. For a distance of two miles, or thereabouts,
below the Falls, the river Niagara flows unruffied
through its excavated gorge. The bed subsequently
narrows and deepens, and the water consequently
quickens its motion. At the place called the ¢ Whirl-
pool Rapids,” T estimated the width of the river at 300
feet, an estimate confirmed by the dwellers on the spot.
When it is remembered that the drainage of nearly
balf a continent is compressed into this space, the im-
petuosity of the river’s escape through this gorge may
be imagined.

Two kinds of motion are here obviously active, a
motion of translation and a motion of undulation—the
race of the river through its gorge, and the great waves
generated by its collision with the obstacles in its way.
In the middle of the stream, the rush and tossing are
most violent ; at all events, the impetuous foree of the
individual waves is here most strikingly displayed.
Vast pyramidal heaps leap incessantly from the river,
some of them with such energy as to jerk their summits
into the air, where they hang suspended as bundles of
liquid pearls, which, when shoneupon by the sun, are of
undescribable beauty.

The first impression, and, indeed, the current ex-
planation of these Rapids is, that the central bed of the
river is cumbered with large boulders, and that the
Jostling, tossing, and wild leaping of the water there
are due to its impact against these obstacles. A very
different explanation occurred to me upon the spot.
Boulders derived from the adjacent cliffs visibly cumber
the sides of the river. Against these the water rises
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and sinks rhythmically but violently, large waves being
thus produced. On the generation of each wave there
is an immediate compounding of the wave motion with
the river motion. The ridges, which in still water
would proceed in circular curves round the centre of
disturbance, cross the river obliquely, and the result is
that at the centre waves commingle which have really
been generated at the sides. This crossing of waves
may be seen on a small scale in any gutter after rain ;
it may also be seen on simply pouring water from a
wide-lipped jug. In the first instance, then, we had a
composition of wave motion with river motion ; here
we have the coalescence of waves with waves. Where
crest and furrow cross each other, the motion is
annulled ; where furrow and furrow cross, the river is
ploughed to a greater depth 3 and where crest and crest
aid each other, we have that astonishing leap of the
water which breaks the cohesion of the crests, and tosses
them shattered into theair. The phenomena observed
at the Whirlpool Rapids constitute in fact, one of the
grandest illustrations of the principle of interference.

Thomas Young's fundamental discovery in opties
was that the principle of Interference applied to light.
Long prior to his time an Italian philosopher, Grimaldi,
had stated that under certain circumstances two thin
beams of light, each of which, acting singly, produced
a luminous spot upon a white wall, when caused to act
together, partially quenched each other and darkened
the spot. = This was a statement of fundamental signi-
ficance, but it required the discoveries and the genius
of Young to give it meaning. How he did so will
gradually become clear to you. You know that air is
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compressible; that by pressure it can be rendered more
dense, and that by dilatation it can be rendered more
rare. Properly agitated, a tuning-fork now sounds in
a manner audible to you all, and most of you know that
the air through which the sound is passing i parcelled
out into spaces in which the air 1s condensed, followed
by other spaces in which the air 1s rarefied. These
condensations and rarefactions constitute what we call

| avaves of sound. You can imagine the air of a room

traversed by a series of such waves, and you can imagine
a second series sent through the same air, and so related
to the first that condensation coincides with condensa-
tion and rarefaction with rarefaction. The consequence
of this coincidence would be a louder sound than that
produced by either system of waves taken singly. But
you can also imagine a state of things where the con-
densations of the one system fall upon the rarefactions
of the other system. In this case the two systems
would completely neutralize each other. Each of them
taken singly produces sound; both of them taken
together produce no sound. Thus, by adding sound
to sound we produce silence, as Grimaldi in his experi-
ment produced darkness by adding light to light.
Theanalogybetween sound and light here flashes upon
the mind. Young generalized this observation. He
discovered a multitude of similar cases, and determined
their precise conditions. On the assumption that
light was wave-motion, all his experiments on inter-
ference were explained ; on the assumption that light
was flying particles, nothing was explained. In the
time of Huyghens and Euler a medium had been
assumed for the transmission of the waves of light;
but Newton raised the objection that, if light consisted
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of the waves of such a medium, shadows could not
exist. The waves, he contended, would bend round
opaque bodies and produce the motion of light behind
them, as sound twms a corner, or as waves of water
wash round a rock. It was proved that the bending
round referred to by Newton actually oceurs, but that
the inflected waves abolish each other by their mutual
interference. Young also discerned a fundamental

Fic. 11.

difference between the waves of light and those of
sound. Could you see the air through which sound-
waves are passing, you would observe every individual
particle of air oscillating to and fro in the direction of
propagation. Could you see the luminiferous ether,
you would also find every individual particle making a
small exeursion to and fro, but here the motion, like
that assigned to the water-particles above referred to,
would be across the line of propagation. The vibra-
tions of the air are longitudinal, the vibrations of the
ether are transversal.
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It is my desire that you should realize with clearness
the character of wave-motion, both in ether and in air.
And, with this view, I bring before you an experiment
wherein the air-particles are represented by small spots
of light (R O, fig. 11). They are derived from a clean
spiral, drawn upon a circle of blackened glass (D), so
that when the cirele rotates, the spots move in successive
pulses over the sereen.! In this experiment you have

Fia, 12,

clearly set before you how the pulses travel incessantly
forward, while their component particles perform oseilla~
tions to and fro. This is the picture of a sound-wave, in
which the vibrations are longitudinal. By another glass
wheel (D, fig. 12) we produce an image of a transverse
wave (0 R), and here we observe the waves travelling in
succession over the sereen, while each individual sprit of
light performs an excursion to and fro across the line of
propagation,

1 Tha s 11 7% 1 1a t |
[he apparatus is constructed by that excellen® acoustic mechanician,
M. Rudolf Konig, of Paris,
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Notice what follows when the glass wheel is turned
very quickly. Objectively considered, the transverse
waves propagate themselves as before, but subjectively
the effect iz totally changed. Because of the reten-
tion of impressions upon the retina, the spots of light
simply describe a series of parallel luminous lines upon
the sereen, the length of these lines marking the ampli-
tude of the vibration. Here the impression of wave-
motion has totally disappeared.

The most familiar illustration of the interference of
sound-waves is furnished by the beafs produced by
two musical sounds slightly out of unison. When two
tuning-forks in perfect unison are agitated together
the two sounds flow without roughness, as if they
were but one. But, by attaching with wax to one
of the forks a little weight, we cause it to vibrate
more slowly than its neighbour. Suppose that one
of them performs 101 vibrations in the time re-
quired by the other to perform 100, and suppose that
at starting the condensations and rarefactions of both
forks coincide. At the 101st vibration of the quickest
fork they will again coincide, that fork at this point
having gained one whole vibration, or one whole wave-
_length upon the other. But a little reflection will
make it clear that, at the 50th vibration, the two forks
are in opposition; here the one tends to produce a
condensation where the other tends to produce a rare-
faction ; by the united action of the two forks, therefore,
the sound is quenched, and we have a pause of silence.
This - occurs where one fork has gained half a wave-
length upon the other. At the 10lst vibration, as
already stated, we have coincidence, and, therefore,
augmented sound; at the 150th vibration we have
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again a quenching of the sound. Here the one fork is
three half-waves in advance of the other. In general
terms, the waves conspire when the one series is an
even number of half-wave lengths, and they are des-
troyed when the one series is an odd number of half-
qave lengths in advance of the other. With two forks
so circumstanced, we obtain those intermittent shocks
of sound separated by pauses of silence, to which we
give the name of beats. By a suitable arrangement,
moreover, it is possible to make one sound wholly
extinguish another. Along four distinet lines, for
example, the vibrations of the two prongs of a tuning-
fork completely blot each other out.!

The pitch of sound is wholly determined by the
rapidity of the vibration, as the wnfensity is by the am-
plitude. The rise of pitch with the rapidity of the
impulses may be illustrated by the syren, which econ-
sists of a perforated disk rotating over a cylinder into
which air is forced, and the end of which is also per-
forated. When the perforations of the disk coincide
with those of the cylinder, a puff escapes ; and, when
the puffs succeed each other with sufficient rapidity,
the impressions upon the auditory rerve link them-
selves together to a continuous musical note. The more
rapid the rotation of the disk the quicker is the suc-
cession of the impulses, and the higher the pitch of the
note. Indeed, by means of the syren the number of
vibrations due to any musical note, whether it be that of
an instrument or of the human voice, may be accurately
determined,

In front of our lamp now stands a homely instru-
ment (S, fig. 13) of this character. The perforated

} Sound : Lecture VII. Longmans,
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disk is turned by a wheel and band, and, when the
two sets of perforations coincide, a series of spots of

Fia, 13.

\
(on
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light, sharply defined by the lens L, ranged on the
circumference of a circle, is seen upon the screen. On
slowly tuning the disk, a flicker is produced by the
alternate stoppage and transmission of the light. At
the same time air is urged into the syren through the
tube ¢, and you hear a fluttering sound corresponding
to the flickering light. But, by augmenting the
rapidity of rotation, the light, though intercepted as
before, appears perfectly steady, through the persist-
ence of iinpressinns upon the retina; and, about the
time when the optical impression becomes continuous,
the auditory impression becomes equally so ; the puffs
from the syren linking themselves then together to a
continuous musical note, which rises in pitch with the
rapidity of the rotation. A movement of the head
causes the image of the spots to sweep over the retina,
producing beaded lines: the same effect is produced
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upon our screen by the sweep of a looking-glass which
has received the thin beams from the syren.

What pitch is to the ear in acousties, colour is to
the eye in the undulatory theory of light. Though
never seen, the lengths of the waves of light have been
determined. Their existence is proved by their effects,
and from their effects also their lengths may be accu-
rately deduced. This may, moreover, be done in many
ways, and, when the different determinations are com-
pared, the strictest harmony is found to exist between
them. This consensus of evidence is one of the strong-
est points of the undulatory theory. The shortest
waves of the visible spectrum are those of the extreme
violet; the longest, those of the extreme red; while the
other colours are of intermediate pitch or wave-length.
The length of a wave of the extreme red is such that it
would require 36,918 of them placed end to end to
cover one inch, while 64,631 of the extreme violet
waves would be required to span the same distance.

Now, the velocity of light, in round numbers, is
190,000 miles per second. Reducing this to inclies,
and multiplying the number thus found by 36,918, we
obtain the number of waves of the extreme red in
190,000 miles. Al thesewaves enter the eye, and strike
the retina at the back of the eye in one second. The
number of shocks per second necessary to the produc-
tion of the impression of red is, therefore, four hundred
and fifty-one millions of millions. In asimilar manner,
it may be found that the number of shocks correspond-
ing to the impression of violet is seven hundred and
eighty-nine millions of millions.

All space is filled with matter oscillating at such
rates. From every star waves of these dimensions
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move with the velocity of light like spherical shells
outwards, And in the ether, just as in the water, the
motion of every particle is the algebraic sum of all
the separate motions imparted to it. Still, one mo-~
tion does mot blot the other out; or, if extinction
occur at one point, it is strietly atoned for at some other
point. Every star declares by its light its undamaged
individuality, as if it alone had sent its thrills through
SI}ELCE:-

The principle of interference, as proved by Young,
applies to the waves of light as it does to the waves
of water and the waves of sound. And the conditions
of interference are the same in all three. If two
series of light-waves of the same length start at the
same moment from a common origin (say A, fig.14),

Fic. 14.

crest coincides with erest, sinus with sinus, and the two
systems blend together to a single system (A 7 1) of
double amplitude. If both series start at the same
moment, one of them being, at starting, a whole wave-
length in advance of the other, they also add them-
selves together, and we have an augmented luminous
effect. Just as in the case of sound, the same occurs
when the one system of waves 1s any even number of
semi-undulations in advance of the other. But if the
one system be half a wave-length (as at A’ @/, fig.15), or
any odd number of half wave-lengths in advance, then
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the.crests of the one fall upon the sinuses of the other;
the one system, in fact, tends to lift the particles of
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ether at the precise places where the other tends to
depress them ; hence, through the joint action of these
opposing forces (indicated by the arrows) the light-
ether remains perfectly still. This stillness of the ether
1s what we call darkness, which corresponds, as already
stated, with a dead level in the case of water.

It was said in our first lecture, with reference to
the colours produced by absorption, that the function of
natural bodies is selective, not creative; that they ex-
tinguish certain constituents of the white solar light,
and appear in the colowrs of the unextinguished light.
It must at once flash upon your minds that, inasmuch as
we have in interference an agen cy by which light may
be self-extinguished, we may have in it the conditions
for the production of colour. But this would imply that
certain constituents are quenched by interference, while
others are pérmitted to remain. This is the fact; and
it is entirely due to the difference in the lengths of the
| waves of light.

This subject may be illustrated by the class of
phenomena which first suggested the undulatory theory
to the mind of Hooke. These are the colours of thin
transparent films of all kinds, known as the colowrs
of thim plates. Tn this relation no object in the world
possesses a deeper scientific interest than a common
soap-bubble. And here let me say emerges one of the

F
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difficulties which the student of pure science encounters
in the presence of ¢ practical’ communities like those of
“ America and England ; it is not to be expected that
such communities can entertain any profound sympathy
with labours which seem so far removed from the domain
of practice as many of the labours of the man of science
are. Imagine Dr. Draper spending his days in blowing
soap-bubbles and 1n studying their colours! Would
you show him the necessary patience, or grant him the
necessary support ? And yet be it remembered it was
thus that minds like those of Boyle, Newton and Hooke
were occupied ; and that on such experiments has been
founded a theory, the issues of which are incalculable.
I see mo other way for you, laymen, than to trust the
scientific man with the choice of his inquiries ; he stands
before the tribunal of his peers, and by their verdict on
his labours you ought to abide.

Whence, then, are derived the colours of the soap-
bubble? Imagine a beam of white light impinging
on the bubble. When 1t reaches the first surface of the
film, a known fraction of the light 1is reflected back.
But a large portion of the beam enters the film, reaches
its second surface, and is again in part reflected. The
waves from the second surface thus turn back and hotly
pursue the waves from the first surface. And, if the
thickness of the film be such as to cause the necessary
~ retardation, the two gystems of waves interfere with each
other, producing angmented or diminished light, as the
case may be.

But, inasmuch as the waves of light are of different
lengths, it is plain that, to produce self-extinetion in
the case of the longer Waves, a greater thickness of
film is necessary than in the case of the shorter ones.
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Different colours, therefore, must appear at different
thicknesses of the film.,

Take with you a little bottle of spirit of turpentine,
and pour it into one of your country ponds. You
will then see the flashing of those colours over the
surface of the water. On a small scale we produce them
thus: A common tea-tray is filled with water, beneath
the surface of which dips the end of a pipette. A beam
of light falls upon the water, and is reflected by it to
the screen. Spirit of turpentine is poured into the
pipette ; it descends, issues from the end in minute
drops, which rise in succession to the surfice. On
reaching it, each drop spreads suddenly out as a film,
and glowing colours immediately flash forth upon the
screen. The colours change as the thickness of the
film changes by evaporation. They are also arranged
in zones in consequence of the gradual diminution of
thickness from the centre outwards.

Any film whatever will produce these colours. The
film of air between two plates of glass squeezed together,
exhibits, as shown by Hooke, rich fringes of colour. A
particularly fine example of these fringes is now before
you. Nor is even air necessary; the rupture of optical
continuity suffices. Smite with an axe the black, trans-
parent ice—black, because it is pure and of great depth
—under the moraine of a glacier; you readily produce in
the interior flaws which no air can reach, and from these
flaws the colours of thin plates sometimes break like fire,
But the origin of most historic interest 18, as already
stated, the soap-bubble. With one of these mixtures
employed by the eminent blind philosopher Plateau in
his researches on the cohesion figures of thin films, we
obtain in still air a bubble ten or twelve inches in

F 2
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diameter. You may look at the bubble itself, or you
may look at its projection upon the sereen, rich colours
arranged in zones are, in both cases, exhibited. Ren-
dering the beam parallel, and permitting it to impinge
upon the sides, bottom, and top, of the bubble, gorgeous
fans of colour overspread the screen, which rotate as the
beam is carried round the circumference of the bubble.
By this experiment the internal motions of the film
are also strikingly displayed.

Not in a moment are great theories elaborated : the
facts which demand them are first called into pro-
minence by observant minds; then to the period of
observation succeeds a period of pondering and of
tentative explanation. By such efforts the human
mind is gradually prepared for the final theoretic
illumination. The colours of thin plates, for ex-
ample, occupied the attention of the celebrated Robert
Boyle. In his ¢ Experimental History of Colours’® he
contends against the schools which affirmed that colour
was ¢a penetrative quality that reaches to the inner-
most parts of the object, adducing opposing facts.
¢ To give you a first instance,’ he says, <1 shall need
but to remind you of what I told you a little after
the beginning of this essay, touching the blue and red
and yellow that may be produced upon a piece of
tempered steel ; for these colours, though they be very
vivid, yet if you break the steel they adorn they will
appear to be but superficial.” He then describes, in
phraseology which shows the delight he took in his
work, the following beautiful experiment :—

¢We took a quantity of clean lead, and melted it
with a strong fire, and then immediately pouring it out
into a clean vessel of convenient shape and matter




1L BOYLE'S OBSERVATIONS. 69

(we used one of iron, that the great and sudden heat
might not injure it), and then carefully and nimbly
taking off the scum that floated on the top, we per-
ceived, as we expected, the smooth and glossy surface
of the melted matter to be adorned with a very glorious
colour, which being as transitory as delightful, did
almost immediately give place to another vivid colour,
and that was as quickly succeeded by a third, and this,
as it were, chased away by a fourth, and so these wonder-
fully vivid colours successively appeared and vanished
till the metal ceasing to be hot enough to hold any
longer this pleasing spectacle, the colours that chanced
to adorn the surface when the lead thus began to eool
remained upon it, but were so superficial that how
little soever we scraped off the surface of the lead, we
did, in such places, scrape off all the colour.’ ¢These
things,” he adds, ¢suggested to me some thoughts or
ravings which I have not now time to acquaint you
with.! '

He extends his observations to chemical essential
oils and spirit of wine, ¢which being shaken till
they have good store of bubbles, those bubbles will (if
attentively considered) appear adorned with various and
lovely colours, which all immediately vanish upon the
retrogressing of the liquid which affords these bubbles
their skins into the rest of the oil.” He also refers to the
colours of the soap bubble and to those of glass films.
‘I have seen one that was skilled in fﬂ,shiﬂning glasses
by the help of a lamp blowing some of them so strongly
as to burst them ; whereupon it was found that the
tenacity of the metal was such that before it broke it

! Boyle's Works, Birch's edition, p. 675.
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suffered itself to be reduced into films so extremely
thin that they constantly showed upon their surfaces
the varying colours of the rainbow.”!

Subsequent to Boyle the colours of thin plates
occupied the attention of the celebrated Robert
Hooke, in whose writings we find a dawning of the
undulatory theory. He deseribes with great distinet-
ness the colours obtained with thin flakes of ¢ Muscovy
olass’ (tale), also those surrounding flaws in crystals
where optical continuity is destroyed. He shows very
clearly the dependence of the colour upon the thick-
ness of the film, and proves by microscopic observation
that plates of a uniform thickness yield uniform colours.
< If, he says, ¢ you take any small piece of the Muscovy
. glass, and with a needle, or some other convenient
instrument, cleave it oftentimes into thinner and thin-
ner lamina, you shall find that until you come to a
determinate thinness of them they shall appear trans-
parent and colourless, but it you continue to split and
divide them further, you shall find at last that each
plate shall appear most lovely tinged or imbued with
a determinate colour. If, further, by any means you
so flaw a pretty thick piece that one part begins to
cleave a little from the other, and between these two
there be gotten some pellucid medium, those laminated
or pellucid bodies that fill that space shall exhibit
several rainbows or coloured lines, the colours of which
will be disposed and ranged according to the various
thicknesses of the several parts of the plate.” He then
describes fully and clearly the experiment with pressed
glasses already referred to:—

! Page T43.
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¢ Take two small pieces of ground and polished look-
ing-glass-plate, each about the bigness of a shilling :
take these two dry, and with your forefingers and
thumbs press them very hard and close together, and
you shall find that when they approach each other
very near there will appear several irises or coloured
lines, in the same manner almost as in the Muscovy
glass ; and you may very easily change any of the
colours of any part of the interposed body by pressing
the plates closer and harder together, or leaving them
more lax—that is, a part which appeared eoloured with
a red, may be presently tinged with a yellow, blew,
green, purple, or the like. Any substance,” he says,
¢ provided it be thin and transparent, will show these
colours.” Like Boyle, he obtained them with glass
films ; he also ¢ produced them with bubbles of piteh,
rosin, colophony, turpentine, solutions of several gums,
as gum arabic in water, any glutinous liquor, as wort,
wine, spirit of wine, oyl of turpentine, glare of snails,
&e.’

Hooke’s writingsshow that even inhis day the idea that
bothlight and heat are modes of motion had taken posses-
sion of many minds. ¢ First,” he says, ¢ that all kind of

Jiery buirwing bodies have their parts in motion I think
will be very easily granted me. That the spark struck
from a flint and steel is in rapid agitation T have else-
where made probable. . . . . that heat argues a motion
of the internal parts is (as I said before) generally
eranted: s el and that in all extremely hot shining
bodies there is a very quick motion that causes light,
as well as a more robust that causes heat, may be
argued from the celerity wherewith the bodies are dis-
solved. Next, it must be a vibrative motion.” His
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reference to the quick motion of light and the more
robust motion of heat is a remarkable stroke of sagacity ;
but Hooke’s direct insight is better than his reasoning ;
for the proofs he adduces that light is ¢a vibrating
motion’ have no particular bearing upon the guestion.

Still the Undulatory Theory was undoubtedly dawn-
ing' upon the mind of this remarkable man. In endea-
vouring to account for the colours of thin plates, heagain
refers to the relation of colour to thickness: he dwells
upon the fact that the film which shows these colonrs
must be transparent, proving this by showing that
‘however thin an opaque body was rendered no colours
were produced. ¢This,” he says, ¢ I have often tried by
pressing a small globule of mercury between two smooth
plates of glass, whereby I have reduced that body to a
much greater thinness than was requisite to exhibit
the colours with a transparent body.”’ Then follows
‘the sagacious remark that to produce the colours
¢ there must be a considerable reflecting body adjacent
to the under or further side of the lamina or plate:
for this I always found, that the greater that reflection
was, the more vivid were the appearing colours. From
which observations, he continues, ¢it is most evident,
that the Tﬁﬂﬂﬂﬁ{}n from the under or further side of
the body is the principal cause of the production of
these colours.

He draws a diagram, correctly representing the
reflection at the two surfaces of the film, but here
his clearness ends. He ascribes the colours to a
coalescence or confusion of the two reflected pulses;
the principle of interference being unknown to him he
could not go further in the way of explanation. - He
adds, however, a remark of the utmost importance.

-
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¢ One thing which seems of the greatest concern in
this hypothesis is to determine the greatest and
least thickness requisite for these effects, which,
though I have not been wanting in attempting, yet so
exceeding thin are these coloured plates, and so im-
perfect our microscope, that I have not been hitherto
successful.’

In this way, then, by the active operation of different
minds, facts are observed, examined, and the precise
conditions of their appearance determined. All such
work in science is the prelude to other work ; and the
efforts of Boyle and Hooke cleared the way for the
optical career of Newton. He conquered the difficulty
which Hooke had found insuperable, and determined by
accurate measurements the relation‘of the thickness of
‘the film to the colour of displays. In doing this his
first care was to obtain a film of variable and caleulable

F1a. 18,

Jdepth.  On a plano-convex glass lens (D B E, fig., 16)
of very feeble curvature he laid a plate of glass (A C)
with a plane surface, thus obtaining a film of air of
gradually increasing depth from the point of contact (B)
outwards. On looking at the film in monochromatic
light he saw, with the delight attendant on fulfilled
prevision, swrrounding the place of contact a series
of bright rings separated from each other by dark
ones, and becoming more closely packed together as
the distance from the point of contact augmented
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(as in fig. 17).  When he employed red light, his rings
had certain diameters; when he employed blue light,

\

FiG, 17,

the diameters were less. In general terms, the more
refrangible the light the smaller were the rings.
Causing his glasses to pass through the spectrum
from red to blue, the rings gradually contracted ;
when the passage was from blue to red, the
rings expanded. This is a beautiful experiment, and
appears to have given Newton the most lively satis-
faction. When white light fell upon the glasses,
inasmuch as the colours were not superposed, a series
of iris-coloured circles were obtained. A magnified
image of Newton’s rings is now before you, and, by
employing in succession red, blue, and white light, we
obtain all the effects observed by Newton. You notice
that in monochromatic light the rings run closer and
closer together as they recede from the centre. This is
due to the fact that at a distance the film of air thickens
more rapidly than near the centre. When white light
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|is employed, this closing up of the rings causes the

| yarious colours to be superposed, so that after a certain

thickness they are blended together to white light, the
rings then ceasing altogether. It needs but a moment’s
reflection to understand that the colours of thin plates
are never unmixed and monochromatic.

Newton compared the tints obtained in this way
with the tints of his soap-bubble, and he caleulated the
corresponding thickness. How he did this may be thus
made plain to you: Suppose the water of the ocean to
be absolutely smooth ; it would then aceurately repre-
sent the earth’s curved surface. Let a perfectly
horizontal plane touch the surface at any point. Know-
ing the earth’s diameter, any engineer or mathematician

in this room could tell you how far the sea’s surface

will lie below this plane, at the distance of a yard, ten
yards, a hundred yards, or a thousand yards from the
point of contact of the plane and the sea. It is common,
indeed, in levelling operations, to allow for the curva-
ture of the earth. Newton’s calculation was precisely
similar. His plane glass was a tangent to his curved
one. From its refractive index and focal distance he
determined the diameter of the sphere of which his
curved glass formed a segment, he measured the dis-
tances of his rings from the place of contact, and he
calculated the depth between the tangent plane and
the curved surface, exactly as the engineer would
calculate the distance between his tangent plane and
the surface of the sea. The wonder is, that, where
such infinitesimal distances are involved, Newton, with
the means at his disposal, could have worked with such
marvellous exactitude.

To account for these rings was the greatest difficulty
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that Newton ever encountered. He quite appreciated
the difficulty. Over his eagle-eye there was no film—no
vagueness in his conceptions. At the very outset his
theory was confronted by the question, Why, when &
beam of light is incident on a transparent body, are
some of the light-particles reflected and some trans-
mitted? Is it that there are two kinds of particles,
the one specially fitted for transmission and the othe
for reflection ? This ecannot be the reason; for, if
we allow a beam of light which has been reflected
from one piece of glass to fall upon another, it, as a
general rule, is also divided into a reflected and a trans
mitted portion. Thus the particles once reflected are
not always reflected, nor are the particles once trans-
mitted always transmitted. Newton saw all this; he
knew he had to explain why it is that the self-same
particle is at one moment reflected and at the next
moment transmitted. It could only be through some
‘change in the condition of the particle itself. The
self-same particle, he affirmed, was affected by ¢ fits®
of easy transmission and reflection.

If you are willing to follow me in an attempt
reveal the speculative ground-work of this theory of
fits, the intellectual discipline will, I think, repay you
for the necessary effort of attention. Newton was chary
of stating what he considered to be the cause of the
fits, but there can hardly be a doubt that his mind
rested on a physical cause. Nor can there be a doubt
that here, as in all attempts at theorising, he was
compelled to fall back upon experience for the materials &
of his theory. Let us attempt to restore his course of}
thought and observation. A magnet would furnish



1. THEORY OF ¢ FITS. 77

ihim with the notion of attracted and repelled poles ;
land he who habitually saw in the visible an image of
|the invisible would naturally endow his light-particles
with such poles. Turning their attracted poles towards
a transparent substance, the particles would be sucked
in and transmitted; turning their repelled poles, they
would be driven away or reflected. Thus, by the
ascription of poles, the transmission and reflection of
the self-same particle at different times might be
accounted for.

Regard these rings of Newton as seen in pure red
licht: they are alternately bright and dark. The
film of air corresponding to the outermost of them
'is not thicker than an ordinary soap-bubble, and it
| becomes thinner on approaching the centre ; still
iNethn, as I have said. measured the thickness cor-
| responding to every ring, and showed the difference
| of thickness between ring and ring. Now, mark the
| result. For the sake of convenience, let us call the
thickness of the film of air corresponding to the first
| dark ring d; then Newton found the distance corre-
sponding to the second dark ring 2 d; the thickness
corresponding to the third dark ring 3 d; the thick-
ness corresponding to the tenth dark ring 10 d, and so
on. Surely there must be some hidden meaning in this
little distance d, which turns up so constantly ? One
can imagine the intense interest with which Newton
pondered its meaning. Observe the probable outcome
of his thought. He had endowed his light-particles
with poles, but now he is forced to introduce the notion
of periodic recwrrence. Here his power of transfer
from the sensible to the subsensible would render it
easy for him to suppose the light-particles animated,
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not only with a motion of translation, but also with a
motion of rotation. Newton’s astronomical knowledge
rendered all such conceptions familiar to him. The
earth has such a double motion. In the time oceupied
in passing over a million and a half of miles of its
orbit—that is, in twenty-four hours—our planet per-
forms a complete rotation, and, in the time required to
pass over the distance d, Newton’s light-particle must
be supposed to perform a complete rotation. True, the
light-particle is smaller than the planet, and the dis-
tance d, instead of being a million and a half of miles,
is a little over the ninety thousandth of an inch. But
the two conceptions are, in point of intellectual quality,
identical.

Imagine, then, a particle entering the film of air
where it possesses this precise thickness. To enter the
film, its attracted end must be presented. Within the
film it is able to turn once completely round; at the
other side of the film its attracted pole will be again
~presented ; it will, therefore, enter the glass at the op
posite side of the film and be lost to the eye. All roun
the place of contact, wherever the film possesses thi
precise thickness, the light will equally disappear—w
shall therefore have a ring of darkness.

And now observe how well this conception falls 1
‘with the law of proportionality discovered by Newton
When the thickness of the film is 2 d, the particle h
time to perform fwo complete rotations within th
film ; when the thickness is 3 d, three ecomplete rot
tions; when 10d, ten complete rotations are per
formed. It is manifest that in each of these cases, 0
arriving at the second surface of the film, the attracte
pole of the particle will be presented. It will, the
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fore, be transmitted ; and, because no light is sent to
the eye, we shall have a ring of darkness at each of
these places. '

The bright rings follow from immediately the same
conception. They occur between the dark rings, the
thicknesses to which they correspond being also inter-
mediate between those of the dark ones. Take the case
of the first bright ring. The thickness of the film is
3 d; in this interval the rotating particle can perform
only half a rotation. When, therefore, it reaches the
second surface of the film, its repelled pole is pre-
sented ; it is, therefore, driven back and reaches the
eye. At all distances round the centre correspond-
ing to this thickness the same effect is produced, and
the consequence is a ring of brightness. The other
bright rings are similarly accounted for. At the second
one, where the thickness is 11 o, a rotation and a half
is performed ; at the third, two rotations and a half :
and at each of these places the particles present their
repelled poles to the lower surface of the film. They
are therefore sent hack to the eye, and produce there
the impression of brightness. This analysis, though
involving difficulties when closely serutinised, enables
us to see how the theory of fits may have grown into
consistency in the mind of Newton.

It has been already stated that the Emission Theory
assigned a greater velocity to light in glass and wate
than in air or stellar space; and that on this point
it was at direct issue with the theory of undulation,
which makes the velocity in air or stellay space greater
than in glass, or water. By an experiment proposed by
Arago, and executed with consummate skill by Fou-
cault and Fizeau, this question was brought to a crucial



80 ON LIGHT. s

test, and decided in favour of the theory of undula-
tion,

{n the present instance also the twotheories are at vari-
ance, Newton assumed that the action which produces
the alternate bright and dark rings took place at a
single surface; that is, the second surface of the film,
The undulatory theory affirms that the rings are caused
by the interference of waves reflected from both sur-
faces. This also has been demonstrated by experiment.
By proper arrangements, as we shall afterwards learn,
we may abolish reflection from one of the surfaces of
the film, and when this is done the rings vanish alto-
gether.

Rings of feeble intensity are also formed by trans-
mitted light. These are referred by the undulatory
theory to the interference of waves which have passed
directly through the film, with others which have suf-
fered two reflections within the film. They are thus
completely accounted for.

Newton’s espousal of the emission theory is said to
have retarded scientilic discovery. It might, however,
be questioned whether, in the long rumn, the errors
of great men have not really their effect in ren-
dering intellectual progress rhythmical, instead of
permitting it to remain uniform, the retardation’ in
each case being the prelude to a more impetuous
advance. It is confusion and stagnation, rather than
error, that we ought to avoid. Thus, though the uncu-
latory theory was held back for a time, it gathered
strength in the interval, and its development within
the last half century has been so rapid and trium-
phant as to leave no rival in the field. We have now
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to turn to the investigation of new classes of pheno-
mena, of which it alone can render a satisfactory
account.

Newton, who was familiar with the idea of an ether,
and who introduced it in some of his speculations,
objected, as already stated, that if light consisted of
waves shadows could not exist; for that the waves
would bend round the edges of opaque bodies and
agitate the ether behind them. He was right in
affirming that this bending ought to occur, but wrong
in supposing that it does not occur. The bending is
real, though in all ordinary cases it is masked by the
action of interference. This inflection of the light
receives the name of Diffraction.

To study the phenomena of diffraction it is necessary
that our source of light should be a physical point,
or a fine line; for when luminous surfaces are employed
the waves issning from different points of the surface

| obscure and neutralize each other. A point of light of

high intensity is obtained by admitting the parallel rays
of the sun through an aperture in a window shutter, and
concentrating the beam by a lens of short focus. The
small solar image at the focus constitutes a suitable
point of light. The image of the sun formed on the
convex surface of a glass bead, or of a watch-glass
blackened within, though less intense, will also answer.
An intense line of light is obtained by admitting the
sunlight through a slit, and sending it through a
strong cylindrical lens. The slice of light is eontracted to
a physical line at the focus of the lens. A glass tube
blackened within and placed in the light, reflects from
its surface a luminous line whieh, though less intense,
also answers the purpose.
G
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[n the experiment now to be deseribed a vertical
slit of variable width is placed in front of the electrie
lamp, and this slit is looked at from a distance through
another vertical slit, also of variable aperture, and held
in the hand.

The light of the lamp being, in the first place,
rendered monochromatic by placing a pure red glass in
front of the slit, when the eye is placed in the .'-i.l.f"ilif_"]lf
line drawn through both slits an extraordinary appear-

ance (shown in fig. 18) is observed. Firstly, the slit in

Fia. 18.

front of the lamp 1s seen as a vivid rectangle of light;
but right and left of it is a long series of rectangles,
decreasing in vividness, and separated from each other
by intervals of absolute darkness.

The breadth of these bands is seen to vary with the
width of the slit held before the eye. When the slit
is widened the bands become narrower, and they crowd
more closely together ; when the slit is narrowed, the
individual bands widen and also retreat from each other,
Jeaving between them wider spaces of darkness than
before.

Leaving everything else unchanged, let a blue glass
or a solution of ammonia-sulphate of copper, which
oives a very pure blue, be placed in the path of the
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licht. A series of blue bands is thus obtained, exactly
like the former in all respects save one; the blue
rectangles are narrower, and they are closer together
than the red ones.

Lt we employ colours of intermediate refrangibilities,
which we may do by causing the different colours of a
spectrum to shine throueh the slit, we obtain bands of
colour intermediate in width and occupying interme-
diate positions between those of the red and blue. The
aspect of the bands in red, green, and violet light is
represented in fig. 19. When white light, therefore,

o

Fra. 19,

passes through the slit the various colours are not
superposed, and instead of a series of monochromatic
bands, separated from each other by intervals of dark-
ness, we have a series of coloured spectra placed side
by side. When the distant slit is illuminated by a
candle flame, instead of the more intense electric light ;
or when a distant platinum wire raised to a white heat
by an electric current is employed, substantially the
same effects are observed.

What is the meaning of these experiments, and how
are the lateral images of the slit produced? Of these
and of a multitude of similar resnlts the Emission

g 2
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Theory is incompetent to offer any satisfactory ex-
planation. Let us see how they are accounted for by
the Theory of Undulation.

And here, with the view of reaching absolute clear-
ness, I must make an appeal to that faculty the
importance of which I have dwelt upon so earnestly
here and elsewhere—the faculty of imagination. Figure
yourself upon the sea-shore, with a well-formed wave
advancing. Take a line of particles along the front of
the wave, all at the same distance below the crest ; they
are all rising in the same manner and at the same rate.
Take a similar line of particles on the back of the wave,
they are all falling in the same manner and at the
came rate. Take a line of particles along the crest,
they are all in the same condition as regards the motion
of the wave. The same is true for a line of particles
along the furrow of the wave.

The particles referred to in each of these cases re-
spectively being in the same condition as regards the
motion of the wave, are said to be in the same phase
of vibration. But if you compare a particle on the
front of the wave with one at the back; or more
generally, if you compare together any two particles
not occupying the same position in the wave, their
eonditions of motion not being the same, they are said
to be in different phases of vibration. If one of the
particles lie upon the crest, and the other on the furrow
of the wave, then, as one is about to rise and the other
about to fall, they are said to be in opposite phases of
vibration. |

There is still another point—and it is one of the utmost
importance as regards our present subject—to be cleared
up. Let O (fig. 20) be a. point in still water which,
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when disturbed, produces a series of circular waves : the

disturbance necessary to produce these waves is simply
an oscillation up and down of the point O. Let m n be

Fia. 20.

0

the position of the ridge of one of the waves at any mo-
ment, and m’ n’ its position a second or two afterwards.
Now every particle of water, as the wave passes it, oscil-
lates, as we have learned, up and down. If, then, this
oscillation be a sufficient origin of wave motion, then
each distinct particle of the wave m n ought to be such
| an origin and to give birth to a series of circular waves.
| This is the important point up to which I wished to
lead you. Every particle of the wave m m does act
| In this way. Taking each particle as a centre, and
surrounding it by a cireular wave with a radius equal
| tothe distance between m n and m/ /, the coalescence
of all these little waves would build up the larger
ridge m’ n’ exactly as we find it built up in nature.
Here, in fact, we resolve the wave-motion into its
elements, and having succeeded in doing this we shall
have no great difficulty in applying our knowledge to
optical phenomena.
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Now let us return to our slit, and, for the sake of sim-
plicity, we will first consider the case of monochromatic
light, Conceive a series of waves of ether advancing
from the first slit towards the second, and finally
filling the second slit. When each wave passes
through the latter it not only pursues its direct
course to the retina, but diverges right and left, tend-
ing to throw into motion the entire mass of the ether
behind the slit. In fact, as already explained, every
point of the wave which fills the slit is itself a centre
of a mew wave-system, which is transmitted in all
directions through the ether belimd the slit. This is
the celebrated principle of Huyghens: we have now
to examine how these secondary waves act upon each
other.

Let us first regard the central band of the series. Let
A P (fig. 21) be the width of the aperture held before the

eye, grossly exaggerated of course, and let the dots across
the aperture represent ether particles, all in the same
phase of vibration. Let E T represent a portion of the
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retina. From O, in the centre of the slit, let a per-
pendicularO R be imagined drawn upon the retina. The
motion communicated to the point R will then be the
sum of all the motions emanating in this direction
from the ether particles in the slit. Considering the
extreme narrowness of the aperture we may, without
sensible error, regard all points of the wave A P as
equally distant from R. No one of the partial
waves lags sensibly behind the others : hence, at R, and
in its immediate neighbourhood, we have no sensible
reduction of the light by interference. This undi-
minished light produces the brilliant central band of
the series.

Let us now consider those waves which diverge
laterally behind the slit. In this case, the waves from
the two sides of the slit have, in order to converge
upon the retina, to pass over unequal distances. Let
A P (fig. 22), represent, as before, the width of the

Fig. 22,

second slit. We have now to consider the action of
the various parts of the wave A P upon a point R’ of
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the retina, not situated in the line joining the slits.
Let us take the particular case in which the difference
in path from the two marginal points A,I’, to the retina
is a whole wave-length of the red light ; how must this
difference affect the final illumination of the retina ?

Let us fix our attention upon the particular oblique
line that passes through the centre O of the slit to the
retina at R’. The difference of path between the waves
which pass along this line and those from the two
margins is, in the case here supposed, half a wave-
length. Make e R’ equal to P R’, join P and e, and
draw O d parallel to P e. Aeis then the length of a
wave of light, while A d is half a wave-length. Now
the least reflection will make it clear that mot only
is there discordance between the central and marginal
waves, but that every line of waves such as # R’, on
the one side of O R/, finds a line @’ R” upon the other
side of O R, from which its path differs by half an
undulation, with which, therefore, it is in complete
discordance. The consequence is that the light on the
one side of the central line will completely abolish the
light on the other side of that line, absolute darkmess
being the result of their coalescence. The first dark
interval of our series of bands is thus accounted for.
Tt is produced by an obliquity of direction which causes
the paths of the marginal waves to be a whole wave-
length different from each other.

When the difference between the paths of the mar-
ginal waves is half a wave-length, a partial destruction
of the light is effected. The luminous intensity corre-
sponding to this obliquity is a little less than one-half
—-accurately 04— that of the undiffracted light.

If the pathsof the marginal waves be three semi-
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undulations different from each other, and if the whole
beam be divided into three equal parts, two of these
parts will, for the reasons just given, completely neu-
tralize each other, the third only being effective.
Corresponding, therefore, to an obliquity which pro-
duces a difference of three semi-undulations in the
marginal waves, we have a luminous band, but one of
considerably less intensity than the undiffracted cen-
tral band.

With a marginal difference of path of four semi-
undulations we have a second extinction of the entire
beam, because here the beam can be divided into four
equal parts, every two of which quench each other.
A second space of absolute darkness will therefore
correspond to the obliquity producing this difference.
In this way we might proceed further, the general
result being that, whenever the direction of wave-
motion is such as to produce a marginal difference of
path of an even number of semi-undulations, we have
complete extinction ; while, when the marginal dif-
ference is an odd number of semi-undulations, we have
only partial extinetion, a portion of the beam remaining
as a luminous band.

A moment’s reflection will make it plain that the

“wider the slit the less will be the obliquity of direction

needed to produce the necessary difference of path, With
a wide slit, therefore, the bands, as stated, will be closer
together than with a narrow one. It is also plain that
the shorter the wave, the less will be the obliquity re-
quired to produce the necessary retardation. The maxima
and minima of violet light must therefore fall nearer to
the centre than the maxima and minima of red light.
The maxima and minima of the other colours fall
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between these extremes. In this simple way the
undulatory theory completely accounts for the extra-
ordinary appearance above referred to.

When a slit and telescope are used, instead of the
slit and naked eye, the effects are magnified and ren-
dered more brilliant. Looking, moreover, through
a properly adjusted telescope at a distant point of light
with a small circular aperture in front of it, the point
is seen encircled by a series of coloured bands. If
monochromatic light be used, these bands are simply
bright and dark, but with white light the circles display
iris-colours. If a slit be shortened so as to form a
square aperture, we have two series of spectra at right

angles to each other. The effects, indeed, are capable
of endless variation by varying the size, shape, and
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number of the apertures through which the point of
light is observed. Through two square apertures, with
their corners touching each other as at A, Schwerd
observed the appearance shown in fig. 23. Adding two
others to them, as at B, he observed the appearance
represented in fig. 24. The position of every band of

T1a. 24,

light and shade in such figures has been caleulated from
theory by Fresnel, Fraunhofer, Herschel, Schwerd,
and others, and completely verified by experiment.
Your eyes could not tell you with greater certainty of
the existence of these bands than the theoretic calcu-
lation.

The street-lamps at night, looked at through the
meshes of a handkerchief, show diffraction phenomena.
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The diffraction effects obtained in looking through a
bird’s feathers are, as shown by Schwerd, very brilliant
The iridescence of certain Alpine clouds is also an effect
of diffraction which may be imitated by the spores
of Lycopodium. When shaken over a glass plate
these spores cause a point of light, looked at through
the dusted plate, to be surrounded by coloured cireles,
which rise to actual splendour when the light becomes
intense. Shaken in the air the spores produce the same
effect. The diffraction phenomena obtained during
the artificial precipitation of clouds from the vapours of
various liquids in an intensely illuminated tube are ex-
ceedingly fine.

One of the most interesting cases of diffraction by
small particles that ever came before me was that of an
artist whose vision was disturbed by vividly-coloured
circles. He was in great dread of losing his sight ;
assigning as a cause of his increased fear that the
circles were becoming larger and the colours more
vivid. I aseribed the colours to minute particles in
the humours of the eye, and ventured to encourage
him by the assurance that the increase of size and
vividness on the part of the circles indicated that the
diffracting particles were becoming smaller, and that
they might finally be altogether absorbed. The predic-
tion was verified. It is needless to say one word on the
necessity of optical knowledge in the case of the prac-
tical oculist.

Without breaking ground on the chromatic pheno-
mena presented by crystals, two other sources of colour
may be mentioned here. By interference in the earth’s
atmosphere the light of a star, as shown by Arago, 15
self-extinguished, the twinkling of the star and the
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changes of colour which it undergoes being due to this
cause. Looking at such a star through an opera
glass, and shaking the glass so as to cause the
image of the star to pass rapidly over the retina,
you produce a row of coloured beads, the spaces
between which correspond to the periods of extinction,
Fine scratches drawn upon glass or polished metal
reflect the waves of light from their sides; and
some, being reflected from opposite sides of the
same furrow, interfere with and quench each other.
But the obliquity of reflection which extinguishes
the shorter waves does not extinguish the longer
ones, hence the phenomena of colour. These are
called the colours of striated surfaces. They are
beautifully illustrated by mother-of-pearl. This shell
is composed of exeeedingly thin layers, which, when cut
across by the polishing of the shell, expose their edges
and furnish the necessary small and regular grooves.
The most conclusive proof that the colours are due to
the mechanical state of the surface is to be found in
the fact, established by Brewster, that by stamping the
shell carefully upon black sealing-wax, we transfer the
grooves, and produce upon the wax the colours of
mother-of-pearl,
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OxE of the objects of our Jast lecture, and that not the
least important, was to illustrate the manner in which
scientific theories are formed. They, in the first place,
take their rise in the desire of the mind to penetrate
to the sources of phenomena. From ijts 1nfinitesi-
mal beginnings, in ages long past, this desire has
grown and strengthened into an imperious demand of
man’s intellectual nature. It long ago prompted
Ceesar to say that he would exchange his victories for
a glimpse of the sources of the Nile ; it wrought itself
into the atomic theories of Lueretius ; it impels Darwin
to those daring speculations which of late years have
so agitated the public mind. But in no case in fram-
ing theories does the imagination ecreate its materials,
It expands, diminishes, moulds and refines, as the case
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may be, materials derived from the world of fact and
observation.

This is more evidently the case in a theory like that
of light, where the motions of a subsensible medium,
the ether, are presented to the mind. But no theory
escapes the condition. Newton took care not to en-
cumber the idea of gravitation with unnecessary physi-
cal conceptions; but we know that he indulged in
them, though he did mnot connect them with his
theory. DBut even the theory as it stands did mot
enter the mind as a revelation dissevered from the
world of experience. The germ of the conception
that the sun and planets are held together by a force
of attraction is to be found in the fact that a
magnet had been previously seen to attract iron. The
notion of matter attracting matter came thus from
without, not from within. In our present lecture the
magnetic force must serve us as the portal into a new
subsensible domain; but in the first place we must
master its elementary phenomena.

The general facts of magnetism are most simply
illustrated by a magnetized bar of steel, commonly
called a bar magnet. Placing such a magnet upright
upon a table, and bringing a magnetic needle mnear its
bottom, one end of the needle is observed to retreat
from the magnet, while the other as promptly ap-
proaches. The needle is held guivering there by some
invisible influence exerted upon it. Raising the needle
along the magnet, but still avoiding contact, the rapi-
dity of its oscillations decreases, because the force act-
ing upon it becomes weaker. At the centre the oscil-
lations cease. Above the centre, the end of the needle
which had been previously drawn towards the magnet
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retreats, and the opposite end approaches. As we as-
cend higher, the oseillations become more violent,
because the force becomes stronger. At the upper end
of the magnet, as at the lower, the force reaches a
maximum ; but all the lower half of the magnet, from
E to S (fig. 25), attracts one end of the needle, while
all the upper half, from E to N, attracts the opposite
end. This doubleness of the magnetic force is called
polarity, and the points near the ends of the magnet in
which the forces seem concentrated are called its poles.

FiG. 235,

What, then, will occur if we break this magnet in
two at the centre E?  Will each of the separate halyes
act as it did when it formed part of the whole magnet?
No; each half is in itself g perfect magmet, possessing
“wo poles. This may be proved by breaking something
of less value than the magnet—the steel of g lady’s
stays, for example, hardened and magnetized, It acts
like the magnet, When broken, each half acts like
the whole ; and when these Parts are again broken, we

H
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have still the perfect magnet, possessing, as in the first
instance, two poles. Push your breaking to its utmost
sensible limit, you cannot stop there. The bias derived
from ohservation will infallibly carry you beyond the
bourne of the senses, and compel you to regard this
thing that we call magnetic polarity as resident in the
ultimate particles of the steel, You come to the
conclusion that each atom of the magnet is endowed
with this polar force.

Like all other forces, this force of magnetism is
amenable to mechanical laws ; and, knowing the direc-
tion 'and magnitude of the force, we can predict its
action. Placing a small magnetic needle near a bar
magnet, it takes up a determinate position. That
position might . be deduced theoretically from the
mutual action of the poles. Moving the needle round
the magnet, for each point of the surrounding space
there iz a definite direction of the needle, and no
other. A needle of iron will answer as well as the
magnetic needle ; for the needle of iron is magnetized
by the magnet, and acts exactly like a steel needle
independently magnetized.

If we place two or more needles of iron near the mag-
net, the action becomes more complex, for then the
needles are mot only acted on by the magnet, but
they act upon each other. And if we pass to smaller
masses of iron—to iron filings, for example—we find
that they act substantially as the needles, arranging
themselves in definite forms, in obedience to the mag-
netic action.

Placing a sheet of paper oOr olass over this bar
magnet and showering: iron filings upon the paper, I
notice a tendency of the filings to arrange themselves
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1n determinate lines. They cannot freely follow this
tendency, for they are hampered by the friction against
the paper. They are helped by tapping the paper ;
each tap releasing them for a moment, and enabling

Fic. 28.

N is the nozzle of the lamp; M a plane mirror, reflecting the beam upwards, At
F the magnets and iron filings are placed ; L is a lens which forms an image of
the magnets and filings ; and R is a totally-reflecting prism, which casts the image
G upon the screen,

them to follow their tendencies. But this is an experi-
ment which can only be seen by myself. To enable you all
to see it, I take a pair of small magnets and by a simple
optical arrangement throw the magnified images of the
magnets upon the sereen, Scattering iron filings over
the glass plate to which the smal] magnets are attached,
and tapping the plate, you see the arrangement of the
H 2
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iron filings in those magnetic curves which have been
so long familiar to scientific men.?

The aspect of these curves so fascinated Faraday
that the greater portion of his intellectual life was de-
voted to pondering over them, He invested the space
through which they run with a kind of materiality ;
and the probability is that the progress of science, by
connecting the phenomena of magnetism with the lumi-
niferous ether, will prove these ¢lines of force, as
Faraday loved to call them, to represent a condition of
this mysterious substratum of all radiant action.

But it is not the magnetic curves, as such, but
their relationship to theoretic conceptions that we have
now to consider. By the action of the bar magnet upon
the needle we obtain a notion of a polar force; by the
breaking of the strip of magnetized steel, we attain the
notion that polarity can attach itself to the ultimate
particles of matter. The experiment with the iron
filings introduces a new idea into the mind ; the idea,
namely, of structural arrangement. Every pair of fil-
ings possesses four poles, two of which are attractive
and two repulsive. The attractive poles approach, the
repulsive poles retreat; the consequence beinga certain
definite arrangement of the particles with reference to
each other.

Now, this idea of structure, as produced by polar
force, opens a way for the intellect into an entirely new
region, and the reason you are asked to accompany me
into this region is, that our next inquiry relates to the
action of crystals upon light. Before I speak of this

: Very beautiful specimens of these curves have been recently obtained
and fized by my distinguished friend, Prof. Mayer, of Hoboken, to whom

I am indebted for the original of the woodeut placed in front of this
Lecture. i
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action, I wish you to realise intellectually the process
of crystalline architecture. Look then into a granite
quarry, and spend a few minutes in examining the
rock. It is not of perfectly uniform texture. It is
rather an agglomeration of pieces, which, on examina-
tion, present curiously-defined forms. You have there
what mineralogists call quartz, you have felspar, you
have mica. In a mineralogical cabinet, where these
substances are preserved separately, you will obtain
some notion of their forms. You will see there, also,
specimens of beryl, topaz, emerald, tourmaline, heavy
spar, fluor-spar, Iceland spar—possibly a full-formed
diamond, as it quitted the hand of Nature, not yet
having got into the hands of the lapidary.

These erystals, you will observe, are put together ac-
cording to law; they are not chance productions ; and, if
you care to examine them more minutely, you will find
their architecture capable of being to some extent
revealed. They often split in certain directions before
a knife-edge, ‘exposing smooth and shining surfaces,
which are called planes of cleavage; and by following
these planes you sometimes reach an internal form,
disguised beneath the external form of the erystal.
Ponder these beautiful edifices of a hidden builder.
You cannot help asking yourself how they were built ;
and familiar as you now are with the notion of a polar
force, and the ability of that force to produce structural
arrangement, your inevitable answer will be, that those
crystals are built by the play of polar forces with which
their molecules are endowed. In virtue of these forces,
atom lays itself to atom in a perfectly definite way,
the final visible form of the crystal depending upon
this play of its molecules. .

Everywhere in Nature we observe this tendency to
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run into definite forms, and nothing is easier than to
give scope to this tendency by artificial arrangements.
Dissolve mitre in water, and allow the water slowly to
evaporate; the nitre remains, and the solution soon
becomes so concentrated that the liquid condition can
no longer be preserved. The nitre-molecules approach
each other, and come at length within the range of
their polar forces. They arrange themselves in obedi-
ence to these forces, a minute crystal of nitre being at
first produced: On this erystal the molecules continue
to deposit themselves from the surrounding liquid.
The erystal grows, and finally we have large prisms of
nitre, each of a perfectly definite shape. Alum cry-
stallizes with the utmost ease in this fashion. The
resultant crystal is, however, different in shape from
that of nitre, because the poles of the molecules are
differently disposed. If they be only nursed with
proper care, crystals of these substances may be caused
to grow to a great size.

The condition of perfect crystallization is, that the
crystallizing force shall act with deliberation. There
should be no hurry in its operations; but every mole-
cule ought to be permitted, without disturbance from
its neighbours, to exercise its own molecular rights. If
the crystallization be too sudden, the regularity disap-
pears. Water may be saturated with sulphate of soda,
dissolved when the water is hot, and afterwards permit-
ted to cool. When cold the solution is supersaturated;
that is to say, more solid matter is contained in it than
corresponds to its temperature. Still the molecules
chow no sign of building themselves together.

This is a very remarkable, though a very common fact.
The molecules in the centre of the liquid are so hampered
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by the action of their neighbours that freedom to follow
their own tendencies is denied to them. Fix your
mind’s eye upon a molecule within the mass. It wishes
to unite with its neighbour to the right, but it wishes
equally to unite with its neighbour to the left; the
one tendency neutralizes the other, and it unites with
neither. We have here, in fact, translated into mole-
cular action, the well-known suspension of animal
volition produced by two equally inviting bundles of
hay. But, if a crystal of sulphate of soda be dropped
into the solution, the molecular indecision ceases. On
the erystal the adjacent molecules will immediately
precipitate themselves; on these again others will be
precipitated, and this aet of preeipitation will continue
from the top of the flask to the bottom, until the
solution has, as far as possible, assumed the solid
form. The crystals here produced are small, and con-
fusedly arranged. The process has been too hasty to
admit of the pure and orderly action of the erystal-
lizing force. It typifies the state of a nation in which
natural and healthy change is resisted, until society
becomes, as it were, supersaturated with the desire for
change, the change being then effected through con-
fusion and revolution, which a wise fﬂresight might
have avoided.

Let me illustrate the action of crystallizing force by
two examples of it: Nitre might be employed, but
another well-known substance enables me to make the
experiment in a better form. The substance is com-
mon sal-ammoniae, or chloride of ammonium, dissolved
in water. Cleansing perfectly a glass plate, the solu-
tion of the chloride is poured over the glass, to which,
when the plate is set on edge, a thin film of the liguid
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adheres. Warming the glass slightly, evaporation is
promoted, but by evaporation the water only is re-
moved. The plate is then placed in a solar micro-
scope, and an image of the film is thrown upon a white
screen. The warmth of the illuminating beam adds
itself to that already imparted to the glass plate, so
that after a moment or two the dissolved salt can no
longer exist in the liquid condition. Molecule then
closes with molecule, and you have a most impressive
display of crystallizing energy overspreading the whole
screen.  You may produce something similar if you
breathe upon the frost-ferns which overspiead your
window-panes in winter, and then observe through a
pocket lens the subsequent recongelation of the film.
In this case the erystallizing force is hampered by
the adhesion of the film to the glass; nevertheless, the
play of power is strikingly beautiful. Sometimes the
crystals start from the edge of the film and run through
it from that edge, for, the crystallization being once
started, the molecules throw themselves by preference
on the crystals already formed. Sometimes the crys-
tals start from definite nuclei in the centre of the
film; every small crystalline particle which rests in
the film furnishing a starting-point. Throughout the
process you notice one feature which is perfectly un-
alterable, and that is, angular magnitude. The spicule
branch from the trunk, and from these branches others
shoot ; but the angles enclosed by the spicule are un-
alterable. In like manner you may find alum-crystals,
quartz-crystals, and all other crystals, distorted in shape.
They are thus far at the mercy of the accidents of
crystallization ; but in one particular they assert their
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superiority over all such accidents—angular magni-
tude is always rigidly preserved.

My second example of the action of crystallizing foree
is this : By sending a voltaic eurrent through a liquid,
you know that we decompose the liquid, and if it con-
tains a metal, we liberate this metal by the electrolysis.
This small cell contains a solution of acetate of lead,
which s chosen for our present purpose becauselead lends
itself freely to this erystallizing power. Into the cell
are dipped two very thin platinum wires, and these are
connected by other wires with a small voltaic battery.
On sending the voltaic current through the solution,
the lead will be slowly severed from the atoms with
which it is now combined ; it will be liberated upon
one of the wires, and at the moment of its liberation it
will obey the polar forces of its atoms, and produce
erystalline forms of exquisite beauty. They are now
before you, sprouting like ferns from the wire, appear-
ing indeed like vegetable growths rendered so rapid as
to be plainly visible to the naked eye. On reversing
the current, these wonderful lead-fronds will dissolve,
while from the other wire filaments of lead dart through
the liquid. Ina moment or two the growth of the lead-
trees recommences, but they now cover the other wire. )

In the process of crystallization, Nature first reveals
herself as a builder. Where do her operations stop ?
Does she continue by the play of the same forces to
form the vegetable, and afterwards the animal ! What-
ever the answer to these questions may be, trust me
that the notions of the coming generations regarding
this mysterious thing, which some have called ¢ brute
matter,” will be very different from those of the genera-
tions past,
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There is hardly a more beautiful and instructive
example of this play of molecular force than that
furnished by the case of water. You have seen the
exquigite fern-like forms produced by the erystallization
of a film of water on a cold window-pane.! You have
also probably noticed the beautiful rosettes tied together
by the erystallizing forece during the descent of a snow-
shower on a very calm day. The slopes and summits
of the Alps are loaded in winter with these blossoms
of the frost. They vary infinitely in detail of beauty,
but the same angular magnitude is preserved through-
out : an inflexible power binding spears and spicul to
the angle of 60 degrees.

The common ice of our lakes is also ruled in its
deposition by the same angle. You may sometimes
see in freezing water small erystals of stellar shapes,
cach star consisting of six rays, with this angle
of 60° between every two of them. This structure
may be revealed in ordinary ice. In a sunbeam,
or, failing that, in our electric beam, we have an
instrument delicate enough to unlock the frozen mole-
cules without disturbing the order of their architecture.
Cutting from clear, sound, regularly-frozen ice a slab
parallel to the planes of freezing, and sending a sun-
beam through such a slab, it liquefies internally at
special points, round each point a six-petalled liquid
flower of exquisite beauty being formed. Crowds of
such flowers are thus produced. From an ice-house we
sometimes take blocks of ice presenting misty spaces in
the otherwise continuous mass; and when we inquire

1 A specimen of the plumes produced by water erystallization is
fignred in the Frontispiece; an account of it will be found in the

Appendix,
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into the eause of this mistiness, we find it to be due to
myriads of small six-petalled flowers, into which the ice
has been resolved by the mere heat of conduction.

A moment’s further devotion to the erystallization
of water will be well repaid ; for the sum of qualities
which renders this substance fitted to play its part in
Nature may well excite wonder and stimulate thought.
Like almost all other substances, water is expanded by
heat and contracted by cold. Let this expansion and
contraction be first illustrated :

A small flask is filled with coloured water, and
stopped with a cork. Through the cork passes a glass
tube water-tight, the liquid standing at a certain
height in the tube. The flask and its tube resemble
the bulb and stem of a thermometer. Applying the
heat of a spirit lamp, the water rises in the tube, and
finally trickles over the top. Expansion by heat is
thus illustrated.

Removing the lamp and piling a freezing mixture
round the flask, the liquid column falls, thus showing
the contraction of the water by the cold. But let
the freezing mixture continue to act: the falling of
the column continues to a certain point; it then
ceases. The top of the column remains stationary for
some seconds, and afterwards begins to rise. The con-
traction has ceased, and expansion by cold sets in, Let
the expansion continue till the liquid trickles a second
time over the top of the tube. The freezing mixture has -
here produced to all appearance the same effect as the
flame. In the case of water, contraction by cold ceases,
and expansion by cold sets in at the definite tempera-
ture of 39° Fahr. Crystallization has virtually here
commenced, the molecules preparing themselves for the
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subsequent act of solidification which oceurs at 32°, and
in which the expansion suddenly culminates. In virtue
of this expansion, ice, as you know, is lighter than |
water in the proportion of 8 to 9.! |
A molecular problem of great interest is here in-
volved, and I wish now to place before you, for the |
satisfaction of your minds, a possible solution of the |
problem :— |
Consider, then, the ideal case of a number of magnets
deprived of weight, but retaining their polar forces. If |
we had a mobile liquid of the specific gravity of steel,
we might, by making the magnets float in it, realize this
state of things, for in such a liquid the magnets would
neither sink nor swim. Now, the principle of gravi-
tation enunciated by Newton is that every particle of
matter, of every kind, attracts every other particle with
a force varying as the inverse square of the distance. In
virtue of the attraction of gravity, then, the magnets, if
perfectly free to move, would slowlyapproach each other.
But besides the unpolar force of gravity, which be-
longs to matter in general, the magnets are endowed.
with the polar force of magnetism. For a time, however,
the polar forces do not come sensibly into play. In this
condition the magnets resemble our water-molecules

' In a little volume entitled ‘Forms of Water, I have mentioned
that cold iron floats upon molten iron, In company with my friend Sie
William Armstrong, I had repeated opportunities of witnessing this
fact in his works at Elswick, 1863. Faraday, I remember, spoke to me
- subsequently of the completeness of iron castings as probably due to the
swelling of the metal on solidification, Beyond this, I have given the
subject no special attention; and I know that many intelligent iron-
founders doubt the fact of expansion. It is quite possible that the
golid floats because it is not wefted by the molten iron, its volume being
virtually augmented by capillary repulsion. Certain flies walk freely
upon water in virtue of an action of this kind, With bismuth, how-
ever, it is easy to burst iron bottles by the force of solidification.
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at the temperature say of 50°. But the magnets come
at length sufficiently near each other to enable their
poles to interact. From this point the action ceases
to be solely a general attraction of the masses. An
attraction of special points of the masses and a repul-
sion of other points now come into play; and it is
easy to see that the rearrangement of the magnets con-
sequent upon the introduction of these new forces may
be such as to require a greater amount of room. This, I
take it, is the case with our water-molecules. Like the
magnets, they approach each other for a time as wholes.
Previous to reaching the temperature 39° Fahr., the
polar forces had doubtless begun to act, but it is at
this temperature that their action exactly balances the
contraction due to cold. At lower temperatures, as
regards change of volume, the polar forces predominate,
But they carry on a struggle with the force of contrac-
tion until the freezing temperature is attained. The
molecules then close up to form solid erystals, a con-

siderable augmentation of volume being the immediate
consequence.

We have now to exhibit the bearings of this act of
erystallization upon optical phenomena. According to
the undulatory theory, the velocity of light in water and
glass is less than in air. Consider, then, a small por-
tion of a wave issuing from a point of light so distant
that the portion may be regarded as practically plane,
Moving vertically downwards, and impinging on an
horizontal surface of glass or water, the wave would 2o
through the medium without change of direction, But,
as the velocity in glass and water ig less than the
velocity in air, the wave would be retur

_ ded on passing
into the denser medium.
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But suppose the wave, hefore reaching the glass, to
be obligue to the surface ; that end of the wave which
first reaches the medium will be the first retarded by
it, the other portions as they enter the glass being re-
tarded in succession. It is easy to see that this
retardation of the one end of the wave must cause it
to swing round and change its front, so that when the
wave has fully entered the glass its course is oblique to
its original direction. According to the undulatory
theory, light is thus refracted.

With these considerations to guide us, let us follow £

the course of a beam of monochromatic light through our
glass prism. The velocity in air is to its velocity in glass

Frgc. 27.
B

C A

as 2 :3. Let a Bc (fig. 27) be the section of our
prism, and a b the section of a plane wave approach-
ing it in the direction of the arrow. When it reaches
¢ d, one end of the wave is on the point of entering the
glass, and while the portion of the wave still in the air
passes over the distance ¢ e, the wave in the glass will
have passed over only two-thirds of this distance, or
d f. The line ¢ f now marks the front of the wave.
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Immersed wholly in the glass it pursues its way to g A,
where the end g of the wave is on the point of escaping
into the air. During the time required by the end /A
of the wave to pass over the distance .k to the surface
of the prism, the other end g, moving more rapidly,
will have reached the point 2. The wave, therefore,
has again changed its front, so that afier its emergence
from the prism it will pass on to I m, and subsequently
in the direction of the arrow. The refraction of the
beam is thus completely accounted for; and it is, more-
over, based upon actual experiment, which proves that
the ratio of the velocity of light in glass to its velocity
in air is that here mentioned. It is plain that if the
change of velocity on entering the glass was greater,
the refractor also would be greater.

The two elements of rapidity of propagation, both
of sound and light, in any substance whatever, are
elasticity and density, the speed increasing with the
former and diminishing with the latter. The enormous
velocity of light in stellar space is attainable because
the ether is at the same time of infinitesimal density
and of enormous elasticity. Now the ether surrounds
the atoms of all bodies, but it is not independent of them.
In ponderable matter it acts as if its density were in-
creased without a proportionate increase of elasticity;
and this accounts for the diminished velocity of light in
refracting bodies. We here reach a point of cardinal im-
portance. In virtue of the crystalline architecture that
we have been considering, the ether in many crystals
possesses different densities in different directions ; and
the consequence is, that some of these media transmit
light with two different velocities. But as refraction
depends wholly upon the change of velocity on entering

¥
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the refracting medium, and is greatest where the
change of velocity is greatest, we have in many
crystals two different refractions. By such crystals a
beam of light is divided into two. This effect is called
double refraction.

In ordinary water, for example, there is nothing in the
grouping of the molecules to interfere with the perfect
homogeneity of the ether; but, when water crystallizes
to ice, the case is different. In a plate of ice the
elasticity of the ether in a direction perpendieular to
the surface of freezing is different from what it is
parallel to the surface of freezing ; ice is, therefore, a
double refracting substance. Double refraetion is dis-
played in a particularly impressive manner by Iceland
spar, which is crystallized carbonate of lime. The
difference of ethereal density in two directions in this
crystal is very great, the separation of the beam into
the two halves being, therefore, particularly striking.
I am unwilling to quit this subject before raising it
to unmistakable clearness in your minds. The vibra-
tions of light being transversal, the elasticity concerned
in the propagation of any ray is the elasticity at right
angles to the direction of propagation. In Ieceland
spar there is one direction round which the erystalline
molecules are symmetrically built. This direction 1s
called the axis of the crystal. In consequence of this
symmetry the elasticity is the same in all directions
perpendicular to the axis, and hence a ray transmitted
along the axis suffers no double refraction. But the
elasticity along the axis is greater than the elasticity
at right angles to the axis. Consider then a system of
waves crossing the crystal in a direction perpendicular
to the axis. Two dirvections of vibration are open to
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such waves: the ether particles can vibrate parallel
to the axis or perpendicular to it. Zhey do both, and
hence immediately divide themselves into two systems
propagated with different velocities. Double refraction
1s the necessary consequence.

By means of Iceland spar cut in the proper direction,
double refraction is capable of easy illustration. Before
you is now projected an image of our carbon-points.
Causing the beam which builds the image to pass
through the spar, the single image is instantly divided
into two. Projecting (by the lens E, fig. 28) an image

Fi1a, 28,

of the aperture (L) through which the light issues from
the electric lamp, and introducing the spar (P), two
luminous disks (E ) appear immediately upon the
screen instead of one,

The two beams into which the spar divides the single
incident-beam have been subjected to the closest ex-
amination. They do not behave alike. One of them
obeys the ordinary law of refraction discovered by Snell,

I
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and is, therefore, called the ordinaryray: its index of
refraction is 1'483. The other does not obey this law.
Its index of refraction, for example, 1s not constant,
but varies from a maximum of 1:654 to a minimum
of 1:483; mnor do the incident and vrefracted rays -
always lie in the same plane. It is, therefore, called
the extraordinary vay. In cale-spar, as just stated,
the ordinary ray is the most refracted. One consequence
of this merits a passing notice. Pour water and bi-
sulphide of carbon into two cups of the same depth,
the cup that contains the more strongly-refracting
liquid will appear shailower than the other. Place a
piece of Iceland spar over a dot of ink; two dots are
seen, the one appearing nearer than the other to the eye.
The nearest dot belongs to the most strongly-refracted
ray, exactly as the nearest cup bottom belongs to the
most highly refracting liquid. When you turn the
spar round, the extraordinary image of the dot rotates
round the ordinary one, which remains fixed. This i
also the deportment of our two disks upon the screen.

The double refraction of Iceland spar was first treated
in o work published by Erasmus Bartholinus, in 1669.
The celebrated Huyghens sought to account for this
phenomenon on the principles of the wave theory, and
he succeeded in doing so. He, moreover, made highly
important observations on the distinctive character of
the two beams transmitted by the spar, admitting,
with resigned candour, that he had not solved them,
and leaving that solution to future times. Newton,
reflecting on the observations of Huyghens, came to
the conclusion that each of the beams transmitted by
Iceland spar had two sides; and from the analogy of




ine POLARIZATION OF LIGHT. 115

this fwo-sidedness with the two-endedness of a magnet
wherein consists its polarity, the two beams came sub-
sequently to be described as polarized.

We shall study this subject of the polarization of
light with ease and profit by means of a erystal of
tourmaline. But we must start with a clear conception
of an ordinary beam of light. It has been already
explained that the vibrations of the individual ether-
particles are executed across the line of propagation.
In the case of ordinary light we are to figure the ether
particles as vibrating in all directions, or azimuths, as it
13 sometimes expressed, across this line.

Now, in the case of a plate of tourmaline cut parallel
to the axis of the crystal, a beam of light incident upon
the plate is divided into two, the one vibrating parallel to
the axis of the erystal, the other at right angles to the
axis. The grouping of the molecules, and of the ether
associated with the molecules, reduces all the vibrations
incident upon the crystal to these two directions. One
of these beams, namely, that one whose vi brations are
perpendicular to the axis, is quenched with exceeding
rapidity by the tourmaline. To such vibrations many
specimens of this erystal are highly opaque ; so that,
after having passed through a very small thickness of
the tourmaline, the light emerges with all its vibrations
reduced to a single plane. In this condition it is what
we call a beam of plane polarized light. -

A moment’s reflection will show that, if what is here
stated be correct, on placing a second plate of tourma-
line with its axis parallel to the first, the light will
pass through both ; but that, if the axes be crossed, the
light that passes through the one plate will be quenched
by the other, a total interception of the light being the

12
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consequence. Let us test this conclusion by experi-
ment. The image of a plate of tourmaline (¢, fig.
29) is now before you. I place parallel to it another

¥1c. 29.

plate (# ): the green of the crystalisa little deepened,
nothing more; this agrees with our counclusion. By
means of an endless screw, I now turn one of the erys-
tals gradually round, and you observe that as long as
the two plates are oblique to each other, a certain por-
tion of light gets through; but that when they are at
right angles to each other, the space common to both
is a space of darkness (fig. 30). Here also our
conclusion, arrived at prior to experiment, is verified.
Let us now return to a single plate; and here let
me say that it is on the green light transmitted by the
tourmaline that you are to fix your attention. We
have to illustrate the two-sidedness of that green light,
‘n contrast to the all-sidedness of ordinary light. The
light surrounding the green image, being ordinary light,
" is reflected by a plane glass mirror in all directions,
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the green light, on the contrary, is not so reflected.
The image of the tourmaline is now horizontal; re-
flected upwards, it is still green; reflected sideways,
the image is reduced to blackness, because of the in-
competency of the green light to be reflected in this
direction. Making the plate of tourmaline vertical,
and reflecting it as before, it isin the upper image that
the light is quenched ; in the side image you have now
the green. This is a result of the greatest significance.
If the vibrations of light were longitudinal, like those
of sound, you could have no action of this kind; and
this very action compels us to assume that the vibra-
tions are transversal. Picture the thing clearly. In
the one case the mirror receives the impact of the
edges of the waves, the green light being then quenched.
In the other case the sides of the waves strike the mir-
ror, and the green light is reflected. To render the
extinction complete, the light must be received upon
the mirror at a special angle. What this angle is we
shall learn presently.

The quality of two-sidedness conferred upon light
by crystals may also be conferred upon it by ordinary
reflection. Malus made this discovery in 1808, while
looking through Iceland spar at the light of the sun
reflected from the windows of the Luxembourg palace
in Paris. I receive upon a plate of window-glass the
beam from our lamp ; a great portion of the light re-
flected from the glass is polarized. The vibrations of
this reflected beam are executed, for the most part,
parallel to the surface of the glass, and when the glass
is held so that the beam shall make an angle of 58°
with the perpendicular to the glass, the whole of the
reflected beam is polarized. It was at this angle that
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the image of the tourmaline was completely quenched in
our former experiment. It is called the polarizing angle.

Sir David Brewster proved the angle of polarization
of a medium to be that particular angle at which the
refracted and reflected rays inclose a right angle.! The
polarizing angle augments with the index of refraction.
For water it is 521°; for glass, as already stated, 58°;
while for diamond it is 68°.

And now let us try to make substantially the
experiment of Malus. The beam from the lamp
is received upon this plate of glass and reflected through
the spar. Instead of two images, you see but one. So
that the light, when polarized, as it now is, can only
get through the spar in one direction, and consequently
produce but one image. Why is this? In the Iceland
spar, as in the tourmaline, all the vibrations of the ordi-
nary light are reduced to two planes at right angles
to each other; but, unlike the tourmaline, both beams
are transmitted with equal facility by the spar. The
two beams, in short, emergent from the spar, are polar-
ized, their directions of vibration being at right angles
to each other. When, therefore, the light was polar-
ized by reflection, the direction of vibration in the spar
which corresponded to the direction of vibration of the
polarized beam transmitted it, and that direction only.
Only one image, therefore, was possible under the con-
ditions.

1 This beautiful law is usually thus expressed: The index of refrac-
tion of any substance is the tangent of ils polarizing angle. With the
aid of this law and apparatus similar to that figured at page 15, we
can readily determine the index of refracting any liquid. The refracted
and reflected beams being visible, they can be caused to enclose a right
angle The polarizing angle of the liquid muy be thus found with the
charpest precision. It is then only necessary to seek out its matural
tangent to obtain the index of refraction.
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~ You will now observe that such logic as connects
our experiments is simply a transcript of the logic of
Nature. On the screen before you are two disks of
licht produced by the double refraction of Ice-
land spar. They are, as you know, two images of the
aperture through which the light issues from the
camera. Placing the tourmaline in front of the aper-
ture, two images of the crystal will also be obtained ;
but now let us reason out what is to be expected
from this experiment. The light emergent from the
tourmaline is polarized. Placing the erystal with its
axis horizontal, the vibrations of its transmitted light
will be horizontal. Now the spar, as already stated,
has two directions of vibration, one of which at the
present moment is vertical, the other horizontal. What
are we to conclude? That the green light will be
transmitted along the latter, which is parallel to the
axis of the tourmaline, and not along the former, which
is perpendicular to that axis. Hence we may infer
that one image of the tourmaline will show the ordi-
nary green light of the crystal, while the other image
will be black. Tested by experiment, our reasoning is
_verified to the letter (fig. 31).

Fia. 31.

Let us push our test still further. By means of an
endless screw, the crystal can be turned ninety degrees
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round. The black image, as T turn, becomes gradually
brighter, and the bright one gradually darker; at an
angle of forty-five degrees both images are equally

TFi1a. 32.

bright (fig. 32): while, when ninety degrees have
been obtained, the axis of the erystal being then verti-
cal, the bright and black images have changed places,
exactly as reasoning would have led us to suppose
(fig. 33.)

Given the two beams transmitted through Iceland
spar, it is perfectly manifest that we have it in our
power to determine instantly, by means of a plate of

Fia, 33.
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tourmaline, the directions in which the ether-particles
vibrate in the two beams. The double refracting spar
might be placed in any position whatever. A minute's
trial with the tourmaline would enable you to deter-
mine the position which yields a black and a bright

Ef
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image, and from this you would at once 1nfer the direc-

tions of vibration.
Let us reason still further together. The two beams

Fig, 34,

a G
0 r}’

(B is the birefracting spar, dividing the incident light into the two beams o and ,
G is the mirror,) The beam is here reflected laterally. When the reflection is
upcards, the other beam is reflected as shown in fig, 85,

from the spar being thus polarized, it is plain that if
they be suitably received upon a plate of glass at the

Fra. 35,
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‘polarizing angle, one of them will be reflected, the
other not. This is a simple inference from our previous
knowledge ; but you observe that the inference is
justified by experiment. (Figs. 34 and 35.)

I have said that the whole of the beam reflected
from glass at the polarizing angle is polarized ; a word
must now be added regarding the far larger portion of
the light which is ¢ramsmitied by the glass. The
transmitted beam contains a quantity of polarized light
equal to that of the reflected beam: but this quantity
is only a fraction of the whole transmitted light. By
taking two plates of glass instead of ome, we augment
the quantity of the transmitted polarized light ; and by
taking a bundle of plates, we so inerease the quantity
as to render the transmitted beam, for all practical pur-
poses, perfectly polarized. Indeed, bundles of glass
plates are often employed as a means of furnishing
polarized light. Interposing such a bundle at the pro-
per angle into the paths of the two beams emergent
from Iceland spar, that which, in the last experiment,
failed to be reflected, is here transmitted. The plane
of vibration of this transmitted light is, however, at
right angles to that of the reflected light.

One word more. When the tourmalines are crossed,
the space where they cross each other is black. But
we have seen that the least obliquity on the part of
the crystals permits light to get through both. Now
suppose, when the two plates are crossed, that we in-
terpose a third plate of tourmaline between them, with
its axis oblique to both. A portion of the light trans-
mitted by the first plate will get through this inter-
mediate one. But, after it has got through, its plane
of wibration is changed : it is no longer perpendicular




nn. | DEPOLARIZATION, 123

to the axis of the crystal in front. Hence it will get
through that crystal. Thus, by reasoning, we infer that
the interposition of a third plate of tourmaline will in
part abolish the darkness produced by the perpendicular
crossing of the other two plates. I have not a third
plate of tourmaline; but the tale or mica which you
employ in your stoves is a more convenient substance,
which acts in the same way. Between the crossed
tourmalines, I introduce a film of this erystal. . You see
the edge of the film slowly descending, and as it de-
scends between the tourmalines, light takes the place
of darkness. The darkness, in fact, seems scraped
away, as if it were something material. This effect
has been called, naturally but improperly, depolariza-
tion. Ifs proper meaning will be disclosed in our next
lecture.
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LECTURE 1IV.

CHROMATIC PHENOMENA PRODUCED BY CRYSTALS ON POLARIZED L1GHT—
THE NICOL PRISM—FPOLARIZER AND ANALYZER —ACTION OF THICK AND
THIN PLATES OF SELENITE—COLOURS DEPENDENT 0N THICKNESS—
RESOLUTION OF POLARIZED BEAM INTO TWO OTHERS BY THE SELENITE
—ONE OF THEM MORE RETARDED THAN THE OTHER—RECOMPOUNDING
OF THE TWO SYSTEMS OF WAVES BY THE ANALYZER—INTERFERENCE
THUS RENDERED POSSIELE—CONSEQUENT PRODUCTION OF COLOURS—
ACTION OF . BODIES MECHANICALLY STRAINED OR PRESSED—ACTION OF
SONOROUS VIBRATIONS—ACTION OF GLASS STRAINED OR PRESSED BY
HEAT—CIRCULAR POLARIZATION—CHROMATIC PHENOMENA PRODUCED
BY QUARTZ—THE MAGNETIZATION OF LIGHT—RINGS SURROUNDING THE
AXES OF CRYSTALS—BIAXAL AND UNIAXAL CRYSTALS—GRASP OF THE
UNDULATORY THEORY—THE COLOUR AND POLARIZATION OF SKY-LIGHT
—GENERATION OF ARPIFICIAL SKIES,

WE now stand upon the threshold of a mew and
splendid optical domain. We have penetrated as far,
perhaps, as it is at present possible to penetrate into
the arcana of erystallization. By dwelling upon the
very phenomena which suggested it, we have mastered
the conception of plane-polarized light. But I am
here reminded of an argument which Protestants some-
times urge against Catholics. ¢You prove,’ say they,
¢ the authenticity of the Scriptures by the authority of the
Church, and then deduce the authority of the Church
from the Scriptures : ‘that looks like argning in a circle.’
I may seem to lay myself open to a similar reproach
when I say that the conception of polarized light is
based upon the facts of observation, and then immedi-
ately proceed to deduce the facts of observation from
the conception of polarized light.
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This objection would fairly apply if the theoretic
conception were limited by the facts in which it origi-
nated. Some theories are open to this eriticism, but in
so far as they are so, they lack the characteristics of a
true theory. The scientific intellect resembles a lamp,
which does not burn and shine until ignited by the
match of observation or experiment. But the light
emitted after ignition may, in virtue of the mind’s in-
herent energy, transcend a million-fold that of the match
which started it. In fact, it may be said that they stand
to each other in an incommensurable relation ; a few
bounded and solitary facts, by their action on the mind,
sufficing to liberate principles of indefinite applicability
and extension.

We have this evening to illustrate and examine the
chromatie phenomena produced by the action of erystals,
and double-refracting bodies generally, upon polarized
light, and to apply the Undulatory Theory to their eluci-
dation. For a long time investigators were compelled
to employ plates of tourmaline for this purpose, and
the progress they made with so defective a means of
Inquiry is astonishing. But these men had their hearts
in their work, and were on this account enabled to
extract great results from small instrumental appliances.
But for educational purposes we need far larger appa-
. ratus, and, happily, in these later times this need has
been to a great extent satisfied. We have seen and
examined the two beams emergent from Iceland spar,
and have proved them to be polarized. If, at the
sacrifice of half the light, we could abolish one of these,
the other would place at our disposal a beam of

polarized light incomparably stronger than any attain-
able from tourmaline.
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The beams, as you know, are refracted differently, and
from this we are able to infer that under certain cir-
cumstances the one may be totally reflected, and the
other not. An able optician, named Nicol, taking advan-
tage of this, cut a crystal of Ieeland spar in two halves
in a certain direction. He polished the severed surfaces,
and reunited them by Canada balsam, the surface of
union being so inclined to the beam traversing the
spar that the ordinary ray, which is the most highly
refracted, was totally reflected by the balsam, while the
extraordinary ray was permitted to pass on.

Letba, ¢ y (fig. 36) represent the section of an elon-
gated rhomb of Tceland spar cloven from the erystal. Let

Fia. 36.
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this rhomb be cut along the line b ¢; and the two
severed surfaces, after having been polished, reunited
by Canada balsam. We learned, in our first lecture,
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that total reflection only takes place when a ray seeks
to escape from a more refracting to a less refracting
medium, and that it always, under these circumstances,
takes place when the obliquity is sufficient. Now the
refractive index of Iceland spar is, for the extraordinary
ray less, and for the ordinary greater, than for Canada
balsam. Hence, in passing from the spar to the balsam,
the extraordinary ray passes from a less refracting to
a more refracting medinm, where total reflection cannot
occur: while the ordinary ray passes from a more
refracting to a less refracting medium, where total
reflection can ocecur. The requisite obliquity is secured
by making the rhomb of such a length that the plane
of which b ¢ is the section shall be perpendicular, or
nearly so, to the two end surfaces of the rhomb b @, ¢ 4.

The invention of the Nicol prism was a great step in
practical optics, and quite recently such prisms have
been constructed of a size which enables audiences like
the present to witness the chromatic phenomena of
polarized light to a degree altogether unattainable a
short time ago. The two prisms here before you be-
long to my excellent friend Mr. William Spottiswoode,
and they were manufactured by Mr. Ladd. I have
with me another pair of very noble prisms, still larger
than these, manufactured for me by Mr. Browning,
who has gained so high and well-merited a reputation
in the construction of spectroscopes.*

These two Nicol prisms play the same part as the
two plates of tourmaline. Placed with their directions
of vibration parallel, the light passes through both ;

* The largest and purest prism hitherto made has been recently con-
structed for Mr. Spottiswoode by Messrs. Tisley & Spiller.
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. while when these directions are crossed the light is
quenched. Introducing a film of mica between the
prisms, the light is restored. But notice, when the
film of mica is thin you have sometimes not only light,
but colowred light. Our work for some time to come
will consist of the examination of such colours. With
this view, I will take a representative crystal, one easily
dealt with, because it cleaves with great facility—the
erystal gypsum, or selenite, or erystallized sulphate of
lime. Between the crossed Nicols I place a thick
plate of this crystal ; like the mica, it restores the light,
but it produces no colour. With my penknife I take a
thin splinter from this crystal and place it between the
prisms ; the image of the splinter glows with the richest
colours. Turning the prism in front, these colours
gradually fade and disappear, but, by continuing the
rotation until the vibrating sections of the prisms are
parallel to each other, vivid colours again arise, but
these colours are complementary to the former ones.
Some patches of the splinter appear of one colour,
some of another. These differences are due to the
different thicknesses of the film. As in the case of
Hooke’s thin plates, if the thickness be uniform, the
colour is uniform. Here, for instance, is a stellar shape,
every lozenge of the star being a film of gypsum of
uniform thickness : each lozenge, you observe, shows a
brilliant and uniform colour. It is easy, by shaping
our films so as to represent flowers or other objects, to
exhibit such objects in hues unattainable by art. Here,
for example, is a specimen of heart’s-ease, the colours of
which you might safely defy the artist to reproduce.
By turning the front Nicol 90 dfegrees round, we pass
through a colourless phase to a series of colours com-
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plementary to the former ones. This change is still
more strikingly represented by a rose-tree, which is
now presented in its natural hues—a red flower and
green leaves ; turning the prism 90 degrees round, we
obtain a green flower and red leaves. All these wonder-
ful chromatic effects have definite mechanical causes
in the motions of the ether. The principle of inter-
ference duly applied and interpreted explains them all.

By this time you have learned that the word ¢ light ’
may be used in two different senses; it may mean
the impression made upon consciousness, or it may
mean the physical agent which makes the impression.
It is with the agent that we have to occupy ourselves
at present. That agent is a substance which fills all
space, and surrounds the atoms and molecules of bodies.
To this interstellar and interatomic medium definite
mechanical properties are ascribed, and we deal with it
In our reasonings and caleulations as a body possessed of
these properties. In mechanics we have the composition
and resolution of forces and of motions, extending to the
composition and resolution of vibrations. We treat the
luminiferous ether on mechanical principles, and, from
the composition,resolution, and interference of its vibra-
tions we deduce all the phenomena displayed by erystals
in polarized light.

_ Let us take, as an example, the crystal of tourmaline,
with which we are now so familiar. Let g2 vibration
cross this crystal oblique to its axis. Experiment has
assured us that a portion of the light will pass through.
How much passes we determine in this way. Let A B,
fig. 37, be the axis of the tourmaline, and, let ¢ b repre-
sent the amplitude of the ethereal vibration before it
K
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;'gachea A B. From « and b let the two perpendienlars
@cand bd be drawn upon the axis: then ¢d will be
the amplitude of the transmitted vibration.

T16. 37,
- (&) .I ' |
: l/ I B .

Ina mﬂment I will ask you to follow me while I en-
deavour to explain to you the effect observed when a
film of gypsum is placed between the two Nicol’s prisms.

But at the outset, it will be desirable to establish stilt
further the analogy betweéen the action of the prisms and
that of two plates of tourmaline. The magnified image
of these plates, with their axes at right-angles to each
other, is now beforé you. I introduce between them a
film of Selenite, and you see that by turning the film
round it may beplaced in a position where it hasno power
to abolish the darkness of the superposed portions of
the tourmalines. Why is ‘this? The answer is, that in
the gypsum there are two directions, at right angles to
each other, in which alone vibrations can take place,
and that in our present experiment one of these
directions is parallel to one of the axes of the tour-
maline, and the other parallel to the other axis.
When this is the case, the film exercises no sensible
action upon the light. But now I turn the film so as
to render its directions of vibration obligue to the two
axes; then you see it has the power, demonstrated in
the last lecture, of restoring the light.

- Tet us now mount our Nicol’s prisms, and cross them
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as we crossed the tourmalines. Introducing our film:
of gypsum between them, you notice that in one parti-
cular position the film has no power whatever over the
field of view. But, when the film is turned a little
way round, the light passes. We have now to under~
stand the mechanism by which this is effected.

Firstly, then, we have this first prism which receives
the light from the electric lamp, and which is called
the polarizer. Then we have the plate of gypsum
(supposed to be placed at S, fig. 38), and then the
prism in front, which is called the analyzer. On its
emergence from the first prism, the light is polarized;

Fra, 38.

POLARIZER

ANALYZER

and, in the particular case now before us, its vibrations
are executed in a horizontal plane. The two directions
of vibration of the gypsum, placed at S, are now oblique
to the horizon. Draw a rectangular cross (A B, C D
fig. 39) to represent the two directions of vibration
within the gypsum. Draw a line (g b) to represent
the amplitude of the vibration from the first Nicol,
when it reaches the gypsum. Let fall from the two
ends of this line two perpendiculars on  each of the.
K 2
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arms of the eross; then the distances (¢ d, e f,) be-
tween the feet of these perpendiculars represent the
amplitudes of two rectangular vibrations, which are the
components of the first single vibration. Thus the
polarized ray, when it enters the gypsum, is resolved
into its two equivalents, which vibrate at right angles
to each other.

Now, in one of those rectangular directions of vibra-
tion the ether within the gypsum is more sluggish
“than in the other; and, as a consequence, the waves

Fic. 39.

that follow this direction are more retarded than the
others. The waves in both cases are shortened when
they enter the gypsum, but the waves of the one system
are more shortened than those of the other. You can
readily imagine that in this way the one system of
waves may get half a wave-length, or indeed any num-
ber of half-wave lengths, in advance of the other. The
possibility of interference here at once flashes upon the
mind. A little consideration, however, will render it
evident that, as long as the vibrations are executed at
right angles to each other, they cannot quench each
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other, no matter what the retardation may be. This
brings us at once to the part played by the analyzer,
the sole function of which is to recompound the two
vibrations emergent from the gypsum. It reduces
them to a single plane, where, if one of them be retarded
by the proper amount, extinetion will occur.

But here, as in the case of thin films, the different
lengths of the waves of light come into play. Red will
require a greater thickness to produce the retardation
necessary for extinetion than blue; consequently, when
the longer waves have been withdrawn by interference,
the shorter ones remain, the film of gypsum shining
with the colours which they confer. Conversely, when
the shorter waves have been withdrawn, the thickness
is such that the longer waves remain. An elementary
consideration suffices to show that, when the directions
of vibration of prisms and gypsum enclose an angle of
forty-five degrees, the colours are at their maximum
brilliancy. When the film is turned from this direc-
tion, the colours gradually fade, until, at the point
where the directions are parallel, they disappear
altogether.

Perhaps the best way of obtaining a knowledge of
these phenomena is to construct a modei of thin wood or
pasteboard, representing the plate of gypsum, its planes
of vibration, and also those of the polarizer and ana-
lyzer. Two parallel pieces of the board are to be
- separated by an interval which shall represent the
thickness of the film of gypsum. Between them, two
other pieces, intersecting each other at a right angle,
are to represent the planes of vibration within the film;
while attached to the two parallel surfaces outside are
two other pieces of board to represent the planes of
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vibration of the polarizer and analyzer. On the two
intersecting planes the waves are to be drawn, showing
the resolution of the first polarized beam into two
others, and then the subsequent reduction of the two
systems of vibrations to a common plane by the analyser.
Following out rigidly the interaction of the two sys-
tems of waves, we are taught by such a model that all
the phenomena of colour obtained by the combination
of the waves when the planes of vibration of the two
Nicols are parallel are displaced by the complementary
phenomena when the Nicols are perpendicular to each
other. :

In considering the next point, we will operate, for
the sake of simplicity, with monochromatic light—with
red light, for example, which is most easily obtained
‘pure by absorption. Supposing a certain thickness

of the gypsum, produces a retardation of half a wave-
‘length, twice this thickness will produce a retardation
of two half wave-lengths, three times this thickness a
retardation of three half-wave lengths, and so on.
Now, when the Nicols are parallel, the retardation of
half a wave-length, or of any odd number of half wave-
‘lengths, produces extinetion; at all thicknesses, on the
_other hand, which correspond to a retardation of an
.even, number of half wave-lengths, the two beams sup-
port each other, when they are brought to a common
‘plane by the analyzer. = Supposing, then, that we take
a plate of a wedge-form, which grows gradually thicker
from edge to back, we ought to expect in red light a
_series of recurrent bands of light and darkmess; the
dark bands occurring at thicknesses which produce
retardations of one, three, five, etc., half wave-lengths,
“while the bright bands occur between the dark ones.
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Experiment proves the wedge-shaped film to -show
these bands. They are also beautifully shown by a
circular film, so worked as to be-thinnest at the
centre, and gradually increasing in thickness from the
centre outwards. A splendid series of rings of light
and darkness is thus produced.

When, instead of employing red light, we employ
blue, the rings are also seen: but, as they occur at
thinner portions of the film, they are smaller than the
rings obtained with the red light. The consequence
of employing white light may be now inferred : inas-
much as the red and the blue fall in different places,
we have ris-coloured rings produced by the white
light. _

Some of the chromatic effects of irregular crystal-
lization are beautiful in the extreme. Could I intro-
duce between our Nicols a pane of glass covered by
those frost-ferns which the cold weather renders now so
frequent, rich colours would be the result. The beau-
tiful effects of the irregular crystallization of tartaric
acid and other substances on glass plates, now presented
to you, illustrate what you might expect from the
frosted window-pane. And not only do erystalline
bodies act thus upon light, but almost all bodies that
possess a definite structure do the same. As a general
rule, organic bodies act in this way; for their archi-
tecture implies an arrangement of the molecules and
of the ether, which involves double refraction. A
film of horn, or the section of a shell, for example,
yields very beautiful colours in polarized light. . In a
tree, the ether certainly possesses different degrees of
elasticity along and across the fibre and, were wood
transparent, this peculiarity of molecular structure
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wotild infallibly reveal itself by chromatic phenomena
like thése that you have seen. But mnot only do
patural bodies behave in this way, but it is possible, as
shown by Brewster, to confer, by artificial strain or
pressure, a temporary double-refracting structure upon
non-crystalline bodies, such as common glass.

This is a point worthy of illustration. When I place
a bar of wood across my knee and seek to break it,
what ig the mechanical condition of the bar? It
bends, and its convex surface is strained longitudinally ;
its concave surface, that next my knee, is longitudin-
ally pressed. Both in the strained portion and in the
pressed portion the ether is thrown into a condition
which would render the wood, were it transparent,
double-refracting. For, in cases like the present, the
drawing of the molecules asunder longitudinally is
always accompanied by their approach to each other
laterally ; while the longitudinal squeezing is accom-
panied by lateral retreat. Each half of the bar exhibits
this antithesis, and is therefore double-refracting.

Let us now repeat the experiment with a bar of
glags. Between the crossed Nicols T introduce such a
bar. By the dim residue of light lingering upon the
screen, you see the image of the glass, but it has no
effect upon the light. I simply bend the glass bar
with my finger and thumb, keeping its length oblique
“ to the directions of vibration in the Nicols. Instantly
light flashes out upon the screen. The two sides of
the bar are illuminated, the edges most, for here the
ctrain and pressure are greatest. In passing from
longitudinal strain to longitudinal pressure, we CTOss &
portion of the glass where neither is exerted. This is
the so-called neutral axis of the bar of glass, and along




1v. CHROMATIC EFFECTS OF STRAINS AND PRESSURE. 187

it you see a dark band, indicating that the glass along
this axis exercises no action upon the light. By em-
ploying the force of a press, instead of the force of my

finger and thumb, the brilliancy of the light is greatly

angmented.
Again, I have here a square of glass which can be

inserted into a press of another kind. Introducing
the uncompressed square between the prisms, its neu-
trality is declared; but it can hardly be held suffi-
ciently loosely in the press to prevent its action from
manifesting itself. Already, though the pressure is
infinitesimal, you see spots of light at the points where
the press is in contact with the glass. I now turn this
screw. Instantly the image of the square of glass
flashes out upon the screen, and luminous spaces are
seen separated from each other by dark bands.

Every pair of the adjacent luminous spaces is in
opposite mechanical conditions. On one side of the
dark band we have strain, on the other side pressure;
while the dark band marks the neutral axis between
both. I now tighten the vice, and you see colour ;
tighten still more, and the colours appear as rich as
those presented by crystals. Releasing the vice, the
colours suddenly vanish ; tightening suddenly, they
reappear. From the colours of a soap-bubble Newton
was able to infer the thickness of the bubble, thus
uniting by the bond of thought apparently incongruous
things. From the colours here presented to you, the
magnitude of the pressure employed might be in-
ferred. TIndeed, the late M. Wertheim, of Paris,
nvented an instrument for the determination of strajns
and pressures by the colours of polarized light, which

exceeded in aceuracy all previous instruments of the
kind.
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You know that bodies are expanded by heat and
contracted by cold. If the heat be applied with
perfect uniformity, no local strains or pressures come
into play ; but, if one portion of a solid be heated and
others not, the expansion of the heated portion intro-
duces strains and pressures which reveal themselves
under the scrutiny of polarized light. When a square
of common window-glass is placed between the
Nicols, you see its dim outline, but it exerts no
action on the polarized light. Held for a moment
over the flame of a spirit-lamp, on reintroducing
it between the Nicols, light flashes out npon the
secreen. Here, as in the case of mechanical action,
you have luminous spaces of strain divided by dark
neutral axes from spaces of pressure.

Let us apply the heat more symmetrically. This
small square of glass is perforated at the centre, and
into the orifice a bit of copper wire is introduced.
Placing the square between the prisms, and heating
the wire, the heat passes by conduction to the
glass, through which it spreads from the centre out-
wards. You then see a dim cross bounding four
luminous quadrants growing up and becoming gradually
black by comparison with the adjacent brightness.
And as, in the case of pressure, we produced colours, so
here also, by the proper application of heat, gorgeous
chromatic effects may be produced. The condition
necessary to the production of these colours may be
rendered permanent by first heating the glass suffi-
ciently; and then cooling it, so that the chilled mass
shall remain in a state of strain and pressure. Two or
three examples will illustrate this point. Figs. 40 and
41 represent the figures obtained with two pieces of glass
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thus prepared. Two rectangular pieces of unannealed
glass, crossed and placed between the polarizer and

Fis. 40. FiG. 41,

analyser, exhibit the beautiful iris fringes represented
in fig. 42,

Fia, 42.
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And now we have to push these considerations to a
final illustration. DPolarized light may be turned to
account in various ways as an analyzer of molecular
condition. It may, for instance, be applied to reveal
the condition of a solid body when it becomes sonorous.
This strip of glass six feet long, two inches wide, and a
quarter of an inch thick, is held at the centre between
the finger and thumb. Over one of its halves is swept
a wet woollen rag ; you hear an acute sound due to the
vibrations of the glass. What is the condition of the
glass while the sound is heard? This: its two halves
lengthen and shorten in quick succession. Its two ends,
therefore, are in a state of quick vibration; but at the
centre the pulses from the two ends alternately meet
and retreat. Between their opposing actions, the glass
at the centre is kept motionless; but, on the other
hand, it is alternately strained and compressed. The
state of the glass may be illustrated by a row of spots
of light, as the propagation of a sonorous pulse was
illustrated in our second lecture. By a simple mechani-
cal contrivance the spots are made to vibrate to and
fro: the terminal dots have the largest amplitude of
vibration, while those at the centre are alternately
crowded together and drawn asunder, the centre one
not moving at all.  (Infig. 43, A B represents the glass
rectangle with its centre condensed ; while A’ B’ repre-
sents the same rectangle with its centre rarefied. The
ends of the strip suffer neither condensation nor rare-
faction.)

If we introduce the strip of glass (s &’ fig. 44) between
the crossed Nicols, taking care to keep it oblique to the
directions of vibration of the Nicols, and sweep our web
rubber over the glass, this may be expected to occur:
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At every moment of compression the light will flash

Fia, 43,
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through ; at every moment of strain the light will also

Fig. 44.
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flash through ; and these states of strain and pressure
will follow each other so rapidly that we may expect a
permanent luminous impression to be made upon the
eye. By pure reasoning, therefore, we reach the con-
clusion that the light will be revived whenever the glass
is sounded. That it is so, experiment testifies: at every
sweep of the rubber, a fine luminous disk (o) flashes
out upon the screen. The experiment may be varied
in this way: Placing in front of the polarizer a plate of
unannealed glass, you have a-series of beautifully
coloured rings, intersected by a black cross. Every
sweep of the rubber not only abolishes the rings, but
introduces complementary ones, the black cross being
for the moment supplanted by a white one. This is a
modification of a beautiful experiment which we owe
to Biot. His apparatus,' however, confined the obser-
vation of it to a single person at a time. |
But we have to follow the ether still further into its
hiding-places. Suspended before you is a pendulum,
which, when drawn aside and liberated, oscillates to and
fro. If,when the pendulum is passing the middle point of
its excursion, I impart a shock to it tending to driveitat
right angles to its present course, what occurs 7 The
two impulses compound themselves to a vibration
oblique in direction to the former one, but the pen-
dulum still osciliates in-a@ plame. But, if the rect-
“angular shock be imparted to the pendulum when it is
at the limit of its swing, then the compounding of the
two impulses causes the suspended ball to deseribe not
a straight line, but an ellipse; and, if the shock be
competent of itself to produce a vibration of the same
amplitude as the first one, the ellipse becomes a circle.
Why do I dwell upon these things * Simply to make
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known to you the resemblance of these gross mechanical
vibrations to the vibrations of light. I hold in my
hand a plate of quartz cut from the crystal perpendicu-
lar to its axis. This crystal thus cut possesses the
extraordinary power of twisting the plane of vibration
of a polarized ray to an extent dependent on the thick-
ness of the crystal. And the more refrangible the
light the greater is the amount of twisting, so that,
when white light is employed, its constituent colours
are thus drawn asunder. Placing the quartz between
the polarizer and analyzer, you see this: splendid red,
and, turning the analyzer in front, from right to left,
the other colours of the spectrum appear in suecession,
Specimens of quartz have been found which require
the analyzer to be turned from left to right to obtain
the same succession of colours. Crystals of the first
class are therefore called right-handed, and of the
second class, left-handed crystals.

With profound sagacity, Fresnel, to whose genius
we mainly owe the expansion and final triumph of the
undulatory theory of light, reproduced mentally the
mechanism of these crystals, and showed their action
to be due to the circumstance that, in them, the waves of
ether so act upon each other as to produce the condition
represented by our rotating pendulum. TInstead of
being plane polarized, the light in rock crystal is cir-
cularly polarized. Two such rays, transmitted along
the axis of the crystal, and rotating in opposite direc-
tions, when brought to interference by the analyzer,
are demonstrably competent to produce all the observed
phenomena, :

I now abandon the analyzer, and put in its place the
piece of Teeland spar with which we have already illus-
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trated double refraction. The two images of the car-
bon-points are now before you, produced, as you know,
by two beams vibrating at right angles to each other.
Introducing a plate of quartz between the polarizer
and the spar, the two images glow with complementary
colours. Employing the image of an aperture instead
of that of the carbon-points, we have two coloured cir-
cles. As the analyzer is caused to rotate, the colours
pass through various changes; but they are always
complementary to each other. When the one is red,
the other is green ; when the one is yellow, the other
is blue. Here we have it in our power to demonstrate

Fic. 45.

afresh a statement made in our first: lecture, that,
although the mixture of blue and yellow pigments pro-
duces green, the mixture of blue and yellow lights
produces white. By enlarging our aperture, the two
jmages produced by the spar are caused to approach
ench other, and finally to overlap. The one is now a
vivid yellow, the other a vivid blue, and you notice
that where the colours are superposed we have a pure
white. (See fig. 45, where N is the nozzle of the
Jamp, Q the quartz plate, L a lens, and B the birefract-
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ing spar., The two images overlap at O, and produce
white by their mixture.) '

This brings us to a point of our inquiries which,
though rarely illustrated in lectures, is nevertheless
so likely to affect profoundly the future course of
scientific thought that I am unwilling to pass it over
without reference. I refer to the experiment which
Faraday, its discoverer, called the magnetization of
light. The arrangement for this celebrated experiment
is now before you. We have first our electric lamp,
then a Nicol prism, to polarize the beam emergent
from the lamp ; then an electro-magnet, then a second
Nicol prism, and finally our screen. At the present
moment the prisms are crossed, and the screen is dark.
I place from pole to pole of the electro-magnet a cylin-
der of a peculiar kind of glass, first made by Faraday,
and called Faraday’s heavy glass. Through this glass
the beam from the polarizer now passes, being inter-
cepted by the Nicol in front. T now excite the magnet,
and instantly light dppears upon the sereen. QOn
examination, we find that, by the action of the magnet
upon the ether contained within the heavy glass, the
plane of vibration is caused to rotate, thus emabling
the light to get through the analyzer,

The two classes into which quartz-erystals are divided
have been already mentioned. In my hand I hold
& compound plate, one half of it taken from a right-
handed and the other from a left-handed erystal.
Placing the plate in front of the polarizer, we turn one
of the Nicols until the two halves of the plate show a
common puce colour. This yields an exceedingly sensi-
tive means of rendering visible the action of 4 magnet
upon light, By turning either the polarizer or the

L
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analyzer through the smallest angle, the uniformity of
the colour disappears, and the two halves of the quartz
show different colours. The magnet also produces this
effect. The puce-coloured circle is now before you on
the screen. (See fig. 46, where N is the nozzle of the

lamp, H the first Nicol, Q the biquartz plate, L a lens,
M the electro-magnet, with the heavy glass across
its poles, and P the second Nicol.) Exciting the mag-
net, one half of the image becomes suddenly red, the
other half green. Interrupting the current, the two
colours fade away, and the primitive puce is restored.
The action, moreover, depends upon the polarity of the
magnet, or, in other words, on the direction of the cur-
rent which surrounds the magnet. Reversing the cur-
rent, the red and green reappear, but they have changed
places. The red was formerly to the right, and the
green to the left; the green is now to the right, and
the red to the left. With the most exquisite ingenuity,
Faraday analyzed all those actions and stated their
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laws. This experiment, h owever, long remained rather
a scientific curiosity than a fruitful germ. That it
would bear fruit of the highest. importance, Faraday
felt profoundly convinced, and recent researches are on
the way to verify his conviction,

A few words more are necessary to complete our
knowledge of the wonderful interaction between pon-
derable molecules and the ether Interfused among them:,
Symmetry of molecular arrangement implies symmetry
on the part of the ether ; atomic dissymmetry, on the
other hand, involves the dissymmetry of the ether, and,
48 a consequence, double refraction. Ip g certain class
of crystals the structure is homogeneous, and such
erystals produce no double refraction. Tn certain other
erystals the molecules are Tanged symmetrically round
| @ certain line, and not around others. Along the
. former, therefore, the ray is undivided, while along all
the others we have double refraction. TIce is a familjar
- example: its molecules are built with perfect symmetry
around the perpendiculars to the planes of freezing,
and a ray sent through ice in this direction is not
doubly refracted ; whereas, in all other directions, it is.
Iceland spar is another example of the same kind - its
molecules are built Symmetrically round the line unit-
ing the two blunt angles of the rhomb, In this direc-
tion a ray suffers no double refraction, in aj] others it
does. This direction of 1o double refraction js called
the optic awis of the crystal,

Hence, if a plate be cut from a erystal of Teelang spar
perpendicular to the axis, all rays sent across this plate
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beam that has been rendered conical by a converging
lens be sent through the spar so that the central ray of
the cone passes along the axis, this ray only will escape
double refraction. Each of the others will be divided
into an ordinary and an extraordinary ray, the one
moving more slowly through the crystal than the
other ; the one, therefore, retarded with reference to
the other. Here, then, we have the conditions for
interference, when the waves are reduced by the ana-
lyzer to a common plane.

Placing the plate of spar between the crossed Nicol's
prisms, and employing the conical beam, we have upon

Fic. 47.

the screen a beautiful system of iris rings sur-
rounding the end of the optic axis, the circular
bands of colour being intersected by a black cross
(fig.47). The arms of this cross are parallel to the two
directions of vibration in the polarizer and analyzer.
It is easy to see that those rays whose planes of vibra-
tion within the spar coincide with the plane of vibration
of either prism, cannot get through both. This com=
ple,te interception produces the arms of the cross.
With monochromatic light the rings would be simply
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bright and black—the bright rings occurring at those
thicknesses of the spar which cause the rays to con-
spire ; the black rings at those thicknesses which cause
them to quench each other. Turning the analyser 90°

Fic, 48,

\\ |
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round, we obtain the complementary phenomena. The
| black cross gives place to a bright one, and every dark
| ring is supplanted also bya bright one (fig.48.) Here,

Fic. 49,

=~/

as elsewhere, the different lengths of the light-waves
give rise to iris-colours when white light is employed.
Besides the regulor crystals which produce double
refraction in no direction, and the uniazal crystals
which produce it in all directions but one, Brewster
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discovered that in a large class of crystals there are
two directions in which double refraction does not take
place. These are called biaxal crystals. When plates
of these crystals, suitably cut, are placed between the
polarizer and analyzer, the axes (A A/, fig. 49) are seen
surrounded, not by eircles, but by eurves of another order
and of a perfectly definite mathematical character. Each
band, as proved experimentally by Herschel, forms a
lemmiscata; but the experimental proof was here, as
in numberless other cases, preceded by the deduction
which showed that, according to the undulatory theory
the bands must possess this special character.

I have taken this somewhat wide range over polar-
ization itself, and over the phenomena exhibited by
crystals in polarized light, in order to give you some
notion of the firmness and completeness of the theory
which grasps them all. Starting from the single
assumption of transverse undulations, we first of all
determine the wave-lengths, and find all the pheno-
mena of colour dependent on this element. The wave-
lengths may be determined in many independent
ways. Newton virtually determined them when he
measured the periods of his Fits: the length of a
fit, in fact, is that of a quarter of an undulation. The
wave-lengths may be determined by diffraction at the
edges of aslit (as in the Appendix); they may be deduced
from the interference fringes produced by reflection ;
from the fringes produced by refraction ; also by lines
drawn with a diamond upon glass at measured distances
asunder. And when the lengths determined by these
independent methods are compared together, the
strictest agreement is found to exist between them.
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With the wave-lengths at our disposal, we follow the
ether into the most complicated cases of interaction
between it and ordinary matter, ¢ the theory is equal
to them all. It makes not a single new physical
hypothesis ; but out of its original stock of principles
it educes the counterparts of all that observation shows.
It accounts for, explains, simplifies the most entangled
cases ; corrects known laws and facts; prediets and dis-
closes unknown ones ; becomes the guide of its former
teacher Observation ; and, enlightened by mechanical
conceptions, acquires an insight which pierces through
shape and colour to force and cause.’ !

But, while I have thus endeavoured to illustrate be-
fore you the power of the undulatory theory as a solver
of all the difficulties of optics, do I therefore wish you
to close your eyes to any evidence that may arise
against it? By no means. You may urge, and justly
urge, that a hundred years ago another theory was held
by the most eminent men, and that, as the theory then
held had to yield, the undulatory theory may have to
yield also. This seems reasonable ; but let us under-
stand the precise value of the argument. In similar
language a person in the time of Newton, or even in
our time, might reason thus: Hipparchus and Ptolemy,
and numbers of great men after them, believed that
the earth was the centre of the solar system. But this
deep-set theoretic notion had to give way, and the
theory of gravitation may, in its turn, have to give
way also. This is just as reasonable as the first argu-
ment. Wherein consists the strength of the theory of
gravitation? -~ Solely in its competence to account for
all the phenomena of the solar system. Wherein con-
sists the strength of the theory of undulation ? Solely

' Whewell,
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in its competence to disentangle and explain phenomena
a hundred-fold more complex than those of the solar
system. = Accept if you will the scepticism of Mr.
Mill! regarding the undulatory theory ; but if your
geepticism be philosophical, it will wrap the theory of
gravitation in the same or greater doubt.?

I am unwilling to quit these chromatic phenomena
without referring to a source of colour which has often
come before me of late in the blue of your skies at
noon, and the deep crimson of your horizon after the
get of sun. I will here summarise and extend what has
been already said upon this subject. Proofs of the
most cogent description could be adduced to show
that the blue light of the firmament is reflected light.
The light of the firmament comes to us across the direc-
tion of the solar rays, and even against the direction of
the solar rays; and this lateral and opposing rush of
wave-motion can only be due to the rebound of the
waves from the air itself, or from something suspended
in theair. The solar light, moreover, is not reflected by
the sky in the proportions which produce white. The
sky is blue, which indicates an excess of the smaller waves.
The blueness of the air has been given as a reason for
the blueness of the sky; but then the question arises,
How, if the air be blue, can the light of sunrise and sun-
set, which travels through vast distances of air, be yellow,
orange, or even red ? The passage of the white solar
light through a blue medium could by no possibility

! Removed from us since these words were written.

2 The only essay known to me on the Undulatory Theory, from the
pen of an American writer, is an excellent one by President Barnard,
published in the Smithsonian Report for 1862.
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redden the light; the hypothesis of a blue air is there-
fore untenable. In fact the agent, whatever it be,
which sends us the light of the sky, exercises in so
“doing a dichroitic action. The light reflected is blue,
the light transmitted is orange or red. A marked dis-
tinction is thus exhibited between reflection from the
sky and that from an ordinary cloud, which latter ex-
ercises no such dichroitic action.

The cloud, in fact, takes no note of size on the part
of the waves of ether, but reflects them all alike. Now
the cause of this may be that the cloud particles are so
large in comparison with the size of the waves of ether
as to scatter them all indifferently. A broad cliff re-
flects an Atlantic roller as easily as a ripple produced
by a sea-bird’s wing ; and in the presence of large re-
flecting surfaces, the existing differences of magnitude
among the waves of ether may also disappear. But
supposing the reflecting particles, instead of being very
large, to be very small in comparison with the size of
the waves. Then, instead of the whole wave being
fronted and in great part thrown back, a small portion
only is shivered off by the obstacle. Suppose, then,
such minute foreign particles to be diffused in our at-
mosphere. Waves of all sizes impinge upon them,
and at every collision a portion of the lmpinging wave
1s struck off.  All the waves of the spectrum, from the
extreme red to the extreme violet, are thus acted upon;
but in what proportions will they be scattered ? Large-
ness is a thing of relation; and the smaller the wave,
the greater is the relative size of any particle on which
the wave impinges, and the greater also the relative re-
flection.

A small pebble placed in the way of the ring-ripples
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produced by heavy rain-drops on a tranquil pond will
throw back a large fraction of each ripple incident upon
it, while the fractional part of a larger wave thrown

back by the same pebble might be infinitesimal. Now

to preserve the solar light white, its constituent pro-
portions must not be altered ;5 but in the scattering of
the light by these very small particles we see that the
proportions are altered. The smaller waves are in
excess, and, as a consequence, in the scattered light
blue will be the predominant colour. The other
colours of the spectrum must, to some extent, be asso-
ciated with the blue: they are not absent, but deficient.
‘We ought, in fact, to have them all, but in diminishing
proportions, from the violet to the red.

We have thus reasoned our way to the conclusion,
that were particles, small in comparison to the size of
the ether waves, sown in our atmosphere, the light
scattered by those particles would be exactly such
as we observe in our azure skies. And, indeed,
when this light is analysed, all the colours of the
spectrum are found in the proportions indicated by
our coneclusion.

By its successive collisions with the particles the
white light is more and meore robbed of its shorter
waves; it therefore loses more and more of its due
proportion of blue. The result may be anticipated.
The transmitted light, where short distances are in-
volved, will appear yellowish. But as the sun sinks
towards the horizon the atmospheric distance increases,
and consequently the number of the scattering particles.
They weaken in succession the violet, the indigo, the
blue, and even disturb the proportions of green. The
transmitted light under such circumstances must pass

e S
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from yellow through orange to red. This also is
exactly what we find in nature. Thus, while the re-
flected light gives us at moon the deep azure of the
Alpine skies, the transmitted light gives us at sunset
the warm erimson of the Alpine snows. ,

But can small partieles be really proved to act in the
manner indicated ? No doubt of it. Each one of you
can submit the question to an experimental test.
Water will not dissolve resin, but spirit will ; and when
spirit which holds resin in solution is dropped into
water, the resin immediately separates in solid particles,
which render the water milky. The coarseness of this
precipitate depends on the quantity of the dissolved
resin.  Professor Briicke has given us the proportions
which produce particles particularly suited to our pre-
sent purpose. One gramme of clean mastic is dissolved
in eighty-seven grammes of absolute aleohol, and the
transparent solution is allowed to drop into a beaker
containing clear water briskly stirred. An exceedingly
fine precipitate is thus formed, which declares its
presence by its action upon light. Placing a dark sur-
face behind the beaker, and permitting the light to fall
Into it from the top or front, the medium is seen to be
of a very fair sky-blue. A trace of soap in water gives
a tint of blue. London, and I fear Liverpool, milk
makes an approximation to the same colour through
the operation of the same cause; and Helmholtz has
irreverently disclosed the fact that a blue eye 1is simply
a turbid medium,

But we have it in our power to imitate far more
closely the natural conditions of this problem. We can
generate in air artificial skies, and prove their perfect
identity with the natural one, as regards the exhibition
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of a number of wholly unexpected phenomena. It has
been recently shown in a great number of instances that
waves of ether issuing from a strong source, such as the
sun or the electric light, are competent to shake asun-
der the atoms of gaseous molecules. The apparatus
used to illustrate this consists of a glass tube about a
yard in length, and from 2% to 3 inches internal diame-
ter. The gas or vapour to be examined is introduced
into this tube, and upon it the condensed beam of the
electric lamp is permitted to act. The vapour is so
chosen that one at least of its products of decomposition,
as soon as it is formed, shall be precipitated to a kind
of cloud. By graduating the quantity of the vapour, this
precipitation may be rendered of any degree of fineness,
forming particles distinguishable by the naked eye, or
particles which are probably far beyond the reach of
our highest microscopic powers. I have no reason to
doubt that particles may be thus obtained whose
diameters constitute but a very small fraction of the
length of a wave of violet light.

Now, in all such cases when suitable vapours are
employed in a sufficiently attenuated state, no matter
what the vapour may be, the visible action commences
with the formation of a blue cloud. Let me guard my-
self at the outset against all misconception as to the use
of this term. The blue cloud here referred to is totally
invisible in ordinary daylight. To be seen, it requires
to be surrounded by darkness, it only being illuminated
by a powerful beam of light. This cloud differs in
many important particulars from the finest ordinary
clouds, and might justly have assigned to it an inter-
mediate position between these clouds and true cloud-
less vapour.
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It is possible to make the particles of this actinic
cloud grow from an infinitesimal and altogether ultra-
microscopic size to particles of sensible magnitude; and
by means of these, in a certain stage of their growth,
we produce a blue which rivals, if it does not transcend,
that of the deepestand purest Italian sky. Introduc-
ing into our tube a quantity of mixed air and nitrite
of butyl vapour sufficient to depress the mercurial
column of an air-pump one-twentieth of an inch, and
adding a quantity of air and hydrochloric acid sufficient
to depress the mercury half an inch further, through
this compound and highly attenuated atmosphere is
sent the beam of the electric light. Gradually within
the tube arises a splendid azure, which strengthens for
a time, reaches a maximum of depth and purity, and
then, as the particles grow larger, passes into whitish
blue. This experiment is representative, and it illus-
trates a general prineciple. Various other colourless
substances of the most diverse properties, optical and
chemical, might be employed for this experiment. The
wmeipient cloud in every case would exhibit this superb
blue ; thus proving to demonstration that particles of
infinitesimal size, without any colour of their own, and
irrespective of those optical properties exhibited by the
substance in a massive state, are competent to produce
the blue colour of the sky.

But there is another subject connected with our
firmament, of a more subtle and recondite character
than even its colour. I mean that *mysterious and
beautiful phenomenon,’ the polarization of the light
of the sky. Looking at various points of the blue
firmament through a Nicol’s prism, and turning the
prism round its axis, we soon mnotice variations of
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brightness, In certain positions of the prism, and
- from certain points of the firmament, the light appears
to be wholly transmitted, while it is only necessary to
turn the prism round its axis through an angle of
ninety degrees to materially diminish the intensity of
the light. Experiments of this kind prove that the
blue light sent to us by the firmament is polarized,
and on close scrutiny it is also found that the direction
of most perfect polarization is perpendicular to the
solar rays. Were the heavenly azure like the ordinary
light of the sun, the turning of the prism would
have no effect upon it ; it would be transmitted equally
during the entire rotation of the prism. The light of
the sky is in great part quenched, because it is in great
part polarized.

The same phenomenon is exhibited in perfection by
our actinic clouds, the only condition necessary to its
production being the smallness of the particles. In
all cases, and with all substances, the cloud formed at
the commencement, when the precipitated particles
are sufficiently fine, is blue. In all cases, moreover,
this fine blue cloud polarizes perfectly the beam
which illuminates it, the direction of polarization
enclosing an angle of 90° with the axis of the illu-
minating beam.

It is exceedingly interesting to observe both the
perfection and the decay of this polarization. For ten or
fifteen minutes after its first appearance the light from
a vividly illuminated incipient cloud, looked at hori-
zontally, is absolutely quenched by a Nicol's prism
with its longer diagonal vertical. But as the sky-blue
is gradually rendered impure by the introduction of
particles of too large a size, in other words, as real
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clouds begin to be formed, the polarization begins to
deteriorate, a portion of the light passing through the
prism in all its positions, as it does in the case of sky-
light, It is worthy of note that for some time after
the cessation of perfect polarization the residual light
which passes, when the Nicol is in ifs position of
minimum transmission, is of a gorgeous blue, the
whiter light of the cloud being extinguished. When
the cloud texture has become sufficiently coarse to ap-
proximate to that of ordinary clouds, the rotation of
the Nicol ceases to have any sensible effect on the
quantity of the light discharged at right angles to the
beam.

The perfection of the polarization in a direction
perpendicular to the illuminating beam may be also
illustrated by the following experiment with any suit-
able vapour. A Nicol’s prism large enough to embrace
the entire beam of the electric lamp was placed
between the lamp and the experimental tube. Send-
ing the beam polarized by the Nicol through the
tube, I placed myself in front of it, my eye being on a
level with its axis, my assistant occupying a’' similar
position behind the tube. The short diagonal of the
large Nicol was in the first instance vertical, the plane.
of vibration of the emergent beam being therefore also
vertical. As the light continued to act, a superb blue
cloud visible to both my assistant and myself was slowly
formed. But this cloud, so deep and rich when looked at
from the positions mentioned, uitterly disappeared when,
booked at vertically downwards, or vertically wpwards,
Reflection from the cloud was not possible in these
directions. When the large Nicol was slowly turned
round its axis, the eye of the observer being on the



160 ON LIGHT. LECT,

level of the beam, and the line of vision perpendicular
to it, entire extinction of the light emitted hori-
zontally occurred where the longer diagonal of the
large Nicol was vertical. But now a vivid blue cloud
was seen when looked at downwards or upwards. This
truly fine experiment, which I should certainly have
made without suggestion, was, as a matter of fact, first
definitely suggested by a remark addressed to me in
a letter by Prof. Stokes.

All the phenomena of colour and of polarization
observable in the case of skylight are manifested by
those actinic clouds; and they exhibit additional phe-
nomena which it would be neither convenient to
pursue, nor perhaps possible to detect, in the actual
firmament. They enable us, for example, to follow
the polarization from its first appearance on the barely
visible blue to its final extinetion in the coarser cloud.
These changes, as far as it is now necessary to refer to
them, may be thus summed up :—

1. The actinic cloud, as long as it continues blue,
discharges polarized light in all directions, but the
direction of maximum polarization, like that of sky-
light, is at right angles to the direction of the illumin-
ating beam.

2. As long’ as the cloud remains distinetly blue the
light discharged from it at right angles to the illumi-
nating beam is perfectly polarized. It may be utterly
quenched by a Nicol's prism, the cloud from which it
issues being caused to disappear. Any deviation from
the perpendicular enables a portion of the light to get
through the prism.

3. The direction of vibration of the polarized light
is at right angles to the illuminating beam, Hence a
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plate of tourmaline, with its axis parallel to the beam,
stops the light, and with the axis parallel to the beam
transmits the light.

4. A plate of selenite placed between the Nicol and
the actinie cloud shows the colours of polarized light ;
in fact, the cloud itself plays the part of a polarizing
Nicol.

9. The particles of the blue cloud are immeasurably
small, but they grow gradually in size, and at a certain
period of their growth cease to discharge perfectly
polarized light. For some time afterwards the light
that reaches the eye through the Niecol is of a mag-
nificent blue, far exceeding in depth and purity that
of the purest sky; thus the waves that first feel the
influence of size at both limits of the polarization
are the shortest waves of the spectrum, These are

the first to aecept polarization, and they are the first
to escape from it,
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LECTURE Y.

RANGE OF VISION INCOMMENSURATE WITH RANGE OF RADIATION—THE
ULTRA-VIOLET RAYS — FLUORESCENCE — RENDERING INVISIELE RAYS
VISIBLE—VISION NOT THE ONLY SENSE APPEALED TO BY THE SOLAR
AND ELECTRIC BEAM—HEAT OF BEAM—COMBUSTION BY TOTAL BEAM
AT THE FOCI OF MIRRORS AND LENSES—COMBUSTION THROUGH ICE-
LEN3—IGNITION OF DIAMOND—SEARCE FOR THE RAYS HERE EFFEC-
TIVE—SIR WILLIAM HERSCHEL'S DISCOVERY OF DARK SOLAR RAYS—
INVISIBLE RAYS THE BASIS OF THE VISIBLE—DETACHMENT BY A RAY-
FILTER OF THE INVISIBLE RAYS FROM THE VISIBLE—COMBUSTION AT
DARK FOCI—CONVERSION OF HEAT-RAYS INTO LIGHT-RAYS—CALORE-
SCOENCB—TPART PLAYED IN NATURE BY DARK RAYS—IDENTITY OF LIGHT
AND BADIANT HEAT—INVISIBLE IMAGES—REFLECTION, REFRACTION,
PLANE  POLARIZATION, DEPOLARIZATION, CIRCULAR POLARIZATION,
DOUBLE REFRACTION, AND MAGNETIZATION OF RADIANT HEAT.

Tre first question that we have to consider to-night
is this : Is the eye, as an organ of vision, commensurate
with the whole range of solar radiation—is 1t capable
of receiving visual impressions from all the rays emitted
by the sun ? The answer is negative. If we allowed
ourselves to accept fora moment that notion of oradual
growth, amelioration, and ascension, implied by the
term evolution, we might fairly conclude that there
are stores of visual impressions awaiting man far
greater than those of which he is now in possession.
For example, Ritter discoveredin 1801 that beyond the
extreme violet of the spectrum there is a vast efflux of
rays which are totally useless as regards our present
powers of vision. These ultra-violet waves, however,
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though incompetent to awaken the optic nerve, can so
shake the molecules of certain compound substances on
which they impinge as to effect their decomposition.

But though the blue, violet, and ultra-violet rays
can act thus upon certain substances, the fact is
hardly sufficient to entitle them to the name of
‘ chemical rays’ as distinguished from the other con-
stituents of the spectrum. As regards their action
upon the salts of silver and many other substances—
such, for example, as those concerned in the production
of the actinic clouds referred to in our last lecture—
they perhaps merit this title ; but in the case of the
grandest example of the chemical action of light—
namely, the decomposition of carbonic acid in the
leaves of plants, with which my eminent friend Dr.
Draper has so indissolubly associated his name—the
yellow rays were found most active,

There are substances, however, on which the violet
and ultra-violet waves exert a special decomposing
power; and, by permitting the invisible spectrum to
fall upon surfaces prepared with such substances, we
reveal both the existence and the extent of the ultra-
violet spectrum,.

The method of exhibiting the action of the ultra-
Vviolet rays by their chemical action has been long:
known ; indeed, Thomas Young photographed the ultra-
violet rings of Newion. ' We have now to demonstrate
their presence in another way. As a general rule,
bodies transmit, light or absorb it, but there is a third
case In which the light falling upon the body is neither
transmitted nor absorbed, but converted into. light of
another kind. Professor Stokes, the occupant of the
chair of Newton in the University of Cambridge, has

M 2
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demonstrated this change of one kind of light into
another, and has pushed his experiments so far as to
render the invisible rays visible.
. Along list of substances examined by Stokes when
excited by the invisible ultra-violet waves have been
proved to emit light. You know the rate of vibration
corresponding to the extreme violet of the spectrum ;
you are aware that to produce the impression of this
colour, the retina is struck 789 millions of millions of
times in a second. At this point, the retina ceases to
be useful as an organ of vision, for though struck by
waves of more rapid recurrence, they are incompetent
to awaken the sensation of light. But when such non-
visual waves are caused to impinge upon the molecules
of certain substances—on those of sulphate of quinine,
for example—they compel those molecules, or their
constituent atoms, to vibrate; and the peculiarity is,
that the vibrations thus set up are of slower period
than those of the exciting waves. By this lowering of
the rate of vibration through the intermediation of the
sulphate of quinine, the invisible rays are brought
within the range of vision. We shall subsequently
have abundant opportunity for learning that trans-
parency to the visible by no means involves transparency
to the invisible rays. Our bisulphide of carbon, for
example, which, employed in prisms, is so eminently
suitable for experiments on the visual rays, is by no
means so suitable for these ultra-violet rays. Flint
glass is better, and rock erystal is still better than flint
glass. A glass prism, however, will suit our present
purpose. %

Casting by means of such a prism a spectrum, not
apon the white surface of our screen, but upon a sheet
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of paper which has been wetted with a saturated
solution of the sulphate of quinine,and afterwards dried,
an obvious extension of the spectrum is revealed. We
have, in the first instance, a portion of thé violet
rendered whiter and more brilliant ; but, besides this,
we have the gleaming of the colour where in the case
of unprepared paper nothing is seen. Other substances
produce a similar effect ; and a substance recently dis-
covered by President Morton, and to which he has given
the name of Thallene, produces a' very striking elon-
gation of the spectrum, the new light generated being
of peculiar brilliancy.

Fluor spar and some other substances when raised to
a temperature still under redness emit light. During the
ages which have elapsed since their formation, this capa-
city of shaking the ether into visual tremors appears to
have been enjoyed by these substances. Light has been
potential within them all this time ; and, as well ex-
plained by Draper, the heat, though not itself of visual
intensity, can unlock the molecules so as to enable
them to exert the power of vibration which they possess.
This deportment of fluor spar determined Stokes in his
choice of a name for his great discovery : he called this
rendering visible of the ultra-violet rays Fluorescence.

By means of a deeply-coloured violet glass, we cut
off almost the whole of the light of our electric beam ;
but this glass is peculiarly transparent to the violet and
ultra-violet rays. The violet beam now crosses a large
jar filled with water. Into it I pour a solution .of
sulphate of quinine : opaque clouds, to all ‘appear-
ance, instantly tumble downwards, Fragments of
horse-chestnut bark thrown upon the water also send
down beautiful cloudlike strim, But these are not
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clouds: there is nothing precipitated here: the ob-
served action is an action of molecules, not of particles.
The medium before you isnot a turbid medium, for
when you look through it at a luminous surface it is
perfectly clear.

If we paint upon a piece of paper a flower or a
bouquet with the sulphate of quinine, and expose it to
the full beam, scarcely anything is seen. But on inter-
posing the violet glass, the design instantly flashes forth
in strong contrast with the deep surrounding violet.
Here is a most beautiful example of such a design pre-
pared for me by President Morton with his thallene:
placed in the violet light it exhibits a peculiarly
brilliant fluorescence. From the experiments of Dr.
Bence Jones, it would seem that there is some sub-
stance in the human body resembling the sulphate of
quinine, which causes all the tissues of the body to be
more or less fluorescent. The crystalline lens of the
eve exhibits the effect in a very striking manner.
When, for example, I plunge my eye into this violet
beam, I am conscious of a whitish-blue shimmer filling
the space before me. This is caused by fluorescent
light generated in the eye itself; looked at from with-
out, the crystalline lens at the same time gleams
vividly. '

Long before its physical origin was understood this
fluorescent light attracted attention. Boyle, as Sir
Charles Wheatstone has been good enough to point
out to me, describes it with great fullness and exact-
ness. ©We have sometimes, he says, ¢found in the
shops of our druggists a certain wood which is there
called Lignuwm Nephriticwm, because the inhabitants
of the country where it grows are wont to use the
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infusion of it, made in fair water, against the stone in
the kidneys. This wood may afford us an experiment
which, besides the singularity of it, may give no small
assistance to an attentive considerer towards the detec-
tion of the nature of colours. Take Lignum Nephri-
ticum, and with a knife cut it into thin slices; put
about a handful of these slices into two or three or
four pounds of the purest spring water. Decant this
impregnated water into a glass phial ; and if you hold
1t directly between the light and your eye, you shall
see it wholly tinted with an almost golden colour.
But if you hold this phial from the light, so that your
eye be placed betwixt the window and the phial, the
liquid will appear of a deep and lovely ceruleous
colour.’

¢ These,” he continues, ¢and other phenomena which
I have observed in this delightful experiment, divers
of my friends have looked upon, not without some
wonder ; and I remember an excellent oculist, finding
by accident in a friend’s chamber a phial full of
this liquor, which I had given that friend, and having
never heard anything of the experiment, nor having
anybody near him who could tell him what this strange
liquor might be, was a great while apprehensive, as he
presently afterwards told me, that some strange new
distemper was invading his eyes. And I confess that
the unusualness of the phenomenon made me very
solicitous to find out the cause of this experiment ; and
though T am far from pretending to have found it, yet
my enquiries have, I suppose, enabled me to give such
hints as may lead your greater sagacity to the discovery
of the cause of this wonder.’!

' Boyle’s Works, Birch's edition, vol, i, pp. 729 and 730,
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Goethe in his ¢ Farbenlehre’ thus deseribes the fluores-
cence of horse-chestnut bark :—*¢Let a strip of fresh
horse-chestnut bark be taken and clipped into a glass
of water; the most perfect sky-blue will be imme-
diately produced.’! Sir John Herschel first noticed
and described the fluorescence of the sulphate of quin-
ine, and showed that the light proceeded from a thin
stratum of the solution adjacent to the surface where
the light enters it. He showed, moreover, that the
incident beam, although not sensibly weakened in Iumi-
nous power, lost the power of producing the blue
fluorescent light in transmission through the solution
of sulphate of quinine. Sir, David Brewster also
worked at the subject; but to Stokes we are indebted
not only for its expansion, but for its full and final
explanation.

But the waves from our incandescent carbon-points
appeal to another sense than that of vision. They not
only produce light, but heat, as a sensation. The
magnified image of the carbon-points is now upon the
screen ; and with a suitable instrument the heating
power of the rays which form that image might be
demonstrated. @ In this case, however, the heat is
spread over too large an area to be intense. Pushing
out the lens and causing a movable sereen to approach
our lamp, the image is seen to become smaller and
smaller ; the rays at the same time becoming more
concentrated, until finally they are able to pierce black
paper with a burning ring. Rendering the beam par-
allel and receiving it upon a concave mirror, the rays
are brought to a focus: paper placed at the focus is

! Werke, b. xxix. p. 24.
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caused to smoke and burn. - This may be done by our
ordinary camera and lens, and by a concave mirror of
very moderate power.

We will now adopt stronger measures with the radia-
tion from the electric lamp. In this larger camera of
blackened tin is placed a lamp, in all particulars
similar to those already employed. But instead of
gathering up the rays from the carbon-points by a
condensing lens, we gather them up by a concave mirror
(mw/, fig. 50), silvered in front and placed behind the
carbons (P). By this mirror we can eause the rays to issue
through the orifice in front of the camera, either parallel
orconvergent. They are now parallel, and therefore to

Fia, 50.

@ certain extent diffused. We Place a convex lens (L) in
the path of the beam ; the light is converged to a
focus (C), and at that focus paper isnot only pierced and
a burning ring formed, but it is instantly set, ablaze,

~ Many metals may be burned up in the same way.
In our first lecture the combustibility of zine was men-
tioned. Placing a Strip of sheet-zine at this focus, it
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is instantly ignited and burns with its characteristic
purple flame. And now I will substitute for our
glass lens (L) one of a more novel character. Ina
smooth iron mould this lens of pellucid ice has been
formed. Placing it in the position occupied a moment
ago by the glass lens, I can see the beam brought to a
sharp focus. At the focus I place a bit of black paper,
with a little gun-cotton folded up within it. The paper
immediately ignites and the cotton explodes. Strange,
is it mot, that the beam should possess such heating
power after having passed though so cold a substance ?
In his arctic expeditions Dr. Scoresby succeeded in
exploding gunpowder by the sun’s rays converged by
large lenses of ice ; here the effect is produced with a
small lens, and with a terrestrial source of heat.

In this experiment, you observe that, before the beam
reaches the ice-lens, it has passed through a glass cell
containing water. The beam is thus sifted of con-
stituents, which, if permitted to fall upon the lens,
would injure its surface, and blur the focus. And this
leads me to say an anticipatory word regarding trans-
parency. In our first lecture we entered fully into the
production of colours by absorption, and we spoke re-
peatedly of the quenching of the rays of light. Did
this mean that the light was altogether annihilated ?
By no means. It was simply so lowered in refrangi-
bility as to escape the visual range. It was converted
imito heat. Our red ribbon in the green of the spectrum
quenched the green, but if suitably examined its tem-
perature would have been found raised. Our green
sibbon in the red of the spectrum quenched the red,
but its temperature at the same time was augmented
to a degree exactly equivalent to the light extinguished.
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Our black ribbon, when passed through the spectrum,
was found competent to quench all its colours ; but at
every stage of its progress an amount of heat was
generated in the ribbon exactly equivalent to the light
lost. It is only when absorption takes jplace that
heat is thus produced ; and heat is always a result of
absorption.

Examine this water, then, in front of the lamp. after
the beam has passed through it: it is sensibly warm,
and, if permitted to remain there long enough, it might
be made to boil. This is due to the absorption by the
water of a portion of the electric beam. But a certain
portion passes through unabsorbed, and does not at all
contribute to the heating of the water. Now, ice is
also in great part transparent to the latter portion, and
therefore is but little melted by it ; hence, by employ-
ing this particular portion of the beam, we are able to
keep our lens intact, and to produce by means of it a
sharply-defined focus.! - .

Placed at that focus, white paper 18 not ignited, be-
cause it fails to absorb the rays emergent from the
ice-lens. At the same place, however, black paper in-
stantly burns, because it absorbs the light which had
passed through the ice-lens without absorption. To
these illustrations of heating power may be added the
ignition of a diamond in oxygen, by the concentrated
beam of the electric lamp.

* The comet of 1680, when nearest to the sun, was only a sixth of
the sun’s diameter from his surface, Newton estimated its temperature
here to be more than two thousand times that of molten iron, ' It scoms
worth pointing out that the temperature of the comet could not be jn-
ferred from its nearness to the sun, If its power of absorption were
sufficiently low, the comet might carry into the sun’s neighbourhood the
temperature of stellar space,
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In the path of the beam issuing from our lamp is
placed a cell with glass sides containing a solution of
alum. All the light of the beam passes through this
solution. This light is received on a powerfully con-~
verging mirror silvered in front, and brought to a focus
by the mirror. You can see the conical beam of re-
flected light tracking itself through the dust of the
room. A scrap of white paper placed at the focus
glows there with dazzling brightness, but it is not even
charred. On removing the alum cell, however, the
paper instantly inflames. There must, therefore, be
something in this beam besides its light. The light is
not absorbed by the white paper, and therefore does
not burn the paper; but there is something over and
above the light which 4s absorbed, and which provokes
combustion. What is this something ?

In the year 1800 Sir William Herschel passed a
thermometer through the various colours of the solar
spectrum, and marked the rise of temperature corre-
sponding to each colour. He found the heating effect
to augment from the violet to the red ; he did not, how-
ever, stop at the red, but pushed his thermometer into
the dark space beyond it. Here he found the tempera-
ture actually higher than in any part of the visible
spectrum. By this important observation, he proved
that the sun emitted dark heat-rays which are entirely
unfit for the purposes of vision. The subject was sub-

sequently taken up by Seebeck, Melloni, Muller, and
others, and within the last few years it has been found
capable of unexpected expansions and applications.
A method has been devised whereby the solar or electric
beam can be so filtered as to detach from it and pre-
serve intact this invisible ultra-red emission, while the
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visible and ultra-violet emissions are wholly intercepted.
We are thus enabled to operate at will upon the purely
ultra-red waves. : ' :
In the heating of solid bodies to incandescence this
non-visual emission is the necessary basis of the visual.
A platinum wire is stretched in front of the table, and
through it an electric current flows. It is warmed by
the current, and may be felt to be warm by the hand ;
it also emits waves of heat, but no light. Augmenting
the strength of the current, the wire becomes hotter ;
it finally glows with a sober red light. = At this point
Dr. Draper many years ago began an interesting in-
vestigation. He employed a voltaic current to heat
his platinum, and he studied by means of a prism
the successive introduction of the colours of the
spectrum. His first : eolour, as here, was red; then
game orange, then yellow, then green, and lastly all
the shades 'of blue. Thus as the temperature of the
platinum was gradually augmented, the atoms were
caused to vibrate more rapidly, shorter waves were
thus produced, until finally waves were obtained cop-
responding to the entire spectrum. As each successive
colour was introduced, the colours preceding it became
more vivid. Now the vividness or Intensity of light,
like that of sound, depends not upon the length of the
wave, but on the amplitude of the vibration. Hence,
as the less refrangible colours grew more intense as the
more refrangible ones were introduced, we are forced to
conclude that side by side with the introduction of the
shorter waves we had an augmentation of the amplitude
of the longer ones,
. These remarks apply not only to the visible emission
examined by Dr, Draper, but to the visible emission
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which preceded the appearance of any light. In the
emission from the white-hot platinum wire now before
you the very waves exist with which we started, only
their intensity has been increased a thousand-fold by
the augmentation of temperature necessary to the pro-
duction of this white light. Both effects are bound
together : in an incandescent solid, or in a molten
solid, you cannot have the shorter waves without this
intensification of the longer ones. A sun is possible
only on these conditions; hence Sir William Herschel’s
discovery of the invisible ultra-red solar emission.

The invisible heat, emitted both by dark bodies and
by luminous ones, flies through space with the velocity
of light, and is called radiant heat. Now, radiant heat
may be made a subtle and powerful explorer of mole-
cular condition, and of late years it has given a mnew
significance to the act of chemical combination. Take,
for example, the air we breathe. It is a mixture of
oxygen and nitrogen ; and it behaves towards radiant
heat like a vacuum, being incompetent to absorb 1t in
any sensible degree. But permit the same two gases
to unite chemically; without any augmentation of
the quantity of matter, without altering the gaseous
condition, without interfering in any way with the
transparency of the gas, the act of chemical union is
accompanied by an enormous diminution of its diather-
maney, or perviousness to radiant heat. -

The researches which established this result also
proved the elementary gases generally to be highly
transparent to radiant heat. This, again, led to the
proof of the diathermancy of elementary liquids, like
bromine, and of solutions of the solid elements sulphur,
phosphorus, and Iodine. A spectrum is now before
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you, and you notice that this transparent bisulphide of
carbon has no effect upon the colours. Dropping into
the liquid a few flakes of 1odine, you see the middle of
the spectrum cut away. By augmenting the quantity of
lodine, we invade the entire spectrum, and finally cut
it off altogether. Now, the iodine which proves itself
thus hostile to the light ig perfectly transparent to the
ultra-red emission with which we have now to deal.
It, therefore, is to be our ray-filter,

Placing the alum-cell again in front of the electric
lamp, we assure ourselves as before of the utter inability
of the concentrated light to fire white paper. Intro-
ducing a cell containing the solution of iodine, the
light is entirely cut off, and then on removing the alum-
cell, the paper at the dark focus is instantly set on fire.
Black paper is more absorbent than white for these
ultra-red rays; and the consequence is, that with it the
suddenness and vigour of the combustion are augmented.,
Zine is burnt up at the same Place, magnesium bursts
into vivid combustion, while a sheet of platinized
platinum placed at the focus is heated to whiteness.

Looked at through a prism, the white-hot platinum
yields all the colours of the spectrum. Before im-
pinging upon the platinum, the waves were of too slow
Iecurrence to awaken vision by the atoms of the
platinum, these long and sluggish waves are broken up
into shorter ones, being thus brought within the visual
range. At the other end of the spectrum Stokes, by
the interposition of suitable substa.nces, lowered the
refrangibility so as to render the non-visual rays visual,
and to this change he gave the name of Fluorescence.
Here, by the intervention of the platinum, the re-
frangibility is raised, so as to render the non-visual,
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visual, and to this change we give the name of
Calorescence.

At the perfectly invisible focus where these effects
are produced, the air may be as cold as ice. Air, as
already stated, does not absorb the radiant heat, and is
therefore not warmed by it. Nothing could more
forcibly illustrate the isolation, if I may use the term,
of the luminiferous ether from the air. The wave-
motion of the one is heaped up, without sensible effect
apon the other. I mayadd that, with suitable pre-
¢autions, the eye may be placed in a focus competent
to heat platinum to vivid redness, without experiencing
any damage, or the slightest sensation either of light
or heat.

The important part played by these ultra-red rays in
Nature may be thus illustrated: I remove the iodine
filter, and concentrate the total beam upon a test-tube
containing water. It immediately begins to sputter,
and in a minute or two it boils. What boils it?
Placing the alum solution in front of the lamp, the
hoiling instantly ceases. Now, the alum is pervious to

all the luminous rays; hence it cannot be these rays
that caused the boiling. I now introduce the iodine,
and remove the alum ; vigorous ebullition immediately
recommences at the invisible focus. So that we here
fix upon the invisible ultra-red rays the heating of the
water.

We are thus enabled to understand the momentous
part played by these rays in Nature. It is to them
that we owe the warming and the consequent evapora-
tion of the tropical ocean ; it 1s to them, therefore, that
we owe our rains and snows. They are absorbed close
4o the surface of the ocean, and warm the superficial
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water, while the luminous rays plunge to great depths
without producing any sensible effect. But we can
Proceed further than this. Here is a large flask con-
taining a freezing mixture, which has so chilled the
flask that the aqueous vapour of the air has been oon-
densed and frozen upon 1t to a white fur. Introdueing
the alum-cell, and Placing the coating of hoar-frost at
the intensely luminous focus, not a spicula of the frost
is melte]. Iutrnducing the iodine-cell, and removing
the alum, a broad space of the frozen coating is instantly
melted away. Hence we infer that the smow and ice
which feed the Rhone, the Rhine, and other rivers
which have glaciers for their sources, are released fiom
their imprisonment, upon the mountains by the nvisible
ultra-red rays of the sun.

The growth of science is organic. That which to-
day is an end becomes to-nrorrow a means to a remoter
end. Every new discovery in science is immediately
made the basis of othep discoveries, or of new methods
of investigation. Thus about fifty years ago, (Ersted,
of Copenhagen, discovered the deflection of a magnetic
needle by an electrie current ; and about the game
time Thomas Seebeck, of Berlin, discovered thermo-
electricity. These great discoveries were soon after-
wards turned to aceount by Nobili and Melloni in the
construction of an instrument which hag vastly aug-
mented our knowledge of radiant heat. This instyy-
ment, which is ealled & thermo-electrie pile, con-
sists of thin barg of bismuth and antimony, soldered
alternately together at their ends, but separated from
each other elsewhere, From the ends of this ‘pile’ wires
pass to a galvanometer, which consists of a coil of

N
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covered wire, within and above which are suspended
two magnetic needles joined to a rigid system, and
carefully defended from currents of air.

The action of the arrangement is this: the heat, falling
on the pile, produces an olectrie current ; the current,
passing through the coil, deflects the needles, and the
magnitude of the deflection may be made a measure of
the heat. The upper needle moves overa graduated dial
gar too small to be seen. It is now, however, strongly
luminated. Above it is a lens which, if permitted,
would form an image of the needle and dial upon the
ceiling, where, however, 1t could not be conveniently
seen. The beam is therefore received upon a looking-
glass, placed at the proper angle, which throws the
image upon a screen. In this way the motions of this
«mall needle may be made visible to you all.

The delicacy of this apparatus is such that in a room
filled, as this room now ig, with an audience physically
warm, it is exceedingly diffieult to work with it. My
assistant stands several feet off. Tturn the pile towards
him : the heat from his face, even at this distance, pro-
duces a deflection of 90°, T turn the instrument
towards a distant wall, judged to be a little below the
average temperature of the room. The needle descends
and passes to the other side of zero, declaring by this
negative deflection that the pile feels the chill of the
wall. Possessed of this instrument, of our ray-filter,
and of our large Nicol prisms, we are in a condition to
investigate a subject of great philosophical interest,
and which long engaged the attention of some of our
foremost scientific workers—the substantial identity
of light and radiant heat.

That they ave identical in all vespects cannot of
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course be the case, for if they were so they would act
in the same manner upon all instruments, the eye
included, The identity meant is such as subsists
between one colour and another, causing them to
behave alike as regards reflection, refraction, double
refraction, and polarization. Let us here run rapidly
over their resemblances. As regards reflection from
plane surfaces, we may employ a looking-glass to reflect
the light. Marking any point in the track of the
reflected beam, and cutting off the light by the
iodine, on placing the pile at the marked point, the
needle immediately starts aside, showing that the heat
is reflected in the same direction. This is true for
every position of the mirror. Resuming, for example,
the experiments made with the apparatus employed in

Fra. 51,

—

our first lecture (fig. 3); moving the index attached
to the mirror along the divisions of our graduated
arc (M O) and determining by the pile the positions
of the invisible reflected beam, we prove the angular
velocity of the beam to be twice that of the mirror.

N 2
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As regards reflection from curved surfaces, the
identity also holds good. Receiving the beam from
our electric lamp on a concave mirror (m m, fig.
51), it is gathered up into a cone of reflected light;
marking the apex of the cone by a pointer, and cutting
off the light by the iodine solution (T), a moment’s
exposure of the pile (P) at the marked point produces
a violent deflection of the needle.

The common and total reflection of a beam of radiant
heat may be simultaneously demonstrated. From the
nozzle of the lamp (I, fig. 52) a beam impinges upon

Fiac. 52.

a plane mirror (M N), is reflected upwards, and enters
a right-angled prism, of which abe is the section.
It meets the hypothenuse at an obliquity greater
than the limiting angle,’ and 1s therefore totally re-
flected. Quenching the light by the ray-filter at ¥,
and placing the pile at P, the totally-reflected heat-

* Dafined in Lecture L
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beam is immediately felt by the pile, and declared by
the galvanometric deflection.

Perhaps no experiment more conclusively proves the
substantial identity of light and radiant heat than the
formation of invisible heat-images. Employing the
mirror already used to raise the beam to 1ts highest
state of concentration, we obtain, as is well known, an
inverted image of the carbon points formed by the
light-rays at the focus. Cutting off the light by the
ray-filter, and placing at the foeus a thin sheet of
platinized platinum, the invisible rays declare their

Fig. 53.

presence and distribution by stamping upon the plati-
num a white-hot image of the carbons. (See hig. 53.)

Whether radiant heat be capable of polarization oy
0ot was for a long time a subject of discussion. Bérard
had announced affirmative results, but Powell and
Lloyd failed on trial to verity them, The doubts thus
thrown upon the question were removed by the experi-
ments of Forbes, who first established the polarization
and ¢ depolarization ’ of heat. The subject, was subse-
quently followed up by Melloni, an Ivestigator of con-
summate ability, who sagaciously turned to account his

e —————
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own discovery that the obscure rays of luminous sources
were in part transmitted by black glass. Intercepting
by a plate of this glass the light from his lamp oil flame,
and operating upon the transmitted invisible heat, he
obtained effects of polarization far exceeding in mag-
nitude those which could be obtained with non-lumi-
nous sources. At present the possession of our more
perfect ray-filter, and more powerful source of heat,

Fi1c. b4,

enables us to pursue this identity question to its utmost
practical limits.

Mounting our two Nicols (B and C, fig. 54) in front
of the electric lamp, with their principal sections
crossed, no light reaches the screen. Placing our
thermo-electric pile (D) behind the prisms, with its
face turned towards the source, 10 deflection of the
galvanometer is observed. Interposing between the
lamp (A) and the first prism (B) our ray-filter, the
light previously transmitted through the first Nicol
is quenched ; and now the slightest turning of either




V. DOUBLE REFRACTION OF HEAT. 183

Nicol opens a way for the transmission of the heat,
a very small rotation sufficing to send the needle up
to 90°. When the Nicol is turned back to its first
position, the needle again sinks to zero, thus demon-
strating in the plainest mauner the polarization of
the heat.

When the Nicols are crossed and the field is dark,
you know, in the case of light, the effect of mtroducing
a plate of mica between the polarizer and analyser. In
two positions the mica exerts no sensible influence ; in
all others it does. A precisely analogous deportment is
observed asregards radiant heat. Introducing our ray-
filter, the thermo-pile, playing the part of an eye as
regards the invisible radiation, receives no heat when
the eye receives no light; but when the mica is 80
turned as to make its planes of vibration oblique to
those of the polarizer and analyser, the heat immedi-
ately passes through. So strong does the action be-
come, that the momentary plunging of the film of mica
into the dark space between the Nicols suffices to send
the needle up to 90°. This is the effect to which the
term ¢ depolarization ’ has been applied ; the experiment
really proving that with both light and heat we have
the same resolution by the plate of mica, and recom-
pounding by the analyser, of the ethereal vibrations.

Removing the mica and restoring theneedle oncemore
to 0% I introduce between the Nicols a plate of quartz
cut perpendicular to the axis; the immediate deflection
of the needle declares the transmission of the heat, and
when the transmitted beam is properly examined, it is
found to be cireularly polarized, exactly as a beam of
light is polarized under the same conditions,

I will now abandon the Nicols, and send through

T ——
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the piece of Iceland spar (B, fig. 55)already employed to
illustrate the double refraction of light, our sifted beam

F1e. 65,

of invisible heat. To determine the positions of the
two images, let us first operate upon the total beam.
Marking the places of the light-images, we introduce
(between N and. L) our ray-filter (not in the figure)
and quench the light. Causing the pile to approach
one of the marked points, the needle remains unmoved
until the point has been attained; here the pile at
once detects the heat. Pushing the pile across the
interval separating the two marks, the needle first falls
to 0° and then rises again to 90° in the second position.

I now turn the Iceland spar: the needle remains
fixed: there is no alteration of the deflection. Pass-
ing the pile rapidly across to the other mark, the
deflection is maintained. Once more I turn the spar,
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but now the needle falls to 0° rising, however, again
to 90° after a rotation of 360°. We know that in the
case of light the extraordinary beam rotates round the
ordinary one; and we have here been operating on the
extraordinary heat-beam, which, as regards double re-
fraction, behaves exactly like a beam of light.

To render our series of comparisons complete, we must
demonstrate the magnetization of heat. But here a
slight modification of our arrangement will be necessary.
In repeating Faraday’s experiment on the magnetiza-
tion of light, we had, in the first instance, our Nicols
crossed and the field rendered dark, a flash of light ap-
pearing upon the screen when the magnet was excited,
Now the quantity of light transmitted in this case is
really very small, its effect being rendered striking
through contrast with the preceding darkness. When
we so place the Nicols that their principal sections en-
close an angle of 45° the excitement of the magnet
causes a far greater positive augmentation of the light,
though the augmentation is not so well seen through
lack of contrast, because here, at starting, the field is
illuminated,

In trying to magnetize our beam of heat, we will
adopt this arrangement. Here, however, at starting, a
considerable amount of heat falls upon one face of the
pile, which it is necessary to neutralize by permitting
rays from another source to fall upon the other face of
the pile. The needle is thus brought to zero. (Cut-
ting off the light by our ray-filter, and exciting the mag-
net, the needle is instantly deflected, proving that the
magnet has opened a door for the heat, exactly as in
Faraday’s experiment it opened a door for the light.

Thus, in every case brought under our notiee, the sub-
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stantial identity of light and radiant heat has been
demonstrated.

By the refined experiments of Knoblaueh, who worked
long and successfully at this question, the double re-
fraction of heat by Iceland spar was first demonstrated ;
but though he employed the luminous heat of the sun,
the observed deflections were exceedingly small. So,
likewise, those eminent investigators De la Povostaye
and Desains succeeded in magnetizing a beam of heat;
but though in their case also the luminous solar heat
was employed, the deflection obtained did not amount
to more than two or three degrees. With the arrange-
ment here made use of deflections may be obtained, with
purely invisible heat, equal to 150 of the lower degrees
of the galvanometer.

We have finally to determine the position and mag-
nitude of the invisible radiation which produces these
results. For this purpose we employ a particular form
of the thermo-electric pile. Its face is a rectangle,
which by movable side-pieces can be rendered as nar-
row as desirable. Throwing a small and concentrated
spectrum upon a screen, by means of an endless screw
we move this rectangular pile through the entire
spectrum, and determine in succession the thermal
power of all its colours.

When this instrument is brought to the violet end
of the spectrum, the heat is found to be almost insen-
sible. As the pile gradually moves from the violet
towards. the red, it encounters a gradually augmenting
heat. The red itself possesses the highest heating
power of all the colours of the spectrum. Pushing the
pile into the dark space beyond the red, the heat rises
suddenly in intensity, and at some distance beyond
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the red it attains a maximum. From this point the
heat falls somewhat more rapidly than it rose, and after-
wards gradually fades away.

Drawing a horizontal line to represent the length of the
spectrum, and erecting along it, at various points, per-
i pendiculars proportional in length to the heat existing
at those points, we obtain a curve which exhibits the
distribution of heat in our spectrum. It is represented
in the adjacent figure. Beginning at the blue, the curve
rises, at first very gradually; towards the red it rises
more rapidly, the line C D (fig. 56, next page) repre-
senting the strength of the extreme red radiation.
Beyond the red it shoots upwards in a steep and massive
peak to B, whence it falls, rapidly for a time, and after-
wards gradually fades from the perception of the pile.
This figure is the result of more than twelve careful
series of measurements, for each of which the curve
was constructed. On superposing all these curves, a
satisfactory agreement was found to exist between them.
So that it may safely be concluded that the areas of the
dark and white spaces respectively represent the rela-
tive energies of the visible and invisible radiation.
The one is 7°7 times the other.

But in verification, as already stated, consists the
strength of science. Determining in the first place the
total emission from the electric lamp ; then by means
of the iodine filter determining the ultra-red emission :
the difference between hoth gives the luminous emis-
sion. In this way, it is found that the energy of
the invisible emission is eight times that of the visible.
No two methods could be more opposed to each other,
and hardly any two results could better harmonize. I
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LECTURE VI

PRINCIPLES OF SPECTRUM ANALYSIS—PRISMATIC ANALYSIS OF THE LIGHT
OF INCANDESCENT VAPOURS—DISCONTINUOUS SPECTRA—SPECTRUM
BANDS FROVED BY BUNSEN AND KIRCHHOFF TO BE CHARACTERISTIC OF
THE VAPOUR—DISCOVERY OF RUBIDIUM, CJESIUM, AND THALLIUM-—
RELATION OF EMISSION TO ABSORPTION—THE LINES OF FRAUNHOFER
—THEIR EXPLANATION BY KIRCHHOFF—SOLAR CHEMISTRY INVOLVED
IN THIS EXPLANATION — FOUCAULTS EXPERIMENT — PRINCIFLES OF
ABSORPTION —ANALOGY OF SOUND AND LIGHT—EXPERIMENTAL DE-
MONSTRATION OF THIS ANALOGY — RECENT APPLICATIONS OF THE
SPECTROSCOPE—SUMMARY AND CONCLUSION,

WE have employed as our source of light in these
lectures the ends of two rods of coke rendered incan-
descent by electricity. Coke is particularly suitable for
this purpose, because it can bear intense heat without
fusion or vaporization. It is also black, which helps the
light; for, other circumnstances being equal, as shown
experimentally by Professor Balfour Stewart, the blacker
the body the brighter will be its light when incandes-
cent. Still, refractory as carbon is, if we closely ex-
amined our voltaic are, or stream of light between the
carbon-points, we should find there incandescent carbon-
vapour. And if we could detach the light of this vapour
from the more dazzling light of the solid points, we
should find its spectrum not only less brilliant, but of a
totally different character from the spectra that we have
already seen. Instead of being an unbroken succession
of colours from red to violet, the carbon-vapour would
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yleld a few bands of colour with spaces of darkness
between them, '

What is true of the carbon is true in a still more
striking degree of the metals, the most refractory
of which can be fused, boiled, and reduced to vapour by
the electric current. From the incandescent vapour the
light, as a general rule, flashes in groups of rays of
definite degrees of refrangibility, spaces existing be-
tween group and group, which are unfilled by rays
of any kind. But the contemplation of the facts will
render this subject more intelligible than words can
make it. Within the camera is now placed a cylinder
of carbon hollowed out at the top to receive a bit of
metal ; in the hollow is placed a fragment of the metal
thallium. Down upon this we bring the upper carbon
point, and then separate the one from the other. A
stream of incandeseent thallium vapour passes between
them, the magnified image of which is now seen upon
the screen. It is of a beautiful green colour. What is
the meaning of that green? We answer the question
by subjecting the light to prismatic analysis. Here
you have its spectrum, consisting of a single refracted
band. Light of one degree of refrangibility, and that
corresponding to green, is emitted by the thallium
vapour.

We will now remove the thallium and put a bit of
silver in its place. The arc of silver is not to he dis-
tinguished from that of thallium ; it is not only green,
like the thallium vapour, but the same shade of green.
Are they then alike? Prismatic analysis enables us to
answer the question. It is perfectly impossible to con-
found the spectrum of incandescent silyer vapour with

that of thallium. Here are two green bands instead
of one.
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Adding to the silver in our camera a bit of thallium,
we shall obtain the light of both metals, and after
waiting a little we see that the green of the thallium
lies midway hetween the two greens of the silver.
Hence this similarity of colour.

But you observe another interesting fact. The
thallium band is at first far brighter than the silver
bands. Indeed, the latter have wonderfully degene-
rated since the bit of thallium was put in, and for a
reason worth knowing. It is the resistance offered
to the passage of the electric current from carbon to
carbon that calls forth the power of the current to
produce heat. If the resistance were materially les-
sened, the heat would be materially lessened; and if
all resistance were abolished, there would be no heat at
all. Now, thallium is a much more fusible and vapor-
izable metal than silver; and its vapour facilitates the
passage of the current to such a degree as to render
it almost incompetent to vaporize the more refractory
gilver. But the thallium is gradually consumed ; its
vapour diminishes, the resistance rises, until finally you
see the two silver bands as brilliant as they were at first.!

We have in these bands a perfectly unalterable
characteristic of these two metals. You never get

other bands than these two green ones from the silver,

never other than the single green band from the thal-
lium, never other than the three green bands from the
mixture of both metals. Every known metal has its
own particular bands, and in no known case are the

bands of two different metals alike in refrangibility.

I This eircumstance ought not to be lost sight of in the examination
of compound speetra.

e . -
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It follows, therefore, that these spectra may be made a
sure test for the presence or ahsence of any particular
metal. If we pass from the metals to their alloys, we
find no confusion. Copper gives green bands ; zine gives
blue and red bands; brass, an alloy of copper and zine,
gives the bands of both metals, perfectly unaltered in
position or character.

But we are not confined to the metals themselves ; the
salts of these metals yield the bands of the metals.
Chemical union is ruptured by a sufficiently high heat ;
the vapour of the metal is set free and yields its character-
istic bands. The chlorides of the metals are particularly
suitable for experiments of this character. Common
salt, for example, is a cocmpound of chlorine and so-
dium ; in the electric lamp it yields the spectrum of
the metal sodium. The chlorides of copper, lithium,
and strontium yield in like manner the bands of these
metals,

When, therefore, Bunsen and Kirchhoff, the celebrated
founders of spectrum analysis, after having established
by an exhaustive examination the spectra of all known
substances, discovered a spectrum containing bands dif-
ferent from any known bands, they immediately inferred
the existence of a new metal. They were operating at,
the time upon a residue obtained by evaporating one of-
the mineral waters of Germany. Tn thatwater they knew
the unknown metal was concealed, but. vast quantities
of it had to be évaporated before a residue could be ob-
tained sufficiently large to enable ordinary chemistry to
grapple with the metal. Th ey, however, hunted it down,
and it nowstands among chemical substances as the meta]
Rubidium. They subsequently discovered g second
metal, which they called Cesizm, Thus, having first

0
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placed spectrum analysis on a sure foundation, they
demonstrated its capacity as an agent of discovery.
Soon afterwards Mr. Crookes, pursuing the same
method, discovered the bright green band of th allium,
and obtained the salts of the metal which yielded it.
The metal itself was first isolated in ingots by M.
Lamy, a French chemist.

All this relates to chemical discovery upon earth,
where the materials are in our own hands. DBut it was
soon shown how spectrum analysis might be applied
to the investigation of the sun and stars; and this
result was reached through the solution of a problem
which had been long an enigma to natural philosophers.
The scope and conquest of this problem we must now
endeavour to comprehend. A spectrum is pure in which
the colours do not overlap each other. We purify the
spectrum by making our slit narrow and by augmenting
the mumber of our prisms. When a pure spectrum of
the sun has been obtained in this way it is found to be
furrowed by innumerable dark lines. Four of them were
first seen by Dr. Wollaston, but they were afterwards
multiplied and measured by Fraunhofer with such
masterly skill that they are now universally known as
Fraunhofer’s lines. To give an explanation of these
lines was, as I have said, a problem which long chal-
lenged the attention of philosophers, and to Kirehhoft,
Professor of Physics in the University of Heidelberg,
belongs the honour of having first conquered this
problem.

(The positions of the principal lines, lettered accord-
ing to Fraunhofer, are shown in the annexed sketch
(fig. 57) of the solar spectrum. A is supposed to stand
near the extreme red, and J near the extreme violet.)
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The brief memoir of two pages on which this im-
mortal discovery is recorded was communicated to
the Berlin Academy on October 27, 18539.
Fraunhofer had remarked in the spectrum
of a candle flame two bright lines which
coincide accurately as to position with the
double dark line D of the solar spectrum.
These bright lines are produced with par-
ticular intensity by the yellow flame derived
from a mixture of salt and aleohol. They
are in faet the lines of sodium vapour.
Kirechhoff produced a spectrum by permit-
ting the sunlight to enter his telescope by
a slit and prism, and in front of the slit
he placed the yellow sodium flame, As
long as the spectrum remained feeble, there
always appeared two bright lines, derived
from the flame, in the place of the two dark
lines D of the spectrum, In this case such
absorption as the flame exerted upon the sun-
light was more than atoned for by the radia-
tion from the flame, When, however, the
solar spectrum was rendered sufficiently in-
tense, the bright bands entirely vanished
and the two dark Fraunhofer lines appeared
with much greater sharpness and distinct-
ness than when the flame was not employed.

This result, be it noted, was not due to
any real quenching of the bright lines of the
flame, but to the augmentation of the in-
tensity of the adjacent spectrum. The experi-
ment proved to demonstration that when the white light
sent through the flame was sufficiently intense, the
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quantity which the flame absorbed was far in excess of
the quantity which it radiated.

Here then is a result of the utmost significance.
Kirchhoff immediately inferred from it that the salt
flame which could intensify so remarkably the dark
lines of Fraunhofer ought also to be able to produce
them. The spectrum of the Drummond light is known
to show the two bright lines of sodium, which, however,
gradually disappear as the modicum of sodium contained,
as an impurify, in the incandescent lime is exhausted.
Kirchhoff formed a spectrum of the lime-light, and after
the two bright lines had vanished, he placed his salt
flame in front of the slit. The two dark lines D imme-
diately started forth. Thus in the continuous spectrum
of the lime-light he evoked, artificially, the lines D of
Fraunhofer.

Kirchhoff knew that this was an action not peculiar
to the sodium flame, and he immediately extended his
result to all coloured flames which yield sharply defined
bands in their spectra. White light, with all its con-
stituents complete, sent through such flames, would, he
inferred, have those precise constituents absorbed the
refrangibilities of which are the same as those of the
bright bands ; so that after passing through such flames,
the white light, if sufficiently intense, would have its
spectrum furrowed by bands of darkness. On the
oceasion here referred to, Kirchhoff also succeeded in
reversing a bright band of lithium.

The long-standing difficulty of Fraunhofer’s lines fell
to pieces in the presence of facts and reflections like
these, which also carried with them an immeasurable
extension of the chemist's power. Kirchhoff saw that
from the lines in their spectra, in so far as they are
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shown by terrestrial substances, the presence or absence
of these substances in the sun and fixed stars might
be immediately inferred. Thus the dark lines D in
the solar spectrum proved the existence of sodium
vapour in the solar atmosphere ; while the bright lines
discovered by Brewster in a nitre flame, which had
been proved to coincide exaetly with certain dark lines
between A and B in the solar spectrum, proved the
existence of potassium in the sun.

All subsequent research verified the accuracy of these
first daring conclusions. In his second paper, commui-
nicated to the Berlin Academy before the close of 1859,
Kirchhoff proved the existence of iron in the sun.
The bright lines of the spectrum of iron vapour are
exceedingly numerous, and 65 of them were subse-
quently proved by Kirchhoff 4o be absolutely identical
In position with 65 dark Fraunhefer’s lines, ﬁngstmm
and Thalén pushed the coincidences to 450 for iron,
while according to the same excellent mvestigators the
following numbers express the coincidences in the case
of the respective metals to which they are attached :—

Caleium . ; o0 Nickel ; o 38
Barium . Skl Cobalt 2 i
Magnesinm . 4 Hydrogen 4
Manganese : S il Aluminium 2
Titanium . ; . 118 Zine 2
Chromium s o 015 Copper 7

The probability is overwhelming that all these sub-
stances exist in the atmosphere of the sun,

Kirchhoff’s discovery profoundly modified the con-
ceptions previously entertained regarding the consti-
tution of the sun, and they led him to a view of that
constitution which, though it may be modified in detail,
will, I believe, remain substantially valid to the end of
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time. The sun consists of a nucleus which is sur-
rounded by a flaming atmosphere of lower tempera-
ture. That nucleus may, in part, be clouds, under-
lying true vapour. The light of the nucleus would
give us a continuous spectrum, as our carbon points
did; but having to pass through the photosphere,
as our beam through the sodium flame, those rays
of the nucleus which the photosphere can itself emit
are absorbed, and shaded lines, corresponding to
the particular rays absorbed, occur in the spectrum.
Abolish the solar nucleus, and we should have a spec-
trum showing a bright line in the place of every dark
line of Fraunhofer, just as in the case of Kirchhoff’s
second experiment we should have the brignt sodium
lines if the lime light were withdrawn. These lines
of Fraunhofer are therefore not absolutely dark, but
dark by an amount corresponding to the difference
between the light intercepted and the light emitted by
the photosphere.

Almost every great scientific discovery is approached
contemporaneously by many minds, the fact that one
mind usually confers upon it the distinetness of demon-
stration being an illustration not of genius isolated, but
of genius in advance. Thus Foucault, in 1849, came
to the verge of Kirchhoff’s discovery. By converging
an image of the sun upon a voltaic arc, and thus ob-
taining the spectra of both sun and arc superposed,
he found that the two bright lines which, owing to the
presence of a little sodium impurity in the carbons, or
in the air, are seen in the spectrum of the are, coincide
with the dark lines D of the solar spectrum. The lines
D he found to be considerably strengthened by the
passage of the solar light through the voltaic arc.
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Instead of the image of the sun, he then projected
upon the are the image of one of the solid incande-
scent carbon points, which of itself would give a
continuous spectrum, and he found that the lines
D were thus generafed in that speetrum. TFoucault’s
conclusion from this admirable experiment was
“that the arc is a medium which emits the rays D
on its own account, and at the same time absorbs them
when they come from another quarter” Here he
stopped. He did not extend his observations beyond
the voltaic arc; he did not offer any explanation of the
lines of Fraunhofer ; he did not axrive at any conception
of solar chemistry, or of the constitution of the sun.
His beautiful experiment remained a germ without
fruit, until the discernment, ten years subsequently, of
the whole class of phenomena to which it belongs
enabled Kirchhoff to solve these great problems.

Soon after the publication of Kirchhoff's discovery
Professor Stokes, who, ten years prior to the discovery,
had nearly anticipated it, borrowed an illustration from
sound to show the reciprocity of radiation and absorp-
tion. A stretched string responds to aérial yibra-
tions which synchronize with its own. A great number
of such strings stretched in space would roughly repre-
sent a medium ; and if the note common to them all
were sounded at a distance they would absorb the vibra-
tions corresponding to that note. That is to say, they
would absorb the vibrations which they can emit,

When a violin-bow is drawn across this tuning-fork,
the room is immediately filled with a musical sound ;
this may be regarded as the radiation or emission
of sound from the fork. A few days ago, on sound-
ing this fork, I noticed that when its vibrations were
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quenched, the sound seemed to be continued, though
more feebly. It appeared, moreover, to come from
under a distant table, where stood a number of tuning-
forks of different sizes and rates of vibration. One of
these, and one only, had been started by the sounding
fork, and it was one whose rate of vibration was the
same as that of the fork which started it. This is an
instance of the absorption of the sound of one fork by
another. Placing two unisonant forks near each other,
sweeping the bow over one of them, and then quench-
ing the agitated fork, the other continues to sound ;
this other can re-excite t-he' former, and several tranfers
of sound between the two forks can be thus effected.
Placing a cent-plece on each prong of one of the forks,
we destroy its perfect synchronism with the other, and
no communication of sound from the one to the other
‘is then possible.

I have now to bring before you, on a suitable scale,
the demonstration that we can do with light what has
been here done with sound. For several days in 1861
I endeavoured to accomplish this with only partial
success. In iron dishes a mixture of dilute aleohol
and salt was placed and warmed so as to promote
vaporization. The vapour was ignited, and through
the yellow flame thus produced the beam from the elec-
tric lamp -was sent ; but a faint darkening only of the
yellow band of a projected spectrurn could be obtained.
A trough was then made which, when fed with the salt
and alcohol, yielded a flame ten feet thick ; but the re-
sult of sending the light through this depth of flame
was still unsatisfactory. Remembering that the direct
combustion of sodium in a Bunsen’s flame, produced a
yellow far more intense than the salt flame, and inferring
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that the intensity of the colowr indicated the copious-
ness of the incandescent vapour, I sent through the
flame from metallic sodium the beam of the electric
lamp. The success was complete ; and this experiment
I wish now to repeat in your presence.!

Firstly then you notice, when a fragment of sodium
1s placed in a tin spoon and introduced into a lightless
Bunsen’s flame, an intensely yellow light is produced,
which corresponds in refrangibility with the yellow
band of the spectrum. Like our tuning-fork, it emits
waves of a special period. When the white light from
the electric lamp is sent through that flame, you will
have ocular proof that the yellow flame intercepts the
yellow of the spectrum ; in other words, that it absorbs
waves of the same perivd as its own, thus producing
to all intents and purposes a dark Fraunhofer’s band
in the place of the yellow.

In front of the slit (at L, fig. 58) through which the
beam issues is placed a Bunsen’s burner (b) protected by
a chimney (C). This beam, after passing through a lens,
traverses the prism (P) (in the real experiment there
was a pair of them), is there decomposed, and forms a
vivid continuous spectrum (S S) upon the screen. In-
troducing a tin spoon with its pellet of sodium into the
Bunsen’s flame, the metal first fuses, colours the flame
intensely yellow, and at length bursts into violent
combustion, At the same moment the spectrum is
furrowed by a dark band (D). Introdueing and with-
drawing the sodium flame in rapid sueccession, the

' The dark band produced when the sodium is placed within the
lamp was observed on the same occasion. Then wus also observed for
the first time the magnificent blue band of Jithium which the Bunsen’s
flame fails to bring out,
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sudden appearance and disappearance of the band of
darkness is shown in a most striking manner. In contrast
with the adjacent brightness this band appears absolutely
black, so vigorous is the absorption. The blackness,
however, is but relative, for upon the dark space falls
a portion of the light of the sodium flame.

Fia. H8.

I have already referred to the experiment of Fou-
cault ; but other workers also had been engaged on the
borders of this subject before it was taken up by Bunsen
and Kirchhoff. With a few modifications here intro-
duced, I have already spoken in this wise of the pre-
cursors of the discovery of spectrum analysis and solar
chemistry :—¢ Mr. Talbot had observed the bright
lines in the spectra of coloured flames, and both he and
Sir John Herschel pointed out the possibility of making
prismatic analysis a chemical test of exceeding delicacy,
though not, it would appear, of entire certainty.
More than a quarter of a century ago Dr. Miller gave
drawings and descriptions of the speetra of various
coloured flames. Wheatstone, with his accustomed
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acuteness, analyzed the light of the electric spark, and
proved that the metals between which the spark passed
determined the bright bands in the spectrum of the
spark. In an investigation described by Kirchhoff as
“classical,” Swan had shown that g of a grain of
sodium in a Bunsen’s flame could be detected by its
spectrum.  He also proved the constancy of the bright
lines in the spectra of hydro-carbon flames. Masson
published a prize essay on the bands of the induction
spark ; while Van der Willigen, and more recently
Plicker, have, also given us heautiful drawings of
spectra obtained from the same source.

‘But none of these distinguished men betrayed the
least knowledge of the connection between the bright
bands of the metals and the dark lines of the solar
spectrum, nor could spectrum analysis be said to be
placed upon anything like a safe foundation prior to
the researches of Bunsen and Kirchhoff. The man
who, in a published paper, came nearest to the philo-
sophy of the subject was ugst-rijm. In that paper
translated by myself, and published in the ¢ Philoso-
phical Magazine” for 1855, he indicates that the rays
which a body absorbs are precisely those which it can
emit when rendered luminous. In another place, he
speaks of one of his spectra giving the general im-
pression of the reversal of the solar spectrum. But his
memoir, philosophical as it is, is distinctly marked by
the uncertainty of his time. Foucault, Thomson, and
Balfour Stewart have all been near the discovery, while,
as already stated, it was almost hit by the acute but
unpublished eonjecture of Stokes.’

Mentally, as well as physically, every year of the
world’s ageis the outgrowth and offspring of all preceding
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years. Science proves itself to be a genuine product
of Nature by growing according to this law. We have
no solution of continuity here. All great discoveries
are duly prepared for in two ways: first, by other dis-
coveries which form their prelude ; and, secondly, by the
sharpening of the enquiring intellect. Thus Ptolemy
grew out of Hipparchus, Copernicus out of both, Kepler
out of all three, and Newton out of all the four. New-
ton did not rise suddenly from the sea-level of the
intellect to his amazing elevation. At the time that
he appeared, the table-land of knowledge was already
high. He juts, it is true, above the table-land, as a
massive peak ; still he is supported by it, and a great
part of his absolute height is the height of humanity
in his time. It is thus with the discoveries of Kirch-
hoff. Much had been previously accomplished ; this
he mastered, and then by the force of individual genius
went beyond it. He replaced uncertainty by certainty,
vagueness by definiteness, confusion by order; and I
do not think that Newton has a surer claim to the
discoveries that have made his name immortal, than
Kirchhoff has to the credit of gathering up the frag-
mentary knowledge of his time, of vastly extending it,
and of infusing into it the life of great prineciples.
With one additional point we will wind up our
illustrations of the principles of solar chemistry.
Owing to the scattering of light by matter floating
. mechanically in the earth’s atmosphere, the sun is
seen not sharply defined, but surrounded by a lumi-
nous glare. Now, a loud noise will drown a whisper,
an intense light will quench a feeble one, and so this
circumsolar glare prevents us from seeing many striking
appearances round the border of the sun, The glare is
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abolished in total eclipses, when the moon comes between
the earth and the sun, and there are then seen a series of
rose-coloured protuberances stretching sometimes tens
of thousands of miles beyond the dark edge of the moon,
They are deseribed by Vassenius in the ¢ Philosophical
Transactions’ for 1733; and were probably observed
even earlier than this. In 1842 they attracted
great attention, and were then compared to Alpine
snow-peaks reddened by the evening sun. That
these prominences are flaming gas, and principally
hydrogen gas, was proved by Mr. Janssen during
an eclipse observed in India, on the 18th of August
1868.

But the prominences may be rendered visible in full
sunshine ; and for a reason easily understood. You
have seen in these lectures a single prism employed
to produce a spectrum, and you have seen a pair of
prisms employed. In the latter case, the dispersed
white light, being diffused over about twice the area,
had all its colours proportionately diluted. You have
also seen one prism and a pair of prisms employed to
produce the bands of incandescent vapours; but here
the light of each band, being absolutely monochromatic,
was incapable of further dispersion by the second prism,
and could not therefore be weakened by such dispersion.

Apply these considerations to the circumsolar region,
The glare of white light round the sun can be dispersed
and weakened to any extent by augmenting the number
of prisms, while a monochromatic light, mixed with
this glare, and masked by it, would retain its intensity
unenfeebled by dispersion. Upon this consideration
has been founded a method of observation, applied in-
dependently by M. Janssen in India and by Mr. Lockyer |
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in England, by which the monochromatic bands of the
prominences are caused to obtain the mastery, and to
appear in broad daylight.

It would lead us far beyond the object of these lectures
to dwell upon the numerous interesting and important
results obtained by Seechi, Respighi, Young, and the
other distinguished men who have worked at the
chemistry of the sun and its appendages. Nor can
I do more at present than make a passing reference
to the excellent labours of Dr. Huggins in connexion
with the fixed stars, nebul®, and comets. They, more
than any others, illustrate the literal truth of the
statement, that the establishment of speetrum analysis
and the explanation of Fraunhofer’s lines, carried with
them an immeasurable extension of the chemist’s
range. But my object here is to make prineiples plain,
rather than to follow out the details of their illustration.
This latter would be a task requiring only time for its
execution, but requiring more of it than I have now at
my command.
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My desire in these lectures has been to show you, with as
little breach of continuity as possible, something of the
pastgrowthand present aspect of adepartment of science,
i which have laboured some of the greatest intellects
the world has ever seen. My friend Professor Henry,
in introducing me at Washington, spoke of me as an
apostle ; but the only apostolate that I intended to
fulfil was to place, in plain words, my subject before
you, and to permit its own intrinsic attractions to act
upon your minds. I have sought to confer upon
each experiment a distinet intellectual value, for
experiments ought to be the representatives and
expositors of thought—a language addressed to the
eye as spoken words are to the ear. In association
with its context, nothing is more impressive or instrue-
tive than a fit experiment ; but, apart from its context,
it rather suits the conjuror’s purpose of surprise than
that purpose of education which ought to be the ruling
motive of the scientific man.

And now a brief summary of our work will not be
out of place. Our present mastery over the laws and
phenomena of light has its origin in the desire of man
to know. We have seen the ancients busy with this
problem, but, like a child who uses his arms aimlessly
for want of the necessary muscular exereise, so these
early men speculated vaguely and confusedly regarding
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light, not having as yet the discipline needed to give
clearness to their insight, and firmness to their grasp
of principles. They assured themselves of the rectili-
neal propagation of light, and that the angle of inci-
dence was equal to the angle of reflection. For more
than a thousand years—I might say, indeed, for more
than fifteen hundred years subsequently—the scientific
intellect appears as if smitten with paralysis, the fact
being that, during this time, the mental force, which
might have run in the direction of science, was diverted
into other directions.

The course of investigation as regards light was
resumed in 1100 by an Arabian philosopher named
Alhazan. Then it was taken up in succession by Roger
Bacon, Vitellio, and Kepler. These men, though fail-
ing to detect the principle which ruled the facts, kept
the fire of investigation constantly burning. Then
came the fundamental discovery of Snell, that corner-
stone of optics, as I have already called it, and imme-
diately afterwards we have the application by Descartes
of Snell’s discovery to the explanation of the rainbow.
Following this we have the overthrow, by Roemer, of
the notion of Descartes that light was transmitted
instantaneously through space. Then came Newton’s
crowning experiments on the analysis and synthesis of
white light, by which it was proved to be compounded
of various kinds of light of different degrees of re-
frangibility.

Up to his demonstration of the composition of white
light, Newton had been everywhere triumphant—
triumphant in the heavens, triumphant on the earth,
and his subsequent experimental work is for the most
part of immortal value. But infallibility is not the
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gift of man, and, soon after his discovery of the nature
of white light, Newton proved himself human. He
supposed that refraction and dispersion went hand in
hand, and that you could not abolish the one without
at the same time abolishing the other. Here Dolland
corrected him.

But Newton committed a graver error than this.
Science, as I sought to make clear to you in our
second lecture, is only in part a thing of the senses.
The roots of phenomena are embedded in a region
beyond the reach of the senses, and less than the root
of the matter will never satisfy the secientific mind.
We find, accordingly, in this career of optics the great-
est minds constantly yearning to break the bounds of
the senses, and to trace phenomena to their subsensible
foundations. Thus impelled they entered the region of
theory,and here Newton, though drawn from time totime
towards the truth, was drawn still more strongly towards
the error, and made it his substantial choice. His ex-
periments are imperishable, but his theory has passed
away. For a century it stood like a dam across the
course of discovery; but, like all barriers that rest upon
authority, and not upon truth, the pressure from behind
increased, and eventually swept the barrier away. This,
as you know, was done mainly through the labours of
Thomas Young, and his illustrious French fellow-
worker Fresnel,

In 1808 Malus, looking through Iceland spar at
the sun reflected from the window of the Luxembourg
Palace in Paris, discovered the polarization of light
by reflection. In 1811 Arago discovered the splendid
chromatic phenomena which we have had illustrated
by plates of gypsum in polarized light; he also dis-

P
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covered the rotation of the plane of polarization by
quartz-crystals. In 1813 Seebeck discovered the polar-
ization of light by tourmaline. That same year Brew-
ster discovered those magnificent bands of colour that
surround the axes of biaxal crystals. In 1814 Wol-
laston discovered the rings of Iceland spar. All these
effects, which without a theoretic clue would leave the
human mind in a jungle of phenomena without har-
mony or relation, were organically connected by the
theory of undulation.

The theory was applied and verified in all direc-
tions, Airy being especially conspicuous for the severity
and conclusiveness of his proofs. The most remark-
able verification fell to the lot of the late Sir William
Hamilton, of Dublin, who, taking up the theory
where Fresnel had left it, arrived at the conclusion
that at four special points at the surface of the
ether-wave in double-refracting crystals the ray was
divided not into two parts, but into an infinite
number of parts; forming at these points a con-
tinuous conical envelope instead of two images. No
human eye had ever seen this envelope when Sir
William Hamilton inferred its existence. He asked
Dr. Lloyd to test experimentally the truth of his
theoretic conclusion. Lloyd, taking a crystal of arra-
gonite, and following with the most scrupulous exae
ness the indications of theory, cutting the crystal wher
theory said it ought to be cut, observing it wher
theory said it ought to be observed, discovered th
luminous envelope which had previously been a mer
idea in the mind of the mathematician.

Nevertheless this great theory of undulation, li
many another truth, which in the long run has prove
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a blessing to humanity, had to establish, by hot con-
flict, its right to existence. Great names were arrayed
against it. It had been enunciated by Hooke, it had
been applied by Huyghens, it had been defended by
Euler. But they made no impression. And, indeed,
the theory in their hands was more an analogy than a
demonstration. It first took the form of a demon-
strated verity in the hands of Thomas Young. He
brought the waves of light to bear upon each other,
causing them to support each other, and to extinguish
each other at will. From their mutual actions he de-
termined their lengths, and applied - his determinations
in all directions. He showed that the standing diffi-
culty of polarization might be embraced by the theory.

After him came Fresnel, whose transcendent mathe-
matical abilities enabled him to give the theory a
generality unattained by Young. He grasped the
theory in its entirety; followed the ether into the hearts
of crystals of the most complicated structure, and into
bodies subjected to strain and pressure. He showed
that the facts discovered by Malus, Arago, Brewster,
and Biot were so many ganglia, so to speak, of his
theoretic organism, deriving from it sustenance and
explanation. With a mind too strong for the body
with which it was assoeiated, that body became a wreck
long before it had become old, and Fresnel died, leay-
ing, however, behind him a name immortal in the
annals of science,

One word more I should like to say regarding Fres-
nel. There are things, ladies and gentlemen, better
even than science. Character is higher than Intellect,
but it is espeeially pleasant to those who wish to {hink _.

well of human nature when high intellect and upright
P2
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character are combined. They were, I believe, com-
bined in this young Frenchman. In those hot conflicts
of the undulatory theory, he stood forth ag a man of
integrity, claiming no more than his right, and ready
to concede their rights to others. He at once recog-
nized and acknowledged the merits of Thomas Young.
Indeed, it was he, and his fellow-countryman Arago,
who first startled England into the consciousness of the
injustice done to Young in the Edinburgh Review.

I should like to read you a brief extract from a
letter written by Fresnel to Young in 1824, as it
throws a pleasant light upon the character of the
French philosopher. ¢ For a long time,” says Fresnel,
¢ that sensibility, or that vanity, which people call love
of glory has been much blunted in me. I labour
much less to catch the suffrages of the public than to
obtain that inward approval which has always been the
sweetest reward of my efforts. ~ Without doubt, in
moments of disgust and discouragement, I have often
needed the spur of vanity to excite me to pursue my
researches. But all the compliments I have received
from Arago, De la Place, and Biot never gave me so
mnuch pleasure as the discovery of a theoretic truth, or
the confirmation of a calculation by experiment.’

This, ladies and gentlemen, is the core of the whole
matter as regards science. It must be cultivated for
its own sake, for the pure love of truth, rather than for
the applause or profit that it brings. And now my
occupation in America is well-nigh gone. Still I will
bespeak your tolerance for a few concluding remarks in
reference to the men who have bequeathed to us the
vast body of knowledge of which I have sought to give
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you some faint idea in these lectures. What was the
motive that spurred them on? What urged them to
those battles and those victories over reticent Nature
which have become the heritage of the human race ?
It is never to be forgotten that not one of those great
investigators, from Aristotle down to Stokes and
Kirchhoff, had any practical end in view, according to
the ordinary definition of the word “ practical.” They
did not propose to themselves money as an end, and
knowledge as a means of obtaining it. For the most
part, they nobly reversed this process, made knowledge
their end, and such money as they possessed the means
of obtaining it.

We may sce to-day the issues of their work in a
thousand practical forms, and this may be thought
sufficient to justify, if not ennoble their efforts. But
they did not work for such issues ; their reward was of a
totally different kind. In what way different ? We love
clothes, we love luxuries, we love fine equipages, we love
money, and any man who can point to these as the re-
sult of his efforts in life justifies these results before all
the world., In America and England more especially he
is a ‘practical’ man. But I would appeal confidently to
this assembly whether such things exhaust the demands
of human nature? The very presence here for six
inclement nights of this audience, embodying so much
of the mental force and refinement of this great city,
Is an answer to my question. I need not tell such an
assembly that there are joys of the intellect as well as
joys of the body, or that these pleasures of the spirit
constituted the reward of our greatinvestigators. Led
on by the whisperings of natural truth, through pain
and self-denial, they often pursued their work., With



214 ON LIGHT.

the ruling passion strong in death, some of them, when
no longer able to hold a pen, dictated to their friends
the results of their labours, and then rested from them
for ever.

(Could we have seen these men at work without any
knowledge of the comsequences of their work, what
should we have thought of them? To the uninitiated,
in their day, they might often appear as big children
playing with soap-bubbles and other trifles. It is
so to this hour. Could you watch the true inves-
tigator—your Henry or your Draper, for example—in
his laboratory, unless animated by his spirit, you could
hardly understand what keeps him there. Many of
the ohjects which rivet his attention might appear to
you utterly trivial; and, if you were to ask him
what is the use of his work, the chances are that
you would confound him. He might not be able
to express the use of it in intelligible terms. He
might not be able to assure you that it will put a
dollar into the pocket of any human being living or to
come. That scientific discovery may put not only
dollars into the pockets of individuals, but millions
into the exchequers of nations, the history of science
amply proves; but the hope of its doing so never was
and never can be the motive power of the investigator.

I know that I run some risk in speaking thus before
practical men. I know what De Tocqueville says of
you. ¢The man of the North,” he says, © has not only
experience, but knowledge. He, however, does not
care for science as a pleasure, and only embraces it
with avidity when it leads to useful applications.” But
what, I would ask, are the hopes of useful applications
which have caused you so many times to fill this place
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in spite of snow-drifts and biting cold ? What, I may
ask, is the origin of that kindness which drew me from
my work in London to address you here, and which, if
I permitted it, would send me home a millionaire ? Not
because I had taught you to make a single cent by
science am I here to-night, but because I tried to the
best of my ability to present science to the world as an
intellectnal good. Surely no two terms were ever so
distorted and misapplied with reference to man in his
higher relations as these terms useful and practical.
Let us expand their definitions until they embrace all
the needs of man, his highest intellectual needs inclu-
sive. It is specially on this ground of its adminis-
tering to the higher needs of the intellect ; it is mainly
because I believe it to be wholesome, both as a source
of knowledge and as a means of discipline, that I urge
the claims of seience upon your attention.

But with reference to material eeds and Joys, surely
pure science has also a word to say. People sometimes
speak as if steam had not been studied before James
Watt, or eleetricity before Wheatstone and Morse ;
whereas, in point of fact, Watt and Wheatstone and
Morse, with all their practicality, were the mere out-
come of antecedent forces, which acted without refer-
ence to practical ends. - This also, I think, merits a
moment’s attention. You are delighted, and with good
reason, with your electric telegraphs, proud of your
steam-engines and your factories, and charmed with
the productions of photography. You see daily, with
just elation, the creation of new forms of industry—
new powers of adding to the wealth and comfort of
soclety. Industrial England is heaving with forces
tending to this end, and the pulse of industry beats
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still stronger in the United States. And yet, when
analyzed, what arve industrial America and industrial
England ?

If you can tolerate freedom of speech on my part,
I will answer this question by an illustration. Strip
a strong arm, and regard the knotted museles when
the hand is clenched and the arm bent. Is this
exhibition of energy the work of the muscle alone ?
By no means. The musele is the channel of an influ-
ence, without which it would be as pﬂbwerless as a lump
of plastic dough. It is the delicate unseen nerve that
unlocks the power of the muscle. And without those
filaments of genius which have been shot like nerves |
through the body of society by the original discoverer,
industrial America and industrial England would be
very much in the condition of that plastic dough.

At the present time there is a cry in England for
technical education, and it is a cry in which the most
commonplace intellect can join, its necessity is so
obvious. But there is mo cry for original investi-
gation. Still without this, as surely as the stream
dwindles when the spring dies, so surely will ¢ technical
education’ lose all force of growth, all power of repro-
duction. Our great investigators have given us
sufficient work for a time ; but if their spirit die out,
- we shall find ourselves eventually in the condition of
those Chinese mentioned by De Tocqueville, who,
having forgotten the scientific origin of what they
did, were at length compelled to copy without varia-
tion the inventions of an ancestry who, wiser than
themselves, had drawn their inspiration direct from
Nature.

Both England and America have reason to bear those
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things in mind, for the largeness and nearness of ma-
terial results are only too likely to cause both countries
to forget the small spiritual beginnings of such results
in the mind of the scientifie discoverer. You mul-
tiply, but he creates. And if you starve him, or other-
wise kill him—nay, if you fail to secure for him free
scope and encouragement—you. not only lose the mo-
tive power of intellectual progress, but infallibly sever
yourselves from the springs of industrial life.

What has been said of technical operations holds
equally good for education, for here also the original
investigator constitutes the fountain-head of know-
ledge. It belongs to the teacher to give this knowledge
the requisite form ; an honourable and often a difficult
task. But it is a task which receives its final sanctifica-
tion when the teacher himself honestly tries to add a
rill to the great stream of scientific discovery. TIndeed,
it may be doubted whether the real life of sclence can
be fully felt and communicated by the man who has not
himself been taught by direet communion with Natire.
We may, it is true, have good and instructive lectures
from men of ability, the whole of whose knowledge is
second-hand, just as we may have good and instructive
sermons from intellectually able and unregenerate men.
But for that power of science which corresponds to
what the Puritan fathers would call experimental re-
ligion in the heart, you must ascend to the original
investigator.

To keep society as regards science in healthy play,
three classes of workers are necessary : Firstly, the in-
vestigator of natural truth, whose vocation 1t is to pur-
sue that truth, and extend the field of discovery for the
truth’s own sake, and without reference to practical
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ends. Secondly, the teacher of mnatural truth, whose
vocation it is to give publie diffusion to the knowledge
already won by the discoverer. Thirdly, the applier of
natural truth, whose vocation it is to make scientific
knowledge available for the needs, comforts, and luxu-
ries of life. These three classes ought to co-exist and
interact. Now, the popular notion of science, both in
this country and in England, often relates mnot to
science strictly so called, but to the applications of
science. Such applications, especially on this continent,
are so astounding—they spread themselves so largely
and umbrageously before the public eye—as to shut
out from view those workers who are engaged in the
quieter and profounder business of original investiga-
tion. :

Take the electric telegraph as an example, which
has been repeatedly forced upon my attention of late.
I am not here to attenuate in the slightest degree the
services of those who, in England and America, have
given the telegraph a form so wonderfully fitted for
public use. They earned a great reward, and assuredly
they have received it. But I should be untrue to you
and to myself if I failed to tell you that, however high
in particular respects their claims and qualities may
be, your practical men did not discover the electric
telegraph. The discovery of the electric telegraph
implies the discovery of electricity itself, and the
development of its laws and phenomena. Such dis-
coveries are not made by practical men, and they never
will be made by them, because their minds are beset
by ideas which, though of the highest value from one
point of view, are not those which stimulate the original
discoverer.
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The ancients discovered the electricity of amber ; and
Gilbert, in the year 1600, extended the discovery to
other bodies. Then followed other inquirers, your own
Franklin among the number. But this form of
electricity, though tried, did not come into use for
telegraphic purposes. Then appeared the great Italian
Volta, who discovered the source of electricity which
hears his name, and applied the most profound insight
and the most delicate experimental skill to its develop-
ment. Then arose the man who added to the powers
of his intellect all the graces of the human heart,
Michael Faraday, the discoverer of the great domain of
magneto-electricity. (Ersted discovered the deflection
of the magnetic needle, and Arago and Sturgeon the
magnetization of iron by the electric current. The
voltaic circuit finally found its theoretic Newton in
Ohm, while Henry, of Princeton, who had the sagacity
to recognize the merits of Ohm while they were still
decried in his own country, was at this time in the van
of experimental inquiry.

' In the works of these men you have all the materials
employed at this hour in all the forms of the electrie
telegraph. Nay, more; Gauss, the celebrated astrono-
mer, and Weber, the celebrated natural philosopher,
both professors in the University of Gottingen, wishing
to establish a rapid mode of communication between
the observatory and the physical cabinet of the uni-
versity, did this by means of an electric telegraph.
Thus, before your practical men appeared upon the
scene, the force had been discovered, its laws investi-
gated and made sure, the most complete mastery of its
phenomena had been attained—nay, its appli cability to
telegraphic purposes demonstrated—by men whose sole



220 ON LIGHT.

reward for their labours was the noble excitement of
research and the joy attendant on the discovery of
natural truth.

Are we to ignore all this? We doso at our peril.
For I say again that, behind all our practical appli-
cations, there is a region of intellectual action to which
practical men have rarely contributed, but from which
they draw all their supplies. Cut them off from this
region, and they become eventually helpless. Inno case
is the adage truer, ¢ Other men laboured, but ye are
entered into their labours,” than in the case of the dis-
coverer and applier of natural truth. But now a word
on the other side. While I say that practical men are
not the men to make the necessary antecedent dis-
coveries, the cases are rare in which the discoverer
knows how to turn his labowrs to practical account.
Different qualities of mind and different habits of
thought are needed in the two cases ; and while I wish
to give emphatic utterance to the claims of those whose
position, owing to the simple fact of their intellectual
elevation, is often misunderstood, I am not here to
exalt the one class of workers at the expense of the
other. They are the necessary complements of each
other. But remember that one class is sure to be taken
care of. All the material rewards of society are already
within their reach, while that same society habitually
aseribes to them intellectual achievements which were
never theirs, This cannot but act to the detriment of
those profounder studies out of which, not only our
knowledge of nature, but our present industrial arts
themselves have sprung, and from which the rising
genius of the country is incessantly tempted away.

Pasteur, one of the most eminent members of the
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Institute of Framce, in accounting for the disastrous
overthrow of his country and the predominance of
Germany in the late war, expresses himself thus: ¢ "ew
persons comprehend the real origin of the marvels of
industry and the wealth of nations. T need no further
proof of this than the employment more and more fre-
quent in official language, and in writing of all sorts,
of the erroneous expression applied. science. 'The
abandonment of scientific careers by men capable of
pursuing them with distinetion was recently deplored
in the presence of a minister of the greatest talent.
This statesman endeavoured to show that we ought not
to be surprised at this result, because in our day the
reign of theoretic science yuelded place to that of ap-
plied science. Nothing could be more erroneous than
this opinion, nothing, T venture to say, more dangerous,
even to practical life, than the consequences which might
flow from these words. They have rested on my mind
as a proof of the imperious necessity of reform in our
superior education. There exists no category of the
selences to which the name of applied science could
rightly be given. We hawe seience, and the appli-
cations of science, which are unjted together as the
tree and its fruit.’

And Cuvier, the great comparative anatomist, writeg
thus upon the same theme: ¢ These grand practical
Innovations are the mere applications of truths of 5
higher order, not sought with a practical intent, but
which were pursued for thejr own sake, and solely
through an ardour for knowledge. Those who applied
them could not have discovered them ; those who djs-
covered them had no inclination to pursue them to a
practical end. Engaged in the high regions whither
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their thoughts had carried them, they hardly perceived
these practical issues, though born of their own deeds.
These rising workshops, these peopled colonies, those
ships which furrow the seas—this abundance, this
luxury, this tumult—all this comes from discoverers in
seience, and it all remains strange to them. At the
point where science merges into practice they abandon
it; it concerns them no more.’

When the Pilgrim Fathers landed at Plymouth
Rock, and when Penn made his treaty with the Indians,
the new-comers had to build their houses, to chasten
the earth into cultivation, and to take care of their
gouls. In such a community science, in its more ab-
stract forms, was not to be thought of. ~ And at the
present hour, when your hardy Western pioneers stand
face to face with stubborn Nature, piercing the moun-
tains and subduing the forest and the prairie, the pur-
suit of science for its own sake is not to be expected.
The first need of man is food and shelter; but a vast,
portion of this continent is already raised far beyond
this need. The gentlemen of New York, Brooklyn,
Boston, Philadelphia, Baltimore, and Washington have
already built their houses, and very beautiful they are;
they have also secured their dinners, to the excellence
of which I can also bear testimony. They have, in
fact, reached that precise condition of well-being and
independence when a culture, as high as humanity has
yet reached, may be justly demanded at their hands.
They have reached that maturity, as possessors of
wealth and leisure, when the investigator of natural
truth, for the truth’s own sake, ought to find among
them promoters and protectors.

Among the many problems before them they have
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this to solve, whether a republie is able to foster the
highest forms of genius. You are familiar with the
writings of De Tocqueville, and must be aware of
the intense sympathy which he felt for your institu-
tions; and this sympathy is all the more valuable from
the philosophic candour with which he points out not
only your merits, but your defects and dangers. Now
if I come here to speak of science in America in a
critical and captious spirit, an invisible radiation from
my words and manner will enable you to find me out,
and will guide your treatment of me to-night. But if
I'in no unfriendly spirit—in a spirit, indeed, the re-
verse of unfriendly—venture to repeat before you what
this great historian and analyst of democratic institu-
tions said of America, I am persuaded that you will
hear me out. He wrote some three-and-twenty years
ago, and perhaps would not write the same to-day ;
but it will do nobody any harm to have his words
repeated, and, if necessary, laid to heart,

In a work published in 1850, De Tocqueville says : ‘It
must be confessed that, among the civilized peoples of our
age, there are fewinwhich the highest sciences have made
so little progress asin the United States.’! He declares
his convietion that, had you been alone in the universe,
you would speedily have discovered that you cannot long
make progress in practical seience without cultivating
theoretic science at the same time. But, according to
De Tocqueville, you are not thus alone. He refuses to

separate America from its ancestral home ; and i is

! ‘1l faut reconnaitre que parmi les peuples civilisés de nos jours il
en est peu chez qui les hautes seiences atent.fait moins de Progrés quaux
Etats-Unis, ou qui aient fourni moins de grands artistes, de poétes illus-
tres et de célébres éerivains,’ (De la Démoe

ratie en Amérique ete.
tome ii. p. 36.) R :
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here, he contends, that you collect the treasures of the
intellect, without taking the trouble to create them.
De Tocqueville evidently doubts the capacity of a
democracy to foster genius as it was fostered in the
aneient aristocracies. ¢The future, he says, ¢will
prove whether the passion for profound knowledge, so
rare and so fruitful, can be born and developed so
readily in democratic societies as in aristocracies. As
for me,” he continues, ‘I can hardly believe it.” He
speaks of the unquiet feverishness of demoeratic com-
munities, not in times of great excitement, for such
times may give an extraordinary impetus to ideas,
but in times of peace. There is then, he says, ¢a small
and uncomfortable agitation, a sort of incessant attri-
tion of man against man, which troubles and distracts
the mind without imparting to it either loftiness or
animation.’ It rests with you to prove whether these
things are necessarily so—whether the highest scientific
genius cannot find in the midst of you a tranquil home.
I should be loth to gainsay so keen an observer and
5o profound a political writer, but, since my arrival in
this country, I have been unable to see anything in
the constitution of society to prevent a student with
the root of the matter in him from bestowing the most
steadfast devotion on pure science. If great scientific
results are not achieved in America, it isnot to the small
agitations of society that I should be disposed to ascribe
the defect, but to the fact that the men among you who
possess the endowments necessary for profound scientifie
inquiry are laden with duties of administration or tuition
so heavy as to be utterly incompatible with the continu-
-ous and tranquil meditation which original investigation
demands. It may well be asked whether Henry would
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have been transformed into an administrator, or whether
‘Draper would have forsaken science to write history,
if the original investigator had been honoured as he
ought to be in this land. I hardly think they would.
Still I do not imagine this state of things likely to last,
In America there is a willingness on the part of indi-
viduals to devote their fortunes in the matter of educa-
tion to the service of the commonwealth, which is pro-
bably without a parallel elsewhere ; and this willingness
requires but wise direction to enable you effectually -to
wipe away the reproach of De Toequeville.

. Your most difficult problem will be not to build
institutions, but to discover men. You may erect
laboratories and endow them ; you may furnish them
with all the appliances needed for enquiry ; in so do-
ing you are but creating opportunity for the exercise
of powers which come from sources entirely beyond your
reach. You cannot create genius by bidding for it.. In
biblical language, it is the: gift of God; and the most
you could do, were your wealth, and your willingness to
apply it, a million-fold what they are, would be. to
make sure that this glorious plant shall have the free-
dom, light, and warmth, necessary for its development,
We see from time to time a noble tree dragged down
by parasitic runners. These the gardener can remove,
though the vital force of the tree itself may lie beyond
him ; and so, in many a case, you men of wealth can
| liberate genius from the hampering toils which the
 struggle for existence often casts around it,

Drawn by your kindness, I have come here to give
‘these lectures, and now that my visit to America has
become almost a thing of the past, I look back upon
it as a memory without a single stain, No lecturer was

Q
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ever rewarded as I have been. From this vantage-
ground, however, let me remind you that the work of
the lecturer is not the highest work; that in science
the lecturer is usually the distributor of intellectual
wealth amassed by better men. And though lecturing
and teaching, in moderation, will in general promote
their moral health, it is not solely, or even chiefly, as
lecturers, but as investigators, that your highest men
ought to be employed. You have scientific genius
amongst you—not sown broadeast, believe me, it is sown
thus nowhere—but still scattered here and there.
Take all unnecessary impediments out of its way.
Keep your sympathetic eye upon the originator of
knowledge. Give him the freedom necessary for his
researches, not overloading him either with the duties
of tuition or of administration, not demanding from
him so-called practical results—above all things,
avoiding that question which ignorance so often ad-
dresses to genius, ¢What is the use of your work?’
Tet him make truth his object, however unpractical
for the time being that truth may appear. If you
cast your bread thus upon the waters, then be assured
it will return to you, though it may be after many days
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LORD BROUGHAM'S ARTICLES ON DR. THOMAS
YOUNG IN THE ¢EDINBURGH REVIEW.

Ix Lecture IT.of the foregoing series, the attacks of the
Edinburgh Reviewers on the scientific labours of
Dr. Young are hriefly referred to. The spirit of these
attacks will be understood from the extracts given below,
They had, it is to be feared, a very damaging effect,
both upon Young's reputation, and upon his seientific
activity, The first of them, published in No. IT. of the
Review, was levelled at Young’s memoir on the Theory
of Light and Colours, which had been chosen by the
Royal Society as the Bakerian Lecture for 1801,

‘ As this paper,” says the Reviewer, ‘contains nothing which de-
| serves the name, either of experimentor discovery,and as it is in fact
| destitute of every species of merit, we should have allowed it to pass
| among themultitude of those articles which must alwaysfind admit-
| tance into the collections of a Society which is pledged to publish
| two or three volumes every year, The dignities of the author, and
| the title of Bakerian Lecture, which is prefixed to these lucubra-

tions, should not have saved them from a vlace in the ignoble
crowd. But we have of late observed in the physical world a
most unaecountable predilection for vague hypothesis daily gaining
ground ; and we are mortified to see that the Royal Society, for=
getful of those improvements in science to which it owes its origin,
and neglecting the Precepts of its most illustrious members, is now,

Q2
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by the publication of such papers, giving the countenance of its
highest authority to dangerous relaxations in the principles of
physieal logie, e wish to raise our feeble voice against inno-
vations that can have no other effect than to checlk the progress of
Science, and renew all those wild phantoms of the imagination
which Bacon and Newton put to flight from her temple. We
wigh to recall philosophers to the striet and severe methods of in-
vestigation pointed out by the transcendent talents of those illus-
trious men, and consecrated by their astonishing success; and, for
this purpose, we take the first opportunity t:hat%ms been presented
to us of calling our <readers’ attention to this mode of philoso-
hising, which seems, by the title of the paper now before us, to
Eme been honoured with more than the ordinary approbation of
the Council. . . . .
¢ It is difficult to deal with an author whose mind is filled with
a medium of so fickle and vibratory a nature. Were we to take
the trouble of refuting him, he might tell us, *“ My opinion is
changed, and I Lave abandoned that fypammﬁs, but heve is another
for you” We demand if the world of science which Newton
once illuminated is #o be as changeable in its modes as the world
of fashion, which is directed by the nod of a silly woman or a
pampered fop 7 Has the Royal Society degraded its publications
into bulletins of new and fashionable theories for the ladies of the
Royal Institution? Prok pudor! Let the Professor continue to
amuse his audience with an endless variety of such harmless trifles,
but, in the name of science, let them not find admittance into that
venerable repository which contains the works of Newton, and
Boyle, and Cavendish, and Maskelyne, and Herschel. '
¢ These remarks lead us to observe, that perpetual fluctuation
and change of ground is the common lot of theorists. An hypo-
thesis which is assumed from a fanciful analogy or adopted from
its apparent capacity of explaining certain appearances, must
always be varied as new facts occur, and must be kept alive by a
repetition of the same process of touching and retouching, of suc-
cessive accommodation and adaptation, to which it originally owed
its puny and contemptible existence. But the making of an
hypothesis is not the discovery of a truth. It is a mere sporting
with the subject; it is & sham fight which may amuse in the
moment of idleness and relaxation, but will neither gain victories
over prejudice and error, nor extend the empire of science. A
mere theory is in truth destitute of merit of every kind, except
that of a warm and misguided imagination. It demonstrates
neither patience of investigation, nor rich resources of skill, nor
vigorous habits of attention, nor powers of abstracting and coms
aring, nor extensive acquaintance with nature, It is the unmanly
and unfruitful pleasure of a boyish prurient imagination, or the
tification of a corrupted and depraved appetite. .
¢If, however, we condescend to amuse ourselves in this manner
tve have a right to demand that the entertainment shall be of the
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right sort, and that the hypothesis shall be so consistent with it-
self, and so applicable to the facts, as not to require perpetual
mending and patching ; that the child that we stoop to play with
shall be tolerably healthy, and not of the puny, sickly nature of
Dr. Young’s productions, which have scarcely stamina to subsist
until the fruitful parent has furnished us with a new litter, to
male way for which he knocks on the head or more barbarously
exposes the first. . , ., ., .

A little further acquaintance, however, with the Doctor 8 paper
has convinced us that he is as little scrupulous in his quotations
as in his theories ; that he delights as much to twist an authorn(?f
as to torture a fact; and accordine to his usual vibratory method,
after a second examination of the Newtonian writings, has changed
the opinion which his first perusal gave him of their significa-
RN, b
¢ After all, it may be said Newton amused himself with hypo-
theses, and so may Dr. Young. Admitting that the Doctor's
relaxations were &e same with his predecessor's, it must be
remembered that the queries of Newton were given to the world
at the close of the most brilliant career of solid discovery that any
mortal was ever permitted to run, The sports in which such a
veteran might well be allowed to relax his mind, are mere idleness
in the raw soldier who has never fleshed his sword ; and though
the world would gaze with interest upon every such occupation of
the former, they would turn with disgust from the forward and
idle la';vﬂ:ﬂml:rts. of the latter to obtrude upon them his awlward
gambols, , 6

* From such a dull invention (the Ether) nothing can be expected.
» . . It teaches no truth, reconciles no contradictions, arranges
10 anomalous facts, suggests no new experiments, and leads to [no]
new inquiries. It has not even the pitiful merit of affording an
agreeable play to the fancy, It is infinitely more useless, and less
ingenious, than the Indian theory of the Elephant and Tortoise, It
may be ranked in the same class with that stupid invention of
metaphysical theology, &e.’ '

The first volume of the’ Review contains a second
article by the same hand, attacking Young’s paper en-
titled ¢ An Account of some Cases of the Production” of
Colours not hitherto described,” published in the
¢ Philosophical Transactions’ for 1802, Here is a sample
of the stylein which the Reviewer handles this paper :—

-

b - : £l - y
f We cannot conclude our review of these articles without en-

:traaﬁng, for a moment, the atteui:iﬂn’_ﬂf that illustrious hody
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avhich has admitted of late years so many paltry and unsubstantial
apers into its ¢ Transactions,” Great as the services are which the
‘Royal Society has rendered to the world, and valuable as the
papers have been in every volume (not less valuable, surely, since
the accession of the present excellent President), we think on the
benefits which it has conferred with feelings of the warmest gra-
titude. 'We only wish that those feelings should be unmingled
by any ideas of regret, from the want of selection to which we are
verting ; and that it should cease to give its countenance to such
vain theories as those which we find mingled, in this volume, with
a vast body of important information. The Society has, indeed,
been in the habit of stating that the truth and other merits of the
speculations which it publishes must rest with their respective
authors ; but we are afraid this is not sufficient. The Society
publishes these papers—meets for the purpose of reading them—
ealls them its ¢ Transactions ;' and, in fact, exercises, in many cases,
the power of rejecting the papers which are offered. It is 1n vain,
therefore, to disavow a responsibility which so many circumstances
concur in fixing. The public will always look upon the Society
as immediatel’y responsible for the papers which compose its
¢ Transactions,” unless, indeed, it ehall wish to be degraded into the 1
rank of a mere mechanical contrivance for the printing of miscel-
lunies. We implore the Council, therefore, if they will deign to
cast their eyes upon our humble page, to prevent a degradation of |
the Institution which has so long held the first rank among
‘scientific bodies. Let them reflect on the mighty name which
has been transmitted to them— |

¢ Clarum et venerabile nomen
Gentibus, et multum nostree quod proderat urbi.

Such a name may indeed shelter them in their weakness, and ©
make us venerate, even in the frailty of old age, an institution’
sllustrious for its ancient virtue. DBut is it impossible to ward off§
the encroachments of time, and to renavate, in new achievementsy
the vigour of former years? It is more honourable to support an.
illustrious character, than to appeal to it for shelter and pro=
tection.’ i

In Vol. V. of the Review we have a criticism 0i8
Young’s paper entitled ¢ Experiments and Calculations
relative to Physical Optics,’ which was chosen by the
Royal Society as the Bakerian Lecture for 1804. : |

¢ On a former occasion we addressed some remarks to the ..:.
of this paper, and took the liberty also of offering a few humble
suggestions to the illustrious Body in whose menioirs it 1s pub
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lished. The long silence which he has since preserved on philo-
sophical matters, at least through this channel of communication
with the scientific world, led us to flatter ourselves either that he
had discontinued his fruitless chase after hypotheses, or that the
Society had remitted his effusions to the more appropriate audience
of both sexes which throngs round the chairs of the Royal Insti-
tution. The volume now before us, however, at once destroys
such expectations, The paper which stands first is another
Bakerian Lecture, containing more fancies, more blunders, more
unfounded hypotheses, more gratuitous fictions, all upon the same
field on which Newton trode, and all from the fertile, yet fruitless,
brain of the same eternal Dr, Young.’

The Reviewer thus winds up the controversy :—

‘We now dismiss, for the present, the feeble lucubrations of
this author, in which we have searched without success for some
traces of learning, acuteness, and ingenuity, that might compensate
his evident deficiency in the powers of solid thinking, ealm and
&gtient investigation, and successful development of the laws of

ature, by steady and modest observation of her operations. We
came to the examination with no other prejudice than the wver
aillowable prepossession against vague hypothesis, by which a
true lovers of science have for above a century and a half been
swayed. We pursued it, both on the present and on a former
occasion, without any feelings except those of regret at the abuse
of that time and opportunity which no greater share of talents
than Dr. Young’s are sufficient to render fruitful by mere diligence
and moderation. From us, however, he cannot claim any portion
of respect until he shall alter his mode of proceeding, or change
the subject of his lucubrations; and we feel ourselves more parti-
cularly called upon to express our disapprobation because, as
distinction has been unwarily bestowed on his labours by the
most illustrious of scientific bodies, it is the more necessar
that a free protest should be recorded before the more humble
tribunals of literature.’

In Lecture II. the possible effect of these attacks
upon Young's productiveness as an investigator is
referred to. The Reviewer here glances at the silence
which he regarded as the resull of his invective, with
evident satisfaction. It is now time to show how
Young met these assaults. Here is his reply to the
Edinburgh Reviewers :—
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DR. YOUNG'S REPLY TO THE ANIMADVER-
SIONS OF THE EDINBURGH REVIEWERS.

A man who has a proper regard for the dignity of his own
character, although his sensibility may sometimes be awakened
by the unjust attacks of interested malevolence, will esteem it
in general more advisable to bear, in silence, the temporary
effects of a short-lived injury, than to suffer his own pursuits to
be interrupted, in making an effort to repel the invective, and
to punish the aggressor. But it is possible that art and malice
may be so insidiously combined, as to give to the grossest mis-
representations the semblance of justice and candour ; and,
especially where the subject of the discussion is of a nature
little adapted to the comprehension of the generality of readers,
even a man's friends may be so far misled by a garbled extract
from his own works, and by the specious mixture of partial
truth with essential falsehood, that they may not only be unable
to defend him from the unfavourable opinion of others, but may
themselves be disposed to suspect, in spite of their partiality,
that he has been hasty and inconsiderate at least, if not
radically weak and mistaken. In such a case, he owes to his
friends such explanations as will enable them to see clearly the
injustice of the accusation, and the iniquity of its author : and,
if he is in a situation which requires that he should in a certain
degree possess the public confidence, he owes to himself and to
the public to prove that the charges of imbecility of mind and
perversity of disposition are not more founded with regard to
him, than with regard to all who are partakers with him in the
unavoidable imperfections of human nature.

Precisely such is my situation. I have at various times
communicated to the Royal Society, in a very abridged form,
the results of my experiments and investigations relating to
different branches of natural philosophy: and the Council of the
Society, with a view perhaps of encouraging patient diligence,
has honoured my essays with a place in their  Transactions.’
Several of these essays have been singled out, in an unprece-
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dented manner, from the volumes in which they were printed,
and have been made the subjects, in the second- and ninth
numbers of the ‘Edinburgh Review,' not of criticism, but of
ridicule and invective; of an attack not only upon my writings
and my literary pursuits, but almost on my moral character.
The peculiarity of the style and tendency of this attack led me
at once to suspect that it must have been suggested by some
other motive than the love of truth; and I have both internal
and external evidence for believing that the articles in question
‘are, either wholly or in great measure, the productions of an
individual upon whose mathematical works I had formerly
thought it necessary to make some remarks, which, though not
favourable, were far from being severe;! and whose optical
speculations, partly confuted before, and already forgotten,
appeared, to their fond parent, to be in danger of a still more
complete rejection from the establishment of my opinions. As
far as my reputation in natural philosophy is concerned, I
should consider a libel of this kind as neither requiring nor
deserving an answer; but I cannot help feeling the propriety of
éndeavouring to defend myself from the more pernicious influ-
ence of those imputations, which might tend to lessen the con-
fidence of the public in the professional qualifications of a man.
whose abilities have been thus contemptuously and repeatedly
depreciated. The practice of physic has always been, either
immediately or remotely, the object of my pursuits, and I can
affirm, without fear of contradiction, that T have never neglected
any opportunity either of improving myself in its study, or of
being useful to the humblest of those who have committed
themselves to my care in its application, But I have no right
to expect that any degree of industry that I may have employed,
should encourage a man to entrust me with the management
of that which so nearly concerns his happiness and prosperity,
if he has reason to think me rash, and vain, and wavering
In my opinions, and that even upon subjects which are

' Young's Miscellancous Works, vol, i, P- 101 ; see also note at the
foot of P+ 99.—Note by Dean Peacock:. : -

i P
-



234 ~ APPENDIX.

generally supposed to admit of proofs perfectly decisive and
satisfactory.

My Bakerian lecture on the theory of light and colours, and
another paper published in the same volume of the ¢ Philoso-
phical Transactiens,’ are the subjects of two of the most scur-
rilous articles in the second number of the  Edinburgh Review.’
The writer of these articles has, as a prelude to his imputation
of a ‘vibratory and undulatory mode of reasoning,’ very
unnecessarily recurred to the first essay that I presented to the
Royal Society, as long ago as the year 1793; I am there-
fore obliged to explain the circumstances which led me to the
gubject of that essay, and to relate the history of my opinions
concerning it: and as he has thought proper to insinuate, in
the form of insolent admonition, that I have never studied even
‘the plainer parts’ of the works of Newton, I must state when
and why I actually read those admirable productions; and
I shall think it right to account, at the same time, for the
manner in which, as a medical man, I have been led, for a time,
into the extensive regions of natural philosophy.

It is now more than fourteen years since I first resolved to
devote my life to the profession of physic. I continued for two
years the pursuit of those attainments, in mathematics and in
general literature, which had before constituted my sole occu-
pation, and which, by the express sentiment of the father of the
medical sciences, and by the universal suffrages of the more
liberal part of mankind, have been allowed to be the surest
and best foundations for the superstructure of the requisite
qualifications of a physician. The causes of disease, obscure in
their nature, and hidden in their operation, elude but too fre-
quently the most diligent researches of the strongest and most
experienced minds : they afford ample scope to the most minute
investigation, and the most sagacious discernment; but they
require that the faculties of the observer should have been
sufficiently prepared by being employed on subjects of a na-
ture more certainly definable, and more perfectly intelligible.
Classical literature, mathematical philosophy, chemistry and
natural history, a knowledge of different countries, and an
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acquaintance with different langtiages, are as necessary to the
melioration of those powers of reasoning which are to be called
inta activity in the pursuit of a profession, as they are essential
to the perfection of the character of a general scholar and an
accomplished man. This must be my excuse for having devoted
a considerable portion of my attention to the study of the
classics, on my success in which the Edinburgh Reviewers have,
with an insulting affectation of candour, thought fit, on another
occasion, to compliment me. I pursued the study of mathe-
matics and natural philosophy as far only as I esteemed them
subservient to other objects: not that I preferred philology to
science, but because I thought myself obliged to sacrifice both
to physic. After having rendered myself familiar with many
other mathematical works, 1 read, in the autumn of 1790, both
the ¢ Principia’ of Newton and his ¢Optics.’ I read not the
¢ plainest parts of the *“Principia”’ only, but the whole; and all
that the illustrious author meant to be understood by a reader,
I understood and admired: where he purposely omitted a
demonstration, I did not at that time attempt to investigate it.
That I was then satisfied with some few parts which I do not
now think unexceptionable, might easily have happened, even if
I had felt less reverence than I have uniformly done for the
characterof the unrivalled author. The ‘Optics’ too I read with
attention and delight, yet by no means with the same satis-
faction that I had derived from the perusal of the ‘Principia.’
My attention to optical subjects was not revived till the year
1793, when, in the course of my anatomical studies, the theory
of vision was necessarily to be reconsidered. I saw, what I
then thought none had seen before, that the crystalline lens was
of a fibrous structure; and I could find no other satisfactory
mode of explaining the phenomena of vision than by attributing
to it muscular powers. On this subject I presented a short
paper to the Royal Society,! to which, from the circumstance
of the late Mr. Hunter's reclamation of the discovery as his
own, a greater degree of novelty was imputed than it perhaps

* Young's Miscellancous Works, vol. i. No. L. p. L.
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deserved. Mr. Home too attributed to Mr. Hunter the merit
of a discovery ‘not small nor unimportant,’ that of an animal
in which the fibrous structure of the lens was easily traced. I
had however found no difficulty in observing, in the eye of a
quadruped, the arrangement which had been the basis of my
speculations. :

It was in the course of the winter which I spent in pursuing
my medical studies at Edinburgh, that I first read Mr. Home's
account of his experiments on vision,! This investigation con-
vinced Mr. Home that Mr. Hunter, whose sentiments he had
before adopted, was mistaken in his opinion; and when I had
afterwards seen at Gottingen Dr. Olbers’ elegant dissertation
on the same subject, I found it impossible to resist, without
malking further experiments of ‘my own, the appearance of
evidence which was brought against my favourite opinion, I
had not then learned of the Edinburgh Reviewers how much
easier 1t was to deny the accuracy of the experiments of my
adversaries than to oppose them by arguments, or to allow due
weight to their apparent consequences; and I thought it more
honourable to acknowledge my conviction of their importance,
than to persist either in error or in silence. I judged, with
respect to the matter of fact, perhaps erroneously, but with
regard to all the evidence that was then in existence, I judged
as every unprejudiced mind must have been inclined to do. It
was only in the year 1800 that I was induced to resume the
nvestigation, in consequence of reading,'in the medical essays
of a society in Edinburgh, Dr. Porterfield’s valuable paper
¢ On the Internal Changes of the Eye.” I improved on his ideas
of the construction of an optometer, and I obtained, by nume-
rous and diversified experiments, such accumulated evidence of
the truth of my original opinion, that I was obliged to submit
to the unexpected necessity of recurring to it once more. Those
who have read my paper, not as a modern reviewer reads, but
with patience and attention, will not, I imagine, think that any
apology 1s required for this second change of sentiments. I

1! The Croonian lecture on Muscular Motion.  Phil. Trans. for 1794,
vol. Ixxxiv. p. 1.
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cannot, however, refuse myself the pleasure of inserting here
a passage from a lettér which I have lately received from Dr.
Olbers, the discoverer of the planet Pallas, the same whose
dissertation on vision I have often quoted with applause. ¢ You
may easily suppose,” says Dr. Olbers;, ‘that your celebrated
essay ‘‘Onthe Mechanism of the Eye,”! must have interested me
very particularly. I saw indeed that it completely refuted my
own theory respecting the changes of the eye; but my object is
to discover truth, and not to support my opinion. With such a
man as Dr. Olbers, my reviewer would say again, as he has
said of me, it would be ‘difficult to argue: were we to
take the trouble of refuting him, he might tell us, My opinion
s changed.’ : '

I have now, I trust, vindicated myself from the charge of any
unwarrantable inconstancy in the changes whick my opinions on
the subject of vision have undergone. I shall next enter into
a similar explanation of my motives for applying myself to the
study of the phenomena of sound and light, and of the progress
of my ideas respecting their nature. When I took a degree in
physic at Gottingen, it was necessary, besides publishing a
medical dissertation, to deliver a lecture upon some subject
connected with medical studies: and I .chose for this the
formation of the human voice. A few pages, containing a
table of articulate sounds, were printed at the end of my disser-
tation ¢ On the Preservative Powers of the Animal Economy ;'
my uncle, Dr. Brocklesby, at the instance of the late most
respectable Dr. Heberden, repeatedly urged me to give some
further explanation of the subject to which these charaeters
related. When I began the outline of an essay on the human
voice, I found myself at a loss for a perfect conception of what
sound was, and during the three years that I passed at Emma-
nuel College, Cambridge, I collected all the information re-
ating to it that I could procure from books, and I made 2
variety of ﬂfigipal experiments on sounds of all kinds, and on
the motions of fluids in'general:. In the course of these inquiries

- ¥ Young's Miscellaneous Works, vol. i, No. II,



238 APPENDIX,

I learned, to my surprise, how much further our neighbours on
the Continent wereadvanced inthe investigation of the motions of
sounding bodies and of elastic fluids than any of our own country-
men ; and in making some experiments on the production of
sounds, I was so forcibly impressed with the resemblance of the
phenomena that I saw to those of the colours of thin plates,
with which I was already acquainted, that I began to suspect
the existence of a closer analogy between them than I could
before have easily believed. On further reflection and examina-
tion my opinion was confirmed, and as I thought I could
place the question in a clearer light than that in which it had
generally been viewed, I was induced to insert my observations
in a paper, which I presented soon after to the Royal Society,
under the name of ‘Outlines of Experiments and Inquiries
respecting Sound and Light."! A determination to confine my
studies as much as possible to physic was my motive for laying
them before the Society in a state of confessed imperfection, I
am not disposed to overrate their value; the compliment which
was paid to them by an experienced veteran in philosophy, who
wrote the best articles of the ¢ Encyclopedia Britannica,’ is fully
as much as I can flatter myself that they deserve.? The motions
of a stream of air, rendered visible by means of smoke, the
diversified rotations of musical chords, the influence of the mode
of agitation on the natural harmonices of strings, the phenomena
of beats, and of grave harmonics, were examined in 2 manner
which tended to place in a new point of view a subject cer-
tainly curious, and not wholly unimportant.

The opinion respecting light, which I first suggested in this
paper as the most probable, was neither the same with Euler’s
nor, as the reviewer falsely asserts, in any degree borrowed
from him. Itwas precisely the theory of Hooke and of Huygens,
with the adoption of some suggestions made by Newton himself
as not in themselves improbable, The only objection which
Newton makes to the hypothesis thus modified, is this: light
could not be propagated, solely by the undulations of a fluid,

1 Young's Miscellaneous Works, No, 111, p. 64. 2 Thid. p. 134,
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wwithout spreading almost equally in all directions; and for this
assertion he thinks that there is both experiment and demon-
stration. His arguments from experiment appear to me to
have been sufficiently obviated by what Lambert has advanced
in the ‘Memoirs of Berlin,’ and by Professor Robison’s remarks
on echoes in the ‘ Eneyclopwedia,’ aswell as by many observations
which I have myself made, at different times, on the waves of
water, The demonstration is attempted in the ¢ Principia:’ to
me 1t appears to be defective; if I am not allowed to be a com-
petent judge, I can quote others, whose authority will not be
denied. Euler has been called by some an indifferent philoso-
pher, but he must at least be allowed to have been perfectly
capable of judging of mathematical evidence: he had certainly
read the ‘Principia,’and he utterly denied the conclusiveness of
the argument. D’Alembert was a mathematician of acknow-
ledged eminence, and Lalande’s approbation of his sentiments
must give them additional weight: both these mathematicians
assert, as it appears from Lalande’s edition of Montucla, that
the arguments are so balanced in favour of the different systems-
of light, that the safest way is to confess ¢our utter ignorance
of the manner of its propagation.' The celebrated Laplace, in
comparing the opinions respecting light, is contented to call
the Newtonian doctrine a hypothesis, which, on account of the
facility of its application to the phenomena, is extremely
probable. If he had considered the undulatory system as
demonstrably absurd, he certainly would not have expressed
himself in so undecided a manner, The opinion of Franklin
adds perhaps little weight to a mathematical question, but it
may tend to assist in lessening the repugnance which every
true philosopher must feel to the necessity of embracing a
physical theory different from that of Newton.

I have indeed been accused of insinuating ‘that Sir Isaae
Newton was but a sorry philosopher.” But it is impossible that
an impartial person should read my essays on the subject of
light without being sensible that I have as high a respect for
his unparalleled talents and acquirements as the blindest of his
followers, and the most parasitical of his defenders, I have
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acknowledged that “his metits are great beyond all contest or
ccomparison ;' that “his discovery of the composition of white
light would alone have immortalized his name;’ that the very
arguments which tend to overthrow his hypothesis respecting
the emanation of light, ¢ give the strongest proofs of the admi-
rable accuracy of his experiments;' and that a person may,
““with the greatest justice, be attached to every doctrine which
is stamped with the Newtonian approbation.” The printer of
the ‘Review,” feeling perhaps that the last expressions would
militate too much in my favour, has thought fit to plunder me
of them, by omitting the marks of quotation, and to attribute
them to my antagonist, But, much asI venerate the name of
Newton, I am not therefore obliged to believe that he was in-
fallible. - I see not with exultation, but with regret, that he

was liable to err, and that his authority has, perhaps, sometimes

even retarded the progress of science. It is now no longer
-denied that he was mistalken in an optical experiment respecting
the dispersion of light; and the only attempt that has been made
" to explain the mistake merely shows that there wasa possibility
-of his being misled by a singular combination of circumstances:
in a case of mathematical optics he was certainly mistaken, ag
Dr. Sniith has shown, when he asserted that a sphere of water
produces a maximum of density in the light refracted at an
angle of about 26°: in the mechanical estimation of force he
erred when he calculated the precession of the equinoxes, and
‘estimated the rotatory power of each particle of the earth’s sub-
stance as simply proportional to its distance from the axis.
“Thesé mistakes, and perhaps some others, have been acknow-
ledged and corrected by later writers; other persons, less
considerate, have attacked him where he was invulnerable.
One of these is the gentleman whom I have reason to think the
.author of the remarks to which I am replying, and who, having
first accused Newton of ‘a palpable and fundamental blunder,
‘appears now to be desirous of securing to himself the exclusive
privilege of questioning his authority.
What I have hitherto said relates to the state of the question
respecting the nature of light, as it stood before the publication

5,
T ———
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of the first of the papers which have excited so much virulence.
But I assert that this paper contains an argument sufficient to
convert that which before was doubt and conjecture into pro-
bability and conviction. It was in May 1801 that I discovered,
by reflecting on the beautiful experiments of Newton, a law
whichappears to me to account for a greater variety of interest-
ing phenomena than any other optical principle that has yet
been made known. I shall endeavour to explain this law by
& comparison.

Suppose a number of equal waves of water to move upon the

surface of a stagnant lake, with a certain constant veloeity, and
to enter a narrow channel leading out of the lake. Suppose
then another similar cause to have excited another equal series
of waves, which arrive at the same channel, with the same
“velocity, and at the same time with the first. Neither series of
waves will destroy the other, but their effects will be combined -
if they enter the channel in such a manner that the elevations
of one series coincide with those of the other, they must to-
gether produce a series of greater joint elevations; but if the
elevations of one series are so situated as to correspond to the
depressions of the other, they must exactly fill up those de-
pressions, and the surface of the water must remain smooth ;
at least I can discover no alternative, either from theory or
from experiment.

Now I maintain that similar effects take place whenever two
portions of light are thus mixed; and this I call the general
law of the interference of light. I have shown that this law
agrees, most accurately, with the measures recorded in New-
ton's ‘Optics,’ relative to the colours of transparent substances,
observed under circumstances which had never before been
subjected to caleulation, and with a great diversity of other
experiments never before explained. This, T assert, is a most
powerful argument in favour of the theory which I had before
revived : there was nothing that could have led to it in any
author with whom I am acquainted, except some imperfect
hints in those inexhaustible but neglected mines of nascent

R
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inventions, the works of the great Dr. Robert Hooke, which had
never occurred to me at the time that I discovered the law,
and except the Newtonian explanation of the combinations of
tides in the Port of Batsha.

Tt is unnecessary, on this occasion, to enter minutely into the
consequences of the law of the interference of light: they have
been the principal subjects of the three papers which have
drawn down upon me the repeated anathemas of the self-
erected Inquisition of the North. Not a single argument has
been produced to invalidate it. The reviewer has cursorily
observed that if the law were true, every surface opposed to the
light of two candles would appear to be covered with fringes
of colours, Let us suppose the assertion true—what will be
the consequence? In all common cases the fringes will demon-
strably be invisible; since, if’ we calculate the length and
breadth of each fringe, we shall find that a hundred such
fringes would not cover the point of a needle ; and an optician
does not require to be told that a mixture like this constitutes
a white light, not distinguishable by the senses from that which
is supposed to have formed them.

In order to answer the charge of inconsistency in my opinions
respecting the nature of light, 1 must begin by observing that
there are two general methods of communicating knowledge :
the one analytical, where we proceed from the examination of
effects to the investigation of causes; the other synthetical,
where we first lay down the causes, and deduce from them the
particular effects. In the synthetical manner of explaining a
new theory we necessarily begin by assuming principles, which
ought, in such a case, to bear the modest name of hypotheses;
and when we have compared their consequences with all the
phenomena, and have shown that the agreement is perfect,
we may justly change the temporary term hypothesis into
theory. This mode of reasoning 18 sufficient to attach a value
and importance to our theory, but it is not fully decisive with
respect to its exclusive truth, since it has not been proved that
no other hypothesis will agree with the facts.

It is exactly in this manner that I have endeavoured to
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proceed in my researches. By analysing the experiments of
Newton, and comparing them with my own, I had arrived at
principles, to which I gave, in my paper on the theory of light,
the unassuming title of hypotheses; after comparing these
principles with all the phenomena of light, and showing their
perfect consistency, I thought myself authorised to make a
conclusion, in my ninth proposition, which converts the hypo-
thesis into a theory. I was justified in doing this, because no
man had ever attempted to advance a theory which would bear
to be compared mathematically with the phenomena that I
enumerated. But, according to the nature of the only mode
of reasoning which the circumstances allowed me, it was im-
possible to infer, from this synthetical comparison, that no
other suppositions would agree with the phenomena; and I
expressly remarked, with respect to one of the four hypotheses
which T laid down, that it was possible to find others which
might be substituted for it. Tt is in this hypothesis and its
consequences only, that I have since attempted to make any
Improvements. And such improvements I shall ever admit
with pleasure, whether they arise from my own experiments,
or from those of others. One immaterial correction of this
kind T was obliged to make in consequence of Dr. Wollaston's
most interesting observations upon the true division of the
prismatic spectrum, which afford an additional proof that even
Newton's experiments, frequently as they have been repeated
by others, may sometimes stand in need of a more careful
examination. And this modification, which has, in fact, little
Or no connexion with the essential parts of my theory, has
been adduced as a proof of the ‘fickle and vibratory nature
of the medium that fills my mind.” The reviewer has indeed
in another place denied the accuracy of Dr. Wollaston's ex-
periment, but his objections are too futile to deserve notice,!

! In the following notice in the Bdinburgh Review for April 1803,
of his paper in the Philosophical Transactions for 1802, ‘On the
oblique Reflection of Iealand Crystal '—*We were much disappointed
to find that so acute and ingenious an experimentalist had adopted the
wild optical theory of vibrations, After stating it, however, chiefly
from Huygens, and applying it to explain the properties of the spar, he

R 2
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Respecting another trifling change of sentiment, to which
the reviewer has thought proper to attach great importance, I
have hitherto abstained from explanation, in delicacy towards
the gentleman whose observations were concerned ; I wish to
avoid insisting on his inaccuracy in a very easy calculation,
and for the same reason I shall say nothing further on the
subject at present.

When the reviewer asserts that ¢a hypothesis is a work of
fancy, useless in science,’ it must be supposed that he is speak-
ing of such hypotheses as have neither been originally deduced
from experiments, nor afterwards compared with them: but
when, in another of his articles, he condemns, as having impeded
the progress of discovery, the beautiful hypothesis which has
been applied, with the greatest success, by Aepinus, by Mr.
Cavendish, and by Professor Robison, to the phenomena of
electricity and magnetism, we can only regret that a person so
void of a sense of physical elegance should have an opportunity
of obtruding opinions like these on the public; and we may ex-
pect that he would say, if he dared, that even the hypothesis of

goes on to examine, by accurate experiments, whether the undulatory
system agrees with the facts. The hypothesis is, that the different
undulations of the elastic medium are spherical in almost all cases, but
that, in the Iceland crystal, those undulations are spheroidal; ard it
must be acknowledged, the near coincidence of the experiments, which
are extremely well contrived, and appear to be accurately conduected,
give this theory a plausibility which it did not before possess. We would,
however, remark that the hypothesis of Aepinus himself, by far the
most consistent, simple, and universally applicable of any that has
ever been proposed, is still only a gratuitouns hypothesis ; has acquired
to its author only the praise of fanciful ingenuity; and has, perhaps,
done more harm than good to the seience of magnetism, by withdrawing
the attention of philosophers from the patient and difficult, but profit-
able observation of nature, to the more easy but empty amusement of
indulging their faney. )

«The hypothesis of Huygens is not, as Dr. Wollaston seems to think,
the same with that of Euler and other unphilosophical inquirers. It
approaches more nearly to that of Newton, and assumes the existence
of an elastic medium, acting upon and influenced by the rays of light.
These authors, misled by the nature of sound, do not admit the ma-
teriality of light, but assert that it is a vibration propagated through
the medium. But short as these remarks are, we are loth to waste any
more time on such a feeble and ill-conducted defence of an untenable
.and useless hypothesis.” Vol. ii. p. 99.—Note by Dean Pracock.

{1
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universal gravitation has presented an insuperable barrier to the
advancement of experimental knowledge. He is at least deter-
mined to show that every hypothesis must be the work either of
infaney or of dotage; and insinuates that the speculations
which I have extracted from Newton’s writings were merely the
amusements of some vacant hours at the close of his scientific
career. It is very true that the queries of Newton were given
‘to the world’ at a time when his brilliant and solid dis-
coveries were fully established ; but the papers which explain
all his hypotheses concerning light the most at large, and to
which I have had the most frequent occasion to refer, were read
to the Royal Society more than ten years before he began to
write his ‘ Principia;’ and the principal reason that delayed their
publication, appears to have been the apprehension of disputes
with Dr. Hooke. Some were published in the ¢ Optics,’ soon
after Dr. Hooke’s death; others are only to he found in
Birch’s History of the Royal Society. Had I not taken care to
annex the dates to my quotations, the reviewer might easily
have pleaded his ignorance in excuse for his misrepresentations.

The same plea of ignorance would be but an inadequate
apology for the assertion of a positive falsehood, where he
accuses me of referring to an unpublished work of my own.
The reference could only be intended for the readers of the
essay as a printed paper; my ‘Syllabus’ was published in
January 1802 ; the ¢ Transactions’ not till late in the spring ;
and if he had either sent to the publisher for this syllabus, or
made inquiry for it among his literary friends even in Edin-
burgh, he might have found in it some information, on subjects
which he appears to understand but imperfectly.

In the first paragraph of the review of my paper on the pro-
duction of colours, the writer confesses that he has not “ sujfi-
cient fancy to discover’ how the ‘interference of two portions
of light’ could ever produce an appearance of colour. The
poverty of his fancy may indeed easily be admitted, but it is
unfortunate that he either has not patience enough to read, or
inteilect enough to understand, the very papers that he is criti-
cising; for, if he had perused with common attention my
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Bakerian lecture on light, he might have understood such a
production of colour without any exertion of fancy at all. He
then quotes from me the assertion, that a ‘black hair’ does
not produce the appearance of fringes, and he has even the
modesty to refer to a certain page of my paper. I have there
said, that a ‘horse hair’ did not produce that appearance;
and I have left it for the reviewer to decide whether the horse
should be white or black. The truth is, that a fine wire, or a
small hair, whether black or white, exhibits equally well the
colours which I have described. If the fact were otherwise, it
would be utterly unintelligible ; for there is absolutely no foun-
dation for the reviewer's insinuation, that any theory of these
colours was deduced by De Dominis, or can be deduced by any
other person, from the laws of refraction. He asserts that it is
mathematically impossible for the light to bend round a hair.
Grimaldi has long ago experimentally demonstrated this flexion,
and called it diffraction: an effect which furnishes the most
striking analogy between the motions of light and those of the
waves of water.

The reviewer next complains of his utter want of’ comprehen-
sion of the difference between the colours of mixed plates, and
those of the plates which have been described by Newton. Had
he sufficiently studied the ¢ Optics’ of Newton, he would have seen
that the thickness of a simple plate of water must be only three
fourths as great as that of a plate of air, in order to produce
similar effects: in the colours which I have described, the
thickness of the mixed plate was six times as great as that of the
plate of air: the one series of rings expanded, upon inclining the
plates, the other contracted. These distinctions are plain enough
for any person of ordinary comprehension, and I was not aware
that it was necessary to provide for extraordinary cases.

We are induced to suppose, from the page which immediately
follows, that, to speak without a metaphor, neither the fancy nor
the comprehension of the reviewer could enable him to distin-
cuish a black spot from a white one. I have said, that when
two glasses are brought into the most intimate contact possible,
with the interposition of a certain fluid, the central spot of the

B B e ommeemm . m s s -
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rings of colours is nearly white: it was before knewn that,
without any such interposition, the central spof, in similar cir-
cumstances, would be nearly black : and the critic sagaciously
pronounces, that these effects are precisely the same. He quotes
from Newton the expression of the ‘pellucid central spot,’
meaning the spot which reflected no light, and then explainsit,
as if it were exactly similar to that which, in my experiment,
reflected nearly all the light that fell on it, and was therefore
white.

That the lines which are quoted in the same page, from my
paper, present, when thus insulated, an appearance of confusion
and of vague reasoning is perhaps undeniable, and is perfectly
excusable. The reviewer has not understood the paper in its
entire state, and he might be sufficiently secure that his readers
would never be able to extricate an intelligible sense from an
arbitrary quotation of a few lines, taken out of the middle of a
paragraph of connected reasoning. He misapprehends and
misrepresents completely the whole subject of the explanation;
he says that its object is to explain the blue colour of the lower
part of the flame of a candle. Nothing was further from my
thoughts than to assign any reason for this blueness: what I
attempted to illustrate, was an original and important observa-
tion made by Dr. Wollaston, that a portion of the blue flame of
a candle appeared, when viewed through a prism, to be divided
into a number of distinet masses or images. My illustration of
this phenomenon has not the slightest connection with what the
reviewer calls his solution of the appearance of different colours
in different flames, which he so humbly intreats his readers to
compare with it. I am not therefore obliged to give an opinion
of any kind respecting this pretended explanation of a phe-
nomenon foreign to the subject; if I were, it would be sufficient
to say, that no such laws could be supposed to operate, upon the
principles of mechanical forces, without producing different
velocities in light of different colours. But the passage fortu-
nately affords me a most convincing proof of the nature of the
source from which this torrent of invective has originated. We
are here told, that the doctrine of the different flewibility of
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light is now universally admitted. 1 have searched into all the
works that I could find in the libraries to which I have had
access, for opinions respecting the nature of light, and, as far as
I have discovered, the different flexibility of light is admitted,
in the absurd and unwarrantable sense in which it is here
employed, by three writers only. The first is Mr. Henry
Brougham, the second the anonymous author of an article
in the ¢ Encyclopedia Britannica,’ and the third the assailant
whose injurious attacks I am now repelling. From so remark-
able a coincidence, I think myself authorised to conclude, that
these three writers are one and the same. I have before
hinted that Mr. Brougham's doctrines have been sufficiently
confuted, by Professor Prevost of Geneva.! Mr. Prevost has
satisfactorily defended the experiments of Newton from the
imputations of Mr. Brougham ; but in other respects he has
perhaps treated the young theorist with too much lenity.

I have now answered everything that was intended as an
argument, in the articles published in the second number of the
‘Review." This constitutes, in fact, but a small part of those
articles: they have much less the appearance of the impartial
discussion of a long disputed question in natural philesophy,
than of the buffoonery of a theatrical entertainment, or of the
jests of a pert advocate, endeavouring to place in a ridiculous
light the evidence of his adversary. To answer such an attack
in similar language would be degrading ; to attempt to oppose
it by argument would be futile. I shall refrain, therefore, from
noticing any of the additional scurrilities which have been
copiously intermixed by the same writer with his remarks
on my last paper. I say the same, because I am unwilling to
suppose that this island has produced two persons capable of so
stupidly misundertanding, and so wilfully misrepresenting.
But their identity is of no consequence to the discussion, and it
is unnecessary to inquire for proofs of it. The whole purpose

! In the Philosophical Transactions for 1798, vol. lxxxviii. p. 321
in n paper entitled ‘Some Optical Remarks chiefly relative to the Re-
flexibility of the Rays of Light.,'—Note by Dean Peacock.
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of the paper inserted in theninthnumberof the ‘Review’ might
be supposed to have been, not to confute the principles which
the writer attacks, but to show that he is incapable of under-
standing even the simplest of them.

I have asserted that two series of undulations, interfering
with each other at certain relative intervals, necessarily produce
certain modifications in their joint effects. These terms not
only belong to the same theory, but are parts of the same posi-
tion which I have already illustrated by a familiar comparison
in these remarks. The author of the critique has sagaciously
observed, that ‘they who object to the theory of interference,
have only to turn a page, and they find the theory of intervals,
and they need but go on a section further, and the vibrations
and undulations are very much at their service.’

This specimen 1is sufficient to explain how naturally it must
appear to him ‘ unaccountable,’” that the process of interference
should produce certain effects, some of which I never supposed
that it could produce, and others which none who rightly
understood my theory could ever doubt that it must produce,
He asks, ‘on what known principle’ can the production of
coloured fringes from two beams of white light be explained ?
I answer, certainly on no principle that wasknown before; but
upon consideration of the law which I have discovered, most
simply and unavoidably.

The reviewer has afforded me, in the next observation, an
opportunity for a triumph as gratifying as any triumph can be
where the enemy is so contemptible. Conscious of inability to
explain the experiment which I have advanced, too ungenerous
to confess that inability, and too idle to repeat the experiment,
he is compelled to advance the supposition that it was incorrect,
and to insinuate that my hand may easily have erred through a
space so narrow as one-thirtieth of an inch. But the truth is,
that my hand was not concerned : the screen was placed on
a table, and moved mechanically forwards with the utmost
caution. The experiment succeeded in some ecircumstances.
where the breadth of the object was doubled or tripled; and I
assert that it was as easy to me to estimate an interval of one-
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thirtieth of an inch, as an interval a hundred or a thousand
times as great. Let him make the experiment, and then deny
the result if he can.

With equal pertinacity of blundering, he has remarked that
the interference of light inflected by two continuous edges
ought, upon my principles, to produce not continued fringes,
but only ¢square or rectangular spots of fringe.’ Was it not
enough to have demonstrated the weakness of his powers with
regard to physical laws? And was it necessary to induce his
readers to suppose him incapable of going througk: a little alge-
braical calculation leading to the properties of the hyperbola ?
Let right lines be inflected from the edges of a rectangular
object into its shadow, so as to cut off portions with the oppo-
site lines, exceeding their own length by a given interval, and I
maintain that the intersections will form continued curves, and
that those curves will be hyperbolas: the shape of the fringes
ought nof, therefore, to be that of detached spots, but of
hyperbolical curves.

It is ‘ a metaphysical absurdity,’ says the reviewer, to assert
that qualities can ‘move’ in concentric surfaces. I have not
sdid that the qualities of light ‘move’ in concentric surfaces,
but that they ¢succeed each other’ in concentric surfaces;
and in this there is certainly no metaphysical absurdity. Con-
densation and rarefaction are qualities of the air, and it will not
be denied that, in every musical sound, condensation and rare-
faction continually succeed each other in concentric surfaces.

Upon my train of argument respecting the nature of light,
the reviewer observes, first, that an analogy is made the ground
of an inference. I answer, that when the analogy is sufficiently
close, it is a most satisfactory ground of physical inference.
Secondly, he says that a gratuitous assumption is set down as a
necessary truth. I reply, that the assumption is not gratuitous;
that nobody, except for the sake of argument, will deny, or can
deny it; should it be denied, it would be perfectly easy to sub-
stantiate it by showing the unavoidable contradictions that
would result from any alternative that could be substituted for
it. The remaining part of the paragraph is as correctly quoted
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as that edition of the Bible was printed, in which the only
error was the omission of the word nof in the seventh Com-
mandment ; here the monosyllable buf, which completely in-
verts the sense of the passage, and which would have entirely
destroyed the force of the criticism, is therefore very prudently
omitted.

I have inserted a caution relating to deceptions in the ex-
amination of microscopical objects, not in order to attach any
additional merit to my own explanations, but as a hint natu-
rally arising out of the subject. 'The same caution might
perhaps have been suggested by the results of some former
experiments, but the particular appearances that would be pro-
duced by such fallacies could never before have been so
minutely indicated. That the images of very small objects on
the retina may possibly be affected by such causes, is the natural
inference from my principles; and it is of no consequence to
this position whether the reviewer can or cannot explain them
from his own.

My comparison of a grove of trees pervaded by the wind,
with the particles of a material body, separated, as all modern
philosophers have supposed them to be, by intervals incompa-
rably greater than their diameters, and allowing an inconceiv-
ably rare medium to penetrate with perfect freedom every
interstice, could scarcely have appeared obscure or inapplicable
to any man unblinded by prejudice or unbiassed by male-
volence.

I have already said enough of Newton to show how I vene-
rate his character, as the first of mathematicians and the greatest
of philosophers. Perhaps, however, the mention of persons
whose views are * still less enlarged ’ than his own, may imply
In some measure what I never intended, and may therefore
require some little apology, especially as the expressions will
bear to be applied to the objections which T am now endeavour-
ing torefute. It was, indeed, a want of respect to his illustrious
memory to place the superficial and dogmatical fancies of a
writer in the ‘Edinburgh Review’ in any kind of comparison
with the deep and refined imaginations of a Newton. Instead
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of * still less enlarged’ and enlightened, I ought to have called
them narrow and confused, selfish and interested, puerile and
ostentatious,

The indignation of the same violent and arbitrary tribunal
has been excited and called forth by a declaration from a man
whose approbation is so much the more valuable as it is always
bestowed with the most cautious regard to experimental aceu-
racy and logical induction. Dr. Wollaston has observed that
‘the theory of Huygens affords, as has lately been shown by
Dr. Young, a simple explanation of several phenomena not yet
accounted for by any other hypothesis.! His own cbservations
on Iceland crystal accord throughout, he says, with this hypo-
thesis of Huygens; the measures that he has taken ¢ correspond
more nearly than could well happen to a false theory.” But
he contents himself with stating these undeniable facts ; and
the reviewer goes too far when he asserts that Dr. Wollaston
‘has adopted the wild optical theory of vibrations.” If Dr.
Wollaston had then been acquainted with the experiments and
calculations which I have made since that time, it is possible
that his assent might have been much more complete and un-
reserved. But while I allow to his experiments all the merit
that a clear conception, a vigorous mind, a steady hand, and
an accurate eye can bestow on them, it must not be said by
the Edinburgh Reviewers that his experiments have given the
theory ‘a plausibility which it did not before possess.” As ex-
periments, they have all the merit of originality, for the author,
when he made them, was unacquainted with those of Huygens;
and his most ingenious invention of an instrument for measur-
ing refractive powers enabled him, with great ease, to improve
and extend them. But the experiments of Huygens were
elaborate and diversified, and every argument that can be in-
ferred from Dr. Wollaston's observations had been anticipated
by this great philosopher upon the ground of his own. It is
true that our reviewer was not likely to have troubled himself
with Huygens's treatise of light; his business is to censure
others, and not to inform himself'; it was easier for him to call
this doctrine ‘a clumsy hypothesis,’ and ‘a dull invention,’ than
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to investigate its truth and to admire its elegance. He has
indeed made distinctions between Huygens's doctrine and mine,
which serve but to prove still more strongly that he was
acquainted with neither; I shall only answer his epithets by
a quotation from a writer, whose merits the testimony of
Newton is well known to have raised far above the ordinary
rank of his contemporaries. In Cotes’s lectures on hydro-
statics, where he is speaking of the velocity of light, and takes
occasion to mention the hypothesis of Huygens, the following
passage occurs :—°‘ When we take a particular view of the
several parts of this hypothesis, it appears to be so very in-
geniously contrived, and so handsomely put together, that one
can hardly forbear to wish it were true.” The evidence was at
that time imperfect, but the symmetry was complete.

The reviewer has thought proper to unite, in several instances,
with his invectives against me, some ridicule of the objects of
the Royal Institution of Great Britain ; an institution in which
its managers have studied to concentrate all that is useful in
science, or elegant in literature. This connexion appears to
him to add so much weight to his arguments, that he has
chosen, without further provocation, to insinuate its existence
more than a year after it had been dissolved. I accepted the
appointment of Professor of Natural Philosophy in the Royal
Institution as an occupation which would fill up agreeably and
advantageously such leisure hours as a young practitioner of
physic must expect to be left free from professional cares. I
was led to hope that I should be able to impress an audience
formed of the most respectable inhabitants of the metropolis,
with such a partiality as the moderately well-informed are
inclined to entertain, for those who appear to know even a
little more than themselves of matters of science ; that I might
be of use to the public in disseminating the true principles of
matural philosophy; and that I might in future be remunerated
by the enjoyment of a more extensive confidence in my pro-
fessional abilities than could have been granted to a person
less generally known. While I held the situation, I wished
to make my lectures asintelligible as the nature of the subjects
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permitted ; but I must confess that it was not my ambition to
render them a substitute for those of any superficial experi-
menter, that was in the habit of delivering courses of natural
philosophy for the amusement of boarding schools, Whatever
may have been the imperfections of my lectures, it cannot be
asserted, except perhaps in the ¢ Edinburgh Review,’ that they
were fit for audiences of ladies of fashion only, After fulfilling,
for two years, the duties of the Professorship, I found them so
incompatible with the pursuits of a practical physician, that,
in compliance with the advice of my friends, I gave notice of
my wish to resign the office. I think it, however, just to the
Institution, to the public, and to myself, that the result of my
labours, throughout the whole extent of natural philosophy
and the mechanical arts, should be rendered of some permanent
utility ; and I have since collected such a mass of further
references to works of all ages and of all nations, accompanied
by many notes and extracts from them, that it will hence-
forwards be easy for every student and every author to know
at once what has been done, and what remains to be done, in
the subject of his particular researches; and to what books he
must apply for the best information ; where further informa-
tion is required, and can be obtained. Considering how
widely this information is at present scattered, I trust that T
shall have rendered a service of some importance to every
department of the sciences, and I am now on the point of pre-
paring my book for immediate publication. With this work
my pursuit of general science will terminate : henceforwards
T have resolved to confine my studies and my pen to medical
subjects only. = For the talents which God has not given me
I am not responsible, but those which I possess I have
hitherto cultivated and employed as diligently as my oppor-
tunities have allowed me 1o do; and I shall continue to apply
them with assiduity, and in tranquillity, to that profession
which has constantly been the ultimate object of all my
labours.!

1 «Of the preceding most masterly Reply,’ says Dean Peacock, in his
excellent Life of Young, ‘which was published in the formof s pamphlet,
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Young has been defended with great ability and out-
spokenness by Dr. Whewell and Dean Peacock., I
content myself here with placing the assailant and the
assailed side by side. It is not necessary to add a word
to strengthen the verdict which, throughout all time,
will be pronounced upon the writer whose invective

drew from Dr. Young the foregoing vindication.

MEASUREMENT OF THE WAVES OF LIGHT.

Tae diffraction fringes described in Lecture II., instead of
being formed on the retina, may be formed on a screen, or
upon ground glass, when they can be looked at through a
magnifying lens from behind, or they can be observed in the
air when the ground glass 1s removed. Instead of permitting
them to form on the retina, we will suppose them formed on
a screen. This places us in a condition to understand, even
without trigonometry, the solution of the important problem
of measuring the length of a wave of light.

We will suppose the screen so distant that the rays falling
upon it from the two margins of the slit are sensibly parallel.
We have learned in Lecture II. that the first of the dark
bands corresponds to a difference of marginal path of one un-
dulation ; the second dark band to a difference of path of two
undulations ; the third dark band to a difference of three
undulations, and so on. Now the angular distance of the
bands from the centre is capable of exact measurement ; this
distance depending, as already stated, on the width of the slit.
With a slit 1-35' millimeters wide, Schwerd found the angular
distance of the first dark band from the centre of the field to
be 1" 38"; the angular distances of the second, third, fourth
dark band being twice, three times, four times this quantity.

it was stated by its author, that one copy only was sold: it congequently
produced no effect in vindicating his scientific character, or in turning
the current of public opinion in favour of his theory.'

' The millimeter is about Xth of an inch,
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Let A B, fig. 59, be the plate in which the slit is cut, and
C D the grossly exaggerated width of the slit, with the beam
of red light proceeding from it at the obliquity corresponding
to the first dark band. Let fall a perpendicular from one
edge, D, of the glit on the marginal ray of the other edge at
d. The distance, C d, between the foot of this perpendicular

Fi1a. 5§9.

i | D B
s

E

and the other edge is the length of a wave of the light. The
angle C D d, moreover, being equal to R C R/, is, in the case
now under consideration, 1’ 38”. From the centre D, with
the width D C as radius, describe a semicirle; its radius
D C being 1:35 millimeters, the length of this semicirele is found
by an easy calculation to be 4248 millimeters. The length
C d is so small that it sensibly coincides with the arc of the
circle. Hence the length of the semicircle is to the length
C d of the wave as 180° to 1’ 38", or, reducing all to seconds,
as 648,000 to 98”. Thus, we have the proportion—
648,000 : 98 :;: 4:248 to the wave-length C d.

Making the calculation, we find the wave-length for this
particular kind of light to be 0:000645 of a millimeter, or
0:000026 of an inch.
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WATER CRYSTALLIZATION.

Tue following letter from my excellent friend Professor
Joseph Henry refers to the surprising case of crystallization
figured in the frontispiece, and for which I am indebted to the
kindness of Professor Lockett :— '

‘Smithsonian Institution, Washington: .
‘March 24, 1873.

¢ My pEAR PROFESSOR TyNpALL,—Accompanying this T send
you a photograph, at the request of Professor S, H. Lockett, of
the Louisiana State University, of which the following is his
explanation :—

¢ “Inmy drawing room I kept a wash-basin in which to rinse
out the colour from my water-colour brushes. This colour
gradually formed a uniform sediment of an indefinite tint over
the bottom of the basin. On the night of the 26th of December
last, which was an unusually cold one for this climate, the
water in the basin froze. On the melting of the ice the next
day, the beautiful figure you see on the photographs was left
in the sediment. I carefully poured the water from the basin,
let the sediment dry, and thus perfectly preserved the figure.
It has been accurately photographed by an artist in this city.
The negative is preserved, and if you would like to have any
more copies they can readily be obtained.

““We are not much accustomed in this warm country of
ours to the beautiful ¢ forms of water,” and this has struck me
as a little remarkable, and worthy of being kept.” :

‘The fact that the results have been produced by coloured
sediment indicates a method of exhibiting the effects of Crys-
tallization in an interesting manner.

¢ Joserr Henry,
‘Secretary, Smithsonian Institution.’ }

3
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LIFE AND CRYSTALLIZATION.

In Lecture IIL the phenomena of crystallization are referred
to, and their relationship to the phenomena of life hinted at.
In the opening address to the mathematical and physical
section of the British Association at Norwich, I sought to
give clear expression to the notions I then entertained upon
this subject. The following extract, however, from a journal,
written at Dinan in 1855, illustrates the common fact that
thoughts expressed in riper years have been the substantial
possession of our earlier ones :—
¢t At one or two points, where the view was more than
usually beautiful, the rug was spread on the grass, and we sat
down. H. started the question whether natural beauty tended
to make men better, and he referred to the tropics in proof
that such beauty did not always lead to beauty of life. I
contended that to examine the effect of natural beauty it must
be detached from other influences and its effect studied
alone. If people of the same character and capacities, and
possessing the same facilities of obtaining the necessaries of
life, were placed, some amid beautiful scenery, and others
amid scenery dreary and dull, the former would have the
advantage. H. contended that culture was necessary before
the mind could extract benefits from fine scenery, while I
urged that the culture which he demanded would itself be
promoted by a pleasant scene.
¢ The influence of climate upon man led us to consider solar
influence generally in relation to organic growth. A large
elm was at hand. It was certainly a mechanical act to lift
the matter of that tree so high in opposition to the force of
gravity. Against this power the molecules had ascended ;
unaided by this power they had diverged into branches and
d themselves into innumerable leaves. Now the
molecules here had been either lifted by a power external to
themselves or by a power resident in themselves. No physical
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philosopher can accept the former notion; the latter must
thereiore be assumed. Consider from this point of view the
experience of the present year (1855). For weeks longer
than usual a low temperature had prevented the vegetable
world from giving any signs of life; but at length the sun
gained power, life as a consequence awoke, and it was still
working to augment the beauty around us.

‘ But what is the thing which we here call life? and how is
it that light and heat can thus affect it? The answer to this
presupposes an answer to the other question, What are light
and heat? Near the elm tree stood a birch, with its
tremulous leaves flapping in the morning air. Here was
motion, but it was not the motion to which we gave the
name of life. Each leaf in this case moved as a mass,
whereas life required an internal motion of the molecules.
How are we to figure this? Suppose the leaves gifted with
attractive and repulsive forces, suppose them moreover with-
drawn from the action of gravity, and abandoned to their own
interaction. To fix the ideas, suppose the point of each leaf to
repel the points of all other leaves and to attract the other ex-
tremities, and the root of each leaf to repel all other roots but
the points. A number of such leaves brought together and
permitted to act upon each other would arrange themselves
in 2 particular manner, assuming finally a position in which
the forces would be in equilibrium. When thus at rest let
us suppose the breeze which now causes them to quiver to act
upon them, to ruffle them—in a word, to disturb the pre-
existing equilibrium. There would be a constant effort: on
the part of the leaves to restore it, and in making this effort
they would pass through different arrangements, the entire
mass of leaves assuming different shapes in the passage from.
one arrangement to another. By this rough image We may
help ourselves to a conception of those processes to which
we give the name of life.

¢ The ultimate particles, or molecules, of matter are endowed
with ferces typified by those here ascribed to the leaves.

Under the operation of such forces the molecules of the seed
52
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‘assume positions of rest, in which they would remain for ever
if undisturbed by an external force. DBut a source of disturb-
ance exists in the heat of the sun, which comes to us in
andulations through the ether of space. On the mutually
locked molecules of the seed the vibrations eventually impinge ;
they and the matter surrounding them are thrown into motion,
interaction follows, an effort to restore the disturbed equilibrium
is “immediately exerted, but incessantly defeated, and the
molecular struggle results in the formation of the tree. [ife
és therefore scientifically defined as an‘incessant effort to restore
a disturbed equilibrium. -

¢These speculations spring out of no profane curiosity; they
are inevitably forced upon the profoundly thinking mind. Let
us indulge in them with reverence, but also with courage; for
though in thus acting we may cause many of the idols of our
youth to vanish, and reduce many mysteries to mechanics, we
shall assuredly in the end leave the miracle of nature unim-
paired. There is no escape, I say, from thoughts like these.
Unless we assign to each particular plant an architect who lifts
the molecules and places them in position, the physical pro-
cesses of life must be due to the operation of the forces
wherewith the molecules are endowed.

¢ Who is the builder in the case of a crystal [of the plumes
in our frontispiece for example]? Kither a detached architect
does the business, or these wonderful structures are self-erected,
in virtue of their inherent forces. In building a crystal nature
makes her first Teal effort as an architect. Here we have the
first gropings of the so-called vital force; but the most
wonderful manifestations of this force, though depending on
processes of higher complexity, are, 1 hold, of the same quality
as those concerned in the growth of a crystal.

4 Will the poet or the imaginative man shrink from these
notions as cold and mechanical? Why should he? For what
have we done but pushed the eternal mystery a little farther
back? We reduce life to the operation of molecular forces;
but how came the molecules to be thus endowed? Who or what
gave to these forces their part-icular-tendemies and direction ?
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Let us contemplate that cycle of operations in which the seed
produces the plant, the plant the flower, and the flower the seed
again, thus returning with the unerring fidelity of a planet in
its orbit to the point from which it started. All these pro-
cesses are undoubtedly due to the action of molecular forces.
But who or what planned their manner of action? Who or
what endowed them with the power of taking up at a given
time a determinate position, to be followed by another and
another through the course of ages? Yonder butterfly has a
spot of orange on its wing ; if we look into a book written a
hundred years ago, where that butterfly is figured, we find the
selfsame spot upon the wing. Now the spot depends purely
on the manner in which the light falling on and entering the
wing is discharged from it, and this again depends upon the
molecular structure of the wing. For a century, then, the
molecules have gone through- successive cycles; butterflies
have been begotten, have grown, and died, and still we find
~ the architecture the same. Is not this amazing 7 And what
is the explanation? We may have a thousand proximateé
reasons, but at bottom we have no explanation. Still we
stand firm within our range. There is nothing in the architec-~
ture of that wing which may not yet find its Newton to show
that the laws and principles brought into play in its construe-
tion are qualitatively the same as those brought into play in
the construction of the solar system. There is no essential
distinction between organic and inorganic; the forces present
in the one, when duly cumpmmded can and must produce the
phenomena of the other.

“Thus far do I proceed with absolute confidence; and I am
ready to take a step farther. The brain of man itself is
assuredly an assemblage of molecules, arranged according to
physical laws; but if you ask me to deduce from this assem-
blage the least of the phenomena of sensation or thought, I lay
my forehead in the dust and acknowledge human helplessness.
Here speculation folds her wings, for beyond this point there
is no medium to sustain her flight.’
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ON THE SPECTRA OF POLARIZED LIGHT.

Mr. William Spottiswoode has recently introduced
to the members of the Royal Imstitution, in a very
striking form, a series of experiments on the spectra of
polarized light. With his large Nicol's prisms he first
repeated and explained the experiments of Foucault
and Fizeau, and subsequently enriched the subject by
very beautiful additions of his own. I here append a
portion of the abstract of his discourse :—

4

¢ It is well known that if a plate of selenite sufficiently thin
be placed between two such Nicol's prisms, or, more technically
speaking, between a polarizer and analyzer, colour will be
produced. And the question proposed is, What is the nature
of that colour ? is it simply a pure colour of the spectrum, or
is it a compound, and if so, what are its component parts?
The answer given by the wave theory is in brief this: In its
passage through the selenite plate the rays have been so
separated in the direction of their vibrations and in the
velocity of their transmission, that, when re-compounded by
means of the analyzer, they have in some instances neutralized
one another. If this be the case, the fact ought to be visible
when the beam emerging from the analyzer is dispersed by
the prism; for then we have the rays of all the different
colours ranged side by side, and if any be wanting, their
absence will be shown by the appearance of a dark band in
their place in the spectrum. But not only so; the spectrum
ought also to give an account of the other phenomena ex-
hibited by the selenite when the analyzer is turned round,
viz. that when the angle of turning amounts to 45° all trace
of colour disappears; and also that when the angle amounts
to 90° colour reappears, not, however, the original colour, but
one complementary to it.

¢ You see in the spectrum of the reddish light produced by
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the selenite a broad but dark band in the blue; when the
analyzer is turned round the band becomes less and less dark,
until when the angle of turning amounts to 45° it has entirely
disappeared. At this stage each part of the spectrum has its
own proportional intensity, snd the whole produces the
colourless image seen without the spectroscope. Lastly, as
the turning of the analyzer is continued, a dark band appears
in the red, the part of the spectrum complementary to that
occupied by the first band ; and the darkness is most complete
when the turning amounts to 90°. Thus we have from the
spectroscope a complete account of what has taken place to
produce the original colour and its changes.

¢Tt is further well known that the colour produced by a
selenite, or other crystal plate is dependent upon the thickness
of the plate. And, in fact, if a series of plates be taken,
giving different colours, their spectra are found to show bands
arranged in different positions. The thinner plates show bands
in the parts of the spectrum nearest to the violet, where the
waves are shorter, and consequently give rise to redder
colours; while the thicker show bands nearer to the red,
where the waves are longer, and consequently supply bluer
tints. ;

¢ When the thickness of the plate is continually increased,
so that the colour produced has gone through the complete
eycle of the spectrum, a further increase of thickness causes a.
reproduction of the colours in the same order; but it will be
noticed that at each recurrence of the cycle the tints become
paler, until when a number of cycles have been performed,
and the thickness of the plate is considerable, all trace of
colour is lost. Let us now take a series of plates, the first two
of which, as you see, give colours; with the others which are
successively of greater thickness the tints are so feeble that
they can scarcely be distinguished. The spectrum of the first
shows a single band ; that of the second, two ; showing that
the second series of tints is not identical with the first, but
that it is produced by the extinetion of two colours frem the
components of white light. The spectra of the others show
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series of bands more and rhore' nimerous in proportion to thée
thickness of the plate, an array which may be increased inde-;
finitely, The total light, then, of which the spectrum is
deprived by the thicker plates is taken from a greater number
of its parts ; or, in other words, the light which still remains
1s distributed more and more evenly over the spectrum; and
in the same proportion the sum total of it approaches more
and more nearly to white light, :
‘ These experiments were made more than thirty years ago
by the French philosophers, MM. Foucault and Fizeau,
« *If instead of selenite, Iceland spar, or other ordinary crystals,
we use plates of quartz cut perpendicularly to the axis, and’
turn the analyzer round as before, the light, instead cf exhibit-
ing only one colour and its complementary with an interme-:
diate stage in which colour is absent, changes continuously in
tint; and the order of the colour depends partly upon the
direction in which the analyzer is turned, and partly upon
the character of the crystal, z.c. whether it is right-handed or
left-handed.. If we examine the spectrum in this case we
find that the dark band never disappears, but marches from
one end of the spectrum to another, or vice versd, precisely
in such a direction as to give rise to the tints seen by direct
projection. '
“The kind of polarization effected by the quartz plates is
called circular, while that effected by the other class of crystals
is called plane, on account of the form of the vibrations exe~
cuted by the molecules ‘of @ther; and this leads us to ex-
amine a little more closely the nature of the polarization of
different parts of these spectra of polarized light.
+ *Now, two things are clear : first, that if the light be plane-
polarized, that is, if all the vibrations throughout the entire
ray are rectilinear and in one plane, they must in all their bear-
ings have reference to a particular direction in space, so that
they will be differently affected by different positions of the
analyzer. Secondly, that if the vibrations be circular, they
will be affected in precisely the same way (whatever that may
be) in all positions of the amalyzer. This statement merely
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recapitulatesa fundamental pointin polarization. Infact, plane-
polarized light is alternately transmitted and extinguished
by the analyzer as it is turned through 90°; while circularly-
polarized light [if we could get a single ray | remains to all ap-
pearance unchanged. And if we examine carefully the spectrum
of light which has passed through @ selenite, or other ordinary
crystal, we shall find that, commencing with fwo consecutive
bands in position, the parts occupied by the bands and those
midway between them are plane polarized, for they become
alternately dark and bright; while the intermediate parts, Z.e.
the parts at one-fourth of the distance from one band to the
next, remain permanently bright. These are, in fact, circu-
larly polarized. But it would be incorrect to conclude from
this experiment alone that such is really the case, because the
game appearance would be seen if those parts were unpolarized,
z.¢. in the condition of ordinary lights. = And on such a sup-
position we should conclude with equal justice that the parts
on either side of the parts last mentioned (e.g. the parts
separated by eighth parts of the interval between two bands)
were partially polarized. But there is an instrument of very
simple construction, called a * quarter-undulation plate,” a
plate usually of mica, whose thickness is an odd multiple of a
quarter of a wave length, which enables us to discriminate
between light unpolarized and circularly polarized. The
exact mechanical effect produced upon the ray could hardly
be explained in detail within our present limits of time; but
suffice it for the present to say that when placed in a proper
position, the plate transforms plane into circular and circular
into plane polarization.  That being so, the parts which were
originally banded ought to remain bright, and those which
originally remained bright ought tc- become banded during the
rotation of the analyzer. The general effect te the eye will
consequently be a general shifting of the bands through one-
fourth of the space which' separates each pair. '

¢ Circular polarization, like  circular motion generally, may
of course be of two kinds, which differ only in the direction
of the motion. And, in fact, to convert the circular polariza-
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tion produced by this plate from one of these kinds to the other
(say from right-handed to left-handed, or wice wversd), we
have only to turn the plate round through 90°. Conversely
right-handed circular polarization will be changed by the
plate into plane polarization in one direction, while lefi-
handed will be changed into plane at right angles to the first.
Hence, if the plate be turned round through 90° we shall see
that the bands are shifted in a direction opposite to that in
which they were moved at first. In this therefore we have
evidence not only that the polarization immediately on
either side of a band is circular; but also that that imme-
diately on the one side is right-handed, while that immedi-
ately on the other is left-handed. [!]

‘If time permitted, I might enter still further into detail,
and show that the polarization between the plane and the
circular is elliptical, and even the positions of the longer and
shorter axes and the direction of motion in each case. DBut
sufficient has, perhaps, been said for our present purpose.

‘ Before proceeding to the more varied forms of spec-
tral bands, which I hope presently to bring under your
notice, I should like to ask your attention for a few
minutes to the peculiar phenomena exhibited when two
plates of selenite giving complementary colours are used.
The appearance of the spectrum varies with the relative
position of the plates. If they are similarly placed—that is, as
if they were one plate of crystal—they will behave as a single
plate, whose thickness is the sum of the thicknesses of each,
and will produce double the number of bands which one alone
would give; and when the analyzer is turned, the bands will
disappear and re-appear in their complementary positions, as
usual in the case of plane-polarization. If one of them be
turned round through 45° a single band will be seen at a

[* At these points the two rectangular vibrations into which the
original polarized ray is resolved by the plates of gypsum act upon
each other like the two rectangular impulses imparted to our pendulum
in Lecture IV., one being given when the pendulum is at the limit
of its swing. Vibration is thus converted into rotation.]

i — e — =
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particular position in the spectrum. This breaks into two,
which recede from one another towards the red and violet
ends respectively, or advance towards one another according
to the direction in which the analyzer is turned. If the plate
be turned through 45° in the opposite direction, the effects
will be reversed. The darkness of the bands is, however, not
equally complete during their whole passage. Lastly, if one of
the plates be turned through 90° no bands will be seen, and
the spectrum will be alternately bright and dark, as if no
plates were used, except only that the polarization is itself
turned through 90°.

‘If a wedge-shaped crystal be used, the bands, instead of
being straight, will cross the spectrum diagonally, the direc-
tion of the diagonal (dexter or sinister) being determined by
the position of the thicker end of the wedge. If two similar
wedges be used with their thickest ends together, they will
act as a wedge whose angle and whose thickness is double of
the first. Ifthey be placed in the reverse position they will act
as a flat plate, and the bands will again cross the spectrum in
straight lines at right angles to its length.

¢If a concave plate be used the bands will dispose them-
selves in a fanlike arrangement, their divergence depending
upon the distance of the slit from the centre of concavity.

“If two quartz wedges, one of which has the optic axis
parallel to the edge of the refractory angle, and the other
perpendicular to it, but in one of the planes containing the
angle (Babinet’'s Compensator), the appearances of the bands
are very various.

¢ The diagonal bands, beside sometimes doubling themselves
as with ordinary wedges, sometimes combine so as to form
longtitudinal (instead of transverse) bands; and sometimes
cross one another so as to form a diaper pattern with bright
compartments in a dark framework, and »ice versd, according
to the position of the plates,

“ The effects of different dispositions of the interposed crys-
tals might be varied indefinitely; but enough has perhaps
been said to show the delicacy of the method of spectrum
analysis as applied to the examination of polarized light.’
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- The singular and beautiful effect obtained with a
circular plate of selenite, thin at the centre, and
gradually thickening towards the ecircumference, is
easily connected with a similar effect obtained with
Newton’s rings. Let a thin slice of light fall upon the
glasses which show the rings, so as to cover a narrow
central vertical zome passing through them all. The
image of this zone upon the screen is crossed by por-
tions of the iris rings. Subjecting the reflected beam.
to prismatic analysis, the resultant spectrura may be
regarded as an indefinite number of images of the zone
placed side by side. In the image before dispersion
we have iris-rings, the extinction of the light being
nowhere complete; but when the different colours are
separated by dispersion, each colour is crossed trans-
versely by its own system of dark interference bands,
which become gradually closer with the increasing
refrangibility of the light. The complete spectrum,
therefore, appears furrowed by a system of continuous
dark bands, crossing the colours transversely, and ap-
proaching each other as they pass from red to blue.

In the case of the plate of selenite, a slit is placed
in front of the polarizer, and the film of selenite is
held close to the slit, so that the light passes through
the central zone of the film. As in the case of New-
ton’s rings, the image of the zone is crossed by iris-
coloured bands; but when subjected to prismatic dis-
persion, the light.of the zone yields a spectrum furrowed
by bands of complete darkness exactly as in the case of
Newton’s rings, and for a similar reason. This is the
beautiful effect deseribed by Mz. Spottiswoode as the
fan-like arrangement of the bands—the fan ﬂPEﬂlﬂg
out at the red end of the spectrum.



TN

ABS

- A BSORPTION, principles of, 200
Acland, Dr., in the April num-

ber of the ¢ Contemporary Review,’

quoted, 13 note

Airy, Sir George, severity and con-

* clusiveness of his proofs, 210

Alhazen, his inquiry respecting light,
14, 208

Analyser, polariser and, 131, recom-
pounding of the two systems of
waves by the analyser, 133

-ﬁngstrﬁm, his paper on spectrum
analysis, 203

Arago, Francois, restores Dr. Young
to his rights, 50

— his discoveries respecting light,
209, 210

Atomie polarity, 98-101

r

ACON, Roger, his inquiry res-
pecting light, 14, 208
Barnard, President, his essay on the
undulatory theory, 151 note
Bartholinus, FErasmus, on Ieceland

spar, 114

Bérarde on polarization of ]Jeat,.

181

Blackness, meaning of, 32

Boyle, Robert, his observations on
colours, 68-70

— his remarks on fluorescence, 165,
166

B3|

X

COM

Bradley, James, corroborates Ree-
mer’s observations and reasonings,
22

— discovers the aberration of light,
23, 23 '

Brewster, Sir David, his chief objec-
tion to the undulatoryitheory of
light, 47

— on fluorescence, 167

— his discovery in biaxal crystals,
210

Brougham, Mr. (afterwards Lord),
ridicules Dr. T. Young's, specula-
tions, 50, 51

— his articles quoted, 229

— Young's reply to, 234

Browning, Mr., his prisms, 127

— his spectroscopes, 127

G.FESAR, Julius, his saying respect=
ing the sources of the Nile, 95

Ceesium, discovery of, 193

Calorescence, 175 '

Clouds, actinie, 155-157

— polarization of, 159

Colours of thin plates, 67

— Boyle’s observations on, 68-70

— Hooke on the colours of thin
plates, 70 -

— of striated surfaces, 92, 93

Comet of 1680, Newton's estimate
of the temperature of, 170 note



270

CRO

Crookes, Mr., his discovery of thal-
lium, 194

Crystals, action of, upon light,
100

- - built by polar foree, 101

— 1llustrations of crystallization,
102

— architecture of, considered as an
introduction to their action upon
light, 100

— bearings of erystallization upon
optical phenomena, 109

— rings surrounding the axes of

_ crystals, 146

— uniaxal and biaxal, 146, 147

— the phenomena of, and their rela-
tion to that of life, 258

Cuvier on ardour for knowledge,
221

DARWIN, his speculations, 95
Davy, Sir Humphrey, his fame,
al
De Toequeville, writings of, 216,
293, 224
Democracy, De Tocqueville on, 224
Descartes, his explanation of the
rainbow, 24, 25
— his ideas respecting the transmis-
sion of light, 43
— his notion of light, 208
Diamond, ignition of a, in oxygen,
170
Diathermancy, 173
Diffraction of light, phenomena of,
81
— bands, 82, 83
— explanation of, 84
— colours produced by, 92
Dolland, his experiments on achro-
matism, 29

INDEX,

FLU
Draper, Dr., his investigation on
heat, 172
Drummond light, spectrum of, 196

EARTH, daily orbit of, 78
Electriec beam, heat of the,

169

Electricity, discoveries in, 218, 219

Emerson quoted, 54

Emission theory of light, bases of
the, 45

— Newton espouses the theory, and
the results of this espousal,
79, 80 e

Ether, Huyghens and Euler advo-
cate and defend the conception of
an, 48, 67

— objected to by Newton, 57

Euler espouses and defends the
conception of an ether, 48, 57

Eusebius on the natural philosophers
of his time, 13

Expansion by cold sets in, 107

Experiments, uses of, 3

Eye, the, grown for ages towards
perfection, 8

— a marvel to the reflecting mind, 9

— imperfect achromatism of the,
29, note

ARADAY, Michael, his fame,
a1
— his discovery of magneto-elec-
tricity, 219
¢ Fits,’ theory of, 76
— itsexplanation of Newton's rings,

il
— overthrow of the theory, 80

Fizeau determines the velocity of
light, 23

Fluorescence, Stokes's discovery of,
164



INDEX,

FLU'

Fluorescence, the name, 174

Forbes, Professor, polarizes and
depolarizes heat, 181

Foucanlt, determines the velocity of
light, 23

— his experiments on the chemistry
of the sun, 198, 199, 202

Fraunhofer, his theoretical calenla-
tions respecting diffraction, 91

— his lines, 194 '

— — their explanation by Kirch-
hoff, 195

Fresnel, restores Dr. Young to his
rights, 60

— his theoretical ealeulations re-
specting diffraction, 91

— his mathematical abilities, 211

— his immortal name, 211

ATUSS, his instrument for showing
the slightest thrill of variation

on the part of the earth's mag-
netic force, 12

Goethe, on fluorescence, 167

Gravitation, origin of the notion of
the attraction of, 95

— strength of the theory of, 150

Grimaldi, his discovery with respect
to light, 56

— Young's generalizations of, 57

AMILTON, S8Sir William, of
Dublin, his services to the
science of opties, 210
Heat, generation of, 6
— Dr. Draper’s investigation re-
specting, 172
— his discovery of dark solar rays,
173
— radiant heat, 173
Helmholtz, his experiment on
animal electricity, 12, 13

27k

' ICE

Helmholtz, his estimate of the genius
of Young, 50

— on the imperfeet achromatism of
the eye, 29 note, 31

— reveals the cause of green in the
case of pigments, 37

Henry, Professor Joseph, his invita-
tion, 2

— on water crystallization, 257

Herschel, Sir John, his theoretical
calculations respecting diffraction,
a1

— first notices and describes the
fluoreseence of sulphate of guinine,

167
— his experiments on spectra, 202

Herschel, Sir William, his experi-
ments on the heat of the various
colours of the solar spectrum, 171

Hooke, Robert, on the colours of
thin plates, 70

— his remarks on the idea that light
and heat are modes of motion, 71

Horse-chestnut bark, fluorescenca
of, 167

Huggins Dr., his labours, 206

Huyghens advocates the conception
of ether, 48, 57

— his celebrated principle, 85, 86

— on the double refraction of Ica-
land spar, 115

ICELAHD spar, 112
— density of, 112
— double refraction caused by, 113

— this double refraction first
treated by Erasmus Bartholinus,
114

~— character of the beams emergent
from, 117

— tested by tourmaline, 119

— Knoblauch’s demonstration of
the double refraction of, 186



272

1CE

Ice-lens, combustion through, 169

Imagination, scope of the, 42

— note by Maclaurin on this pmnt.
43, note

ANSSEN, M., on the rose-coloured
solar prominences, 205
Jupiter, Reemer’s observations ' of
the moons of, 20
Jupiter’s distance from the sun, 20

KEPL]]R his mode of proceeding,

— his celebrated laws, 14

— fails with refraction of light, 14

— his investigations respecting
light, 208

Kirchhoff, Professor, his explanation
of Fraunhofer's lines, 195

— his precursors, 202

— his scientific work and his claim
to immortality, 204

Knoblauch, his demonstration of
the double refraction of heat of
Iceland spar, 186

ACTANTIUS, on the natural
philosophers of his time, 13

Lancy, M., isolates thallium in
ingots, 194

Lesley, Professor, his invitation, 2

Light familiar to the ancients, 5

— generation of, 6, T :

— spherical aberration of, 8

— the rectilineal propagation of,
and mode of produeing it, 9

— illustration showing that the
angle of incidence is equal to the
angle of reflection, 10, 11

— sterility of the Middle Ages, 153~

— history of refraction, 14

INDEX.

LIG

Light, demonstration of the fact of
refraction, 14

— I}i‘.ﬂlﬂl and total reflection uf
17-20

— veloeity of, 21

— Bradley’s discovery of the a.bar-
ration of light, 22, 23

— principle of least action, 23

— Deseartes and the rainbow, 24

— Newton’s analysis of, 27

— synthesis of white light, 29

— complementary colours, 30

— yellow and blue lights produce
white by their mixture, 31

— what is the meaning of black-
ness ? 32

— analysis of the action of pigments
upon, 33

— absorption, 35

— mixture of pigments contrasted
with mixture of lights, 37 !

— Wiinsch on three simple colours
in white light, 40

— Newton arrives at the emission
theory, 45 '

— Young's discovery of the undula-
tory theory, 49

— illustrations of wave-motion, 51,
68

— interference of sound-waves, 60

— analogies of light and sound, 63 ]

— velocity of, 63

— principle of interference of waves
of, 64

— phenomena which first suggested
the undulatory theory, 65-72

— soap-bubbles and their colours,
65-73

— Newton's rings, 73-79

— his espousal of the emission
theory, and the results of t]llE
espousal, 79, 80

— transmitted light, 80



INDEX,

LIG

Light, diffraction, 81, 93

— origin of the notion of the attrae-
tion of gravitation, 96

— polarity, how generated, 96

— action of erystals upon, 100

— refraction of, 110

— elasticity and density, 111

— double refraction, 112

— chromatic phenomena produced
by erystals on polarised, 125

— the Nicol prism, 126

— mechanism of, 129

— vibrations, 129

— composition and resolution of
vibrations, 131

— polarizer and analyzer, 131

— recompounding the two systems
of waves by the analyzer, 133

— interference thus rendered possi-
ble, 185

— chromatic phenomena produced
by quartz, 143

— magnetization of, 145

— rings swrounding the axis of
crystals, 146

— colour and polarization of sky,
151-60

— range of vision incommensurate
with range of radiation, 161

— effect of thallene on the spec-
trum, 164

— fluorescence, 164

— vision not, the only sense appealed
to by the solar and electric beam,
167-169

— transparency, 169

— the ultra-red rays, 171

— part played by Nature by these
rays, 175

— conversion of heat-rays into light~
rays, 175

— identity of radiant heat and, 178

273

LIG

Light, polarization of heat, 181

— principles of spectrum analysis,
190

— spectra of incandescent vapours,
191

— Fraunhofer's lines,and Kirchhoff's
explanation of them, 195

— solar chemistry, 196-198

— demonstration of analogy be-
tween sound and, 199, 200

— Kirchhoff and his precursors, 202

— rose-coloured solar prominences,
205

— results  obtained by various
workers, 206

— summary and conelusion, 206

— measurement of the waves of, 255

Lignum Nephriticum, fluorescence
of, 165, 166

Lloyd, Dr., on polarisation of heat,
181, 210

Lockyer, Mr., on the rose-coloured
solar prominences, 205

Lucretius, atomie theories of, 95

Lycopodium,diffraction effocts cansed
by the spores of, 92

MAGNETIZATI{}N of light, 145
Malus, his discovery respect-

ing reflected light through Teeland
spar, 117

— discovers the polarisation of light
by reflection, 209

Masson, his essay on the bands of
the induetion spark, 208

Melloni, on the polarization of heat,
181

Metals, combustion of, §; 6

— spectrum analysis of; 191

— speetrum bands proved by Bun-
sen and Kirchhoff to be charac-
teristic of the vapout of, 193



274

MIL

Mill, John Stuart, his scepticism
regarding the undulatory theory,
151

Miller, Dr., his drawings and des-
eriptions of the spectra of various
coloured flames, 202

Morton, Professor, his discovery of
thallene, 164

Mother-of-pearl, colours of, 93

ATURE, a savage's interpreta-
tion of, 4

Newton, Sir Isaac, his experiments
on the composition of solar light,
27

— his spectrum, 27

— dispersion, 27

— arrives at the emission theory of
light, 45

— his objection to the conception of
an ether espoused and defended
by Huyghens and Euler, 57

— his optical career, 73

— his rings, 73-79 :

— espouses the emission theory, 79

— effects of this espousal, 80

— his rings explained by the theory
of ¢ fits,’ 76

— his discovery of the law of pro-
portionality, 78

— his idea of gravitation, 96

— his errors, 209

Nicol priem, the, 126

CEAN, colour of the, 35
(Ersted, discovers the deflec-
tion of a magnetic needle by an
electric current, 176
Optics, science of, 3

INDEX.

PRO

ASTEUR, his reason for the dis-
astrous overthrow of France in

the late war with Germany, 221

Physical theories, origin of, 4144

Pigments, analysis of the action of,
upon light, 33

— mixture of, contrasted with mix-
ture of lights, 37

— Helmholtz reveals the cause of the
oreen in the case of pigmehts, 37

— impurity of natural colours, 37

Pitch of sound, 61

Pliicker, his drawings of spectra,
203

Polariscope, stained glass in the,
135, 136

— unannealed glass in the, 137

Polarity, notion of, how generated,
96

— atomie, 98

— gtructural arrangements due to,
99

— polarization of light, 115

— tested by tourmaline, 119

— and by reflection and refraction,
121 '

— depolarization, 123

— chromatic phenomena produced
by erystals on polarized light,
124

Polarization of light, 115

— cirenlar, 141

— gky-light, 151, 160

— of artificial sky, 159

— of radiant heat, 151

Polarizer and analyzer, 131

Poles of a magnet, 97

Powell, Professor, on polarization
of heat, 181

Prism, the Nicol, 126

Proportionality, Newton's law of, |

78



INDEX.

QUA

UARTZ, chromatic phenomena
produced by, 143

ADIANT heat, 173
— diathermancy, or pervious-
ness to radiant heat, 173

— conversion of heat-rays 1nto
light-rays, 175
— formation of invisible heat-

images, 181

— polarization of, 151

— double refraction, 183

— magnetization of 185

Rainbow, Descartes’ explanation of
the, 24, 25

Raymond, Du Bois, his experiment
on animal electricity, 13

Refraction, demonstration of the
fact of, 14, 15

Refraction of light, 110

— double, 112

Reflection, partial and total, 17-20

Respighi, results obtained by, 206

Ritter, his discovery of the ultra-
violet rays of the sun, 161

Remer, Olav, his observations of
Jupiter's moons, 20

— his determination of the velocity
of light, 21

Rubidium, discovery of, 193

Rusting of iron, what it is, 5

CHWERD, his observations re-
specting diffraction, 91
Seience, growth of, 176, 204
Schelling, his contempt for experi-
mental knowledge, 14 note
Secoresby, Dr., succeeds in exploding
gunpowder by the sun's rays con-
verged by large lenses of ico, 169
Secchi, results obtained by, 206

275

STE

Seebeck, Thomas, discovers thermo-
electricity, 177

— discovers the polarization of
light by tourmaline, 210

Selenite, experiments with thick
and thin plates of, 128

Silver spectrum, analysis of, 191,
192

Sky-light, colour and polarization of,
151, 160

— generation of artificial skies, 154

Snell, Willebrod, his discovery, 14

— his law, 16, 24

— importance of his law of refrac-
tion, 24

Soap-bubbles and their colours, 65,
G6

Sound, early notions of the ancients
respecting, 61

— interference of waves of, 60

— piteh of, 61

— analogies of light and, 63

— demonstration of analogy be-
tween, and light, 199, 200

Sonorous vibrations, action of, 139,
140

Spectroscopes, Mr. Browning’s con-
struction of, 127

Spectrum analysis, principles of, 190

Spectra of ineandescent vapours, 191

— diseontinuous, 192, 193

Spectrum bands proved by Bunsen
and Kirchhoff to be characteristic
of the vapour, 193

— its capacity as an agent of dis-
covery, 194

— analysis of the sun and stars,
194

Spottiswoode, Mr. William, 127

— on the spectra of polarized light,
262

Stewart, Professor Balfour, his re-
searches in spectrum analysis, 203



276

BTO

Stokes, Professor, his suggestion for
an artificial sky, 159

— results of his examination of sub-
stances excited by the ultra-violet
waves, 163

— his discovery of fluorescence,
164

— on fluorescence, 167

— nearly anticipates Kirchhoff’s dis-
covery, 199

— his researches in spectrum analy-
sis, 203

Striated surfaces, colours of, 93

Sulphate of quinine first noticed and
deseribed by Sir John Herschel,
167

Sun, chemistry of the, 197

— speetrum analysis of the, 196

— rose-coloured solar prominences,
205

— investigators on the chemistry of
the, 206

Syren, the, 61

ALBOT, Mr, his experiments,
202

Tartaric acid,irregular erystallization
of, and its effects, 135

Thallene, discovery of, 164

— its effect on the spectrum, 164

Thallium, spectrum analysis of, 191,
102

— discovery of, 194 ‘

— isolated in ingots by M. Lancy,
194

Theory, relation of, to experience,
95

Thermo-electric pile, 176

Thermo-electricity, discovery of, 176

Tombeline, Mont, inverted image of,
19

Tourmaline, polarization of light by
means of, 113

INDEX.

WEI

Transmitted light, reason for, 80
Transparency, remarks on, 169

LTRA-VIOLET sun-rays, 161
— — discovered by Ritter, 161

— — effacts of, 162

Ultra-red rays of the solar spectrum,
171

— — part played by the, 175

Undulatory theory of light, bases of
the, 47

— — Bir David Brewster's chief
objection to the, 47

— — Young's foundation of the, 49

— — phenomena which first sug-
gested the, 65, 72

— — Mr. Mill's
garding the, 151

— — President Barnard’s Essay,
on the, 151 nofe

— — a demonstrated variety in
the hands of Young, 211

scepticiem  re-

ASSENIUS deseribes the rose-
coloured solar prominenees
in 1733, 205
Vitellio, his skill and conscientions-
ness, 14
— hisinvestigations respecting light,
208
Voltaic battery, use of, and its
production of heat, 6, 7

ATER, erystallization of, 105
— deportment of, considered
and explained, 108, 109
Wavee of water, 51
— length of a wave, 52
— interference of waves, 53-55
Wertheim, M., his instrument for
the determination of strains and
pressures by the colours of polar-
ized light, 187

———




INDEX.

WHE

Wheatstone, Sir Charles, 165

— his analysis of the light of the
electric spark, 203

Whirlpool Rapids, impetuosity of
the river Niagara at the, 53

— — illustration of the principle of
the interforence of waves at the,
§a, 66

Willigen, Vander, his drawings of
spectra, 203

Wollaston, Dr., 194

— discovers the rings of Iceland
spar, 210

Woodbury, Mr. on the impurity of

~ natural colours, 37

Wiinsch, Christian Ernst, on the
three simple colours in white
lights, 40

— his experiments, 40

277

YoU

OUMANS, Professor, his energy
and ability, 2
Young, Dr. Thomas, his discovery
of Egyptian hieroglyphies, 49,
and the undulatory theory of
light, 49

' _ Helmholt's estimate of him, 50

— restored to his rights by Fresnel
and Arago, 60

— ridiculed by Brougham in the
¢ Edinburgh Review,’ 50

— generalizes Grimaldi's observas-
tion on light, 57

— photographs theultra-violet rings
of Newton, 162 '

— his results on the chemistry of
the sun, 206

— his reply to the Edinburgh Re-
viewor, 234

TLONDON : PRINTED DY
SPOTTISTYOODE AND €0., NEW-STRERT SQUARE
AND PARLIAMEST STREET






WORKS

B

T
JOHN TYNDALL, LLD. D.C.L. F.RS.

Professor of Natural Philosophy in the Royal fnsitfution
of Great Britain.

NOTES OF A COURSE OF NINE LECTURES ON LIGHT,

delivered at the Royal Institution of Great Britain, A.D. 1868, Crown 8vo. price 1s,
sewed, or 1s. Gd, cloth.

" These lectures are very good and very *Tt is scarcely necesaary for us to
clearly written.' The LAKCET. point ont the value of these lectures, by
one who not only posaesses the art of

‘These notes comprise an extended | rendering difficult subjects clear to all
gyllabus of the lectures delivered by | understandings, but is perhaps the great-
Dr. TyspaLL. They form valuable head- | est living aathority on the subject of
ings for those who desire to pursue a | light; and as the subject of light is
systematic and advanced course of optical | particularly interesting to students of
studies, and for the junior stodent they con- astronomy, we have little doubt that
stitute an excellent manual—weshould say | the present course will be found acceptable
the best in the English language.’ to many of our readers.’

PopuLAR SCIENCE REVIEW. ASTRONOMIOAL, REGISTER.
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course ab such a time to clear the atmo- | earnestness of purpose and philosophical
sphere of the clouds of prejudice which a | acumen, which distinguished Professor
mistaken zeal has raised in the minds of a | TYNDALL'S discourse, it seems impossible
large class cannot be over-estimated. Since | to doubt that much benefit must nlti-
it is certain that religions intolerance and mately result thereby to the cause of truth,’
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TyNpALL'S habit of giving some simple | and comprehensive theories. |
physical conception as a standpoint ATHER RUM,
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HEAT A MODE OF MOTION.

Fourth Edition, with Alterations and Additions. Plate and 108 Woodeuts, Crown

Bvo, price 10s. 6d.

‘We see, with not a little satisfaction, | going as one of the most striking of the

that this work has actually gone through
four separate editions since the year 1863,
and so far we have every reason to be
satisfied. It must be confessed that it is
the only work which the English student
finds convenient. But this is not all; it
is carefully brought up in each edition to
the state of actnal knowledge of the time,
and even the present edition contains
matters and facts not to be found in any
of the earlier issues. . . . We take the fore-

SOUND ;

novelties in this admirable work, and also
one of the most interesting of the recent
factz recorded the author, But the
whole work is full of such, and we can-
not do betier than recommend those of
our readers who are already unfamiliar
with it to procure it for themselves at
once, Itis not only the best work on the
subject in the English language, but it
is in itself especially valuable as an elo-
guent and comprehensive treatise,?
PoPuLAR BCiENcE REVIEW,

A Course of Bight Lectures delivered at the Royal Institution ot Great Britain.
Becond Edition, revised ; with a Portrait of M, Chladni, and 169 Woodcat Illustra-

tions. Crown 8vo. price 9s.

“ The contents of Professor TYNDALL'S
book are of so attractive a nature, and
recommend themselves so strongly, not
only to the dilettante lover of knowledge,
but to those who are earnestly engaged in
the cultivation of science, that we are not
surprised a second edition has been speedily
called for. Having already noticed at
length, in our review of the first edition,
the characteristic features of the work,
the number and ingenunity of the experi-
ments (in which Professor TYNDALL stands
without a rival), the felicitous explana-
tions and varied illustrations, we need
here make no further remark than to say
that the present is a reprint of the former

FARADAY AS A DISCOVERER.

edition with the exception of a chapter
containing a summary of the recent re-
searches of M. REeNAULT, written by
himself. This contains some interesting
observations on the propagation of =sonnd
in closed tubes, in which it is shgwn that
the dimmeter of the tubes makes a con-
siderable difference in the intensity with
which the wave is propagated throughit,
diminishing rapidly the smaller the section
of the tube. . . . There are other interest-
ing facts described in reference to the
velocity of the propagation of waves,
which we have not space to give, but
which will well repay perusal.’
The LANCET.

New and Cheaper Edition, with Two Portraits, Fep, 8vo. price 3s. 6d.

FRAGMENTS OF SCIENCE.

Fourth Edition, thoroughly revised. 8vo. price 14s,

1. The Constitntion of Nature.
2, Thoughts on Prayer and Natural

W,

B. Miracles and Special Providences.

4, Matter and Foree.

5. An Address to Students.

6. Scope and Limit of Scientific Material-
ism.

7. Scientific Use of the Imagination.

8. On Radiation.

9. On Radiant Heat in relation to the
Colonr and Chemical Constitution
of Bodies.

10. On Chemical Rays and the Structure
and Light of the Sky.
11, Dust and Dizease,
Addition to * Dust and Disease,”
12. Life and Letters of Faraday.
13. An Elementary Lecture on Mag-
netism.
14, Shorter Articles :
Blates.
Death by Lightning.
Beience and Spirits.
Vitality.
Additional Remarks on Miracles.

HOURS OF EXERCISE IN THE ALPS.

Third Edition, revised; with Seven Woodent Illustrations by E. Whymper.

Crown Bvo. price 12s. Gd.
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LECTURES on the SCIENCE of LANGUAGE. By F. Max MiLLER,
M.A. &c. Foreign Member of the French Institute. Seventh Edition. Two vols,
crown 8vo, price 16s.

MANUAL of ENGLISH LITERATURE, Historical and Critieal. By
THOoMAS ARvoLn, M.A., New Edition. Crown Bvo. 7s. 6d.

THEEE CENTURIES of ENGLISHE LITERATURE. By CHArLES
DURE YONGE, Regius Professor of Modern History and English Literature in
Queen's College, Belfast. Crown &vo, price 7s. Gd.

SOUTHEY’S DOCTOR, complete in One Volume. Edited by the Rey.
J. W. WArTER, B.D. Bquare crown 8vo. 123, 6.

HISTORICAL and CRITICAL COMMENTARY on the OLD TESTA-
MENT ; with a New Translation. By M. M, KArnscH, Ph.D. Vor. I, Genesis,
8vo. 18s. or adapted for the General Reader, 125. VorL. 1L Erodus, 155, or
adapted for the (General Reader, 12s. VoL. IIL. Leviticus, PART I. 15s. or
adapted for the General Reader, 8s. VorL. IV. Leviticus, PanT IT. 155. or
adapted for the General Reader, 85,

A DICTIONARY of ROMAN and GREEK ANTIQUITIES, with
about Two Thousand Engravings on Wood from Ancient Originals, illustrative
of the Industrial Arts and Social Life of the Greeks and Romans, By A. RicH,
B.A. Third Edition, revised and improved., Crown 8vo. price T4, Gd.

A LATIN-ENGLISH DICTIONARY, B}' Jorn T. W'HITE, D.D.

Oxon, and J. E. RmoLe, M.A. Oxon. Third Edition, revised. 2 vols. 4to,
pp. 2,128, price 421, cloth,

WHITE'S COLLEGE LATIN-ENGLISH DICTIONARY (Intermediate

Size), abridged for the use of University Students from the Parent Work (as
above)., Medinm 8vo. pp. 1,048, price 18s. cloth,

WHITE'S JUNIOR STUDENT'S COMPLETE LATIN-ENGLISH and
ENGLISH-LATIN DICTIONARY, New Edition. Square 12mo, pp. 1,058,

price 12,
The ENGLISH-LATIN DICTIONARY, price bs, 6d,
&Pm“ﬂ?{ The LATIN-ENGLISH DICTIONARY, 5&3&’ s, Eg
An ENGLISH-GREEK LEXICON, containing all the Greek Words

used by Writers of good authority. By C. D. Yoxo A
4to. price 21s, g e y YoxcE, B.A. New Edition
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Mr. YONGE'S NEW LEXICON, English and Greek, abnldged from
hig larger work (as above), Revised Edition. Square 12mo, price 8Bs. 6d,

A GREEK-ENGLISH LEXICON. Compiled by H. G. Lipperr, D.D.

Dean of Christ Church, and R, Scorr, D.D. Dean of Rochester, Sixth Edition.
Crown 4to, price 86s.

A Lexicon, Greek and English, abridged from Lmverr and Scorr's
Greek-English Lexicon, TFourteenth Edition. Square 12mo. 7s. 6d.

A SANSKRIT-ENGLISH DICTIONARY, the Sanskrit words printed

both in the original Devanagari and in Roman Letters. Compiled by T.
BENFEY, Prof. in the Univ, of Gittingen, Bvo, 525, 6d, el

A PRACTICAL DICTIONARY of the FRENCH and ENGLISH LAN-
GUAGES. By L. CoxTANsEAU. Fonrteenth Edition. Post 8vo. 10s, 6d.

Contanseau’s Pocket Dictionary, French and English, abridged from
the above by the Author. New Edition, revised. Square 18mo. 3s. 6d.

NEW PRACTICAL DICTIONARY of the GERMAN LANGUAGE;
German-English and English-German., By the Rev. W. L. BLACKLEY, M.A.
and Dr. CARL MARTIN FRIEDLANDER. Post Bvo. 7s. 6d.

The MASTERY of LANGUAGES; or, the Art of Speaking Foreign

Tongues Idiomatically. By THoMAS PRENDERGAST, late of the Oivil Service at
Madras, Third Edition. 8vo, 6s, . i

Miscellaneous Works and Popular Metaphysics.

MISCELLANEOUS and POSTHUMOUS WORKS of the Late HENRY

THOMAES BUCKLE. Edited, with a Biographical Notice, by HELEXY TAYLOR.
4 vols, Bvo. price 52s. Gd.

In the MORNINGLAND; or, the Law of the Origin and Transformation
of Christianity. By JoEN 8. STuArT-GLENXNIE, M.A. Barrister-at-Law.
VoL. I. the New Philosophy of History and the Origin of the Doectrines of
Christianity. 8wvo. price 15s.

MISCELLANEQUS WRITINGS of JOHN CONINGTON, M.A. late
Corpus Professor of Latin in the University of Oxford. Edited by J. A.
BEyymoxps, M.A. With a Memoir by H. J. 5. 8muTeH, M.A. LL.D. F.R.5.
2 vols. 8vo. price 28s,

SEASIDE MUSINGS ON SUNDAYS AND WEEEK-DAYS. Dy
A. K. H. B. Crown 8vo. price s 6d,

Recreations of a Country Parson. By A. K. H. B. Fiest and
BECOND BERIES, crown §vo. 32 6d. each.

The Common-place Philosopher in Town and Country. By A. K. H. B.

Crown 8vo. price 35. 6d.

Leisure Hours in Town; Essays Consolatory, Asthetical, Moral,
Social, and Domestic. By A. K. H. B. Crown 8vo. 3s. Gd.

The Autumn Holidays of a Country Parson; Issays contributed to
Fraser's Magazine, &c. By A. K, H. B. Crown 8vo. 84 Gd.

The Graver Thoughts of a Country Parscn. By A. K. H. B. First

and SECOND BERIES, crown 8vo. Ja Gd. each,
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Critical Essays of a Country Parson, selected from Essays con-
tribnted to Fraser's Magazine, By A. K. H, B. Crown 8vo. 8s. Gd.

Sunday Afternoons at the Parish Church of a Scottish University
City. By A. K. H. B. Crown 8vo. 85, Gd.

Lessons of Middle Age; with some Account of various Cities and
Men, By A.K.H, B. Crown 8vo. 25 &d.

Counsel and Comfort spoken from a City Pulpit. By A. K. H. B.
Crown Svo. price 35. 6d.

Changed Aspects of Unchanged Truths; Memorials of St. Andrews
Sundays. By A. K. H. B. Crown Bvo. 35 Gd.

Present-day Thoughts; Memorials of St. Andrews Sundays. By
A.K.H.B. Crown 8vo, 3s. 6.

SHORT STUDIES on GREAT SUBJECTS. By Jawes ANTHONY
FROUDE, LA, late Fellow of Exeter Coll, Oxford, 2 vols. crown &vo. price 125,

LORD MACAULAY'S MISCELLANEOUS WRITINGS :—

LIBRARY EDITION, 2 vols. 8vo. Portrait, 21s.
PeorLE's EprrioN. 1 vol. crown 8vo. ds. Gd.

LORD MACAULAY'S MISCELLANEOUS WRITINGS and SPEECHES,

ETUDERT'S EDITION, in crown 8vo. price 6s.

The Rev. SYDNEY SMITH'S MISCELLANEOUS WORKS ; including
his Contributions to the Edinburgh Review. Crown 8vo. 6s,

The Wit and Wisdom of the Rev. Sydney Smith; a Selection of
the most memorable Passages in his Writings and Conversation. 16mo. a5, bd.

The ECLIPSE of FAITH; or, a Visit to a Rteligious Sceptic. By

HENRY RoGERs. Latest Edition. Fep. 8vo. price 5s.

Defence of the Eclipse of Faith, by its Author; a rejoinder to Dr,
Newman's Reply., Latest Edition, Fep 8vo, price 35, 6d,

CHIPS from a GERMAN WORKSHOP; being Essays on the Science
of Religion, and on Mythology, Traditions, and Customs, By F. Max MULLER,
M. A, &c. Foreign Member of the French Institute. 3 vols. 8vo, £2,

ANALYSIS of the PHENOMENA of the HUMAN MIND. By

JAMES MitL. A New Edition, with Notes, Illustrative and Critical, by
ALEXANDER BAIN, ANDREW FINDLATER, and GEORGE GROTE, Edited, with
additional Notes, by JoHN STUART MILL. 2 vols. 8vo. price 28s,

An INTRODUCTION to MENTAL PHILOSOPHY, on the Inductive
Method. By J. D. MORELL, M.A, LL.D. 8vo. 125,

ELEMENTS of PSYCHOLOGY, containing the Analysis of the
Intellectual Powers. By the same Author, Post 8vo. 7s. Gd.

The SECRET of HEGEL; being the Hegelian System in Origin,
Principle, Form, and Matter, By J. H. Stintxe, LL.D, 2 vols, 8vo, 28s,

SIR WILLIAM HAMILTON ; being the Philosophy of Perception : an
Analysis, By J. H, STIRLING, LL.I}. Svo. §s.

LEET‘?%ESl on the PHILOSOPHY of LAW. Together with Whewell
Mosrocgel, and Hegel and Mr, W. R. Emith; a Vindicati rsico-
Mathematical HEEEI.I'E(IL By J. H. STIHLIKG,"T:L:.D.“ S'l.':hlj !.‘:f.mmu I



10 NEW WORKS rupLisnEn By LONGMANE AXD CO.

As REGARDS PROTOPLASM. By J. H. Snnuiwe, LLD. Second

Edition, with Additions, in reference to Mr. Huxley's SBecond Issoe and a new
Preface in reply to Mr, Huxley in * Yeast.,” 8vo, price 2s.

The SENSES and the INTELLECT. By Acexaxper Bawy, M.D,
Professor of Logic in the University of Aberdeen. Third Edition. 8vo, 15s.

MENTAL and MORAL SCIENCE: a Compendium of Psychology
and Ethics, By the same Author, Third Edition. Crown 8vo. 10s. 6d. Or

separately : PAnr I. Mental Science, price 65, 6d, ; PArT II. Moral Science,
price 45 Gd.

LOGIC, DEDUCTIVE and INDUCTIVE. By the same Author. In
Two PARTS, crown 8vo. 105, 64, Each Part may be had separately :(—
PART 1. Deduction, 4s. Panr 11. fnduction, 6s. Gd.

TIME and SPACE; a Metaphysical Essay. By Smapworts H.

HopgsoX. (This work covers the whole gronnd of Bpeculative Philosoph
Svo. price 165, 13 s SeRe:)

The THEORY of PRACTICE ; an ETHICAL ENQUIRY. By the same

Aunthor. (This work, in conjunction with the foregoing, completes a system of
Philosophy.) 2 vols, 8vo. price 24s. =

The PHILOSOPHY of NECESSITY; or, Natural Law as applicable to

Elu[entga.l. Moral, and Bocial Science. By CHARLES Bray., Second Edition.
vo. ds,

A Manual of Anthropology, or Science of Man, based on Modern
Research. By the same Author, Crown 8vo. price 6s.

On Force, its Mental and Moral Correlates. By the same Author.
8va. 4s.

A TREATISE on HUMAN NATURE ; being an Attempt to Introduce

the Experimental Method of Reasoning into Moral Subjects. By Davip HUME.
Edited, with Notes, &c. by T. H. GREEX, Fellow, and T. H, Grosg, late Scholar,

of Balliol College, Oxford. 2 vols. 8vo. [In the press.
ESSAYS MORAL, POLITICAL, and LITERARY. By Davio Home.
By the same Editors. 2 vols., 8vo. [In the press.

UEBERWEG'S SYSTEM of LOGIC and HISTORY of LOGICAL
DOCTRINES. Translated, with Notes and Appendices, by T. M. LINDSAY,
M.A. FP.R.B.E. Bvo. price 16s.

A BUDGET of PARADOXES. By Avcusrus De Moreax, F.R.AS.
and C.P.S. Reprinted, with the Anthor's Additions, from the Athencuni. 8vo,
price 155,

= =

Astronomy, Meteorology, Popular Geography, &e.

OUTLINES of ASTRONOMY. By Sir J. F. W. Herscrer, Bart.
' g[.ﬁ. Latest’ Edition, with 9 Plates and numerous Diagrams, Square crown
vo. price 125, !

ESSAYS on ASTRONOMY : a Series of Papers on Planets and Meteors,
the Sun and Sun-surrounding Space, Stars and Star-Cloudlets ; and a Dissertation
on: the approaching Transit of Venus: preceded by a Sketch of the Life and
Work of Sir John Herschel, By RicEano A, ProcTon, B.A. Hon. Sec. R.A.B.
With 10 Plates and 24 Woodcnts. 8vo. price 12s.

L]
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The MOON ; her Motions, Aspect, Scenery, and Physical Condition.
By RicHARD A, ProcToR, B.A. Cantab. Hon. Sec, B.A.S. With Plates, Charts,
Woodents, and Three Lunar Photographs by Rutherford, of New York. Crown
8vo. price 15s.

The SUN; RULER, LIGHT, FIRE, and LIFE of the PLANETARY
EYETEM. By RicHARD A, ProcToR, B.A, F.R.AB. Becond Edition, with 10
Plates (T coloured) and 107 Figures on Wood, Crown 8vo. 14s

OTHER WORLDS THAN OURS; the Plurality of Worlds Studied
nnder the Light of Recent Scientific Researches. By the same Author. Third
Edition, with 14 Illustrations. Crown Svo. 105 Gd,

The ORBS AROUND US; a Series of Familiar Essays on the Moon
and Planets, Meteors and Comets, the Sun and Coloured Pairs of Stars. By the
game Anthor. Crown 8vo. price 7s. 6d.

The STAR DEPTHS; or, Other Suns than Ours: a Treatise on
Stars, Star-Systems, and Star-Cloudlets. By the same Author., Crown 8vo.
with numerons Illustrations. | Nearly ready.

SATURN and its SYSTEM, BythesameAuthor. 8vo.with 14 Plates, 14s.

SCHELLEN’S SPECTRUM ANALYSIS, in its application to Terres-
trial Substances and the Physical Constitution of the Heavenly Bodies, Trans-
lated by JANE and C. LASsELL; edited, with Notes, by W. Hugoms, LL.D.
F.R.8, With 13 Plates (6 coloured) and 223 Woodcuts, Svo. price 28s.

A NEW STAR ATLAS, for the Library, the Sehool, and the Observatory,
in Twelve Circular Maps (with Two Index Plates). Intended as a Companion
to *Webb's Celestial Objects for Common Telescopes.! With a Letterpress
Introduction on the Study of the Stars, illustrated by 9 Diagrams. By RICHARD
A. ProcToR, B.A. Hon, Sec. R.A.8. Crown 8vo. 5s.

CELESTIAL OBJECTS for COMMON TELESCOPES. By the Rev.

T. W. WEBE, M.A, F.R.A.8. Third Edition, revised and enlarged ; with Maps,
Flate, and Woodents, Crown 8vo. price 7s. 6d.

AIR and RAIN; the Beginnings of a Chemical Climatology. By
BoperT ANGus SmurH, Ph.D. F.R.5. F.C.8. Government Inspector of Alkali
Works, With 8 Illustrations, Svo. price 24s.

NAUTICAL SURVEYING, an INTRODUCTION to the PRACTICAL
and THEORETICAL STUDY of, By Joux Exox LivenTOon, M.A. F.R.A.5.
Small 8vo. price s,

MAGNETISM and DEVIATION of the COMPASS. TFor the Use of

Students in Navigation and Science Schools, By Jony MERRIFIEL LL.D
F.R.A.S. 18mo. price 1s. 6d, 5 R i

DOVE'S LAW of STORMS, considered in connexion with the Ordinary

Movements of the Atmosphere. Translated by R. H. Beorr, M.A, T.C.D.
dvo. 105, Gd.

KEITH J pH'HET!JH'S GENERAL DICTIONARY of GEOGRAPHY,
Descriptive, Physical, Statistical, and Historical ; forming a complate Gazettear
of the World. New Edition, revised and corrected to the FPresent Date by the
Author's Bon, Kerrg Jonxsrox, F.R.G.8, 1 vol. Svo. [Neariy ready.

TheﬁlPl}IBLIE hEﬂHﬂﬂLE ATLAS of MODERN GEOGRAPHY. In
aps, exhibiting clearly the more important Phyeical TFeatu f

Efm?ﬂgmimﬁﬁﬂ ]h’nt!ng all the Chief Places of I]i[ial;u:-rima.:l. Eger:u?cmmf

rest, ited, with an Introduction, . &, Bu ] i

Imp. 4to. price 8. €d. sewed, or s, cloth. PR G QU MR
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A MANUAL of GEOGRAPHY, Physical, Industrial, and iti
By W. Huonzs, B.R.G.5, With 6 Maps. Fop. 7a.6a, —° — 0+ ontical,

MAUNDER'S TREASURY of GEOGRAPHY, Physical, Historical
Descriptive, and Political. Edited by W. Husnes, F.R.G.5. Revised Edir.ian’
with 7 Maps and 16 Plates. Fep. 6s. cloth, or 10s. bound in calf. 3

_— —

=

Natural History and Popular Science.

TEXT-BOOKS of SCIENCE, MECHANICAL and PHYSICAL, Edited
by T. M, GOODEVE, M.A. and C. W. MERRIFIELD, F.R.S,
1. GooDEVES Mechanism, 35, 6d.
2, Broxawm's Metals, 3s. 6d.,
3. MILLER'S Inorganic Chemistry, 8s. 84,
4, (GRIFFIN'S A'Igel:!m and Trigonometry, 35, 64,
Notes and Solntions to Algebra and Trigonometry, 85. 6d.
5, 'Warsox's Plane and Solid Geometry, 3s. 6d.
f. MAxXWELL'S Theory of Heat, 35. 6d.
‘7. MERRIFIELD'S Technical Arithmetic and Mensuration, 8s. 64,
HUNTER'S KEY to MERRIFIELD'S Arithmetic and Mensuration, 35, 6d.
8. AXNDERSON'S Strength of Materials and Structures, 3s. 6d.
9. JExEIX'S Electricity and Magnetism, 3s. 6d.
10. BHELLEY'S Workshop Appliances, 3s5. Gd.

ELEMENTARY TREATISE on PHYSICS, Experimental and Applied.
Translated and edited from GaAxor's Eléments de Pliysique (with the Anthor's
sanction) by E. ATkIxs0o¥N, Ph.D. F.C.S, New Edition, revised and enlarged ;
with a Coloured Plate and 726 Woodeuts. Post Bvo. 152,

NATURAL PHILOSOPHY for GENERAL READERS and YOUNG
PERSONS ; being a Courze of Physics divested of Mathematical Formulme,
expressed in the language of daily life., Translated from GANOT'S Cours de
Physique (with the Author's sanction) by E, ATmsox, Ph.D, F.C.8. Crown
Evo. with 404 Woodcuts, price 7. 6d.

HELMHOLTZ’S POPULAR LECTURES on SCIENTIFIC SUBJECTS.

Translated by E. ATkmNsoXN, Ph.D. F.C.8. Professor of Experimental Science,
Bitaff College., With an Introduction by Professor TYSDALL, 8vo. with nume-
rous Woodenuts, price 125, Gd.

Mrs, MARCET'S CONVERSATIONS on NATURAL PHILOSOFHY. |
Revised by the Author's Son, and augmented by Conversations on Spectrum
Analyzis and Solar Chemistry. With 36 Plates. Crown 8vo. price 7s. Gd. |

SOUND: a Course of Eight Lectures delivered at the Royal Institution
of Great Britain. By Joay Tyxparr, LL.D. D.C.L. F.R.8. New Edition,
crown 8vo. with Portrait of M. Schladnd and 169 Woodcnis, price 8s.

HEAT a MODE of MOTION. By Professor Joux Tysparnc, LL.D.
D.C.L. F.R.8. Fourth Edition. Crown &vo. with Woodcuts, 105, Gd.

CONTRIBUTIONS to MOLECULAR PHYSICS in the DOMAIN of

RADIANT HEAT ; a Series of Memoirs published in the Philosophical Trans-
actions and Philosophical Magazine. By Jonx Ty¥pALL, LL.D. D.C.L. F.R.S.
With 2 Plates and 31 Woodcuts. Svo. price 165

RESEARCHES on DIAMAGNETISM and MAGNE-CRYSTALLIC

ACTION ; including the Question of Diamagnetic Polarity. By the same Author.
With 6 plates and many Woodeuts. Svo. price 1ds.
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NOTES of a COURSE of SEVEN LECTURES on ELECTRICAL

PHENOMENA and THEORIES, delivered at the Royal Institution, A.D. 1870,
By Joax Tyxpirr, LL.D. Crown 8vo. 1s. sewed, or 1s. 6d. cloth.

ELEMENTARY TREATISE on the WAVE-THEORY of LIGHT.
By HusmpHREY Lroyn, D.D. D.C.L, Provost of Trinity College, Dublin, Third
Edition, revised and enlarged. Svo. price 105, Gd,

LECTURES on LIGHT delivered in the United States of America in
the Years 1872 and 1873. By Jonx Tyxpart, LL.D. D.C.L. F.R.S. With
Frontispiece and Diagrams, Crown 8vo, price 7s, Od.

NOTES of a COURSE of NINE LECTURES on LIGHT delivered at the

Royal Institution, A.D. 1869, By the same Author. Crown8vo. price ls. sewed,
or 1s. 6d. cloth,

FRAGMENTS of SCIENCE. By Jonx Tyxparr, LL.D. D.C.L. FR.S,
Third Edition. 8vo. price 14s.

LIGHT SCIENCE for LEISURE HOURS; a Series of Familiar
Essays on Scientific Subjects, Natural Phenomena, &c. By R. A. PRrocToR,
B.A. F.R.A.8. Becond Edition, revised, of the First Series. Crown 8vo. price
7s. 6d.—BEcoxp SERIES, including a Sketch of the Life of Mary Bomerville.
Crown 8vo. price Ts. 6d.

The CORRELATION of PEHYSICAL FORCES, By Sir W. R. Grove,

Q.C. V.F.R.8. Fifth Edition, revised, and followed by & Disconrse on Continuity.
Evo. 105, Gd.

Professor OWEN'S LECTURES on the COMPARATIVE ANATOMY

Enﬂ Physiology of the Invertebrate Animals, Second Edition, with 235 Woodents.
vo. 21s.

The COMPARATIVE ANATOMY and PHYSIOLOGY of the VERTE-

BRATE ANIMALS. By RICHARD Owex, F.R.8, D.C.L. With 1,472 Woodcuts,
4 vols. 8vo. £3. 135, 6d.

PRINCIPLES of ANIMAL MECHANICS, By the Rev. S. Havcarox,

F.R.S. Fellow of Trin. Coll. Dubl. M,D, Dubl. and D.C.L. Oxon. Svo. with 111
Figures on Wood, price 215,

The ANCIENT STONE IMPLEMENTS, WEAPONS, and ORNA-

MENTS of GREAT BRITATN. By Jonx Evaxs, F.R.S. F.5.A. With 2 Pl
and 476 Woodents. 8vo, price 285, 1 i I:|._ ates

The ORIGIN of CIVILISATION and the PRIMITIVE CONDITION

of MAN ; Mental and Social Condition of Savages. By Sir Jony Ly BOCK
Bart. M.P, F.R.§. Second Edition, with 25 Woodctts, -Svo, price 165

The PRIMITIVE INHABITANTS of SCANDINAVIA : containing a
Description of the Implements, Dwellings, Tombs, and Mode of Living of the

Savages in the North of Europe during the Stone A ¢. B X :
With 16 Plates of Figures and 8 Woodcuts, 8vo. 185, £ AL ﬁ:,lf}mmh

BIBLE ANIMALS; being a Description of every Livi
- 3 ¥in
mentioned in the Beriptures, from the AII:E to the Cura.I.:rr J Creature

5 By tl
Woop, M.A, F.L.8. With about 100 Vignettes on Wood. E?g. 21]:. Dy

HOMES WITHOUT HANDS: & Description of the Halitat:
Animals, elassed according to tlu!air PrIm:ipl:I;E Construction, ﬂbltﬁ.tmna o

5 ' g - B I
G. Woop, M.A, F,.L.8, With about 140 Vignettes on Wooq, Svu?!ﬁ.ﬂ SaVslk
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MANKIND, their ORIGIN and DESTINY. Byan M.A. of Balliol

College, Oxford. Containing a New Translation of the First Three Chapters of
Genesia; n Critical Examination of the First Two Gospels ; an Explanation of
the Apocalypse ; and the Origin and Secret Meaning of the Mythological and
Mystical Teaching of the Ancients, With 31 Illustrations, B8vo. price 8ls. 6d.

INSECTS AT HOME; a Popular Account of British Insects, their
Structure, Habits, and Transformations. By the Rev. J, G. Woop, M.A, F.L.8.

With upwards of 700 Illustrations engraved on Wood (1 colonred and 21 full size
of page). B8vo, price 21s. h

INSECTS ABROAD; bLeing a Popular Account of Foreign Insects,
their Structure, Habits, and Tranformations, By J. G. Woop, M. A, F.L.E.
Author of * Homes withont Hands,' &c, In One Volume, printed and ilus-
trated uniformly with * Insects at Home,'to which it will form a Sequel and
Companion. [in the press.

STRANGE DWELLINGS; a description of the Habitations of
Animals, abridged from * Homes without Hands." By the Rev. J. G. Woob,
M.A. F.L5. With about 60 Woodeut Illustrations. Crown 8vo. price Ts. 04,

A FAMILIAR HISTORY of BIRDS. By E. Srawiey, D.D. F.R.5.
late Lord Bishop of Norwich, Seventh Edition, with Woodeuts. TFep. 3s. Gd.

The HARMONIES of NATURE and UNITY of CREATION. By Dr,
GEORGE HanTwIg., 8&vo. with numerous Illnstrations, 18s,

The S8EA and its LIVING WONDERS. By Dr. Grorce Harrwic.
Latest revised Edition. 8vo. with many Illustrations, 10s, Gd.

The TROPICAL WORLD. By Dr.Georce Harrwic. With above 160
INustrations, Latest revised Edition. 8wo. price 10s. 6d.

The SUBTERRANEAN WORLD. By Dr. Geornce Hartwie., With
3 Maps and about 8¢ Woodcuts, including 8 full size of page. 8vo. price 21s.

The POLAR WORLD, a Popular Description of Man and Nature in the
Arctic and Antarctic Regions of the Globe. DBy Dr. GrorGE HArtwic., With
8 Chromoxylographs, 3 Maps, and 85 Woodcuts, 8vo. 21s.

KIRBY and SPENCE'S INTRODUCTION to ENTOMOLOGY, or
Elements of the Natural History of Insects, 7th Edition. Crown 8vo. 5s.

MAUNDER'S TREASURY of NATURAL HISTORY, or FPopular
Dictionary of Birds, Beasts, Fishes, Beptiles, Insects, and Crgeping Things.
I.atest revised Edition, with above 900 Woodeuts. Fep. 8vo. price 6s, cloth, or
10s. bound in calf. -

HANDBOOK of HARDY TREES, SHRUBS, and HERBACEOUS
PLANTS, containing Descriptions, Native Countries, &e. of a Selection of the
Best Species in Cultivation; togethér with Cuoltural Details, Comparative
Hardiness, Suitability for Particular Positions, &e, By W. B. HEMsLEY, for-
merly Assistant at the Herbarium of the Royal Gardens, Kew. Based on
DrcAISNE and NAUDIN'S Manuel de I Amateur des Jardins, and including the 264

. Original Woodcuts, Medium Syo. 21s.

AGENERALSYSTEM of BOTANY DESCRIPTIVE and ANALYTICAL.
I. Outlines of Organography, Anatomy, and Physiology ; II. Descriptions and
Tllustrations of the Orders. By E. Lk MaouT, and J. DECAISNE, Members of
‘the Institute of France. Translated by Mrs. Hooger. The Orders arranged
after the Method followed in the Universities and Schools of Great Britain, its
(lolonies, America, and India, with Additions, an Appendix on the Natural
Method, and & Synopsis of the Orders, by J. D. Hooker, F.R.S, &c. Director
of the Royal Botanical Gardens, Kew., With 5,500 Woodcuts. Imperial &vo.
price 52s. Gd.
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The TREASURY of BOTANY, or Popular Dictionary of the Vegetable
Kingdom ; inclnding o Glossary of Botanical Terms. Edited by J. LinpLey,
F.R.S. and T. Moone, I.I.8. assisted by eminent Contributors. With 274
Woodcuts and 20 Steel Plates. Two Parts, fop. 125, cloth, or 20s. calf,

The ELEMENTS of BOTANY for FAMILIES and SCHOOLS.
Tenth Edition, revised by THoMAS Moorg, F.L.8. Fep. with 154 Wood-
cuts, 25, 6d.

The ROSE AMATEUR’S GUIDE. By Tunomas Rivers, Fourteenth
Edition. Fop. 45,

LOUDON'S ENCYCLOPZEDIA of PLANTS; comprising the Specific
Character, Description, Culture, History, &e. of all the Plants found in
Great Britain, With upwards of 12,000 Woodecuts, Svo. 42s.

MAUNDER'S SCIENTIFIC and LITERARY TREASURY. New
Edition, thoroughly revised and in great part rewritten, with above 1,000
new Articles, by J. ¥. Jouxsox, Corr. M.Z.8, Fcp. 65, cloth, or 10z, calf,

A DICTIONARY of SCIENCE, LITERATURE, and ART. TFourth
Edition, re-edited by W. T. BRAXDE (the original Author), and GEoRgR W.
Cox, M.A., assisted by contributors of eminent Scientific and Literary
Acquirements. 3 vols, medium Svo. price 63s. cloth,

Chemistry, Medicine, Surgery, and the
Allied Sciences.

A DICTIONARY of CHEMISTRY and the Allied Branches of other
Sciences. By HENRY WaATT:, F.R.S. assisted by eminent Contributors.
Complete in 6 vols, medium 8vo. price £8. 14s. 6d.

ELEMENTS of CHEMISTRY, Theoretical and Prm:ﬁi::al. By W. Aviex
MitLer, M.D. late Prof. of Chemistry, Eing’s Coll. London. HNew

Edition, 8 vols. 8vo. £3. PaRr I. CHEMICAL PHYSIOS, 15, Parr II.
INORGANIC CHEMISTRY, 21s, PaArT III. ORGANIC CHEMISTRY, 245,

A Course of Practical Chemistry, for the use of Medical Students.
By W. OpLivg, F.R.S. New Edition, with 70 Woodeuts. Crown Bvo. Ts. 6d,

A MANUAL of CHEMICAL PHYSIOLOGY, including its Points of
Contact with Pathology. By J. L. W. TavpicaUM, M.D, With Woodents.
8vo. price 75, 6d.

SELECT METHODS in CHEMICAL ANALYSIS, chiefly INOR-
GANIC. By WiLLiAM Crooxks, F.R.S. With 22 Woodeuts, Crown Svo.
price 12s, 6d,

CHEMICAL NOTES for the LECTURE ROOM, By Tuowas Woop,
F.C.8. 2 vols. crown &vo, I.on Heat, &c. price 5s5. IT. on the Metals, 5i.

The HANDBOOK for MIDWIVES, By Hexry Fry Smma, B.A.

M.B. Oxon. M.R.C.5. late Assistant-Surgeon at the Hospital f Worn
Soho-square. With 41 Woodcuts. Crown 8vo, 55, ite) for, Women,

The DIAGNOSIS, PATHOLOGY, and TREATMENT of DISEASES
of WOMEN ; including the Dingnosis of Pregnancy, By GRALY Hewirr,

M.D. Third tion, partly rewritten ; with severa] i
S Tl s partly 3 additional Illustrations,
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On SOME DISORDERS of the NERVOUS SYSTEM in CHILD-

HOOD ; twing the Lumleian Lectures delivered before the Royal College of
Physicians in March 1871, By Cuannes Wesr, M.D. Crown 8vo. price 5s,

LECTURES on the DIBEASES of INFANCY and CHILDHOOD. By
CHARLES WEsT, M.D. &c¢. New Edition, revised and enlarged. Bvo. 16s.

The SCIENCE and ART of SURGERY ; being a Treatise on Surgical

Injuries, Diseases, and Operations. By Jonxy Emwe EnicHsSEX, Benlor
Burgeon to University College Hospital, and Holme Professor of Clinical
Surgery in University College, London. A new Editlon, being the Bixth,
revised and enlarged ; with 712 Woodeuts, 2 vols. Bvo. price 32s,

A SYSTEM of SURGERY, Theoretical and Practical. In Treatises

by Various Authors, FEdited by T. Honmes, M. A, &e. Surgeon and Lecturer

. on Surgery at St. George's Hospital, and Burgeon-in-Chief to the Metro-
politan Police. Second Edition, thoroughly revised, with numerous Illus—
trations. & vols. 8vo. £5. s

The SURGICAL TREATMENT of CHILDREN'S DISEASES. By

T. HoLMmes, M.A, &c. late Burgeon to the Hospital for Bick Children.
Second Edition, with 8 plates and 112 Woodents, Bvo. 21s.

LECTURES on the PRINCIPLES and PRACTICE of PHYSIC. By
Hir TroMAS Warsox, Bart, M,D. Tifth Edition, thorooghly revised.
2 vola. 8vo. price 36s.

LECTURES on SURGICAL PATHOLOGY. By Sir James Pacer,
Bart. F.R.S. Third Edition, revised and re-edited by the Author and
Professor W. TURYER, M.B. 8vo. with 134 Woodeuts, 21s.

COOPER'S DICTIONARY of PRACTICAL SURGERY and Encyclo-
peedia of Surgieal Science. New Edition, brought down to the present time.
By 8. A, LANE, Burgeon to Bt. Mary's Hospital, assisted by various Eminent
Burgeons. 2 wols. Bvo. price 25s. each,

On CHRONIC BRONCHITIS, especially as connected with GOUT,

EMPHYSEMA, and DISEASES of the HEART. Br E. HEeADLAM
GREENHOW, M.D. F.R.C.P. &c. Svo. 7s. 6d.

The CLIMATE of the SOUTH of FRANCE as SUITED to INVALIDS ;
with Notices of Mediterranean and other Winter Stations. By C. T.
WILLIAMS, M.A. M.D, Oxon. Physician to the Hospital for Consnmption
at Brompton., Becond Edition. Crown 8vo. 6s.

PULMONARY CONSUMPTION: its Nature, Varieties, and Treat-
ment : with an Analysis of One Thousand Cases to exemplify its Duration.
By C.J. B. Wirnntams, M.D, F.R.S. and C. T. Wirriaums, M.A, M.D. Oxon.
T’ost 8vo. price 10s. Gd.

The SKIM-MILK TREATMENT of DIABETES and BRIGHT'S
DISEASE ; with Clinical Observations on the Symptoms and Pathology of
these Affections. By AmrTHUR Scorr Doxxiy, M.D, &c.  Crown 8vo.
price 10s. 6d.

QUAIN'S ELEMENTS of ANATOMY. Seventh Edition [1867],
edited by W. Smawerpy, M.D. F.R.8. ALLEy Trompsox, M.D. F.R.8. and
J. CLELAND, M.D, With upwards of 800 Engravings on Wood. 2 vols. 8vo.
price 31s. Gd.

ANATOMY, DESCRIPTIVE and SURGICAL. DBy Hesuy Gray,
F.B.B. With about 400 Woodcauts from Dissections. ESixth lEd.lt-i-un, by
T, HoLmEs, M.A. Cantab, with a new Introduction by the Editor. Ioyal
&vo. 28z,
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A TREATISE on the CONTINUED FEVERS of GREAT BRITAIN;
By CoArLEs Munchisoy, M.D. LL.D. F.R.S. F.R.C.P, &c.  Second Edition,
thoroughly revised and enlarged, with numerous Illustrations, 8vo. price 24s,

CLINICAL LECTURES on DISEASES of the LIVER, JAUNDICE,
and ABDOMINAL DROPSY. By CHARLES MumrcHISON, M.D. Post Svo.
with 256 Woodcuts, 105, 6d.

OUTLINES of PHYSIOLOGY, Human and Comparative. By Jomx
MarsHALL, F.R.C.5. Surgeon to the University College Hospital. 2 vols.
crown 8vo. with 122 Woodcuts, 82s.

PHYSIOLOGICAL ANATOMY and PHYSIOLOGY of MAN. By the
late R. B, Topp, M.D. F.R.8. and W. Bowaax, F.R.S, of King's College.
With numerouns Ilnstrations, Vol. II. 8vo. 25s.

Vor.I. New Edition by Dr. Lioxer. S. BEALE, F.R.8, in course of publi-
cation, with many Illustrations, PAnTs I, and II. price Ts. 6d. each,

COPLAND'S DICTIONARY of PRACTICAL MEDICINE, abridged
rom the larger work and throughont brought down to the present State
of Medical Science, Svo. 365,

On the MANUFACTURE of BEET-ROOT SUGAR in ENGLAND
and TRELAND. By Winuam Crooxes, ¥.S.. Crown 8vo., with 11
Woodcnts, 8. 6d,

DR. PEREIRA'S ELEMENTS of MATERIA MEDICA and THERA-
PEUTICS, abridged and adapted for the nse of Medical and Pharmacentieal
FPractitioners and Students; and comprising all the Medicines of the
British Pharmacopeeis, with such others as are frequently ordered in Pre-
scriptions or required by tha Physician, Edited by Professor BENTLEY,
F.L.S. &e. and by Dr. Repwoon, F.C.8. &e. With 125 Woodent Illustra-
tions. 8vo. price 257,

The ESSENTIALS of MATERIA MEDICA and THERAPEUTICS.
By ALFRED BARING Ganrop, M.D. F.R.8. &o. Physician to King's College

Hospital, Third Edition. Seventh Impression, brought up to 1870, Crown
Bvo. price 125, 6d.

The Fine Arts, and [llustrated Editions.

The THREE CATHEDRALS DEDICATED to ST. PAUL, in LONDON =
their History from the Foundation of the First Building in the Sixth Century
to the Proposals for the Adornment of the Present Cathedral., By WiLLiau
Loxeuay, F.A.S, with numerous Illnstrations. Square crown 8vo. price 21s.

GROTESQUE ANIMALS, invented, described, and portrayed by E, W.
Cookx, R.A. F.R.8. F.G.8. F.Z.5. &c.in Twenty-four Plates, with Elucidatory
Comments. Royal 4to, 215,

IN FAIRYLAND; Pictures from the Elf-World. By Ricmarn
DoyLE. With a Poem by W. ALLINGHAM, With Sixteen Plates, containing
Thirty-six Designs printed in Colours. Folio, 815, 6d.

HALF-HOUR LECTURES on the HISTORY and PRACTICE of the
Fine and Ornamental Arts. By WiLLiax B. Scotr. New Edition, revised
by the Anthor ; with 50 Woodeuts, Crown gvo, 85 Bd,

ALBERT DURER, HIS LIFE and WORKS; including Auto-

biographical Fapers and Complete Catalogues. By Winraum B, BooTT,
With Six Etchings by the Author, aad other Llustrations, 8vo, 16,

i
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The CHORALE BOOK for ENGLAND: the Hymns translated by

Miss C. WinkwonTH; the Tunes arranged by Prof. W. 8. BEXNETT and
OtT0 GoLpscHMIDT. Fep, 4to. 125, Gd,

The NEW TESTAMENT, illustraied with Wood Engravings after the

Early Masters, chiefly of the Italian School. Crown 4to. 63s. cloth, gilt top :
or £5 565, elegantly bound in moroeceo,

LYRA GERMANICA ; the Christian Year. Translated by Catnerive

Wixgwonte; with 125 Illustrations on Wood drawn by J. LEiGHTON,
F.8.A. 4ito.2]s,

LYRA GERMANICA; the Christian Life. Translated by Catrerixe

WiNEwORTH ; with about 200 Woodeut Illustrations by J. Leieurox, F.B.A.,
and other Artists, dto, 21s.

The LIFE of MAN SYMEOLISED by the MONTHS of the YEAR,

Text selected by R. P16or; Illustrations on Wood from Original Designs by
J. LElcaTon, F.B.A. dto. 42s,

CATS' and FARLIE'S MORAL EMBLEMS; with Aphorisms, Adages,

and Proverbs of all Nations, 121 Illustrations on Wood by J, LEiGHTON,
F.5.A, Text selected by IR. PiGor, Imperial 8vo, 31s. Gd.

SACRED and LEGENDARY ART. Dy Mgs, Jauesox.

Legends of the Saints and Martyrs. New Edition, with 19
Etchings and 187 Woodecuts. 2 vols. square crown Bvo. 31z 6d.

Legends of the Monastic Orders. . New Edition, with 11 Etchings
and 88 Woodcuta, 1 vol. square crown Svo. 213,

Legends of ‘the Madonna. New Edition, with 27 Etchings and
185 Woodcuts. 1 vol, sguare crown 3vo. 21s

The History of Our Lord, with that of his Types and Precursors.
Completed by Lady EAsTrARKE. Hevised Edition, with 31 Etchings and
281 Woodeunts., 2 vols. square crown Svo. 424,

The Useful Arts, Manufactures, &c.

HISTORY of the GOTHIC REVIVAL; an Attempt to shew how far
the taste for Medizeval Architerture was retained in England during the
last two centuries, and has heen re-developed in the present. By C. L. EAST-
LAEKE, Architect. With 48 Illustrations (36 full size of page). Imperial 8vo.
price 313, 6d.

GWILT'S ENCYCLOPZEDIA of ARCHITECTURE, with above 1,600

Engravings on Wood. Fifth Edition, revised and enlarged by WryaTr
ParwonTH., Bvo. 52 Gd.

A MANUAL of ARCHITECTURE: being a Concise History and

Explanation of the principal Styles of European Architecture. Ancient,
!.Ingimah and Renaissance: with a Glossary of Technical Terms., DBy
TrHOMAS MrTcnELn, Crown 8vo. with 160 Woodcuts, 105, 6d.

HINTS on HOUSEHOLD TASTE in FURNITURE, UPHOLSTERY,
and other Details. Py Cpoanies L. EASTLAKE, Architect. New Ldition,
with about 90 Illustrations, Square crown $vo. 14s,
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PRINCIPLES of MECHANISM, designed for the Use of Students in
the Universities, and for Engineering Students generally. By. R,
WiLLs, M.A, F.R.8, &c. Jacksonian Professor in the University of Cam-
bridge. Second Edition, enlarged : with 374 Woodcuts, Svo, 184,

GEOMETRIC TURNING: comprising a Deseription of Plant's New
Geometric Chuck, with directions for its use, and a series of Patterns cut by
it, with explanations of the mode of prodocing them, and an account of a New
Process of Deep Cutting and of Graving on Copper. By H. 5. SAVORY., With
numerous Woodcnts, Svo. 21s.

LATHES and TURNING, Simple, Mechanical, and ORNAMENTAL.

By W. Hexry Nornrucorr, With about 240 Illustrations on Steel and
Wood. Bvo. 18s.

PERSPECTIVE ; or, the Art of Drawing what One Sees. Explained
and adapted to the use of those Sketching from Natuore, _ By Lieut. W. H.
CoLuixs, R.E. F.R.A.8. With 37 Woodcuts, Crown 8vo. price 54,

URE'S DICTIONARY of ARTS, MANUFACTURES, and MINES,
Sixth Edition, chiefly rewritten and greatly enlarged by RosERT AUxT, F.R.S.
assisted by numerous Contributors eminent in Beienee and the Arts, and
familiar with Manufactures.® With above 2,000 Woodents. 8 vols, medinm
8vo. price £4 14s 64,

HANDBOOK of PRACTICAL TELEGRAPHY. By R. S. CurLrEy,
Memb. Inst. C.E., Engineer-in-Chief of Telegraphs to the Post Office. Fifth
Edition, with 118 Woodeuts and 9 Plates, Syo. price 14s,

ENCYCLOPEDIA of CIVIL ENGINEERING, Historical, Theoretical,
and FPractical. By E. Cresy, C.E. With above 4,000 Woodcnts. 8vo. 42s.

The STRAINS IN TRUSSES Computed by means of Diagrams ; with
20 Examples drawn to Scale, By F. A. RAXKEN, M.A. O.E, Lecturer at the
Hartley Institution, Sonthampton. With 35 Diagrams. Square crown 8vo.
price Gs, Gd,

TREATISE on MILLS and MILLWORK., By Sir W. Fairpamrx,
BurLﬁF.H.& New Edition, with 18 Plates and 322 Woodcuts, 2 vols,
8vo. 32s.

TUSEFUL INFORMATION for ENGINEERS. By the same Author,
Firsr, 8Ecoxn, and THIRD SERIES, with many Plates and Woodcuts, 8§ vols,
crown 8vo. 10s. Gd. each,

The APPLICATION of CAST and WROUGHT IRON to Building

Purposes. By Sir W. FAIRBAIRY, Bart. F.R.S. Fourth Edit&on,culnrged; with
6 Plates and 118 Woodcuts, 8vo, price 16z,

A TREATISE on the STEAM ENGINE, in its various Applications
to Mines, Aills, Steam Navigation, Railways, and Agriculture. By J. BoURNE,
C.E. Eighth Edition » With Portrait, 37 Plates, and 54 Woodcuts., d4to. 423,

CATECHISM of the STEAM ENGINE, in its varions Applications to

Mines, Mills, Steam Navigation, Railways, and Agriculture, By the same
Author. With 88 Woodcuts, Fep. Gs,

HANDBOOK of the STEAM ENGINE, By the same Author, forming
a KEY tothe Catlechism of the Steam Engine, with 67 Woodcuts, Fep, 9s.

BﬂURFE‘S RECENT IMPROVEMENTS in the STEAM ENGINE in itg
various applications to Mines, Mills, Steam Navigation, Railways, and ' Agri-
culture.  Heing g Supplement to the Author's ‘ Uatechism of the Steam
Engine” By Jony Bovnxe, C.E. New Edition, including many New
Examples; with 124 Woodcnts. Fep. 8vo. 6z,
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PRACTICAL TREATISE on METALLURGY, adﬂ.pted from the last
. German Edition of Professor Kenr'e Meallurgy by W. Crookes, F.R.B, &c
and E. Bounrig, Ph.D. M.E. With 626 Woodcuts. 3 vols, 8vo, price £4 195, '

MITCHELL'S MANUAL of PRACTICAL ASSAYING. Fourth Edi-

tion, for the most purt rewritten, with all the recent Disco
by W. Crookes, F.R.8. With 100 Woodeuts. 8vo. 814, 64, g e e

LOUDON'S ENCYCLOPZEDIA of AGRICULTURE: comprising the
Laying-out, Improvement, and Management of Landed Property, und the Culti-
EET}MM Economy of the Productions of Agriculture, With 1,100 Woodcuts

. 214, "

Loudon’s Encyclopesdia of Gardening: comprisi

: prising the Theory and
Practice of Horticulture, Floriculture, Arboricultu 3 i
With 1,000 Woodeuts, 8vo. 21s. R aupeepe SaRl N

BAYLDON'S ART of VALUING RENTS and TILLAGES, and Claims

of Tenants upon Quitting Farms, both at Michaelmas and Lady Day. Ei
Edition, revised by J. C. MORTON. S$vo, 10s, 6d. ¥ A% SEE)

Religious and Moral Works.

INTRODUCTION to the SCIENCE of RELIGION. Four Lectures
delivered at the Royal Institution; with Two Essays on False Analogies and
the Philozophy of Mjythology. By F. Max MULLER, M.A, Crown 8vo.
price 10s. Gd.

ESSAYS on the HISTORY of the CHRISTIAN RELIGION, ]33' JoEN

Earl RUssELL. Second Edition, revised, 8vo. price 10s. 6d.

EIGHT ESSAYS on ECCLESIASTICAL REFORM, by Various Writers;
together with a Preface and Analysis of the Essays. Edited by the Rev. Orpy
SHIPLEY, M.A. Crown 8vo. 10s. Gd.

The SPEAKER'S BIBLE COMMENTARY, by Bishops and other
Clergy of the Anglican Church, critically examined by the Right Bev. J. W.
CoLEN=0, D.D. Bishop of Natal 8vo. PanT I. Genesis, 32 Gd. PART IT,
Erodus, 4s. 6d. Panrt III, Leviticus, 2. 6d. PART IV. Numbers, 3s. Gd.

PARE V. Deuteronomy, bs.

The OUTLINES of the CHRISTIAN MINISTRY DELINEATED, and

bronght to the Test of Heason, Holy Scripture History, and Experience, with a
view to the Reconciliation of Existing Differences concerning it, especially
between Presbyterians and Episcopalians. By ., WorpswonTH, D.C.L. Bishop
of St. Andrews. Crown 8vo. price 7s. 6d.

CHRIST the CONSOLER; a Book of Comfort for the Sick. Witha
Preface by the Right Rev. the Lord Bishop of Carlisle. Small 8vo. price 6s.

REASONS of FAITH; or, the ORDER of the Christian Argument
Developed and Explained, By the ey, . 8. DREw, M.A. Second Edition,
revised and enlarged. Fep. 8vo. price 6s.

The TRUE DOCTRINE of the EUCHARIST. By Tronmas S. L. Vocax,
D.D. Canon and Prebendary of Chichester and Rural Dean. 8vo, price 18s.

SYNONYMS of the OLD TESTAMENT, their BEARING on CHRIS-
TIAN FAITH and PRACTICE, By the Rev. ROBERT BAKER GIRDLESTONE,
M.A. Svo. price 15
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An INTRODUCTION to the THEOLOGY of the CHURCH of
ENGLAND, in an Exposition of the Thirty-nine Articles. By the Rev, T. P,

; BouLreer, LL.D. New Edition, Fep. Bvo. price 6s,

FUNDAMENTALS ; or, Bases of Belief concerning MAN and GOD :
a Handbook of Mental, Moral, and Relipions FPhilosophy., By the Rev, T,
GRIFFTTH, M.A. 8vo. price 10s. 6d.

PRAYERS for the FAMILY and for PRIVATE USE, selected
from the COLLECTION of the late BARON BUNSEN, and Translated by
CATHERINE WINKEWORTH. Fep. Svo. price 3s. Gd.

The STUDENT'S COMPENDIUM of the BOOK of COMMON
PRAYER ; being Notes Historical and Explanatory of the Liturgy of the
Church of England. By theRev. H, ALLDEN NasH. Fep. 8vo. price 2s. 6d.

An EXPOSITION of the 89 ARTICLES, Historical and Doctrinal,
By E. HAROLD BROWXE, D.D). Lord Bishop of Ely. Ninth Edit. 8vo. 168, ~

The LIFE and EPISTLES of ST. PAUL. By the Rev. W. J.
CONYBEARE, M.A., and the Very Rev. J. 8, Howsox, D.D. Dean of Chester :—
Lisrany Eprrrow, with all the Original Illustrations, Maps, Landscapes on

Steel, Woodeuts, &e. 2 vols, 4to. 45
INTERMEDIATE EDiTION, with a Selection of Maps, Plates, and Woodcuts,

2 vols. square crown Evo. ?Is.
STUDENT'S EDITION, revised and condensed, with 46 Illustrations and Maps,

1 vol. crown 8vo. price Bs.
The VOYAGE and SHIPWRECK of ST. PAUL ; with Dissertations

on the Life and Writings of St. Luke and the Ships and Navigation of the
Ancients, By JAMEs SyarH, F.R.8, Third Edition. Crown 8vo. 10s. 64, :

COMMENTARY on the EPISTLE to the ROMANS. By the Rev.
W. A. O’CoxoR, B.A, Rector of St. Simon and St. Jude, Manchester. Crown
Svo. price 8s. 6d.

The EPISTLE to the HEBREWS; with Analytieal Introduction and
Notes. By the Rev. W. A. O'Coxor, B.A. Crown &vo. price 45, 6d.

A CRITICAL and GRAMMATICAL COMMENTARY on ST. PAUL'S
Epistles. By C.J. Eruicorr, D.D. Lord Bishop of Gloucester and Bristol. 8v0.
Galatians, Fourth Edition, 8s. 6d.
Ephesians, Fourth Edition, 8s. 6d.
Pastoral Epistles, Fourth Edition, 10s, 64,
Philippians, Colossians, and Philemon, Third Edition, 10s, 6d.
Thessalonians, Third Edition, 7s. 6d.

HISUTDRIL‘AI. LECTURES on the LIFE of OUR LORD JESUS
HRIST : being the Hulsean Lect: for 1850, By 0. J. D,
Eishop of Gloncester and Bristol. }ﬁh Erditrun. E};a. pl'l{H:E:; Iigi?ﬁw’ e

EVIDENCE of the TRUTH of the CHRISTIAN RELIGION derived

fﬁrﬁﬁ the Lil:lnlxml FuIﬁImIejnt of Prophecy. By ALEXANDER KErrH, D.D. 37th

tion; with numerous Plates, in square 8vo. 123, 6d. - t i im-

post Bvo. with 5 Plates, Gs. . 0 AT Haltlan it

Hiutu:y and Destiny of the World and Church, according to
Scripture. By the same Aunthor. Square 8vo, with 40 Illustrations, 10s.

The HISTORY and LITERATURE of the ISRAELITES, according
to the Old Testament and the Apocrypha. By O. Dg RorHscHILD and A. De
ROTHSCHILD. Second Edition, revised. 2 vols. post 8vo, with Tyo Maps,
price 12s. 6d.  Abridged Edition, in 1 vol. fop, 8vo, price 8, 6a. :



a2 NEW WORKS runrisnep By LONGMANS Axp CO.

An INTRODUCTION to the STUDY of the NEW TESTAMENT,

Critical, Exegetical, and Theological. By the Rev. 8, Davipsox, D.D. LL.D.
2 vols. 8vo, 30s,

EWALD'S HISTORY of ISRAEL to the DEATH of MOSES. Trans-

lated from the German. Edited, with a Preface and an Appendix, by Russgrr,
ILI.fm'l'lxl-:M:. M.A. Becond Edition, 2 wvols. Svo. 245, Vois, III. and IV,
edited by J. BE. CAnPENTER, M.A, price 21s. Vo.. V. translated by Mr.
CARPENTER, is in the press,

The TREASURY of BIBLE KNOWLEDGE; being a Dietionary of the

Books, Persons, Places, Events, and other matters of which mention is made in
Holy Scripture, By Hev. J. Avng, M.A, With Maps, 16 Plates, and numerous
Woodcuts,  Fep. 8vo. price 6s. cloth, or 10s. neatly bound in calf,

EVERY-DAY SCRIPTURE DIFFICULTIES explained and illustrated,

By J. E, PREScOTT, M.A. VoL, I. Matthew and Mark ; VoL. IL. Lukeand John,
2 vols. 8vo, 94, each.

LECTURES on the PENTATEUCH and the MOABITE STONE;

with Appendices, containing—I. The Elohistic Narrative ; IT. The Original
Story of the Exodus ; 1I1. The Pre-Christian Cross. By the Right Rev. Joux
Witrtam CoLEss0, D.D, Bishop of Natal, B8vo. price 12s,

The PENTATEUCH and BOOK of JOSHUACRITICALLY EXAMINED,
By the Right Rev. J. W. CoLExso, D.D. Lord Bishop of Natal. People's
Edition, in 1 vol. crown 8vo. Bs.

The FORMATION of CHRISTENDOM. By T. W. Arries. ParrsI,
and IT, 8vo. price 12z, each Part.

ENGLAND and CHRISTENDOM. DBy ArcupisHor Maxxme, D.D,
Post 8vo. price 10s. Gd.

A VIEW of the SCRIPTURE REVELATIONS CONCERNING a
FUTURE 8TATE. By RicHARD WHATELY, D.D. late Archbishop of Dublin,
Ninth Edition. Fep. 8vo. 5s.

THOUGHTS for the AGE. By Ermizaperm M. Sewerr, Author of
¢ Amy Herbert,! &c. New Edition, revised. Fep. 8vo, price 5

Passing Thoughts on Religion. By the same Author. Fep. 8vo. 35 6d.

Self-Examination before Confirmation, DBy the same Author, 32mo.
price 1s. Gd.

Readings for a Month Preparatory to Confirmation, from Writers
of the Early and English Church. By the same Author. Fep. 4s.

Readings for Every Day in Lent, compiled from the Writings of
Bishop JEREMY TAvyLon. By the same Author. Fep. Ss.

Preparation for the Holy Communion ; the Devotions chiefly from
the Works of JEREMY TAYLOR. DBy the same Author. 32mo, Js.

THOUGHTS for the HOLY WEEK for Young Persons. Dy the Author
of * Amy Herbert,' New Edition, Fep. 8vo. 24

PRINCIPLES of EDUCATION Drawn from Nature and Revelation,
and applied to Female Education in the Upper Classes, By the Author of
¢ Amy Herbert," -2 vols. fep, 124, Gd.
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LYRA GERMANICA, translated from the German by Miss O, Wnk-

WORTH. FIRsT SERIES, Hymns for the Sundays and Chief Festivals, Secoxp
SERIES, the Christian Life. Fep. 3s. Gd. each SERIES,

SPIRITUAL SONGS for the SUNDAYS and HOLIDAYS through-
out the Year. By J. 8. B. MoxgrLL, LL, D, Vicar of Egham and Rural Dean.
Fourth Edition. Eixth Thousand. Fep. 4. 6d.

TRADITIONS and CUSTOMS of CATHEDRALS. By Mackeszie
E. C. Wavrcorr, B.D. I.8.A. Priecentor and Prebendary of Chichester. Second
Edition, revised and enlarged. Crown 8vo. price 6s. .

ENDEAVOURS after the CHRISTIAN LIFE: Discourses. By

JAMES MARIINEAU, Fonrth Edition, carefully revised. Post 8vo. 7s. 6d,
WHATELY'S INTRODUCTORY LESSONS on the CHRISTIAN
Evidences. 18mo. 6d.

BISHOF JEREMY TAYLOR'S ENTIRE WORKS. With Life by
Brsnor HEBER. Revised and corrected by the Rev. C. P. EDEX, Complete in
Ten Volumes, 8vo. cloth, price £5. 5s,

L'ravels, Voyages, &c.

SLAVE-CATCHING in the INDIAN OCEAN. By Capt. Corous,
R.N. With a Map and Illustrations from FPhotographs and Original Drawings,
8vo. price 21s,

UNTRODDEN PEAKS and UNFREQUENTED VALLEYS; a Mid-

snmmer Ramble among the Dolomites, By AMELIA B, Epwauns. With a
Map and 27 Illustrations, engraved on Wood from Sketches by the Author,
Medium 8vo. price 214,

The DOLOMITE MOUNTAINS; Excursions through Tyrol, Carinthia,

Carniola, and Friuli, 1861-1868. By J. GILRERT and G, O, CHuRomiLL, F.R.G.8.
With numerous Illustrations, Bquare crown Svo, 21s,

CADORE; or, TITIAN'S COUNTRY, By Josianm GrcBert, one of
the Anthors of the  Dolomite Mountains,’ Witk Map, Facsimile, and 40 Illus-
trations, Imperial 8vo. 81z, Gd,

HOURS of EXERCISE in the ALPS, By Joux Tywxparr, LL.D.
D.C.L. F.R.8. Third Edition, with 7 Woodcuts by E. Whymper, Crown Svo.
price 125, Gd.

MAP of the CHAIN of MONT BLANC, from an Actual Survey in
1863-1864, By ApAms-RELny, F.R.G.S. M.A.C. Published under the An-
thority of the Alpine Club. In Chromolithography on extra stout drawing-
paper 28in. x 17in, price 10s. or monnted on canvas in a folding case, 125. 6d.

TRAVELS in the CENTRAL CAUCASUS and BASHAN. Including

Visits to Ararat and Tabreez and Ascents of Kazbek and Elbruz, By D. W,
FRESHFIELD, Square crown 8vo. with Maps, &c, 18s.

PAU and the PYRENEES. By Count Hesry Russerr, Member of
the Alpine Club, &c. With 2 Maps. Fep. Bvo, price 53,

HOW to SEE NORWAY. By Captain J. R, Camrperr, With Map
and 5 Woodeuts. Fep. Bvo. price bs.
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LIFE in INDIA: a Series of Sketches shewing something of the

Anglo-Indinn, the Land he lives in, and the People among whom he lives, By
EpwARD BRADDON. Post 8vo, price 9s.

MY WIFE and I in QUEENSLAND; Eight Years' Experience in

the Colony, with some account of Polynesian Labour. Dy CHARLES H. EDEN,
With Map and Frontispiece. Crown Hvo. price 95,

The JAPANESE in AMERICA. By Cuarres Laxmaw, American
Secretary, Japanese Legation, Washington, U.8.A. Post 8vo, price 10s. 6d.

RAMBLES, by Parrmicius Warker. Reprinted from Fraser's Magazine,
with a Vignette of the Queen’s Bower in the New Forest. Crown 8vo, 10s. 6d.

HISTORY of DISCOVERY in our AUSTRALASIAN COLONIES,

Australia, Tasmania, and New Zealand, from the Earliest Date to the Present
Day. By WiLniam Howrrr. 2 vols. 8vo. with 3 Maps, 20s.

OTTINGS DURING the CRUISE of HER MAJESTY'S E-E'.IP, the

CURACOA, AMONG the SOUTH SEA ISLANDS in 1865, By the late
JULIUS BRENCHIEY, Esq, M.A. F.R.G.B. With Chart, 43 Coloured Platesand
Chromolithographs, and 9 Illustrations in Lithography, 8 full-page Wood
Engravings and several other Plates, and 36 Woodcuts in the Text., Imperial
8vo. price 42s,

GUIDE to the PYRENEES, for the use of Mountaineers. By

CHARLES PACKE, 2nd Edition, with Map and Illustrations. Cr, 8vo, 7s. 6d.

The ALPINE GUIDE. By Joux Barr, M.R.I.A. late President of

the ' Alpine Club. 8 vols. post 8vo. Thoroughly Revised Editions, with Maps
and Ilostrations:—I. Western Alps, Gs, 6d, IL. Cenfral Alps, Ts. 6d. III,
Eastern Alps, 108, 6d.

Introduction on Alpine Travelling in General, and on the Geology

of the Alps, price 1s. Each of the Three Veolumes or Parts of the Alpine Guide
may be hiad with this INTRODUCTION prefixed, price 1s, extra.

VISITS to REMAREABLE PLACES: Old Halls, Battle-Fields, and
Stones Ilnstrative of Striking Passages in English History and Poetry. By
Wintiam Howrrr. 2 vols. square crown 8vo. with Woodents, 255,

The RURAL LIFE of ENGLAND. By the same Author, With
Woodcuts by Bewick and Williams. Medium Svo. 12s. 6d.

Works of Fliction.

LADY WILLOUGHBY'S DIARY, 1635—1663; Charles the First, the
Protectorate, and the Restoration. Reproduced in the Style of the Period to
which the Diary relates, Crown 8vo, price 7s, 6d.

POPULAR ROMANCES of the MIDDLE AGES. Dy Gronrce W.
Cox, M.A., Author of the ‘ Mythology of the Aryan Nations,’ &c. and EUSTACE
HixToN Joxes. Crown 8vo. price 10s. 6d.

TALES of the TEUTONIC LANDS; a Sequel to ‘ Popular Romances
of the Middle Ages,’ By the same Authors. Crown &vo. 10s. Gd. '

The BURGOMASTER'S FAMILY; or, Weal and Woe in a Littl
World, By CHRISTINE MULLER, Translated from the Dutch by Sir JOHN SHAW
LEFEVERE, F.R.8. Crown 8vo. price 6s.

e
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NOVELS and TALES. By the Right Hon. B. Disrarri, M.P.
Cabinet Edition, complete in Ten Volumes, crown Bvo. price 6z, each, as follows:—
LOTHAIR, Gs. | HEXRIETTA TEMPLE, 0.

CoONINGSEY, 63, CoNTARINT FLEMING, &c. G5
| Annoy, IxioN, &c. 6s.

SYBIL, 64,
TANCRED, fs. The Youne DUEE, &c. b5
VEXETIA, 6. VIVIAY GREY, 65

The MODERN NOVELIST'S LIBRARY., Each Work, in erown 8vo.
complete in a Single Volume ;—

ATHERSTONE Prioky. By L. N. CoMyX, 25 boards ; 25 6d. cloth,
MELVILLE'S GLADIATORS, 25 boards ; 25 64, cloth.
- GooD For MOTHING, 25, hoards ; 2s. 6d. cloth.

Hormpy Housg, 25, boards: 2:. 6d. cloth,

INTERPRETER, 25, boards ; 2s. 6d. cloth.
————— KATE COVENTRY, 2s5. boards ; 25, 6d. cloth.

QUEEN'S MARIES, 25, boards ; 2s. 6d. cloth.

DigeY GRAND, 25. boards ; 25, 64, cloth,
—— GENERAL BOUsCE, 25, boards ; 2s. 6d. cloth,
TroOLLOPE'S WARDEN, 1s, 6d. boards : 25 cloth.

BARCHESTER TOWERS, 25, boards ; 25, 6d. cloth.

BRAMLEY-MOORE'S SIX SISTERS of fhe VALLEYS, 25. boards ; 2s. 6d. cloth,

CABINET EDITION of STORIES and TALES by Miss SEwBLL:—

Axy HEREERT, 25 6d. Ivons, 25 6Bd,

GERTRUDE, 27, 6d. EATHARISRE ASHTON, 25 Gd.
The EAnL's DAUGHTER, 25 6d. MARGARET FERCIVAL, 35, 6d.
EXPERIENCE of LIFE, 25. 6d. LANETOX PARSONAGE, 3s. fd.
CLEYE HALL, %5, Gd. URSULA, 35, 6d.

CYLLENE; or, the Fall of Paganism. By Hexry Sxevp, M.A.
University College, Oxford, 2 wvols, post 8vo. price 14s.

BECEER'S GALLUS; or, Roman Scenes of the Time of Augustus :
with Notes and Excursuses. New Edition. Post 8vo. T Bd.

BECKER'S CHARICLES; a Tale illustrative of Private Life among the
Ancient Greeks : with Notes and Excursnses. New Edition. Post 8vo. Ts. 6d.

TALES of ANCIENT GREECE. By Grorce W. Cox, M.A. late
Scholar of Trin, Coll. Oxon. Crown 8vo. price 6. 6d.

Poetry and The Drama.

FAUST: a Dramatic Poem. By Gorrar, Translated into English
Prose, with Notes, by A. HAYWARD, Eighth Edition. Fep. Svo. price 8

BALLADS and LYRICS of OLD FRANCE; with other Poems. By
A. LANG, Fellow of Merton College, Oxford. Square fcp, 8vo. price 55,

MOORE'S IRISH MELODIES, Maclise's Edition, with 161 Steel Plates
from Original Drawings. Super-royal 8vo. 31s. 6d.

Miniature Edition of Moore's Irish Melodies, with Maclise’s De-
signs (as above) reduced in Lithography. Imp. 16mo. 10s. 6d,

MOORE'S LALLA ROOKH. Tenniel's FEdition, with 68 Wood
Engravings from Original Drawings and other Illustrations. Fep. 4to, 21

SOUTHEY'S POETICAL WORKS, with the Author's last Corrections
and copyright Additions. Library Edition, in 1 vol, medinm Svo, with Portrait
and Vignette, 14s.
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LAYS of ANCIENT ROME; with IVRY and the ARMADA, Dy the
Right Hon. Lord MACAULAY. 10mo, 3s. Od.

Lord Macaulay's Lays of Ancient Rome. With 90 Illustrations on
Wnuq, from the Antique, from Drawings by G. Bcuanr. Fep. 4to. 21s.

Miniature Edition of Lord Macaulay's Lays of Ancient Rome,
withthe Illustrations (as above) reduced in Lithography. Imp, 16mo. 10s. Gd.

GOLDSMITH'S POETICAL WORKS, with Wood Engra?ings from
Designs by Members of the Etching-Club., Imp. 16mo. 7. Gd.

The ZENEID of VIRGIL Translated into English Verse. By Jomx
CoNmvgToN, M.A. New Edition. Crown 8vo, 9s.

The ODES and EPODES of HORACE; a Metrical Translation into
English, with Introduction and Commentaries. By Lord LyTroxy. With Latin
Text. New Edition. Post 8vo. price 10s. 6d.

HORATII OPERA. Library Edition, with Marginal References and
English Notes. Edited by the Hev, J. E. YOKGE, 8vo. 214

BOWDLER'S FAMILY SHAKSPEARE, cheaper Genuine Editions.
Medium 8vo, large type, with 36 Woopcurs, price 14s.  Cabinet Edition, with
the same ILLUSTRATIONS, 6 vols, fep. 8s. 6d. each.

POEMS. By Jeax Ingerow. 2 vols. fep, 8vo. price 10s,
FinsT SERIES, contaming * Divinep,’ * The Sran's MoxusmesT," &e. Sixteenth

Thouszand. Fep. 8vo. price 5s.
Secoxp SERIES, ‘A Story of Dooy,” *GLADYS and her Isnaxp,” &c, Fifth

Thousand. Fep. Svo. price bs,

POEMS by Jean Ingelow. First Series, with nearly 100 Tllustrations,
engraved on Wood by Dalziel Brothers., TFep. 4to. 21s.

Rural Sports, &e.

The DEAD SHOT; or, Sportsman’s Complete Guide: a Treatise on
the Use of the Gun, Dog-breaking, Pigeon-shooting, &c. By MARKSMAX,
Revised Edition. Fep. 8vo. with Flates, 5s.

ENCYCLOPEDIA of RURAL SPORTS; a complete Account, Histo-
rical, Practical, and Descriptive, of Hunting, Shooting, Fishing, Racing,
and all other Rural and Athletic Sports and Pastimes, By D. P. BLAISE,
With above 600 Woodcuts (20 from Designs by Joux LEEcH). Svo. 2ls.

The FLY-FISHER'S ENTOMOLOGY. By Arrrep Roxarns. With
coloured Representations of the Natural and Artificial Insect. Sixth Edition,
with 20 coloured Plates.” BSvo. 145,

‘A BOOK on ANGLING; a complete Treatise on the Art of Angling
in every branch, By Fraxcis Fraxcis, New Edition, with Portrait and 15
other Plates, plain and coloured. Fost 8vo. 154,

WILCOCKS'S SEA-FISHERMAN ; comprising the Chief Methods of
Hook and Line Fishing in the British and other Seas, a Glance at Nets, and

Remarks on Boats and Boating. Second Edition, enlarged ; with 80 Woodcuts.
Post Svo. 125. Gd.
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GYMNASTS and GYMNASTICS. By Joux H. Howarp, Author of
*Athletic and Gymnastic Exerciees.,’ MNew-and Cheaper Edition, with 135

Woodcuts, Crown S8vo. price Gs. - . W,
HORSES and STAELES, By Colonel F. Frrzwyaray, XV, the King's

Hussars, With Twenty-four Plates of Illustrations, containing very nnmerous
Figures engraved on Wood. Svo. 155

The HORSE'S F0OOT, and HOW to KEEP it SOUND. By W.
Mites, Esq. Ninth Edition, with Illustrations. Imperial 8vo. 125, 6d.

A FLAIN TREATISE on HORSE-SHOEING. By the same Author
Sixth Edition. Post 8vo. with Illustrations, 2s. 6d,

STABLES and STABLE-FITTINGS. By the same. Imp. 8vo. with
13 Plates, 15z, e

REMARKS on HORSES' TEETH, addressed to Purchasers. By the
same. Post 8vo. 1s. 6d.

A TREATISE on HORSE-SHOEING and LAMENESS. By Josern
GAMGER, Veterinary Surgeon, formerly Lecturer on the Principles and Practice
of Farriery in the New Veterinary College, Edinburgh, 8vo. with 65 Wood-
cuts, price 15z,

The HORSE: with a Treatise on Draught. By Witriax Youarr.
New Edition, revised and enlarged, Svo, with numerous Woodcuts, 125, Gd.

The DOG. By the same Author. 8vo. with numerous Woodeuts, 6s.

The DOG in HEALTH and DISEASE. By Sroxeuexee. With 70
Wood Engravings, Square crown 8vo, Ts. Gd.

The GREYHOUND. By Srosemexce. Revised Edition, with 24
Portraits of Greyhounds, Equare crown 8vo, 105, Gd.

The SETTER: with Notices of the most Eminent Breeds now Extant.
Instructions how to Breed, Rear, and Break, Dog Shows, Field Trials, and

General Management, &c. By EDWARD LAVERACE, Crownd4 to,with 2 plates,
price Ts. 6d.

The OX; his Diseases and their Treatment: with an Essay on Parturi-
tion in the Cow. By J. R. DoBsox. Crown 8vo, with Illuetrations, 7s. Gd.

Works of Utility and General Information.

The THEORY and PRACTICE of BANKING. By H. D. Macreon,
M. A, Barrister-at-Law. Second Edition, entirely remodelled, 2 vols, 8vo, 30s.

A DICTIONARY, Practical, Theoretical, and Historical, of Com-
merce and Commercial Navigation. By J.R. M‘Curroc. New and thoroughly
revised Edition, 8vo. price 63s. cloth, or 70s. half-bd, in russia,

The CABINET LAWYER ; a Popular Digest of the Laws of England,

Civil, Criminal, and Constitutional : intended for Practical Use and General
Information. Twenty-third Edition, Fep. Bvo. price 75, 6d.

A PROFITAELE BOOK UPON DOMESTIC LAW ; Essays for English

Women and Law Students, By PenrkIxs, Junior, M, A, Barrister-at-Law. Poss
Bvo. 10z, Gd,
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BLACKSTONE ECONOMISED, » Compendium of the Laws of

England to the Present time, in Four Books, each embracing the Legal Principles
and Practical Information contained in their respective volumes of Blackstone,
supplemented by Bubsequent Statutory Enactments, Important Legal Decisions,
&e. By D. M. Amp, of the Middle Temple, Barrister-at-Law. Becond Edition
with Emendations, Post 8vo. Ts 6d, :

A HISTORY and EXPLANATION of the STAMP DUTIES. By
STePHEN DowELL, M.A., Assistant-Solicitor of Inland Revenue., 8vo, 125, Gd.

PEWTNER'S COMPREHENSIVE SPECIFIER; a Guide to the
Practical Specification of every kind of Building-Artificers’ Work ; with Forms
of Building Conditions and Agreements, an Appendix, Foot-Notes, and a
copions Index. Edited by W. YouxaG, Architect. Crown 8vo. price 6s.

COAL at HOME and ABROAD in RELATION to COST, CON-

SUMPTION, and QUANTITY, and other IMPORTANT QUESTIONE. By
J. R. LEIFCHILD, M.A. Post 8vo. price 4s. 64,

COLLIERIES and COLLIERS; a Handbook of the Law and Leading
Cases relating thereto. By J. C. FOWLER, of the Inner Temple, Barrister.
Third Edition. Fep. 8vo. Ts. 6d.

The MATERNAL MANAGEMENT of CHILDREN in HEALTH and
Digease. By Tromas Burn, M.D. Fep. 5s. .

HINTS to MOTHERS on the MANAGEMENT of their HEALTH

during the Period of Pregnancy and in the Lying-in Room. By the late
TroMAs BuLn, M.D. Fcp. 55

HOW to NURSE SICK CHILDREN; containing Direetions which
may be found of service to all who have charge of the Young, By CHARLES
WEesT, M.D. Second Edition. Fep. 8vo. 1s. 6d.

NOTES on LYING-IN INSTITUTIONS; with a Proposal for Orga-

nising an Institntion for Training Midwives and Midwifery Nurses, By
FLORENCE NIGHTINGALE, With 5 Plans. Square crown 8vo. Ts. 6d.

The THEORY of the MODERN SCIENTIFIC GAME of WHIST.

By WiLLiam PoLg, F.R.5. Mus. Doc. Oxon., Fourth Edition, enlarged. Fep.
8vo. price 2. Gd.

CHESS OPENINGS. By F.W. Loxemax, Balliol College, Oxford.
Fep. Bvo. 24, Gd.

A PRACTICAL TREATISE on BREWING; with Formula for Public
Brewers, and Instructions for Private Families. By W. Brick. 8Svo. 10s. 6d.

MODERN COOKERY for PRIVATE FAMILIES, reduced to a System
of Easy Practice in o Series of carefully-tested Receipts. DBy ELIzA AcCTOX.
Newly revised and enlarged. Edition; with 8 Plates of Figures and 150 Wood-
cuts. Fep. 6is.

WILLICH'S POPULAR TABLES, for ascertaining, aeuurdmg to the
Carlisle Table of Mortality, the value of Lifehold, Leaschold, and Church Pro-
perty, Renewal Fines, Reversions, &c. Seventh Edition, edited by MONTAGUE
MarrioTT, Barrister-at-Law. Post 8vo. price 10s.

MAUNDER'S TREASURY of ENOWLEDGE and LIBRARY of

' Reference : comprising an English Dictionary and Grammar, Universal Gazetteer,

Classical Dictionary, Chronology, Law Dictionary, a synopsis of the Peerage,
useful Tables, ¢, Revised Edition. Fep. 8vo. price Gs.
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