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PREFACE.

Tue rcaders for whom popular books on science are
obviously intended, are those who have not had the advan-
tage of a mathematical education, nor the privilege of at-
tending courses of lectures on experimental science. Ience
it is a common practico to address the popular mind in such
a manuer as if 1t were incapable of appreciating more than
the details or the curiosities of science, Paasing by, or making
subgrdinate, those grand principles of nature which ought
to L the object of all scientific toaching. But, since every
one \»els an interest in understanding something of the laws

ki1 govern the physical world, it becomes the duty of the

"or 10 sce that his pupils (as all his readefs must bo

s Sered) are impressed with clear ideas of the subject

.G review, so that they may not only understand that

“ais professed to be taught, but rise up from the perusal

of th, work with a desire to know more. This ought to be

the cifect of every well-written popular tmeatise. Such a

treatise ought to bear the same relation to larger and more

difficult works that a small boat bears to a large ship; the

boat cnables us to get on board the ship, and the popular

treatipe ought to conduct the student to higher works on
the Bzine subjeet.

Buyj if rcientific men are disposed to prepare popular
treat’ses with this view, and intcﬁi,gent publishers to 1ssue
then at a price sufficient to bring them within the reach of
evelt- one, it is not too much to expect the co-operation of
the ¥ader in carrying out so praiseworthv an object. The
reflor must bo prepared to bestow a high..}affort of mind
f the perusal of the work than is required for the appreci-
atioL of a romance, or even of u treatise on popular science,
as this term is often understpod. He must be prepared
to um%‘the. work, and not mgrely to glance over its .
If he find it difficult on a first perusal, let him give it a
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sccond, or a third; and we may yenture to assurc him that
his labour will not be misapplied:

In the following treatise the writer has attempted to
excite an interest in the study of principles, by making
facts and details subordinate to this higher aim. e might
have been more successful iff more space could have buen
allowed ; but this would have defeated one of the principal
objects which the publisher had in view in proposing this
series, namely, great cheapness. It has therefore hven
necessary to refer certain subjects to subsequent numbers,
in order to deal, at greater length, with other subjects,
which will not be treated of separately.

The writer has to acknowledge his obligations to his
friend, Mr. E. L. Garbett, for his assistance in filling up
the details and preparing the figures for this work, as
well as for the accompanying Treatises on Mechanics and
Poenmatics.

C.T.

CaMpEN Town,
Septemler, 1848.

PREFACE TO TIE SECOND EDITION.

The first edition of 7,000 copics having been for 4’me-
yime exhausted, the writer has taken advantage of the
smaller type, in‘ which this sccond edition is printed, to
make sun(}ry additions to the work, amounting altog 'Jtlgcr
10 sbout twelve pages. The suceess of this small teatixo
has shown that an earnest purpose on the part of a s cicn-
tific writer to comey sound instruction is responded 1o hy
2 large mass of readers, althongh from the nature of the
subject, if propor]{ {reated, his teaching may not ul‘\\nys
belong to the mercly popsilar. wr

Beororp PrAcE, AMPTHILL RQUARE,
Juld %51,

A third edition being callﬂ‘ for by the sale of the second
edition, this edition is now issued with grateful thanks.

J. W.
January 1st, 1853.
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INTRODUCTION

TO TIHE STUDY OF

.

NATURAL PHILOSOPIY.

B, Wuex a person is released for a few wecks in antumn
frim the cares of busiuvess, and determines to visit some
foredg country, which the facilitics of modern travel may
have made eaxily aceessible, hie is gencrally prompted to his
détarmination by higher motives than change of seene, fresh
pir,. and healthtul excreise; or, 1ather, he combines these
oljects with the more important motive of adding to his

stores of knowledge, of Inying up a fund of information
which will afterwards supply him with agreeable and useful
topies of thought and conversation. and assfst his compre-
hetsion of various hooks that he may desive to read.  The
time at his disposul being limited, he cannot do more than
. glanco at the general features of the ecuntry he proposes to
vigit; Lub he manages to seleeb several of the most striking
bbjects for which the land is remarkable, and, by concen-
Srating his atiention on thiese, he g.x'um clear and distinet
jdeas of pfu’h(-ul w facts, while, by p.mam;, rapidly over the
fom'mr, he aequires a general impression of the whole.
a-But if our traveller should be so fortunate as to fall in
w,tﬁh a companion on the road, who is intimately acquainted
with the country, as well as with the language and the
wanucrs and customs of its people, how greatly is tho plege

B



2 NATURAL PHILOSOPIUY.

sure and profit of the journcy increased! Ile does mot
waste his time and means in the pursuit of worthless objects,
but is led at once to the very things which he ought to see,
i placed in the best positions for seeing them, and is told
exaetly what he ought to know respeeting them. No
wonder that our travelleris delighted with his journey. On
his return home he looks out for the best books on the
subject, and reads them with far more interest than he would
have done if he had not visited the country, or had not fallen
in with an intelligent guide.

That which the guide is to the traveller, the author of this
little book hopes, iu some degree, to be to the rcader who
wishes to travel rapidly over the rich and broad domgin
of Natural Philosophy. Within the limits of this small
volume we cannot do more than give a general view of the
country we propose to visit, and, in order to do cven this,
we must travel by an express train, and acquire knowledge
as we move rapidly along. At the stations a few opportuni-
ties may oceur of examining some remarkable objects more
in detail, and these will be not so much with a view to illus-
trate the nature of the country as to show the best methods
of exploring it. .

2. Before visiting a forcign country our first coneern is a8
to its language. Shall we understand the language of the
natives, or will they understand ours ? In our capacity as
guide through the regions of Natural Philosophy we shall
chiefly use the common vernacular language. There is,
however, s language used by the privileged classes, called
Mathematics, which it is of great importance to kuow, since
the best letters of intrSduction will not admit a visitor into
good society unless he is acquainted with at least the rudi-
ments of this language: far less can he hope without it to
understand the state secrets which, although unknown to
the crowd, extend their influence over the whole of society.
Nevertheless, as we may travel through a country and obtain
a general idea of ite “eatures and natural productions, its
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laws and institutions, its manners and customs, without
mingling with the court or the nobility, so, in natural philo-
sopliy, a knowledge of common language may enable us to
take u gencral survey of the land, and get a good deal of
useful and important information.

3. Nuatural science, in its widest and most general sense,
embraces the study of that colleetion of created beings and
objects, and of those laws by which they are governed, all of
which are concisely expressed in the term nature. The vast
aceumulation of knowledge, and its uncqual progress, led to
a necessity, Jong sinee, of dividing the study of nature into
several distinet seicuces.  In the fiest place, natural objects
were separated into tWwo grand classes, the oraaNic and the
INORGANIC ; the former being eminently distinguished from
the latter by the exbibition of vital power or life.  Organic
bodies were also found to admit of a marked distinetion into
animals and plants; the science of Zoology describing and
classifying the one, and that of Bofany the other. These
sciences, which admit of many subdivisions, lorm, collectively
with Mineralogy, that department of know lcdge called Ve-
tural 1listory.

In the sccond place, it was found desirable to ercet into a
distinet scicnce the study of celestial phenomena, which are
comprised in dstronomy. That which remained included
the study of inorganic and terrestrial phenomena, forming,—
1. Geology, which has for its object the obscrvation and
description of the structure of the external crust of the
globe; Mineralogy, taking account unly of the separate items
of which the carth’s crust is compoged. 2. Chemistry, which
may be regarded as inorganic anatomy, its object being to
decompose bodies, to study the propertics of their elements,
and the laws of combination. 8. Physics, or Natural Philo-
sophy, properly so called, which considers the general proper-
ties of all bodics, and thercfore, in its widest sense, includes
Chemistry (or at least so many of its laws as are common to
all substances) ; but the use of the term physical is often
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limited to those phenomena which do uot relate to chemical \9
composttlon, but appear to depend on several universal agen- ¢/
cics, the laws and dehnition of which have to be sought out. |

But Natural Philosophy, evén in this restricted sense, is
again subdivided into mauy distinet sciences. The mutual
action of forces and masses of matter produces in the latter
either equilibrium or motion; and henee arise those two
important divisions of science called Statics and Dynamics,
which are further divided into Sterco-statics snd Stereo-
dynamics as applicd to solids; Iydrostatics and Hydros
dynamics as applied to liguids; and, perhaps we may add,
Llectro-statics and Llectro-dynamics us applied to electricity,
regarded as o fluid.  The n,pplia,aliun of statics and dynamies
to air and other gascous fluids is called Pacumatics. 'The
application of dynamics to the arts of lile has led to the
composition and arrangement of the various machines for
assisting the labour of man; and henee this branch of sciencs
is called Mechanics.  The construction and performance of
the variou~ machines or engines employed to raise water, or
which are driven by the motion of that fluid, belong to hydro-
dynamies (sometimes called Lydreulies), while the construe-
tion of works depending on the cquilibrium of liquids
belongs to hydrostatics.  Tn like manner, those machines
which are driven by the wind depend on the application of
pncumatics; and all the varied phenomena of the atmosphere
arising trom the action of heat, light, clectricity, and mois-
ture, form the scicnco of Meteorology. The phenomena of
Heat and Electricity also form separate sciences, the latter
admitting of five divi m)ons namely, Llectricity, properly so
called, Magnetism, Galvamsm, or Voltaic clectricity, Thermo-
electricity, and Animal-electricity. The phenomena of Light,
although included in the general term Optics, are o varied
as to give rise to at least siz extensive branches of scicncee
namely, Perspective, Catoptrics, Diopirics, Clromatics, Lhy-
sical Optics, and Polarization; to which may now perhaps be”
addea o seveush, detino-chemisiry.

Xtk
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4. Tt must be borne in mind that all these divisions and
subdivisions of natural science are purely arbitrary, and are
made for the convenience of study. They do not of course
exist in nature, for the various heings and objects and phe-
nomena of the natural world are all subject to the samo
general laws, and consequently are influenced by, as they
arce dependent on, them. Tt is scarccly possible to become
intimately acquainted with a single phenomenon, without
the assistanee of several sciences.  There iy, however, a
method of arrangement by which these sciences fall into
their places in the order of their complexity ; the most
simple standing first, or, in other words, those groups of
phenomena which depend on the most simple and general
laws are taken as a basis on which to erect other groups,
including the same general characters as the first group, but
having also something in addition which makes them a littlo
more complex than the fiest group.  In Jike manner, a third
group may be connceted with the first and second, if it
contain all their characters and something in addition. In
this way a natural system of classitication may be built up
for the phenomena of inorgenie matter, as it has been with
such decided soceess in Zoology and Botany.  The animals
or the plants to be classified were earcfully studied with a
view to their real affinitics, the dependened of groups upon
cach other heing the links of an extended chain; with this
differenge, that, instead of the links being all alike, the sim-
plest is placed fivst ; this is suceceded by one a little more
comples, the third is still more comples, and =0 on to the
end.  Now, in order to get anything like a clear view of tho
different branches of Natural Phildsophy, we must examine
them with reference to their dependence in the order of
their advancing compleaity. 1t is evident that, as facts
become multiplied, this sort of arrangement or classification
is required. A number of facts are sclected and arranged
into a group, according to spme feature peculiar to them all ;
and thus a sort of bundle is formed, and the common feature or
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governing prineiple constitutes at onee a connecting tic and
alabel to the bundle, which is laid aside for future use. But
it often happens that this connecting tie or governing prin-
ciple may fail to hold together the facts thas collected. 1t
may be no truc iie; the supposed governing principle ms;
not govern ; one bundle of fucts may fall to picees as soon ag
we attempt to handle it : and this is a suflicient proof that
some other tic must be sought  Still the very attempt to
arrange facts has ils use : a bad arrangement is preferable to
no arrangement ; for a bad arrangement may lead to a better;
but no arrangement can only lead to confusion; for, as the
greal regenerator of natural science has said in his own
striking manner, “ Truth is more casily evolved from error
than from confusion.”” ¥

5. Mence the use of kypotheses or theories in scienee,
which are often necessary to enable us not only to arrange,
but also to describe, known facts.  Jlypotheses are some-
times as necessary as language ; for without them we could
neither Cxpress what is known nor even think of it intelli-
gibly. By repeatedly eachanging one hy pothesis for another,
the true law of nature is at longth evolved ; that is, those
uniformitics which exist among a certain set of phenomena
are reduced to their simplest form of expression. A law of
nature thus formed is not only remarkable for its simplicity,
but for the wide range of its application; it connects into
one harmonious whole numerous facts already known, and
throws light upon others which had hitherto been only
d'mly scen.  'When the mind is fairly imbued with this law
in all its generahity, a scparate effort of memory is no longer
required for each fact, fyr the law is 80 comprehensive, that
it not only enables the mind to retain facks, but assists it in
discovering others, and in observing them in nature, under
a variety of circumstances where their presence was nof
before suspected.

* Lord Bacon.
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Thus an hypothesis is useful in arranging facts, and
thereby assisting the memory to retain them, even though
it be not a truc expression of nature. 1t may contain a
part of the truth, and gradually lead to the evolution of the
real law. By obscrvation and experiment, facts are esta-
blished ; by arranging and re-arranging facts under one or
other hypothesis, a principle or law of nature is at iength
brought out; and this method of dealing with or gencralizing
facts is ealled induction, and forms the grand instrument of
investigation in physical inquiries.

6. Ilence arises once of the most important points of dis-
tinction between physical and abstract (or mathematical)
science. The latter proceeds chicfly by deduction, or descent
from generals to particulars, starting from the fundamental
ideas of space and number, and following them into more
and more intricate combinations and ramifications ; while
natural scicnee, on the contrary, is inductive, its constant
object being to generalize or colleet many particular facts
into one general expression or law, and many suchdaws again
into one still more general prineiple; thus, not ounly extending
our knowledge, but condensing it mto smaller and smaller
compass. Indeed, although the number of known facts is
continually increasing, the number of acknowledged prinei-
ples is being constantly reduced ; and the Jormer object is
to be considered us merely secondary and subservient to the
Jatter, which is the true aim of physical science.  Henee,
however paradoxical it nay appear, it is nevertheless true,
that in proportion as natural scicnee is advanced, and the
laws of nature become fairly established, the less we have to
remember, .

7. The objects of all natura]l seience may therefore be
regarded as threefold.  First, the discovery of laws, or tle
generalization of the facts or phenomena of nature, and
their reduction to the smuallest possible number of princi-
pies.  This objeet is the only one of the three which admits
of being attained completely. In two of the abovenamed
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branches of science (dynamics and astronomy), it has actually
been so attained; and they are thus removed from smong
the inductive and placed among the deductive sciences, their
induction being already completed.

Secondly, the delermination of data, as they arve called,
that is to say, of certain quantities wluch must be known
(or their ratios to each other kuown) hefore the laws can be
appliecd deductively to predict any facl or phenomenon.
The most perfect knowledge of the laws of planetary mo-
tion, together with perfeet mathematics to apply them,
would not enable the astronomer to prediet the place of :
planet at a given instant of time, unless he knew its place
at some other given instant,* together with certain particular
dimengions,t which fix the form, size, and position of its
orbit. o, with all other natural laws, they are too general
to admit of particular application, unless we have particular
data, which must be determined either by direet measure-
ment, or by mathematieal reasoning, or ealeulation founded
on such iacasurement ; and as these measuremceuts can
never be perleet, nor even so aceurate as to render greater
accuracy uscless, it is evident that this objeet, the determi-
nation of data, must he regarded as onc which we are con-
stantly .x})proachnu, without ever completely attaining,
although the progress of science {urnishes the means of
attuining greater aceuracy.

Thirdly. The ultimate ohject for which the two former
objects are pursued, is the deduction from these laws and
data of the fucts or phenomena that may arise from new
combinations of circmmstances, or the determination of the
mode in which we mufl combine circumstances so as Lo
produce » given result. 1t is here that the truth of the
fanous aphorism, “knowledge is power,” becomes realized.
But it is here also that we perceive most clearly the inefli-
ciency of human kunowledge ; for if the first of the objects

* Technically, the epoch. T Technically, the elements of its orlit.
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above proposed be completely attainable, while the second
can only bo attained by approximation, this last, on the
contrary, can be approached only in the way that a balloon
may be said to approach the stars.  To say that our dedue-
{ions from a law, when it is once established, are limited
ouly by the extent of our mathematics, is to pronounce
them limited indeed; for it is in mathematical, far more
obviously than in physical, science, that we find oursclves,
to use the figurative expression of our great countryman,
" picking up a few pebbles on the sea-shore, while the great,

the infinite ocean of truth lies all undiscovered before us.
8. We may cife as an illustration of these views the law
of gravitation, which regulates the celestial motions. 1t is
the simplest that could be imagined; namely, that bodies
atbract cach other direetly as the mass, and inversely as the
square of the distance.*  Now it is the object of physical
astronomy to deduce from this one simple law all the
motions of the bodies (about thirty in number) which con-
slitute the planetary system to which we belong.  This has
been done so far as to leave no reasonable doubt that it
might be done completely, if the problem were within the
reach of mathematical scicnee. But this science, or our
application of it, has a lmit. The motions of two bodies
gravitating towards cach other may be «deduced without
much difficulty : but let a third body be introduced, and let
the threc all mutually attract cach other, and the problem
becomes the most difficult that our mathematies has yet
solved.  There i3 no hope at present that the motions of
Jour bodies mutually acted on by this simple Iaw could be
deduced ; and it is only on accortt of the immense dispro-
portion between the masses of the sun and of the largest
plancts, and between these and the smaller ones, that
astronomical events ean be predicted so accurately. This
* 1t has been proved that a force varying inversely as the simple dis-

{once instead of its square, although enounced in simpler terms, would,
nevertheles, lead to more complex results.
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fortunate disproportion renders a sufficient degree of accu~
racy attainable without considering the action of more than
three bodies at once.

This will give some idea of the feebleness of deductive
science, and its utter incompetency to deducc from the
simple laws of dynamics and gravitation any of the great
mass of every-day terrestrial motions. If the “ problem of
three bodies” be the highest that has ever been solved
deductively, what shall we say to the problem of innume-
rable bodies which is presented to us in every terrestrial
phenomenon ?

9. The first problem of physical science then is,—given
the phenomena, to find their law. The second is,—given
the law, and some of the pkenomena, to find those quantities
which are to serve as data for the prediction of other
phenomena. The third problem is an inversion of this:—
given the law, and these dats, to foretelf the phenomena.
Now, though the first of these problems is, as we have seen,
the only one that can be completely solved, yet it is the
only one which cannot be reduced to alogical form; it is the
only one which cannot be solved by rule. It is plainly,
from its enunciation, what mathematicians call an tndefer-
minate problem; that is, the premises are insufficient to
determine or fix the conclusion ; whereas, in both the other
cases, they are sulficient ; for we have #wo things given to
find one. While these, therefore, come under the rules of
strict reasoning, the first problem can only be solved as it
were by hypothesis, by successive guesses and trials ; for the
truth of a law arrived at by induction cannot be known,
except by reversing the p: s and deducing the phenomena
from the law. No general rules, then, can be given for
induction, or the discovery of & law from a set of pheno-
mena, any more than the chemist can give rules for
analyzing substances that contain unknown ingredients;
for such rules for induction (could they be given) would, as
Bir John Herschel remarks, include the whole of inductive



TSE OF ANALOGY. 11

scienee. Induction would no longer be required, its object
being attained and its problem solved at once in all its
generality, so as to render all further solutions of particular
cases Unnecessary.

But although this great and primary object of natural
science cannot be reduced to rules, yet many philosophers
have done great service by collecting, arranging, describing,
and reasoning upon the various methods that have most
frequently led to its attainment. The first of these was
Lord Bacon, who, without being a discoverer of physical
truth, became, nevertheless, the founder of natural philoso-
phy, by first pointing out this its true object, and suggesting
the modes by which it might be expected to be attained.
The carrying out of his suggestions has led to all the valu
able discoveries of the last two centuries; and it may be
doubted whether this great mental discovery did not display
a vaster effort of mind (as it has certainly a wider gene-
rality of application) than any of the physical discoveries
that have arisen from it.

To enumerate the principles applicable to influctive rea-
soning would be out of place in this little book. The reader
who wishes to see them brought together, classified, and
explained, is referred to the valuable works mentioned
below ;* but there is one of these principlgs which, from its
beauty and its direct bearing on natural theology, must not
ba passed over.

10. In all his inquiries the natural phﬂoeopher is greatly
assisted by analogy. In the broad truths or laws of nature
which have been once established, there is so much sim-

¢

* Discourse on the Study of Natural Philosophy, in the ** Cabinet
Cyclopeedia,’’ by Sir John F, W. Herechel.

The History and the Philosophy of the Inductive Sciences, by the
Rev. Dr. Whewell. In five large volumes.

A System of Lagic, by John Stuart Mill, forming a connected view of
the principles of evidence and the methods of scientific investigation. In
two large volumes,
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plicity, such manifest design, that the same Almighty hand
is everywhere discernible. Nature is made to work by the
simplest means; the design is uniform in that which we
understand, and we look for simplicity and uniformity of
design in that which we are endeavouring to make clear.

Many of the most successful hypotheses, or guesses at
natural laws, have been originally suggested by this prin-
ciple of analogy. "We must be careful, however, not to rely
too implicitly on such suggestions ; because infinite variety is
no less a principle of nature than perfect wmify; and in
placing too much dependence on the latter we may forget
the former. A remarkable instance of this occurs in the
history of the science of light. It was by analogy, derived
from the case of sound, that Huyghens ‘was led to found his
beautiful theory of light, on the supposition that it con-
sisted in a vibratory motion transmitted through a supposed
universal fluid in the same way that vibrations are trans-
mitted through air. But although the reality of the undu-
latory theory of light has been rendered more and more *
probable by the remarkable and unexpected agreement of
this theory with every subsequent discovery, yet it has been
shown that the analogy which led to this happy idea was
unfounded, the waves or vibrations of light being communi-
cated in a totally different mode from those of sound; namely
sidewise, instead of directly forward: for while sound is
propagated by each particle of fluid pulling or pushing its
neighbour as it were backwards and forwards, in light each
particle urges the next one laterally ; namely to the right or
to the left.

11. We have spoken K the value of hypotheses in con-
necting facts until science is ready for their more complete
generalization into a law of nature. The history of science
furnishes many instructive instances of the mode in which
an hypothesis is superseded by a law. For example, it was
an hypothesis with the ancient philosophers that *nature
abhors & vacuum,” and they were naturally led to it by
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observing that not only did no vacuum or empty space exist
in the world, but that all attempts to form one were de-
feated by the unexpected entrance of some kind of matter in

{ obedience to no known natural law except that implied in
‘ the above assertion. Thus, if one end of a tube be immersed
.in water, and the other end be placed in the mouth, on

sucking out the air the water will rise in the tube. The
same thing happens in a pump: one end of the barrel dips
into the well, and by working the piston contained in the
barrel, the air is extracted, and the water rises. These and
numerous other facts, hypothetically connected by the term
suction, were referred to mature’s antipathy to a vacuum;
but it so happened, that on the erection of a pump at
Florence, it was found impossible to raise the water to the
surface. This excited great astonishmeunt; and upon in-
quiring into the circumstances, it appeared that the distance
from the piston of the pump to the surface of the water in
the well exceeded thirty-four feet ; and this appeared to be
the source of failure. .

Galileo was consulted, and it is now a matter of doubt
whether his solution of the difficulty was given satirically
orseriously. His reply was, “ that nature’s abhorrence of a
vacuum extended only to the height of thirty-three feet.”
This peculiar predilection of nature for a eertain number of
feet was, indeed, the only way of reconciling the old hype-
thesis with the new facts ; but it placed this hypothesis in a
ridiculous light, and did not remove the difficulty in the case
of the Florentine pump.

The great question to be solved was, “ Why does water
rise in a pump?” Torricelli,’an illustrious disciple of
Galileo, brought together all the known facts of the case,

, with the addition, however, of one new feature, whicl had

hitherto been omitted in the inquiry. Up to this time air
had been supposed to possess no weight, because a bladder
full of air was found to weigh no more than when empty, It
was forgotten that a bladder filled with water, or even quick-
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silvor, and immersed in the seme Sufl, would give just the :
same result, and would seem to weigh no more than when
empty. This shows how cautious we should be to avoid the
danger of a false induction, which often, as in this case,
lurks under an outward appearance of the strictest logic.
Perceiving the unsoundness of this inference, Torricelli sup-
posed that the air might have some weight; and thus a new
snd most important condition was added to the facts of the
case. Discarding the old hypothesis, we may suppose him
to reason thus :—If the weight of the atmosphere is capable
of supporting a column of water thirty-three feet high, it
will support a higher column of u fluid lighter than water,
and a shorter column of a fluid heavier than water. Now,
as mercury is nearly fourteen times heavier than its own
bulk of water, the same force
which supporta a column of water
thirty-three feet high can only
support a column of mercury
about two and a half feet high. ‘
In order to test his new hypo- {i{ . 2
thesis, Torricelli took a glass tube
about three feet long, shut at one
end; and, having filled it quite
full of mercury,s he closed its
mouth with his finger, and then
inverting the tube, placed its open
end in & basin of mercury.
(Fig. 1.) The finger was then
withdrawn, and the mercury in
the tube fell a few inchSs, but €
remained stationary at a height
of about thirty inches above the
level of the mercury in the basin,
leaving the upper six inches of
the tube a vacuym, which, in
honour of the invemtor of this
experiment, has been named the Zorricellian vacuum. Now

Fig. 1.
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he couse of the suspension of this mereury was rendered
evident by carrying the whole apparatus up a lofty tower or
a mountain; for it was found that the higher we ascend
 (that is to say, the less air we have above us) the less height
;of mercury is supported in the tube.

By this capitul experiment, then, the old hypothesis of

: nature’s abhorrence of a vacuum was at once and for ever
sct aside, and all the phenomena of suction were brought
under the beautiful and comprehensive law of atmospheric
pressure, depending on the weight of the atinosphere. It
was found that a column of water of any thickness, and
thirty-three feet high, was of the same weight as & column
of mercury of the same shape and thickness, and thirty
_inches high. Supposing these columns to be an inch square,
; they will each weigh between fourteen and fifteen pounds,
¢ which is therefore the weight of a column of atmospheric air
-an inch square, extending from the level of the sea to the
?-top of the atmosphere.

As a natural consequence of this truth, it wag found that
*whenever (from any cause) the density of the air varied, a
gcorresponding change took place in the height of the column

water, mercury, or other fluid, in the exhausted tube.
Pascal established the truth of this conclusion so thoroughly,
i to propose this tube of mercury as a me:mns of estimating
fhe heights of mountains more easily than by direct measure-
nent ; and this method of levelling has now been brought to
ruch perfection, that heights calculated in this way are found

+ differ by not more than one per cent. from the measured

beight. It was also found, on watching the column of
nercury from day to day at the sfne spot, that its height
- subject to considerable variations, thus indicating cor-
fesponding variations in the atmospheric column. By méa-
uring these changes by a fixed scale, the barometer rose into
xistence ; and, in almost the very same form in which it was
queathed by Torricelli, it now constitutes one of the most
nportant of our meteorological instruments.
(12, Should the young student in science be disposed to
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undervalue this grest discovery on account of its apparent
simplicity, we must remind him that this constitutes one of
its chief merita. The laws of nature, when freed from hypo-
theses, are just as remarkable for their beautiful simplicity
as the false hypotheses have been for their unwieldy com-
plexity. The most gtriking instance of this is seen in the
planetary system. How different was the cumbrous machi-
nery of hollow “ crystalline spheres,” or the “ cycles and
epicycles scribbled o’er,” from the simple plan that now
amuses children ; but it is not more difficult to liberate the
beantiful statue which by a poetical fancy may be supposed
to lie concealed in the rough block of marble, than to extri~
cate one of nature’s laws from the masa of crude hypothesis
which surrounds it ; because all this hypothesis becoming
mixed up with our real knowledge, and forming part of our
education, belongs to our habits of thought, and becomes
engrafted as it were into our mental constitution, so that we
cannot think of certain phenomena except by the hypothesis
which binds them together. 'What idea have we, for example,
of the immense assemblage of wonderful and beautiful facts
which constitute electrical science, unless we are allowed to
use the hypothetical term electric fluid, and to suppose that
this fluid moves in what is called an electric current? Let
any one try to think of electricity without the use of this
hypothesis, and he will feel how difficult, how impossible, is
the effort. In the same way, if our education in natural
philosophy had engrafted upon our minds, as an important
truth, the dogmn that nature abhors a vacuum, we should;,
regard almost as impious _the atbempt to produce & vacuum ;:
weo should feel that we were acting in opposition to natural
laws. But such men as Torricelli, who are among the lxghts
of the age in which they live, do succeed in overcoming the’
strong prejudices of their education: they strike out mew;
trains of thought for themselves, and brmg new temtoneu?
under the dominion of man. And in such men there is’
always something to admire in addition to their sclentlﬂﬂ"
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discoveries. Do we not feel that our love of nature receives
Esdd:tmnal encouragement and sanetion when we know that
our own Newton was good as a Christian as he was great
as a philosopher; and is not our admiration of Torricelli
exalted when we find him lamenting that his discoveries had
‘not fallen to the lot of his master, Galileo ?

138. Before the reader proceeds to the study of Natural
Philosophy, he ought to form a clear idea of what science is
actually capable of teaching, and what iz the limit of her
pretensions. Now science regards all phenomena as sub-
jected to invariable natural laws, the precise discovery of
which, and their reduction to the least possible number, are
the objects of inquiry. Science does not deal with the gene-
rating causes of phenomena; she only analyzes with accuracy
tthe circumstances of their production, and connects them by

elations of succession and similitude. There can be but
ione cause for the varied phenomena of nature, and that is
nature’s God. “The Lord hath made the earth by his
wer, he hath established the earth by his wisdem, and hath
stretched out the heavens by his discretion.””* Conse-
quently, in the operations of nature, design, not necessity, is
manifest. And here we see another important difference
between mathematical and physical science. The former
confines itself to those truths which are trile of necessity, or
which we cannot conceive to be otherwise. Thus we cannot
conceive that twice three can be anything else but six, and if
we take any more complex mathematical truth (for instance,
that the surface of a globe is four times the area of a circle
of the same diameter), though thlg may not be obvious, yet,
by a long chain of deductive reasoning, we can prove it to be
28 necessary a truth as'that twice three are six. But physical
ifactu are true only by design; we could conceive them to be
fifferent. We endeavour to understand the design of a
hysical law, and, when understood, we could fancy a dif
t design leading to different results ; hence, a physieal
* Jercmish. x. 10. .



18 NATURAL PIILOSOPHY.

law is not & necessity arising from the nature of things, but
dependent on the will of God, for God could easily have .
given them a different nature; but, in dong so, He would
have had a different design. Science, then, no longer busica -
herself, as formerly, about cawses either efficient or final, '
since all we can or need know on this head is, that the final
cause of all phenomena is the design of God, and the efficient
cause His will. "When any phenomena therefore are said to
be explained or accounted for, all that is meant by this is,
that they are generalized, or included in a general law—not
that their causes are better understood than before. The
object of induction is not to account for fucts, but to gene-
ralize them; not to discover their causes, but their laws.
For example, we say that the chief phenomena of the uni-
verse are explained, i.e. generalized (but not accounted for),
by the Newtonian law of gravitation; because, on the ono
hand, this splendid theory exhibits to us all the immense
variety of astronomical facts as only one and the same fact
seen in different points of view—the constant tendency of
all the particles of matter towards one another in the direct
ratio of their masses and the inverse ratio of the squares of
their distances ; while, on the other hand, this general fact
is presented to us as the simple extension of a phenomenon
which is perfectlf familiar to us, and by it alone we consider
as perfectly explained the gravity of bodies at the surface
of the earth. But while it explains (. e. generalizes) these
phenomena, it can in no way be said to account for them, or
to answer the simple question which is said to have led to
this grand discovery—nargely, why does an apple fall ? Nor
should we understand the cause of this the more, were gravi-
tation itself explained, that is, removed from the rank of
primary into that of secondary principles, by a further step
in ization showing it to be only a particular conse- .,
quence of a still more general law. "
This important distinction between the useless and now
abandoned pursuit of causes and the useful pursuit of prin-i
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ciples, may be further shown by another example :—1It is a
common property of matter to expand by heat and contract
by cold; a solid, a liquid, or an air, occupies more space at a
higher than at a lower temperature ; and this is so generally
true as to become a law of nature. To this law, however,
there are o few apparent exceptions, which are as much, or
evén more remarkable proofs of design than the law which
they appear to disturb. For instance, the proposition that
water expands by heat and contracts by cold is only true
within certain limits. Above the temperature of 893° it
obeys the general law; at 212° it becomes steam, and the
stenm also obeys the general law ; but below 89}° the law is
no longer obeyed; it appears to be actually reversed; for
then water expands by cooling, and continues to do so until
it reaches 82°, or the freezing point, when it undergoes a
further and sudden expansion in becoming solid ice. Then
the general law comes again into operation, for the ice cone
tracts by cold and expands by heat as other solids do.

This exception to the general law of expansjon appears
to operate in the following manner. As bodies contract by
cold, they occupy less space and become specificaily heavier;
that is, denser. Now, in the process of freezing, the water
at the surface being first cooled, becomes heavier and sinks ; a
fresh portion of water is thus breught to the Surface, becomes
cooled in its turn and sinks; the process thus goes on until
the surface water reaches the temperature of about 891°,
when, instead of contracting and becoming heavier by cold,
it begins to expand and becomes lighter than the water
beneath, so that it remains surface water and forms a crust
of ice, which protects the water béneath from tho freezing
influence of the air; for it is another beautiful provision that
ico and water are very bad conductors of heat. Were it net’
for this very remarkablo exception to the general law, every
layer of water, in cooling, would sink until the whole mass
of water was brought to the freezing point, when it wounld
become solid from the bottom upwards; its inhebitants
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would be destroyed; the heat of summer would be insuffi-
cient to melt it ; the earth would be covered with glaciers,
and the cheerful temperate climates would become even
more desolate than the present condition of thé frozem
regions of the pole.

14. Now it is evident in this case that we can refer the
cause to a design of God for the good of his creatures in
this planet. Thus the fact is sufficiently accounted for, but
not generalized. It remains (with a few others*) an appa-
rently outstanding exception to an otherwise univorsal law ;
just as before the time of Torricelli the facts of suction stood
out as exceptions to the law of gravity, of which they never-
theless are now seen to be mere consequences. In the same
way there can be no doubt that when, by an increased in-
sight into the molecular constitution of bodies, the present
supposed law of expansion by heat shall be included in some
more general law, of which it is only a consequence, these
seeming exceptions to the supposed law, or hypothesis, will be
found to bamere consequences of the true law, or theory.
And while this will not diminish our admiration of the divine
design and foresight, it will greatly enhance our admiration
of the divine wisdom ; which is displayed far more in thus
achieving seemingly incompatible ends, by the operation of

L 3

* There are one or two other such apparent exceptions which might be
regarded as mere curiosities.  Ome of them occurs in antimony, a metal
little known out of the museum or the laboratory ; and yet, but for this
property of & certain rare mineral, this little work, now in the reader’s
hends, would probably never have reached him, nor would far more valu-
able works have effected one tifie of that diffusion of knowledge which we
now enjoy. It is by the admixture of a swall portion of antimony in the
lead of which types are cast, that this metal is prevented from contracting
(like other bodies) as it cools. ‘Were it not for this, the sharp indentations
of the mould would remain unfifled, rendering it necessary that each
individnal type should be chased or carved separately, instead of thousands
being cast in one mould. Thus the expense of printing would huve been
increased perhnp-: hundredfold, and ita benefits diminished in far greates:
proportion,
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general laws, than by ordering arbitrary exceptions to them.
In fact, the necessity for such exceptions in human laws is a
plain proof of their imperfection, which has to be corrected
by after-thoughts. To impute such defects to the laws
of nature would be utterly at variance with every notion of
divine perfection. These apparent exceptions to a natural
law show that we have not arrived at the true law or theory,
to which they will be found to be no exceptions, but mere
results of its operation, guided by divine contrivance; just
as the invariable length of a compensation pendulum is no
exception to metallic expansion; but, on the contrary, a
result elicited from it by human contrivance, which is far
better displayed in the invention of such a pendulum, than
in passing an act of parliament, and then correcting some
blunder in it by an arbitrary exception.

15, As this is a point of some importance, it may be
useful to take another illustration. When one event is
always immediately followed by another, uneducated per-
pons are usually satisfied with the explanation that the first
iis the cause of the second, Without doing more than just
’gln.noe at such notions as & wet Saint Swithin’s day pro-

ucing & succession of six weeks’ rain; or the wars of Napoleon
E:}ing a consequence of certain meteorological and astrono-
ical appearances in the sky ; let us take an example, which
at least free from the taint of superstition, such as the
ke of a bell being the cause of sound. Now the most
uperfleial analysis of these two events will prove them to
only the first and last terms of a series of mere effects,

Fig. 2. ©
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between each term of which series we muy agein insert &
series of intermediate effects; and this interpolation may
be continued without end. The blow changes the form
of the bell from a circle to an ellipse, in which two seg-
ments are within and two other segments are without
the circle formed by the rim of the bell when at rest (see
Fig. 2, 1); this elliptical form beimg itself the complex
result of the action of innumerable molecular forces, by
which it has been ordained that all the particles of the
solid shall act on each other. The metal, by the further
action of these forces (constituting what is called its elasti-
oity), returns to its circular form with a continually in-
creasing velocity, which by the time it has recovered that
form has given it a momentum which does not allow it to
stop suddenly ; the part which was driven in by the stroke,
now flies out as much beyond the circle of repose as it was
driven within it by the stroke, and in doing so draws in the
two other segments which before were without, thus chang-
ing the forth to another ellipse (¥ig. 2, 2), whose length lies
in the same direction as the breadth of the former, and
which is equally the result of the combined action of all the
molecular forces. It will be understood that the accom-
panying figures greatly exaggerate the ellipticity, which is
in reality so small that the derangement of the circular
shape cannot be discerned by the eye. This action, by
which two ellipses alternately cross each other at right
angles, is repeated several hundred times within a second of
time, until the force of the stroke is expended ; each vibra~
tion having been less than the preceding one, because &
small portion of momentum is spent in moving the sur-
rounding particles of air, which are resisted by, and in their
turn have to move, the next particles ; for all the particles
of this fluid (like those of a solid) act on each other by cers
tain molecular forces which constitute its elasticity, Hencs,
no particle can be moved without moving all the surrour

ing particles, and any motion (such as that of the bell)]
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gradually propagated io a greater and greater distance
around, and distributed through a greater and greater
quantity of air, till the momentum is dividled among so
many particles, that the motion of each one is no longer
perceptible. Thus tho bell by its vibrations generates a
system of waves in the air, commencing with those particles
in contact with the {gll, which in their turn propagate their
motion to the air around, by moving backwards and for-
wards, that is, vibrating through a small space, somewhat as
the waves are propagated in a field of standing corn by the
vibration of the separate ears.

Now when we are said to hear the stroke of the bell in
question, we do so by a process as complicated as that which
set the bell in motion, and propagated the aerinl waves.
Bome of these waves reaching the outer ear, and agitating
the air within it, communicate an cqual amount of vibration
to a little membrane stretched across a cell in the head, in
which are arranged a series of little bones, the first of
which, called the malleus or hammer, is attashed to the
membrane of the tympanum or drum of the car, as it is
called, and transmits its motion to a little bone called the
tncue or anvil; the vibrations travel from this to a minute
boue called the os orbiculare or rounded bone, the smallest
in the human body, and from this to the stdpes or stirrup, so
called from its exact resemblance to a stirrup iron. The
stapes is connected with a membrane, which closes three
semicircular canals filled with water, and lined with an
expansion of the auditory nerve, which tukes up the vibra~
tions, which the mind then, and nqt till then, recognizes as
the stroke of a bell.

Now any one of this chain of events may be called the
¢ffect of any one that precedes it, or the cause of any of
those that follow it ; but however immediato the conneetion
may seem between one link and the next, we can always
insert, or imagine inserted, some intermediate link, which
might be an effect of the first, and a cause of the second.
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18. Without attaching any further importance to these
illustrations and speculations than as tending to show the
vagueness of the terms couse and effect, and the inutility of
tho search after causcs instead of principles, which are the
proper objects of physical inquiry, let us now procecd to
notice some of the most general properties of maiter; a
term which is applied to all those gubstances which are
appreciablo by the senses, and of whi®h the mind can con-
ceive no two portions to occupy the same space ab the samo
time. Hence the two necessary and essential propertics of
all matter are extent or volume, and impenetralality.

It is impossible to form any conception of matter without
allowing it some extent ; for the smallpst conceivable speck
must have length, breadth, and thickness; and must there-
fore occupy a space into which a second speck cannot possi-
bly enter until the first has moved away. This is all that is
meant by the smpenetrability of matter.

17. The quantity of space which a body occupies is called
its volume or bulk. The external limits of the volume of
a body are one or more suyfuces; lines or edges are the
limits which separate the several surfaces of the same body
when it has more than one. The quantity of surface is
called its area, and the quantity of a line is called its length.
The term space %3 sometimes applied in this latter sense to
denote length or distance, sometimes to denote area; but in
physical science 1t most commonly denotes volume or bulk.
The properties or mutual relations of these three kinds of
space, and the modes of comparing their quantities, belong
to abstract acience ; namely, to that branch of mathematics
(or the science of qunnﬁties) which is called geometry (or
the science of space).

18, In the measurement of distances, the natural philoso-
pher avails himself of the beautiful truths which geometry
has made susceptible of rigid demonstration, and the results!
brought out are, of course, equally true, whether applied to
exceedingly small or to vasi distances.
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of some two lines, real or imaginary. Of course this can
mlybeeﬁeefedbyl gradusted arc or curved scale, which,
is called the limd of an instrument. Complexmnch.
nery, and exquisite contrivance, are used for ensuring the
equality of all the divisions engraved on this limb, and of
vheh,mm&nycueu,there are 100 or more in every inch,
80 that a microscope is required to ascertain which division
is nearest the index or moveable part of the instrument.
8till, however (unless the instrument were of an unwieldy
size), this would be far from giving the degree of meety

required, even in the every-day observations of the navi-
gator, were it not for a most valuable contrivance called the
vernier,® which enables us to estimate spaces 10, 20, or
even 60 times less than the divisions of the limb, however
small they may be.

As 8 vernier is attached to every common barometer (not;
s wheel barometer), a reference to that household instru-
ment will enable us to explain the principle of this contri-
yange,

Now zt must be understood that the scale attached to the
common vertical barometer sctually begins at the level of,
the mercury in the cup at the bottom of the instrument, and’
in continued upwards to 81 or 82 inches. (See Fig. 1)
inﬁmbaronieterconstmctod for earrymgupmballoom, or
te the summits of mountains, for measuring their heighta b;
the . diminution of stmospheric pressure, the whole of the
sgale is attached ; but in instruments in common use tlu"
hm;mtofthewds is omitted, the part attached begin/
ning somewhere about the 28th inch, as the mercury neves
sinks below that mar st or near the level of thesea ; and aé
ench inch is subdivided into tenths, the height of the col
in inches and tenths is to be ascertained at a glance; 'but
tenths of tenths, that is, the hundredths of an inch,

# Prom the same of the inventor, Peter Veruier, 8 Freach
who detceibed it in & tvacs printed ot Brussels in 1631, It is aiso some
Sigen called » Mok, from snother fnvengor,



their determinstion s little more attemtion, for the
Lgnvmg of nine lines between each of those ususlly en-

ved, would greatly increase the expense of the instrument,

requiring & finer material for

scale, and great care to ensure

equality of so many and such
mall divisions. But the neces-
ity for these is obviated by the
ernier, which is a little sliding
cale attached to the side of the
wrge scale, as represented in
"ig. 8. It measures exactly one
ach and one-tenth in length, and
b divided into ten equal parts,
mmbered from the top down-
rards, while the divisions of the
nches of the scale are numbered
o the figure from the bottom
ipwards.

Now, as ten divisions on the
ernier are equal to eleven on the
cale, and as those ten are all
qual to each other, it follows that
ach division of the former must
ie equal to 1ysth division of the
atter, or to gyiyths of aninch. If,
herefore, any division on the |
ernier coincides, or is in & line :
rith a division on the scale, the two dines immediately sbov
 below those which coincide will be separated by a distance
xactly equal to yjyth of an inch: the pair two degrees re-
noved from the first are distant from each other yiyths of
m inch, and so on. Thus, in the engraving, the line marked
} on the vernier coincides with the line 289 on the scale,
rat the two lines immediately above them (marked 5 and 20)
lo not exactly coingide; and this want of coincidence must,

Fig. 3.

¢ e e e e
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from the nstuve of the case, amsunt to Ayth of Jisth of an
inch; or yiyth of an inch, In the next two lines, marked
# snd 20-1, it will be seen that they fail to eincide by Jiyth
of yths of an inch, or y3ths of an inch: in like manner, the
lines marked 8 and 292, 2 and 268, 1 and 264, and 0 and
295, deviate from each other respectively by y§yths, y§yths,
T&,ths,ud,-hthsof:nmch The same reasoning will also

y to the lines situated below the coincident lines marked
6.and 28'9: thus 7 and 28'8 immediately below them fail to
coincids by y3,4th of an inch, and so on with respect to the
others. The point which the reader has to bear constantly
in mind is, that a division on the vernier is y35th bf an inch
larger than a division on the scale. °

In applying the vernier to measure off small fractions of
an inch in the oscillations of the barometer, we first notice
the height of the column by the fixed scale, which in our

indicates more than 29} inches, or 29'5, but less than
20-8. Inordertoasoerﬁunhow much of the next tenth of
an inch is omitted in this statement, we place the zero, or O,
of the vernier scale, exactly level with the top of the mer.
cury; we next observe, that, out of the eleven lines of the
vmm,mlyonewﬂcomeldemthalmeonthescde In
oty figitre the Jine marked 6 on the vernier coincides with &
lmmthesmb,mduﬁomthetopofthememrytothm
cpineident lines there are six pairs which do not coincide,
anihwhpnrdmbyﬂwth of an inch more than the
pair below it, the uppermost pair must evidently differ by
v§sths of an inch. We thus arrive at the conclusion that
the height of the mercary in our figure is 293 inches and
yéyths of an inch, or, expressed decimally, 29-58.

In the sbove ‘example we have preferred, for the sske of
simplicity, 4o take the largest (as well as simplest) case o!
the application of this principle ; but it is obvious that, if the
fixed scale be divided into twentieths of an inch, a vernies
equdmlengﬁ:hllof‘&ﬂedmom and divided into 1(
parts, would enable us 4o carry on our measurement %o the
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21 of

200th of an inch; butb if the vernier were a8

the fixed divisi onn,mdmdw&dmoﬁomkvnﬂ
enable us to estimate the 20th of a 20th, or the 400th of mm
inch., In this case a small lens might be necessary, both for
placing the sero (or O division) of the . b,
vernier, with sufficient exactness, level

with the top of the mercury, and also :‘_-:__“'"3]
for deciding which of the 20 pairs of =
lines came nearest to & coincidence, =

and if this were found impossible, on =
acoount of two adjacent pairs appear- =

ing both equally coincident, then we =
should be justified in * splitting the E—50

B
111

lpmgm:mlmm 1

difference,” thus descending in our
statement to the 800th of an inch.

Aguin, if the fixed scale remain as
just described, and the vernier be made
a8 long as 26 of its divisions, and be
divided into 25 parts, each of these
will exceed a division of the fixed scale
by a 25th of a 20th, that is, » 500th of
nnimh.anduthisishdvedwhen
two pairs of lines appear equally coin-
cident, we thus see how, without the X
use of any divisions smaller than the 20th of an inch, the
height of the mercurial column is estimated to ¢Ares places
of decimals, or to thousandths of an inch,® as in most meteo-
rological registers.

20. Of course the same principle, here applied to a straight
scale, is equally spplicable to the cwsved limb of any astra-

nomical instrument. Thus, Fig. 5 represents a porkion of

such a limb divided into spaces of 10’, which arve furéher
subdivided by the vernier, which hving 60 divisions «n‘»

* Such sn arrangement was intended to be shown in Fig. (.Mﬂ
Hmse belog cosrsely engraved, four peirs WQOM-‘&I
rooding might be tkon for 29°820, 29882, 39-8M, or 29 898,

lll?llll?llll?lllli
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feaponding to 81 on the limb, “exnbles us-to eatimate & siv-

&éth-of 107, namely,
10", Ttis represented
as indicating 75° 24’
25”7, A real instru.
ent of this sive (15
iches radius) would
mesasure sin-
gle seconds, for, being
engraved on wilver or
platinum, the divi-
#ious would generally
be made at ledst three
times as small as here
«shown. Instead of
six, there might be
-twentyin each degree,
sad (each of these
béing 8'). a vernier
with 90 divisions, cor-
responding to 91 on
the limb, would suffice
to indicaté seconds.
Bven' the cimmon
“*bex«sextants * nsed
tn snrveying, whose
Yaob is less than 8
inches long, and di-
vided ‘inito ¥20°, have
having 80 divisions
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degroes halved, and the vernier
us 10 measure single minutes, or

mbd&mxdwu,mugooamwumentafmhn&

" Bat for such mensurements neither the naked eye nor the
nekod hend is ‘mificiently delicate to place the index or
eye must be sssisted by

wernier in -ite right position. The
atelescope or microsoope,

and ﬁewm& what is calied

& “ slow wiedion,” thist Jis, Sorid- wischaniesl -serungement; by
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which & confiderable motion of the hand mny be
to move the index through s very small space, snd for this
the sorew'is applied in various modes. . The screw
itself slao may be made to subrerve thﬂpﬂ:yomcf minuke
subdivision, provided the spaces between every 4wo Fhiwiilh
of the worm msybemndpwm Dhus, foi W
turn of the screw upon &#s agis, the index will sdvance o
recode » diasiis aquil 4o "lh-h Detween w0 oeuiiguons
threads; and for a half or quarter-turn, the advance or
rm&ﬁmllbethe half or the quarter of this interval. It
is easy to determine these quantities, by tracing upon the
border of the head of the screw (enlarged to any extent
required) a division ,of equal parts, which bear & known
relation to the principal scale; for if this gradation, of the
circle he into 100 equsl parts, then, in turning the screyg
one of these parts, the motion of the index will amount to
only the v};th part of the distance between thie fwo con-
tiguous threads of the screw.

Tt would be impossible here to enter into thg modes by
which this meckanical principle is combined with that of the
vernier, and with still more exquisite optical contrivances,
in the use of the various kinds of micrometers by which
angular measurements are “read off;” but these examples
will be sufficient to show, that (with instruments constructed
and fized at the expense of nations, and with all the im-
provements that the accumulated -experience of many lives
could suggest) we neéd not doubt the pouibﬂity of astro-
nomers measuring the inclination of two given lines (real or
imaginary) to within Aalf @ second, or half of the 60th of the
60th of a degree.

21. Let us now notice some of the methods adopted for
.the measurement of great distances. For this purpose we
must refor the reader to one of the simplest of abstract
tﬂﬁu,ﬁuchd,B.VL . iv, It is one of the moat ydefiyl *

‘Muftnmghu,thtwm two of these figures kave
~#heir snglos eqnal, each to each, shey will be similar o sach
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Fig. 6.

other, differing only in scale.  There is scarcely an instanco
in science, where it is necessary to estimate the extent of
maguitudes, in which the measurement is not effected by
this principle. Suppose it is required 1o find the exract dis-
tance of some object A, Fig. G, scparated from us by a river
or an impracticable tract of ground. Two spots, B and o,
are chosen, the distance between which can be easily men-
sured. An angular instrument being then planted at B, the
telescope is pointed successively to the other station o, and
to the distant object A, and the angle through which the
telescope must be moved, in turning from one object to tho
other, is carefully measured. The instrument is then re-
moved to ¢, and, by a similar process, the apparent or an-
gular distance hetween A and B, as scen from ¢, is measured.
Now, if we dray upou paper any line such as ¢, and from
its two extremities, sct off’ by a protractor, two other lines,
making the angle at b equal to that which was mcasured at
B, and tho anglo at ¢ equal to that measured at ¢, the two
lines thus drawn must (if continued) meet at the point a,
and they cannot be made to cross at any point either nearer
or more distant than & ; und the small triangle a b ¢ must be
equiangular, or similar, to the great one A B ¢; so that, as
the length of b ¢ is to that of 4 ¢, s0 is the length of B ¢ to
that of A ¢, and, the three former lengths being measured,
the last is found by the rule of three; or if the line 4 ¢ were
drawn to any scale, if, for instance, it contained as many
inches as B 0 does chains, then we may be certain (if light
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travel in straight lines) that A ¢ measures just as many
chains as a ¢ does inches.

But whatever may be ascertained theoretically by this
method, which is called plotting, or construction (that is,
whatever might be so ascertained, supposing the drawing
perfect, and the lines to have no thickness), may also be
ascertained by trigonometrical calculation; for it is the
object of trigonometry to compute by numbers everything
that might be discovered by the intersection of straight
lines; and it is needless to say that this numerical method
is the only practical one, since it is free from all the sources
of error arising from the thickness, or want of straightness,
in artificial lines. An angle can hardly be plotted on paper
to the accuracy of one, or cven five minutes of a degree, but
caleulation can be carried to a second, or to any number of
decimal places.

22. By an extension of the same principle, we may ascer-
tain the exact curvature of any part of the earth’s surface in
any given direction, and hence (by repeating such measure-
ments in various parts) her exact form and size. To under-
stand how this is done, we must first remember that a very
ordinary degree of attention to the appearances presented
on travelling over the land or sea is sufficient to show that
(abstracting the effect of hills on the one, oy waves in the
other) their general convexity is very nearly equal every-
where and in all directions; or, in other words, that this
planet is very mnearly spherical—a conclusion which is
strengthened by the analogy afforded by the forms of all
the heavenly bodies, and confirmed by the invariably eircu-
lar outline of the earth’s shadow cist on the moon in an
eclipse.

Admitting the earth’s general form to be nearly globular,
let ¢, Fig. 7, represent this general form; a plane touching
it at any point (without reference to the particular form of
that part of the surface) is called the orizon of that point,
&nd whatever surface coincides or is parallel with this plane
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is called horizontal or level (as the surface of a calm liquid),
while any line perpendicular thereto is called vertical (us a
plumb-line). Hence it is obvious that these terms hme
only a local meaning ; that no two spots, however near, can
have their horizons coincident or parallel, as is proved by
the visible want of parallelism in two parts of the same
liquid surface, if its extent exceed a mile or two, and con-
sequently that no two plumb-lines can be perfectly parallel
unless they be on opposite sides of the earth.

Fig. 7.

Now suppose we measure along the earth’s surface from
the point whose horizon is X E 8 W, or where a plumb-line
hangs in the direction a ¢, to the point whose horizon is
¥’ &' 8’ W, or where the plumb-line hangs in the direction
b e. If we could measure the angular inclination to each
other of these two horizons, or of these two plumb-lines, we
should plainly ascertain at once the distance at whick they'
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world meet if continued downwards, or, in other words, the
radius of curvature of this part of the earth’s surface. But
to render this inclination (viz. the angle a e ) appreciable,
the two plumb-lines must, even at their lower ends, be many
miles apart. How then is their difference of dircction to be
measured ?  Only by reference to the heavenly bodies.
Now if from any part of the earth we observe another body
(n star for instance) in the direction ¢ 1, after two hours we
shall see it in the direction e 2, and at intervals of two hours
it will be successively seen in the directions ¢ 3,e 4, ¢ 5,¢ G,
e7,¢8, ¢e9, €10, e 11, £12, and e 1, having in 24 hours
appearced to deseribe a circle round some point in the pro-
longation of the line e p; which imaginary line, continued
indefinitely both ways, forms an axis round which the earth
must te supposed to revolve once in 24 hours. Now we
must bear in mind that the distance of the stars and most
" other forcign bodies is so incomparably greater than any
line we can measure on the earth’s surface that they have
1o parallaz, that is, the uniformity of their appzrent hourly
motion is in no way affected by being viewed from various
parts of the earth, the only difference. of thus viewing them
being that the axis » § is differently inclined to the horizons
of different places; more inclined, for instance, to the horizon
N ESW, than to ¥ &' 8’ w. Now these Inclinations may
obviously be measured by simply taking the mean of the
greatest and least altitudes of the star in question, as secn
from each station. Thus, if from the first station we take
¢ the two altitudes, N ¢ 6 and N e 1, their mean will be the
,angle ¥ e », which will be the samg whatever star were ob-
servod, and is called the latitude of the place whose horizen
is ¥ 8 Ww. In the same way the latitude of the other place
¢ (whose horizon is ¥ 1’ &' ') will be ¥’ ¢ p, found by taking
, the mean between N’ ¢ 6 and ¥’ 6 1. Now suppose the two
places to be on the same meridian, or north and south line,
their differe~»e of latitude thus found is plainly nothing else
. than the inc "nation of the two horizons ¥ Es wand N ¥’ &' W’
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or the two plumb-lines @ ¢ and b ¢.* Regarding the earth
then as a perfect globe, iff the distance measured were 69
miles, and the difference of latitude obscrved were 1°, we
have only to state this rule of three; if we must travel
69 miles to make the direction of the plumb-lines vary 1°,
how far must we travel to make its direction vary through
860 ? The answer, of course, is 360 times 69, viz., 24,840
miles = the earth’s circumiterence. But if the earth be not
perfectly globular, this will be detected by tho measured
length of a degree being different at different parts of her
surface, or in different directions. Thus the length of a
degree of latitude is found to be rather greater mear the
poles than elsewhere, and to diminish regularly as we ap-
proach the equator, showing the curvature (in 2 meridional
direction) to be rather more rapid at the equator, and slower
towards the poles; so that each meridian is not circular, but
rather elliptical, the shortest diameter being the earth’s axis,
as Newton foretold by deduction from his theory, long before
these measurements were made accurately enongh to discover
it mductm,ly As this ellipticity or compression, however,
does not exceed 52 ,th of the earth’s diaweter, its effect on
the length of the degrees may in most cases be neglected.t

* This is only one out of many methods which will readily occur to the
reader. Thus, suppose we observe at the first station that a certain star
passes daily over our zenith ; or, in other words, that our plumb-line e a
points once every day towards a star, which star appears daily to describe
the circle A A/, whose apparent or angular dinmeter, A e A/, is 84°; the
balf of this, or 42°, is then the star’s polar distunce or co-declination,
and also the place’s co-latitude. But at the secoud place, the plumb.
line e & points once a day to a different star, which appears to describo
the larger circle B B’, so that Its polar distance p e ® is 55°, which is also
the co-latitude of this second place ; then we know that their difference of
latitude is 13°.

+ The measurements of degrees of the meridian, for the purpore of
ascertaining the size of the earth, have been undertaken in various coun-
tries with extreme acouracy. The arc measured by the French extended
from Dunkirk to the southernmost point of the Balearic Islands, including
12° 227 147, baving its centre half-way between the equator and the north
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Knowing then the dimensions of our globe, we may, from
the observed positions (or latibudes and longitudes) of any
two spots on its surface, caleulate their distance, either mea-
sured over the earth’s convex surface, or in a straight line
through its mass. This latter distance, then, may be made
the base of a triangle extending to any heavenly body visible
from both places at once ; for though the angles of this tri-
angle cannot be measured directly (because the two stations
are not visible the one from the other), yet we can at each
station measure the angular distance of the heavenly body
from the earth’s axis, which we have seen to be a fixed line
whose position can always be determined at any spot; in-
deed it bas to be defermined before even a sun-dial can be
properly fixed. Thus, suppose two obscrvers to be on the
same meridian, one in the northern hemisphere at ¢, where
the plumb-line & ¢ makes an anglo of 55° with the axis » ¥/,
aud the other in the southern hemisphere at d, his plumb-
line £ d being inclined 21° to the same axis. This he knows,
because a star in his zenith F appears daily to describe the
circle ¥ ¥, whose diameter (i.e. the angle F e ¥) is 42°,
Their difference of latitude, then, or the angle between the
two plumb-lines b ¢ and 4 f; is 180°—55°—21°=104°; 8o that
their distance, measuring over the surface, is 104 times 69
miles (the measured length of u degree in 4ound numbers),
but their distance in a straight line through the earth must
be found by further ealculation, which will give about 6,238
miles. It will be plain, also, that the inclination of this line
to the carth’s axis is balf the difference between 55% and

pole.  Another survey of this kind was pgrformed by Mason and Dixon,
on a part of the shore of Pennsylvania, which happens to be so straight
und level as to admit of a line of more than 100 miles being measured
directly, without triangulation. Very long lines have also been measured
(trigonometrically) by order of the Euglish Government, both at bome
and in India, the mean result of which makes the earth's axis 7,898
miles, 5 furlongs, 16 yards, and the diaumeter of the equator 7,924 miles,
7 furlongs.
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21°, viz. 17°. Now suppose that, on the same day, and at
the moon’s culmination (which is necessarily simultaneous
at both places if they are on the same meridian), they each
observe her polar distance, 1. e. the observer at ¢ takes the
angle P ¢ M, while the observer at d at the same moment
takes P’ d M. Let the former be 88° and the latter 93° (Y.
The excess of their sum over 180 viz. 1° 80/, is obw“'iously
equal to the angle ¢ M d, one of the angles of our triangle,
To find the other two at its base ¢ d, we must, as this base
is inclined 17° to P ¥/, add 17° to one of our mensured angles
and subtract it from the other. Ilaving thus found all
three angles, and one side ¢ d=6,238 miles, we shall find the
other sides ¢ M and & m to be each about 237,000 milcs,
which is the mean distance in round numbers betwcen the
earth and the moon.

When the distance of a body is known, we can at once
find its size, and vice versd, by the simplest application of
similar triangles. Thus, suppose that a disc 1 foot in diameter
must be removed to the distance of exactly 110 feet from the
eye, in order that it may just conceal the moon and no
more. It is evident that her distance at that moment must
be 110 times her diameter; so that if the former has been
found to be 237,000 miles, the latter is 2,160 miles. We
shall find, how e%cr, that her distance varies at different times
from 115} to 1033 times her diameter, while that of the sun
varies from 109} to 105} times his diameter.

23. But the moon is the only heavenly body whose absolute
gize and distance can be found directly in this way (by
what is called her parallag), for in our figure the moon and the
earth are represented rather too near, so that the angle e d
is rather too large ; and when it is remembcered that the sun
is 400 times more distant than the moon, it will be seen
that in his case this angle (or his parallax) would be too
small to be measured directly. There are meckanical modes
of finding his distance (by the theory of gravitation), but it
would probably never have been found by a purely geome-
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trical method (or apart from all
theory), had it not been for the au-
sistance afforded by the planet Venus.

This planet, as is well known, can
never be seen in the middle of the
night, but is alternately a morning
star for about 10 months, and an
evening star for the same period, ap-
pearing to oscillate alternately to the
right and to the left of the sun, never
preceding orfollowinghim byalonger
interval than 8 hours. Her bright-
ness varics ; when viewed through a
telescope, this variation is found to
arise from her undergoing all the
varictics of form and size represented
in Fig. 8. "When first appearing as
an evening star (or a little to the
left of the sun, as at 1). she appears
very small, but round, like a full
moon ; as she proceeds eastward, or
remains visible longer and longer
after sunset, as at 2, 8, 4, her sizc
scems to increase, but her form to
wane or become gibbous; and when
sho has attained her greatest eastern
elongation from the sun, as at 5, xo
as to set as late as possible, viz.
about 3 hours after him, she resems
bles a kalf-moon; and her rapid in-
crease in sizc shows that she is
approaching directly towards us.
8he then turns sunward, very slowly
at first, but with increasing rapidity,
at the same time increasing in siro,
but diminishing in phase, 80 as to
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become horned, as at 6. Yet the former increase exceeds
the latter decrease up to a certain point, as at about 7,
whero sho attains her maximum brillianey, as seen by the
naked cye. After this, towards 8, her bright crescent,
though enlarging, becomes so rapidly thinmer that she
appeurs to grow fainter and fainter, till lost in the glare
of the setting sun. But a few days afier this, she appears
Jjust bofore sunrise, having passed from the left to the right
of tho sun, as at 9. At lirst she is a thiu crescent, but as
she rapidly travels westward (ur rises carlier every morning),
the crescent grows thicker though smaller, until the maxi-
mum brightness is again atiained, as at 10, or 35° from the
sun, after which the diminution of size more than compen-
sates for the increase of phase. The motion becomes slower
and slower, as at 11, till, at about 45° from the sum, or
when she precedes him by three hours, as at 12, she again
turns sunward, her phase being then exactly kalf;, and her
diminution of size very rapid, showing her to be receding
dircetly from us.  She then continnes to increase in phase
but diminish in size, as at 13, 14, 15, 16, and to rise later,
till lost in the beams of the rising sun. Ier disappearance
this time, however, behind the sun’s glare,* lasts five times
as long as thg previous onet when passing before it ; and,
indeed, her whole eastward passage from 12 {o § occupics
about fifteon months, while that from 5 to 12 occupics ouly
five,

Now, if her positions at certain equal intervals (say every
month) be laid down as in Fig. 8, preserving her correct
apparent distances froig the sun, and also her correct rela-
tive sizes and phases, it will bo impossible to resist the
inference that she travels in a nearly cironlar orbit round
the sun, and the exact size of this orbit, compared with the
sun’s distance from us, will be found simply by measuring
ler greatest angular elogation from him to the right and

* Technically her swperior conjunction,
4+ Technically her inferior conjunction. ¢
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left.  Thus, suppose theso Tig. 9,
elongations to be 45° then —

draw such a diagram as-Fig. 9, P ™
where ® represents the earth. ; S ,’I,/// P
Let tho lines © v and & v _—_ '4’,.'5:-'_- Y,
make angles of 45° with ®s. .} AN

If we draw a circle round the

sun with such aradius, that it %
shall just touch these lines ~
EV, E v, without cutting them,
this will plainly give the true
size of the orbit of Venus, which is supposed to be circular,
compared with the distance between the sun and the earth;
and it will be seen that she has three times farther to travel
from v/, round beyond the sun to v, than from v to Vv'.
Every other circumstance also confirms this conclusion, and
exact observations show that her distance from the sun is
never less than *71837 nor more than 72829 of the earth’s
mean distance from him. Venus's orbit is more nearly
circular than that of the earth, though this latter is less
eccentric than that of any other planet.

But it is plain that the earth’s motion round her orbit, in
the rame direction as Venus, but more slowly, must make a
material difference in these appearances. 1f, however, we
regard both orbits as circular, which is very nearly the case,
it will be seen that the only effect will be to make Venus
appear to occupy a longer time in running through these
changes than she really takes to make one revolution. The
true period is only 224 days, while the apparens, as we havo
scen, oceupics about twenty months, or 584 days, viz., the
time during which the two planets, after starting from g con-
Jjunetion, will come to a conjunction again (as the two hands
of a clock come together after 1 hour 5 minutes and -8,), for
during 584 days the carth has made about ono revolution
and 4%, while Venus has made 2.%;.

But when we speak of Venus as passing defore the sun, it
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must be remembered that she does not generally pass ex-
actly before his body, but a little above or below,* in conse-
quence of the inclination of the plane of her orbit to that of
the earth. The various planets and satellites do not move
in the.same plane; if they did, every conjunction of three
bodies would cause a ¢ransit, occultation, or eclipse.t But
this cannot take place with the sun and Venus, unless she be
in her conjunction and at the same time near one of her
nodes, or points where she crosses the plane of the earth’s
orbit. 'We are opposite these points on every 6th of June
and 7th of December; so that, when Venus is in inferior
conjunction on or very near one of these days, she will be
seen to pass before the sun’s body liké a black spot. But
this is so rare an event that it has only happened twice
since the revival of science.

The first time this was obscrved was on the 4th December,
1639, or 24th November, O.8., not by an Astronomer
Royal, surrounded with every means for exact observation,
but by a ybung man of twenty, furnished with no other in-
strument thun a piece of smoked glass. This individual,
named Jeremiah Horrocks, had by deduction from the true
system of astronomy (then hardly established), been led to
expoct this effeft, which had been overlooked by Copernicus
and his successors. On the day which he had calculated, he

* That is, to the nortk or south of the straight line joining the sun and
the earth. Though the terms up and down have no meaning in universal
vature, vet they are constantly used by astronomers (as in the expressious
ascending and descending node), all such expressions being understood
with reference to a spectator ftanding on the earth’s northern hemisphere.
To residents in the southern hemisphere these terms must be very per-
plexing.

+ These are only different names for the same phenomenon, which is
called a fransit, when a smaller hody appears to pass before a larger which
it is unable to hide; an occulfation when the nearer body is (in appear-
ance) larger than the other, so as to hide it completely; an eclipse when
they are nearly equal, or whenever the sun is hidden from any body by the
shadow of another.



TRANSIT OF VENUS. 43

began towatch the sun fromhis rising
till the hour of attending Divine wor-
ship, for it was Sunday, and we are
told that he did not allow this duty
to be interfered with by his observa-
tions. Between the morning and
evening service he again watched
the sun, without success. At length,
towards sunset, the expected spob
made its appearance, and the truth
of the new theory received one more
in addition to its many other con-
firmations.

He showed that the next transit
would take place in 1761; and as
this year approached, far different
preparations were made from the
smoked glass of Horrocky 120 years
before. It was to observe this trausit
that Captain Cook was sent on his
first voyage to Otaheite, and that
various astronomers @isperscd them-
selves over differe?t parts of the
world ; for Dr. Hooke had shown
the value of such an observation as
the only means of arriving at the ab-
solute sizes of the orbits of Venus
and the earth, and hence determining
the scale of the solar system, till
then known only as regarded its
proportions.

To understand the principle of this
measurement, we must remember
that the relative distances of the
three bodies were already known,
that is, the ratio of the two dis-
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tances A v and v a (Fig. 10) was known. Let us call this
ratio (in round numbers) as 8 : 7. The transit was observed
from two very distant spots on the earth, as o and B; an
observer at A looking along the white line, so as to see
Venus enter upon the sun’s disc at @, and pass across it by
the lower dotted linc, while the observer =, looking along
the dotted white line, sees her enter at b, and pass along the
upper dotted track. Now the latitudes and longitudes of
and 8 being known, their direct distance through the earth
is also known: let us call this 6,000 miles. If a & were
parallel with A B,it would evidently bear the same ratio to it
that v @ bears to v o;* but this ratio is known, whence (calling
it 3:7) the distance a & is known to be 14,000 miles; and if
it be not parallel to A B, their inclination is known and allowed
for. Thus much had been ascertained before the observa-
tions, the only object of which was to determine what ratio
the distance a b bore to the whole diameter of the sun.t 1t
was found to be (in this case) only about 5 of his diameter,
which must therefore be 63 times 14,000 or 882,000 miles ;
and as his distance from the earth varies, as we have seen,
from 1058 to 109} times his diameter, this distance must be
from 93,272,000 to 96,432,000 miles.

* The triangles & v 3 and A v B being similar, because two straight
Tines that cross (as A v 4 and B v 3) make the opposite angles equal.—
EBuclid, 1. 15.

+ This was found indirectly by simply observing the exact duration of
the transit at each station, for as the dotted track b is longer than a, it is
plain that the transit would last longer as seen from B than from A. The
best result was obtained from the comparison of Captain Cook’s observa-
tion at Otaheite with that of Planmann at Cajaneburg, in Finland. The
transit lasted about six hours at each station, and fifteen minutes longer at
one than at the other. The extreme beauty and exactness of this method
arises from the whole being made to depend on one simple measurement,
the duration of the transit; and from this being ascertainable with the
minutest y, b the m ts of inlernal conlact, i.e., when
the outline of Venus was first or last enclosed in that of the sun, could
pleinly be found to a fraction of a second, or more exactly than any other
astronomical eveut, except the similar one of the formation or rupture of
the ring in an annular eclipse.
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Another transit of Venus took place eight years after-
wards, which was observed with equal care; the next, how-
ever, will not happen till 1874, and again in 1882.

24. These obscrvations furnished the scale of the solar
system, for any more distant body can now be measured by
its annual parallax, <.e., by its change of place when seen
from opposite sides of the earth’s orbit, or at intervals of six
months, after allowing forits own motion. Thus, the distance
of the new planet, Neptune, is found to be about fifteen
times the diameter of the earth’s orbit. But this method
does not succeed when applied to the bodies foreign to our
system. The base of 190,000,000 miles, furnished by the
diameter of our orbit, is yet insufficient for erecting a tri-
angle that shall reach even to the nearest star. The two.legs
of this triangle scem 1o be parallel, nor can the nicest obser-
vations yet made detect an inclination of 1” between them,
though even then they would not meet at a less distance
than 216,000 times the base, or 7,200 times the whole dia-
meter of the known solar system. Thus these bodics are
proved to be sunrs, for no hody smaller or less luminous than
the sun could be scen at all at their distance.

23. The same principle (commonly called that of similar
triangles), which is thus applied to the measfrement of great
distances, is equally applicable to that of very small ones, too
small to be measured by any arrangement of vernicrs or
micrometers.  The natural philosopher can estimate so
minute a distance as the half of a millionth of an inch, which
is the commencement of Newton’s scale of the colours of
thin plates, or of the degrees of thinness indicated by the
appearance of certain colours (like those scen in a soap
bubble, or a film of grease floating on water, or the thin film
of oxide or tarnish scen on old weather-worn glass, or on
metals), for Newton proved that the colowr of any part of
such a film depends entirely on its thickness ; so that it may
be taken as a measure thereof, when we have once ascer-
tained the thickness necessary to produce each colour. Such
measurem.ents as these are not, of course, measured by the
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hand, nor appreciable by the eye, but they are based upon
the unerring principles of geometry, and ascertained with
precision by an extension of the reasoning powers far beyond
the limits of the senses.

If we take two apparently flat pieces of plate glass, per-
fectly clean, and press them firmly together, a number of
beautiful colours will be seen arranged in a certain order,
and forming curves more or less regular. The same colours
may be scen in several minerals which erystallize in thin
plates, or lamine. The colours are produced in thesc cases
by a thin film of air confined betwecn the plates. Now
the question which Newton proposed to himself was to
ascertain the thickness of a film of air.necessary to the pro-
duction of these colours. In order to render the phenomena
permanent and to produce them at pleasure, this great philo-
sopher invented the following ingenious contrivance :—He
procured a plano-convex lens, the radius of whose convex
surface wag 28 feet ; aund a double convex lens with a radius
of 50 feet. That is, in the first case, if we suppose a solid
globe of glass 56 fect in dismeter, a piece of any size, cut off
from it in any way by a plane surface, would form a plano-
convex lens of 28 fect radius; and, in the sccond case, the
globe being 109 feet in diameter, two such picces cut off if,
and placed with their flat sides together, would form a
double convex lens of 50 feet radius, the convexity of which
would thercfore scarcely
be perceptible if the lens
was small.

One surfaco of the
least convex lens was
placed upon the plane
surface of the other, and
brought together by
means of three scts of
screws attached to the
edges, as shown in Fig. 11. In this way, between the two
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lenses, plane on one side, and spherically convex, with a
radius of 50 feet, on the other, & film of air was enclosed,
without any thickness at all where the two lenses touched
each other. Fig. 18 shows the two lemses in section, the
curves of the lenses being exaggerated in order to show the
gradual increase in the thickness of the film of air.

On looking down upon these lenses in the natural light of
day, a number of coloured concentric rings are observed, as
in Fig.11. The centre or commencement of the series where
the lenses are in contact forms a deep black spot, which is
surrounded by rings of pale blue, white, yellow, orange, and
deep red : this completes the first scries, or alternation of
colours. The secand (proceeding outwards) comsists of
violet, indigo, blue, greenish white, yellow, orange, bright
red, and crimson red.  The third ring, or alternation, con-
sists of rings of purple, indigo, blue, green, yellow, and red.
The fourth series presents rings of purple, bluish green,
grass-green, yellowish green, and red. The fifth and sixth
rings, each greenish blue and pale red ; and the seventh very
pale greenish blue, and reddish white. Fig. 12 will give
some idea of the appearance of
these rings seen from above ; the
circularity of the rings leading us
to wfer both the regularity of the
glass surfaces, and the constant
correspondence of a certan colour
with a certain thickness; while
the peculiar and beautiful law of
decrease in the breadth of tho
successive alternations (which 1s
such as to make the ares of each
bright ring, measuring from the darkest part of one alterna-
tion to the durkest part of the mnext, equal) leads us to
certain very simple numerical rclations between the thick-
nesres that produce the same colour in &ach of the different
alternations, or orders of colours, as they are called.

Fig. 12,
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Now to ascertain the thickness of the film of air between
the two glass lenses, let o m, Fig. 13, represent this film,

Fig. 13.

and let the radius o ¥ of its concave surface be 50 feet.
Suppose now that it be required to find the thickness 1 » of
a ring whose radius is A 8. This radius is found by mea-
suring from the centre 4, or the black spot in ﬁgm.re 12,' to
one of the rings of colour; and we will supposc this radius
to be onec-quarter of an inch. By drawing the chords A D,
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we get & right-angled triangle; because every triangle
% A semicircle, if the apex touch the arc and one of the
he the diameter, is a righi-angled triangle, and the
ghe 3 the apox is the right angle. (Buclid, b. iii. prop. 81.)
% manner we shall obtain two other right-angled tri-
0 »and E 0 p, by drawing the line ¢ » perpendicular
' & & Wud therefore parallel and cqual to 4 B.
o triangles A 0 » and ¢ » E are similar (Euclid,
. §), and hence the ratio existing betwcen the
bue triangle corresponds with the ratio existing
he wdes of the other. In one figure, therefore,
© ® bears the same proportion to ¢ D, a8 ¢ D does to

A9F%0 D B, which is-tho thickness required. But as a o
+ exosudingly small compared with A B, A 0 may be accounted
s notligg, and therefore A ® and ¢ E are, for all practical
wposes the same. So that as AE orcEisto oD, 80 is

»f0 @A or BD; or as 100 feet : 4 in. :: } in. ¢ yyiggth of
f an insh, the thickness of the filn of air at B .

It will be remembered that in order to make our
stelligiBle, 1t has been necessary to exaggerate the
wrface @ H, the radius of its curvature, or A ¥, beiu‘hﬂl’
no igghos instead of 50 foet. It will be re
hat tH€ greater the circle, of which A & is the the
34 wil} be the minute distance b p.

J¢ would be impossible here 1o give an idea of tho im-
urtande of these wonderful measurements; but this experi-
wnl may be said to have laid the foundation of Physical
Jptics, pr our knowledge of the propertics peculiar to rays
f l@n{ ‘We must observe, howevery that when the space
ebweell these lenses is filled with water, or any other
quid, §nstead of air, the rings, without undergoing any

ange, are diminished in size, showing that a less
LTy is necessary to produce any given colour of the
bove #ale in a film of liquid than in one of air; but that
39 ortion between the thicknesses, that produce the
iff: tints, is the same in ono substance as in any
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other. Tn this way Nowton proved that when & soap
bubble becomes sufficiently thin to exhibit the dlack of the
first order of colours, the thickness of that part which
appears black is less than throe-eighths of s millionth of un
inch,

26. These cxamples will illustrate tho next geserel pro-
perty of matter after its extent and impenetrability ; namely,
its divisibility into smaller parts, the limit of which hue ot
yet boen asecrtained. It is extremely probable, however,

. from certain chemeal facts, that ull hodies are composed of
clementury parts, which are indivisible and unalteseble;
these are culled afoms.* Nothing is known of their abeo~
lute size, except that it cannot possibly cxceed vertsin
magnitudes which wo may calculate, but of whose extreme
minuteness wo_ can form no adequate iden. For example,
we have just seen that a film of soapy water will, if carefully
prgte}:ted from all disturbance, hold togother until it hos
been ¢« duced by draining to the thickness of less than a

,0000th of an inch. Pure water will not hold toguther
% way; but the admixture of less than the hundredth
4ts bulk of soap will confer this property on the whole of
the water. Now, in order to produce this effect, # is cvi-
dent that thefe must be a portion of soap (at least ome ntom)
in every cubi® 2,600,000th of an inch of the solution. but
the soap, when dry, occupies less than a hundredth of 1
bulk of the solution. Therefore a single atom of soup, in ‘b
solid state, eannot possibly occupy so much as the hun.
dredth of o cubic 2,600,000th of an inch; that is, not s
mauch as a 1,757 trilliogth (1,757,000,000,000,000,000,000th )
of a cubic inch.

Dr. Thomson has shown that a portion of lead smay b
rendered visible, the bulk of which cannot excead the
888,492,000,000,000th of a cubic inch. Ile dissvlved ome
grain of dry nitrate of lead in 500,000 grains of w.er, auc
after having agitated the solution, pagsed through it & cus

¥ Atgm, indivisible, from a, not, and repvopar, o be ent
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rent of sulphuretted .hydrogen gas. The whole liquid be:
came sensibly discoloured. Now we may consider a drop of
water to weigh about a grain, and a drop may be easily
spread out so as to cover a square inch of surface. Under an
ordinary microscope, the millionth part of a square inch may
be distinguished by the eye. The water, therefore, could be
divided into 500,000,000,000 parts, every one of which cons
tained some lead united to sulphur. But the lead in a grain
of nitrate of lead weighs only 062 of & grain. It is.
therefore, that an atom of lead cannot weigh moig
¥rosveivs.sosth of a grain, while the atom of sulphir (§
the lead was in combination with sulphur, which

it visible) cannot weigh more than 4 sysrsho

grain.

The size of those very minute quantities of matter can also
be computed. Thus the bulk of the portion of lead rendered
visible by the above process is only ggy4v7.0b0,500,000th of
& cubic inch.

There are many interesting examples in the useful arts of
the minute subdivision of matter. Gold leaf is only the
290,636th of an inch in thickness, and it would require at
least 1,500 such leaves placed upon one another to equal the
thickness of the paper upon which this book is printed. It
is easy to trace the process by which this extraordinary
tenuity is arrived at. For example: an ounce of gold is
equal in bulk to a cube each of whose edges measures 3;ths
of an inch, so that placed upon the table it would cover
little more than a sixth of a square inch of its surface, and
stand y%ths of an inch in height. The gold-beater hammers
out this cube of gold until it covers 146 squarc feet. Now
it can easily be calculated that to be thus extended from a
surface of 18, ths of an inch square, to one of 146 square feet,
its thickness must be reduced from y%ths of an inch to the
290,636th part of an inch.

But gold furnishes a still more remarkable instance of the
extension and consequent divisibility of matter. The gil
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wire used in embroidery is formed by.cxtending gold over &
surface of silver. A silver rod, about two feet long, and an
inch and a half in diameter, weighing nearly 20 pounds, is
coated with about 800 grains of pure gold. This rod is then
drawn through a series of holes, gradually diminishing until
it is stretched to the length of 240 miles, whereby the gold
has become attenuated 800 times, each grain being capable
of covering a surface of 9,600 square inches. This wire is
now flatted, the golden film suffering » farther extension,
and having its thickness reduced to the four or five millionth
part of an inch.

In the organic kingdoms the microscope has proved the
existence of animals so minute that a million of them do
not exceed the bulk of a grain of sand, and yet each of these
creatures is composed of organs of nutrition and locomotion,
as in the larger animals. The dust of the lycoperdon, or
puff-ball, appears under the microscope of an orange colour,
perfectly rounded, and not cxceeding the fiftieth part of a
hair's breadth in diameter; so that if a globe of any sub-
stance were taken, having the diameter of a hair, it would be
125,000 times as great as the seed of the lycoperdon.

One hundred yards of raw silk weigh less than a grain,
and a 8,000tHof a yard, or a 300,000th of a grain, can be
handled and ‘examined with the naked eye. The thread
spun by the common spider is much finer than that of the
silk-worm, and there are spiders 1,000 of which would not
make up the bulk of a common spider. Their threads are
invisible except when reflecting the direct solar light, and
yet it is'found by the microscope that every spider has about
4,000 spinnerets, each producing a separate thread, all of
which are united in one bundle to form what we call a
gossamer thread.

Thus, as far as observation has extended, it appears that,
however minute a body may be, it is still capable of further
division ; that is, science has not succeeded in discovering a
Limit to the divisibility of any one kind of matter; and yet
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chemical facts render it almost certain that such a limit
exists in every kind of matter.

27. Atoms of matter are held fogether by an sttractive
force called cokesion, which is greatest in solids, less in
liquids, while in aeriform bodies it appears to be altogether
absent.

The atoms of matter cannot be in actual contact, since
every kind of matter is more or less capable of compression.
Heat is supposed to be the antagonist of cohesion ; but how-
ever this may be, there scems to be some repulsive property
which prevents atoms or molecules from touching each other.
The spaces between them are called pores.

Porosity is a universal property of matter. It is not con-
fined merely to animal and vegetable structures, but is found
in every substance that has been examined. A thin slice of
the hardest wood examined under the microscope is found
to be full of holes or pores, beautifully arranged. A lump of
marble, granite, or other compact stone, plunged under water
and placed under the receiver of an air-pump, will, on with-
drawing the atmospheric pressure, expel a torrent of air-
bubbles, which had been concealed in the internal pores of
the stone. There is a kind of agate, called Aydrophane,
which, in its ordinary state, is only semi-tradsparent; but,
after being plunged in water, takes up about one-sixth of
its bulk of bhat fluid, and becomes nearly as transparent as
glass.

The porosity of metals was proved in the year 1661, by
the celebrated Florentine experiment. The Academicians
del Cimento submitted a hollow ball 5f gold filled with water
to & great pressure, by which the water was made to ooze
through the pores in the surface of the gold.” This experi-
ment has often been repeated with different metals with the
same success, )

Although the porosity of glass and many other bodies
does not admit of thik proof, yet it is rendered quite evident
from their expansion by heat and contraction by cold. We
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may observe that, on the whole, the greatest philosophers
have all concurred in the belief that the atoms even of the
densest solids are very much smaller than the spaces which
separate them. Newton even supposed them to be infinitely
smaller; or, in other words, he regarded them as mere
mathematical pointe; or, as Boscovich expressed it, moveable
centres of attractive and repulsive forces. There are some
phenomena, however, which seem to indicate that they have
definite form, and therefore definite sizes. Yet Sir John
Herschel asks why the atoms of a solid may not be imagined
to be as thinly distributed through the space which it occu-
pies, as the stars that compose a nebula ; and he compares a
ray of light penetrating glass, to a bird threading the mazes
of a forest.

By hammering, or by other means of compression, solid
bodies can be made more dense, or, in other words, a larger
amount of matter, or a greater number of particles, can be
crowded into a given space. But there is, doubtless, a limit
to this,—a point at which the cohesive force ceases and a
repulsive force begins. It has been suggested by Mossotti
that there might be an intermediate distance, at which the
particles neither attract nor repel one another, but remain
balanced in ﬁmt stable equilibrium which they appear to
maintain in solid and liquid substances. As the particles
are not in actual contact, Mossotti supposes cach particle to
be surrounded by an atmosphere of electric fluid; that the
atoms of this fluid repel one another; that the molecules of
matter gepel one another, but with less intensity ; and that
there is a mutual attrdction between the particles of matter
and the atoms of the fluid. He also arsumos those forces
which are knewn to exist, to vary inversely as the squarcs
of the distance.

28. The compressibility of matter is another universal
property, which is a necessary consequence of its porosity.
All known bodies can be reduced, by pressure, into smaller
Jimits ; that is, their volume can be diminished without dimi«
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.nishing their mass or quantity of matter. Numerous familiar-
examples of the compressibility of matter will readily occur
to the rcader. We will give a few which -are not so
obvious.

If a bottle of fresh water be corked up and sunk to a great
depth in the sea, the cork will be compressed and driven into
the bottle, ro a8 to allow the salt water to mingle with the
fresh. On drawing up the bottle the cork will expand to its
original dimensions, and again occupy its place in the neck :
so that it is necessary to taste the water to be convinced
that the cork has been disturbed. Picces of oak, ash, or
elm, plunged into the sea to the depth of 1,000 fathoms, and
drawn up after two 'or three hours, have been found to

" eontain four-fifths of their weight of wator, and to have

+acquired such an increase of density as to indicate the con-

”traction of the wood into about half its previous volume, so

; that if thrown into a pail of water they sink like a stone.

Some of the metals have their bulk permanently diminished

: 'by hammering. When metals are melted together in the

! formation of alloys there is often a great contraction. Equal
" bulks of tin and copper are found to undergo a contraction
amounting to the fiftcenth part of their whole volume.

It was long supposed that liquids were 'nwmpressxble,‘
and the Florentine experiment was urged as” a proof of the
assertion. Canton was the first to prove them compressible,
and Oersted has invented a beautiful form of apparatus, hy

. which it was proved that for every additional atmosphere (as
it is called, or pressure of 151bs. on the square inch), water
was compressed rather more thaw 46 millionths of its
volume ; alcobol, 21; and ether, 61 millionths of their re-
spectiver volumes.

Aeriform bodies are those which are best adapted to
exhibit the property of compressibility. If we take a metal
cylinder, closed at one end, and insert an accurately-fitting
piston into the other, it will be found imposgible to forco the
piston into the tubce if it be full of water ; but, if ful] of air,
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the force of the arm is sufficient to drive the piston down so
a8 to reduce the volume of air ten or twenty times, if the
piston be small. "We feel the resistance increase in propor-
tion to the compression ; and, whatever force is exerted, we
cannot make the piston touch the bottom of the tube,
because in order to do that the air must lose its impenetra-
bility, or, in other words, be annihilated. 'When the pressure
is removed, the air regains its original bulk, which isnot tho
case with metals and some other solids after they have been
strongly compressed.

29. The force with which most solids and all fluids tend to
expand when compressed, is one variety of elasticity, another
property common to all matter, and* which, in its widest
sense, is applied to the tendency its particles have to pre-
serve a certain distance or position with regard to each
other, and resume that distance or position when disturbed
therefrom. In fluids this applies only to the distance, and
not to the position of the particles ; for they have no tendency
to assume one position in preference to another. This ten-
dendy is the peculiar characteristic of solids; in which we
accordingly distinguish not only the elasticily of compression
(common to all bodies), but also three other kinds of elas-
ticity not founL in fluids, viz., those of fension, flexure, and
torsion; for the various ways in which we can alter the form
or dimensions of a body, may all be reduced to these four
modes, squeezing, stretching, bending, and tfwisting; but only
the first of these is applicable to fluids.

In no solid, however, is any one of these four kinds of
elasticity found to be beth perfect and unlimited. In some
solids, such as glass, they all appear to be perfeet, for no
force, however great or long continued, causes glass to take
8 s¢t, a8 it is called, that is, a permanent change either in
form or bulk; but then this elasticity is confined within
narrow limits, on exceeding which, fracture is the result. In
those solids whase elasticity (of one or more kinds) is less
limited, as in metals, or apparently unlimited (as in the
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flexure of India-rubber, or the torsion of a thread), the
return of the particles to their previous position is only
partial. There remains a permanent change of form, which
is called a sof; asin the compression of metals we have seen
that thete is a permanent change of bulk.

In fluids, however, although three of these kinds of elas-
ticity, viz., those which relate to the position of the parti-
cles, are wanting ; yet the remaining kind, that which relates
only to their distance, is at once perfect (like the elasticity
of glass), and apparently unlimited in extent.

80. We have thus briefly considered those properties
which are common_to all matter when in a stute of rest; or
those which relate only to space, and require no regard to be
paid to the clement of time; and it will be observed that
none of these properties affords the means of measuring
mass or quantity of matter; for none of them is invariably
the same in the same body, so as to enable us to compare
two bodies and ascertain their ratio, as two magnitudes or
quantities. The compressibility of matter proves that the
volume of a body, or the magnitude of space, is altogether
independent of the magnitude of matter, since the former
may vary while the latter remains constant; and we have
really no means of comparing quantities of matter till we
introduce the considerations of time, motion, and force.

The science of general mechanies (as distinguished from
#olid mechanics) has for its object the study of the action of
forces upon mattcr. Mechanical forces may be considered
as motions actually produced, or tending to be produced,*
without any reference to the nature of the force or its
generatmg cause, Hence two forces which impart to the

. * But whatever is capable of opposing and neutralizing another force,
80 a8 to produce eguilibrium, must itself be regarded as a force, even
though it have no tendency to produce motion. This is the case with
Jriction and those other retarding causes, which never acting as producers
or accelerators of motion, are therefore called passive forces, or re
sigtances. .
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same body the same degreo of speed in the same direction,
are regarded as identical, whether they originate from animal
power, a weight descending by -its gravity, the impact of a
heavy body, or the elasticity of steam, &c. Mechanics
resolves the action of these forces into problems, and con-
siders the effect produced upon a given body by different
forces acting together, when the simple motion produced by
one of them is known ; or, inversely, this science determines
what combination of simple forces will produce an observed
compound motion. Hence the peculinr province of me-
chanics is the study of the combination of forces, whether
by their united action a motion is produced, the different
circumstances of which are to be studied, or by the mutual
ncutralization of these forces the body is brought to a state
of equilibrium, the conditions of which have to be fixed by
Statics. This last-named branch, however, is always studied
first, being by far the simpler of the two, because the
element of #ime is excluded.

- The most important principle in mechanical science, and
one indecd which constitutes its basis, is known uunder the
name of the principle of virtual velocities. 1t is that which
regulates the getion and constitutes the efficacy of every
machine in which power is employed to overcomo weight
or resistance. We may illustrate it in the following man-
ner. If two weights Fig. 14.

in equilibrium, as in
Fig. 14, at the extre-
mities A and B of &
bar supported on an
axisa,passing through
its centre of gravity,
be made to oscillate .

gently through a small space, it is evident that the spaces
moved through by the two ends of the bar will be directly
88 their distances from the axis ; for, the angles A @ m and
B a n being equal, the arcs A m and B , are as their radii
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s Aand a 3. Yor instance, if the weight 3 be 12 pounds,
suspended at 8 inches from g, its moment may be expressed
by the number 86; and it will be balanced by a weight of
6 pounds, 6 inches from @, because its moment is also 36.
Now if these two weights be made to oscillate through a
small space, such as B %, for the weight which descends, and
A m, for the weight which ascends, the latter space will be
only half the former, because it bears the same ratio to a B
(or 8 inches) that A m bears to a A (or six inches). Hence,
if B # be one inch, A m will be two inches, and the products
of these two quantities, with thcir respective weights, will
be equal to each other; that is, the effect of 12 pounds
moving through 1 inch, or of 6 pounds moving through
2 inches of space, is the same. And though we omit the
consideration of motions, and deal only mth pressures, the
same principle applies to them. Any two prcssurcs, however
unecqual (a pressure of one pound and one of 1,000 pounds,
for instance), will balance each other, if' they are so applied
that the motion of the first through 1,000 inches would be
necessarily accompanied by a motion of the second through
one inch, and vice versi. Any means by which this con-
nection between the two pressures is cﬁ'ected is called a
mnackine.

81. The laws of motion are frequently cited as mustratxons
of the ¢nertia of matter, a term whichis in many respects an
unfortunate one, since it supposes matter Lo be by its nature
essenbially inert or passive, and that it is never active except
under the influence of external forces. The supposed natural
and inherent inertness of matter isexpressed by the term vis
snertia, or force of inactivity, a contradiction of terms, which,
however, is only apparent, force being the cause, and motion
the effect produced by it on matter; so that, to say that
matter is inert or has inertia, is only to say that the causeis
expended in producing its effect, and that the same cause
cannot (without renewal) produce double or triple its own
proper effect.
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Tnertia, however, must not be regarded as a sluggishness or
tendency to rest rather than motion ;* but as a total indif-
ference to either of these states, or a tendency to resist all
change, either a change from rest to motion, or from motion
to rest, or a change in the intemsity of motion (either by
increase or diminution), ora change in its direction. Ience
it has been proposed to replace the objectionable term inertia
by the term persistence, implying the tendency of matter to
preserve its present state, either of rest or motion, un-
changed ; or, in other words, the necessity of force to produce
change of any kind, either in the velocity of motion or in its
direction. .

That matter itself, however, is-capable of exerting this
force and of producing these changes, either in itself or in
other matter, is obvious from every motion in the heavens or
the earth. By tMe action of the matter of the earth on that
of a projectile, the welocity of the latter is changed every
moment, diminished while 1t is rising, and increased during
its descent; and, unless the motion be vertical, its direction
also is changing continually like that of the heavenly bodies;
thus showing that the force which produces these changes,
both in veloeity and direction, is exerted unceasingly, as well
as universally, by all matter. The same remark applies to
the various for¢es, attractive and repulsive (incomparably
more powerful than gravitation), by the balance of which,
the particles of solids are held together, yet prevented from
touching (27), and kept at certain distances and in certain
positions, which it requires enormous force to disturb, even
to an inconceivably smal] extent. So, also, in a vast number

"% That matter set in motion has in itself a tendency to be retarded and
finally to sfop, unless fresh force be constently supplied to maintain the
motion, is a vulgar error, which must be discarded before we can apply
any exact reasoning to the phenomena of motion. All ckange in motion
being regarded as the effect of some exertion of force; whenever re-
tardation is observed, it must be referred to some opposing force, without
which the motion would continue indefinitely.
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of thermological, electrical, and chemical phenomena, matter
exhibits varied forms of spontaneous activity, making it
quite impossible to attach the meaning which is commonly
given to the term inertia.

82. The first law of motion, discovered by Kepler, has been
called the law of inertia. It states, as a general fact, that
all motion is naturally rectilinear and uniform ; that is to
say, & body submitted to the action of any single force acting
instantaneously, must move constantly in a straight line with
invariable velocity, unless it be compelled to change that
state by forces impressed upon if.

33. The second fundamental law of motion is due te

' Newton. It relates to the constant and necessary equality
between action and reaction ; that is to say, that whenever
one body is set in motion by another body, the first reacts
upon the second in a contrary direction, and the second body
loses a quantity of motion exactly equal to that which the
first has received. By guantity of motion, however (other-
wise called momentum or moving foree), we must not under-
stand velocity. This is only the éntengity of motion, not its
guantity; for the quantity of any effect is to be estimated
Jointly by its intensity and by the quantity of matter which
is affected with that intensity. If the intenkity of the effect
remain constant, its quantity must always be proportional to
the quantity of matter affected ; and, supposing this latter to
remain constant, the quantity of effect is proportional to its
intensity.* The momentum or quantity of motion then, in
two equal bodies, is proportional to their velocities; but in
two equally swift bodies, it is proportional to their masses or
quantities of matter ; and when thcy aro neither equal nor
equally swift, it is jointly proportional to the masses and the

* This maxim is applicable alike to every effect producible on matter ;
not only motion, but any of those effects which (though conjectured to
be only particular kinds of motion) are in the present state of science
necessarily regarded as distinct agencies ; such as heat, light, electricity
and magnetism,



62 NATURAL PHILOSOPHY.

welocities, or proportional to the product of these two quan.
tities. .

Hence we see that the phenomena of motion afford a
means, and the only means, of comparing masscs or quanti-
ties of matter. For this purpose we must start from the
fundamental truth above mentioned; that in every action
(that is, every change from rest to motion, or from motion
to rest, or change in the velocity or direction of a body’s
motion) there is an equal and opposite effoct produced on
some other body or bodies,—an equal cflect, not as regards
intensity, but quantity. Knowing, therefore, the quantities
of these two opposite effects to be equal, and observing the
relation between their intensitics, we learn from this the '
relation betwecn the quantities of matter affected, which
must necessarily be inversely proportional to the intensities
of the two effects:*

84. The third fundamental law of motion, discovered by
Ghalileo, leads us to notice briefly what is called the composi-
tion of forces, by which is mecant, that a body acted on by
two or more forces at onco for a given time, will be carried
to the same spot to which it would eventually have been
brought by the scparate and successive actions of these
forces, cach fot the same length of time that they were

* This is all thit is meant when irertia is spoken of as a property
common to sll matter, and is said to be proportional to its mass ; for, in
fuct, this so-called property is the only measure we can have of the quan-
tity of matter. Weight, indeed, is generally taken as synonymous with
mass or quantity of matter ; but this is not true, for the same mass which
weighs a pound in London would not weigh three ounces on the surface
of the moon, and it would geigh nearly threc pounds in Jupiter. It
would even weigh less than a pound at Brighton, and more than a pound
at Manchester ; but, of course, the difference could not be found by com-
paring weight with weight, in a balance, because both weights are increased
or diminished alike. To detect the difference of weight, it must be opposed
to some other foree, such as the elasticity of a spring. Two clocks, one
driven by a weight and the other by a spring, and keeping equal time at
any place, will no longer preserve this equality when both are removed toa
different latitude, or a different elevation above the sea-level.
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supposed to act together. Hence, any two forces may be
compounded, or a new force substituted which shall be ex-
actly equivalent to them, for if lines proportional to them be
made the sides of a parallelogram, its diagonal will, both
in direction and length, rcpresent their resulfant or com-
pounded force ; and, conversely, any force may be resolved
into two or more forces, together equivalent to it, and having
any directions required.

In considering the action of several forces in different
planes, it is found extremely convenient to resolve each of
them into three portions, acting in three fixed directions, all
at right angles to each other, as 1, north and south; 2, east
and west ; and, 8, up and down. But, in considering forces
in only one plane, it is sufficient to resolve cach into fwo
directions, one parallel and the other perpendicular to some
remarkable object or force.

Tor examples of these laws and of these methods, the
reader is referred to the treatises on Rudimentary Mechanics
and Engincering ; but we must here mention one very simple
example of the application of them all.

85. The direction of the reflexion, or rcbound of a moving
body from a fixed obstacle (a billiard-ball from the side of
the table for instance), will afford an illustration of all the
laws of motion, and of the use of its resolutfon and recom-
position. Let a ball roll along the line A B, Fig. 15, so as
to strike the ledge obliquely at ». Its
moving force may be resolved into two equi-
valent forces, one parallel to the ledge, and
the other perpendicular theroto. J.eta B
be the space described by the ball in an
unit of time, then a ¢ and a d will be the
spaces it would describe by the action of
these two forces separately, each during an
equal unit of time. Now, if the latter force
acted alone, it is-evident that the ball would exert no action on
the ledge, consequently this force adds nothing to the blow,

Fig. 15,
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which depends solely on the other resolved portion ot tne
whole force, viz., that portion perpendicular to the ledge.
The blow is precisely the same as if the ball rolled along d B
in an unit of time. It acts then on the ledge with a certain
farce in the direction 4 8, and the ledge accordingly (by the
second law of motion) reacts on the ball, with an exactly
equal force, in the contrary direction B 4, and would there-
fore send it in an unit of time to . But, meanwhile, the
other resolved portion of the whole force, viz. that portion
parallel with the ledge, remains unaltered either in intensity
or direction, and as it would, in an unit of time, have sent
the ball through the space a d, so it would in another unit,
send it through the space d e. This motion must therefore
be compounded (by the third law of motion), with the re-
action of the ledge, which would carry it, in the same unit,
through B 4, and ithus we shall find that it will, in this
second unit, describe the line B e, which evidently makes the
same angle with the ledge, as did the original path of the ball
A B, This is commonly expressed by saying that the angle of
tncidence is equal to the angle of reflexion; the former mean-
ing the angle A B d, and the latter d B ¢; and though this
law is only approximately true of moving bodies (owing to
the resistances arising from their imperfect elasticity and
other causes which render the reaction apparently not equal
to the action), yet we shall presently see that it applies
strictly to the motions of sound, heat, and light, and is there-
fore of the utmost importance throughout physics.

86. There is a consideration connected with the third
law of motion which is important to be noticed, namely, that
a motion common to afl the bodies of any system does not at
all interfere with the particular and individual moticne of
this system. These motions may be carried on with as much
facility as if the systom were at rest. For example, 1f a ship
be sailing ever so rapidly on a calm river, a stone dropped
from the mast-head will fall on precisely the same spot of the
deck as if the ship were stationary. It fulls in a diagonal
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line, its motion being compounded of the vertical descent
produced by gravity, and the horizontal motion common to
every object in the ship. 8o, also, & watch may be carried
with great rapidity without interfering with the complicated
movements of its works; or an animal may walk or run, or
fly or swim, without interfering with the motions of circula~
tion and respiration: and the earth on which we live spins
round upou its axis from west to east, at the rate of 1,042
miles an hour (at the equator), without interfering with the
various complicated motions upon its surface, except in modi-
fying the direction of the trade winds and a few other similar
effects, which result from the strict application of this law.
Suppose, for cxample, a bullet to be dropped from the centre
of the lantern of St. Paul’s: it would not fall on the point
to which a plumb-line would hang therefrom, but nearly an
inch to the east of that point. The reason is this. During
the fall (which would occupy about 4} seconds), the build-
ing would be carried eastward, by the earth’s axial rotation,
through a space of about three-quarters of a mile ; and, by
her orbitual motion, through nearly nincty miles. Itisonly
the former motion, however, which causcs this effect, for if
the building only advanced in a straight ling, however fast,

the stone m)uld fall as it does from the mast-head of the
ship above mentioned. But by the motion of rofation, it is
plain that the top of the building describes daily a rather
larger circle, and therefore moves rather faster than its base.
Now, the bullet, during its fall, retains the same forward
specd which it had at the top of the building, and is there-
fore tn advance of the slower movingssurface on which it falls,
by a minute space, which, however, has been measured by
delicate experiments.

87. The cssential principles of statics and dynamics apply
equally to fluids and solids, except that in respect of fluids
there are certain peculiar conditions, such as the property
which gives them a name, viz. fluidity, fluid pressure in all
directions, &c., which repder problems in hydrostatics and
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hydraulics more complicated than those which relate 1o solids
only.

It is not easy, in ordinary ohservation, to realize the idea
of fluid pressure equal in all directions, since our general
experience of the weight of a body is simply downwards.
But the difficulty will disappear when we consider that we
speak only of the equality of pressure in all directions, at
any one point in the fluid. That each point or particle must
be pressed equally above, below, and on all sides, is evident
from its remaining at rest; for if there were an excess of
pressure in any dircction, it must move in that direction,
till it arrives at a place where the surrounding pressures are
all equal. This equality of pressure in all directions, at any
point in a fluid in equilibrium, is the fundamental principle
from which all the reasonings of hydrostatics are to be
reduced ; and it is the direct consequence of that mobility
of particles; that absence of any tendency to preserve a
particular position with regard to each other; which we call
Juidity. The particles glide over cach other with perfect
freedom, each particle pressing equally on all the particles
that surround it, and is equally pressed upon by these; it
also presses equally upon the solid bodies which it touches,
and is equally presscd upon by these. From this property,
conjointly with“the gravity of the particles, it follows that
when a fluid is left to itself, .
all its parts rise or fall, so as
to settle at the same level.
Thus, if a large vesscl A, Fig.
16, be filled with wates, and
made to communicate with a
small vessel B, the connecting
tube being furnished with a
stop-cock ¢," on opening the
latter the water will rise up
and fill the small tube, and -
when the motion has subsided, both will be found to settle;
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on the same horizontal line, a &; the water in A will sink &
little, say to the dotted line, and will rise in b to the same
line.

88. The principle of fluid pressure, as illustrated by water

not rising above its own level, is subject-to some modifica-
tion by the attraction of adhesion, a force which refers to the
physical attraction of the particles of dissimilar bodies in
contradistinctjon to the force of cohesion, which is the
attraction between the particles of the same body. Omn
plunging a body into water, it comes out wet; that is, &
portion of water adheres to it. Now this attraction between
the particles of a fluid and those of a solid is supposed to be
similar in kind, but different in infensity, to the cohesive
force which binds together the particles of the fluid.
. This adhesive attraction may be shown by suspending
from one arm of a balance a thin plate of any substance
aver a vessel of water. As soon as the plate touches the
water, it will require a considerable weight in the opposite
scale to separate the plate from the water. This weight has
been taken to represent the force of adhesion, and by using
plates of different substances, but of the same area, different
weights arc required to separate them from the water. In
this way, tables of adhesion have been formed for different
substances ; but it must be borne in mind ‘that in separat-
ing the plate from the water, a film of that fluid is torn
away, and that the cohesive attraction of the particles of the
film for the rest of the fluid has first to be overcome. Hence
the numbers which represent the adhesive aitraction of
different substances found in this way are probably all too
high.

89. If tubes of very fine bore have their ends immersed
in water, the water will ascend in them to a certain height,
which is great in proportion to the narrowness of the bore
of the tube. Such tubes are called capillary, from their
bore being not much thicker than a Aasir, and this form of
adhesion is called oapillary attraction. Examples of it are
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very numerous, such as the ascent of water in a piece of
lump sugar, the pores of the sugar acting as capillary tubes;
the ascent of oil in a lamp, the cotton fibres serving also as
fine tubes. Sap ascends in plants by the same force; and
some idea of its intensity may be gained by fitting a dry
plug of wobdd tightly into a stout tube of glass or poreelain.
If a projecting portion of the wood be allowed just to dip
into water, the liquid will ascend and cause. the wood to
swell with such forec as to burst the tube, although capable
of resisting a pressure of more than 700 1bs. on the square
inch.

On placing the extremity of a capillary tube in a vessel of
water or spirits of wine, the liquid will ascend in the tube
above the level of that in the vessel, and the surface of the
little column thus suspended will be a hollow hemisphere,
as shown in Fig. 17, a. If the same tube be plunged into
mercury, the liquid in the Fig. 17.
tube, instead of rising above,
will be depressed bdelow the
goneral surface, as shown in
b. The surface of the mer-
cury in the tubg will be con-
vex instead of concave. The
same effect will take place
when capillary tubes aro
plunged in water, provided the water cannot wet the tubes,
a8 when they are covered within with a thin film of oil,
which prevents the adhesion.

The phenomena of cagillary attraction and repulsion may
also be seen in vessels containing fluids. If the fluid is
capable of wetting the sides of the vessel which contains it,
it will be raised and become concave all round the sides, as
may be seen in a glass of wine or a cup of tea, and as shown
in fig. a; but if the glass or cup be too full, the absenco
of lateral attraction by the vessel, and the predominance of
the force of cohesion from within, will give the liquid &
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younded form. If the vessel cannot be wetted by the fluid,
88 when it is greasy, or mercury be used, the fluid will be
depressed all round the vessel, and have a convex surface, as
in fig. 5. Some curious appearances of attraction and
repulsion are produced by the operation of capillarity (under
which term all effects depending on the adhesion of fluids to
solids are now included). Two balls of pith or wood, either
both dry or both wet, floating in water, attract each other
a8 they do in all cases when so distant that it matters not
whether the surface be rnised or depressed where it ap-
proaches them; but if one ball be wet and the other dry,
they repel each other as soon as the liquid surface which
separates them is curved. All these effects have been made
the subjects of deductive science, and with great success.
They have been gencralized by Clairaut into the following
law. If the infensity of the attraction of the sohd on the
fluid be greater than half that of the fluid on itself, the fluid
will elevate itself above the solid ; if it be less, it will depress
itself; and if it be egual, it will neither elevate nor depress
itself.

40. Water affords a very useful means df comparing the
specific gravities or densities of bodies. To ynderstand this,
we must remember that bodies placed under the same
circumstances, or attracted by the same body and at the
same distance from it,* gravitate thereto with forces propor-
tional to their masses; so that the weights of bodies at the
same spot on the earth’s surface are proportional to their
masses (a8 measured by inertin). The simplicity and gene-
rality of this fact causes it to be noften passed by as too
evident to need demonstration, whereas it is by no means
self-evident, but a matter of very nice experiment and
observation. For this purpose, Newton made a hollow
pendulum, in the bob of which he enclosed successively
equal weights of various substances, as metals, stones,
* % The same distance from its centre of mass, or cenire of gravity, as it
ia likewise called, and not from its surface,
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woods, &. Now, if these equal weights had been unequal
in mass (or inertin), they would not have caused the pendu-

lum to oscillate always with the same rapidity, as it was found

to do. It isa consequence of this law, that all bodics, whether

light or heavy, full (at the same place, and abstracting the

resistance of the air) with the same velocity, as shown in

the well-known experiment of the guinea and feather in

vacuo. But the best proof of this very simple law is ob-

tained from the heavenly bodies; for, if all the planets did

not weigh sunward with weights proportional to their
masses (after allowing for their differont distances), their

periods would not be as the square roots of the cubes of

their mean distances, which is well known to be one of the

invarisble laws discovered by Kepler. Now, this proof of

the proportionality of weight to mass is the more remark- *

able, because the masses of these bodies are very far from

proportional to their bulks. Thus the sun is 1,338,000 ,
times larger than the earth, but only 354,936 times heavier ;

whence it follows, that he is little more than a quarter so
dense ; and the densities of the planets differ prodigiously, ‘

Mercury being nearly as dense as gold, while Saturn has

hardly half theydensity of water.

The mode of comparing the densitics of terrestrial bodies
has been given in Rudimentary Mechanics (173).

41. The equality of fluid pressure, as noticed in liquids,
is also one of the most striking and beautiful properties of
the atmosphere. It has already been shown (11) that a
eolumn of mereury, 80 inches high, whose horizontal section
is equal to a square inch, represents the weight or pressure
of a column of the atmosphere resting on a square inch and
extending upwards to the limits of the atmosphere in space,
a height which has been calculated at about 45 miles. Now,
88 a column of mercury such as we have described weighs.
14} pounds, and the atmospheric column balances this pres-,
sure, it follows that all beings and objects situated at the.’
bottom of our aerial ocean experience a pressure of 144 :
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pounds on every square inch of surface. The body of a
man of ordinary stature undergoes a pressure of no less
than fifteen tons from this source, and the reason why he is
not inconvenienced by this enormous force is the equality
of its pressure, both without and within all the minute
vessels of which every organic structure is composed. A
sponge plunged to the depth of 33 feet in water bears
double the atmospheric pressure, and at 1,000 feet deep
about 80 times that pressure; yet its most delicate struc-’
ture is not injured, nor its motions impeded. We beco‘me
painfully scnsible of the atmospheric pressure on removing
any,part of it from the surface of the body. For example,
if we place the broad end of a stout glass, Fig. 18, open at
both ends upon the table of an air-pump, and Fig. 18
close the upper end with the palm of the -
hand, and then remove some air from the Q‘?—v';’
glass, tho hand is held down by the weight of i1
the atmosphero, and the effect is painful if ——
the vacuum is tolerably perfect.

The pressure of the air is a consequence of its weight,
100 cubic inches at the temperature of 60°, and when the
barometer stands at 30 inches, weighing nearly 81 grains.
Any causes which tend to depress the barometer, while the
temperature remains constant, will of course diminish the
weight of a given volume of air. At the height of 18,000
feet above the level of the sea, the barometer would stand at
15 inches, because we should then have ascended above half
the atmosphere. At the height of seven miles, the mercury
would stand at 7} inches, when there would be still one
quarter of the atmosphere at a higher elevation, because its
upper parts, having less weight to bear, gxpand into far
greater space.  Rare as tho air in which we live appears to
be in comparison with liquids or solids (for the air is more
than 800 times rarer than water), this habitable stratum
must yet be regarded as enormously compressed by having
to bear the whole mass of the atmosphere above it, for from
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the sea-level to an clevation of 8} miles there is as much air
as in the remaining 41 or 42 miles to which the atmosphere
is supposed to extend.

A barometer situsted at one spot on the carth’s surfuce
is liable to variations in its height. In our own country the
mercurial column oscillates between about 28:3 and 30'8
inches, the causes for which are studled in our treatisc on
Pneumatlca.

42. The elasticity of the air arising from the repulsive
force of its particles is necessarily equal to the compressing
force which it balances. Thus, any confined portion of air
exerts against the whole inner surfuce of the containing
vessel, exactly the same pressure which an equal surface
would receive from the weight of the external atmosphere, if
exposed thereto, namely, a pressure of 14} lbs. on every
square inch. If a glass vessel, Fig. 19, with square sides,
full of air, be sealed up, and put uunder the re-
ceiver of an air-pump, the clastic foree of the
enclosed nir will burst the vessel to atoms when
| the pressure from its outer surface is removed.
The external pressure of the air exactly balanees
the inward pressure, so that on removing the
former, the lattér acts with full effect.

43. The air is the medium by which sound is propagated
to our ears. We have alrcady (15) given some general
notions of the mode of its propagation, and shall enter further
into the subject in our treatise on Pneumatics. 1t is neces-
sary, however, in this place, to notice a few particulars re-
specting the laws of soynd, for the purposc of illustrating
some remarkable facts respecting light, which will presently
be considered.

The motion of sound through the air is at the rate of
sbout 1,125 feet per second at the temperature of 62°. At
the freezing temperature, when the air is denser, it is only
1,089% feet per second. The method of determining this
velocity is to watch the time that elapses between the flash

Fig. 19.
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and the report of a gun fired at the distance of several miles
from the observer. As light travels at the rate of nearly
200,000 miles per second, its passage occupies a portion of
time too small to be measured in any terrcstrial distance. It
may therefore be supposed to be seen at the distance of
several miles from the obscrver at the very instant of its
production.  If, ihercfore, an observer at one station begin
to count scconds on an accurate dial, the moment he sees
the flash of a gun at another station, say ten miles off, the
number of seconds and fractions of a sccond which elapse
between sceing the flash and hearing the report will give a
divisor for the number of feet between the two stations, and
the quotient will represent the velocity of sound in feot per
second. .

4% All sounds, whatever their infensity, whether the
noise of a cannon or a whisper; whatever their pitch, whe-
ther from the diapason organ-pipe or the chirping of a
cricket ; and whatever their guality, whether the finest music
or the most grating noise, all travel with the same amount
of s;eced.

1t has been already stated (15) that when sound from
whatever source is propagated in air, waves are formed
similar in character to those which may be so beautifully
studied when the wind is blowing over a field of standing
corn. Now, when it is said that sound travels at the rate
of 1,125 feet per sceond, it is not mcant that the particles
of air move through that distance any more than the ears of
corn travel from one end of the ficld to the other; it is only
the form of the wave which thus travals. So with the parti-
cles of air: their individual movenient is confined within
narrow limits ; but the effect of this movement is propagated
from particle to particle with the rapidity of 1,125 feet per
second, which, although it would be thought very rapid for
a motion or the transfer of a body (being about ten times
faster than the most violent West-India hurricane), is yet
very slow for the communication or transfer of motion; for,
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if we pull or push one end of a solid rod, or the liquid filling
a long tube, the other end appears to move at the same
Instant ; and although this motion of motion must occupy
time (unless the body were perfectly incompressible), it is
much more rapid in these cases than in air, which, on
account of its great compressibility, ir onc of the slowest
conveyors of sound. Every one must have observed that
vibration can be diffused through a long mass of metal or
wood, 80 as to be heard at a greater distance than through
air; but in this case, if the sound bo loud enough to be
andible through the air also, it will be heard twice, first
through the solid, and then through the air. Tron conveys
sound about 17 times faster than air, woods from 17 to 11
times, and water 4} times aster than air.

45. When waves of sound meet a tolerably smooth fixed
surface, they are reflected according to the law of equal
angles of incidence and reflection already noticed (35). In
this way echoes arc produced. Between iwo parallel surfaces
a loud sound is reflected backwards and forwards, and several
echoes are audible. Six may be heard between Carlton
Terrace and the Birdeage Walk, in St. James's Park,
London; fourtecn between the stecp banks of the Avon ab

. Cliffon, and as many under Maidenhead railway-bridge.
When the parallel surfaces are much nearer together (as
the walls of a room), although a large number of echocs are
produced, they follow each other too rapidly to be distin-
guished; and as they reach the car after equal intervals,
they produce a musical note, however unmusical the original
noise may havebeen., Hence all the phevomena of reverbe-
ration. The pitch of the note depends on the distance
between the two walls which cause it, and may be calculated
iherefrom.

A noise may also produce a musical echo by being re-
flected from a large number of surfuces receding equidistantly
from the ear, so that the sound reflected from each may

rrive successively at equal intervals.  If we stamp near a
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long row of palisades, a shrill ringing will be heard. A fine
instance of the same kind is said to oceur on the steps of the
great pvmmid 1f tho distance from edge to edge of each
step were 2 feet 1 inch, the note produced would be the
tenor ¢, beease each echo (having to go and return) would
-be 4 feet 2 inches later than the previous one, which is the
length of the waves of that note. But as the steps gradually
diminish in size upwards, the echo, if produced, and heard at
. the bottom, must gradually rise in pitch.
46. We have thus glanced at ihose phenomena which
. have been generalized by the discovery of the laws of
#dynamics, or which arc reducible to the single principle of
niotion produced in matter possessing invariably the follow-
mg propertics, namely, extent, timpenetrability, elasticity, and
“yetght. 1In our treatises on Mechanics and Pnoumatics, we
. propose to enter more at length into these important sub-
. jerts. It was necessary to reserve a considerable portion of
ony space for the consideration of those agencies which,
"aizaongh mutually convertible into, or producing and pro-
¢+ duced by, mechanical foree, have not yet been brought
unler the dominion of mechanical laws, We have now to
divect the rcader’s altention to changes in matter, which
have not yet been proved to come under the general prin-
ciple of change qf place; and it has only beén after much
induetive reasoning that Souad has been proved to be a
particular case of mofion, and has thus been made a branch
of mechanical scicnee.  The actions now to be considered
are varietics of foree, indeed, and the force expended is
constantly found to be jointly propoutional to the intensity
of effect and the quantity of matter affected; but theso
offects have not been proved to be mercly varicties of mo-
" tion, although the complete veduction of all the phenomena
of sound to that principle renders it probable that Heat,
Light, Magnetism, and Electricity will hercafter bo referred
thereto with equal success.

47. The whole of the material world is under the influence
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of Zeat, and all scientific investigations are more or less
influenced by this wonderful and mysterious agency. In
its ordinary scnse, the term keat is used to denote a quality
otherwise called kigh 1emperature, the reverse of cold or low
temperature. In a scientific sense, the term heat or caloric
is used to denote that substamce or action which, hy its
greator or less abundance, or intensity in matter, produces
effects which are also expressed by the terms Zigh or low
temperature.

The nature of ealoric being a matter of pure hypothesis,
it is necessary 1o reccive with caution the terms used in
referring to it.  When we speak, for example, of a portion
of culoric as of & quantity that may be added, subtracted,
multiplied, or divided, conducted through a body, absorbed
by another body, and again ewolved or emitied, radiated,
reflected, conveyed, &c., these terms must be taken as con-
venient modes of describing facts, not as explanations of
facts. Al these cxpressions are just as applicable to a
force, an action, or a motion, as to a substance. A motion
of vibration, for example, nay vary in intensity so as to be
treated like an arithmetical guantity, and may be propa-
gated from place to place in any of the above modes, or
undergo any of the modifications implied by the above
terms.

In order o render facts intelligible, we may suppose heat
to consist of matter of extreme tenuity. "We know that the
most delicate balapee is unable to detect a change of weight
in a body cither by the addilion or subtraction of heal.
The particles of this fluid (if such it bc) must be enduec
with indefinite self-repulsive powers, and thus diffusing
themselves betweon the atoms of other bodies, and tendin,
to force those atoms asupder, thereby oppose and balanc
the force of universal attraction or gravity which tends t
bring them together.

Tcat may also be regarded as a vibratory or oscillatir
motion of each particle of matter, varying in estent a1
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velocity, but perpetually maintained by every particle o1
every body in nature, and consfantly tending to cqualize
itself by communication from particle to particle, and also

. from body to. body, even through the greatest distances, by
“ means of waves propagated through the efker or fluid which
s optical and astronomical facts render it probable fills all

space not otherwise occupied by material atoms.

Many of the phenomena of heat are equally well deseribed
by the language of cither of these hypotheses; other facts
aro more intelligible by one mode of viewing them rather
than by the othdr, and some seem to require a union of both
suppositions. 1t is not, however, necessary to attach our
fuith to cither hypothesis in order to understand the varvied
and beautiful cficets of heat.

48. The most familiar effvets of heat are included under
the general {erin change of lewperature, which implies, first,
the production of certain animal sensations known as keat
and cold ; bul as a decrease of temperature below a eertain
point destroys organic life, while too great au increase of it
destroys both life and organization, this test of change of
temperature is conlined to a comparatively small range, and
is also too vaguce "to admit of a comparison of temperatures
cven within this runge. But change of temperature implies,
secondly, a change in the relative intensities of the attrac-
tive and repulsive forces of the particles of all bodices, in-
organic as well as organic.  The tendeney of all bodies, at
the same temperatuve, is to occupy a certain amount of
space ; and this tendency can onl) be accounted for by
supposing, that when they fill this space exactly; their
particles are in equilibrium between at least two forees, one
tending to bring them together and the other to scparate
them, which forces must vary according to different functions
of the distance between two particles; so that there is only

- one distance at which these forecs can be balanced. "When
- the particles are nearer than this, the repulsive force pre-
., Ponderates, and when farther apart, the attractive force is
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strongest. Now, a change of temperature implies a change
in the rate of variation of one or both of these forces, and
consequently an alteration of the distance at which they
balance cach other, and thereforc an alteration in the
amount of space which the whole body tends to occupy, or
which it will occupy, if not prevented by surrounding bodies.

This may be a circuitous method of stating the well-
known fact, that “all bodies expand by hest and contract
by cold;” but this common expression does not correctly
represent the fact in all its generality as applied to the
solid, liquid, and gaseous stale of matier; beeause if we
take the guseous state, which is most afleeted by change
of temperature, the gas uuder examination wust of course
be confined in a vessel of some kind, or we could not be
sure of its identity. But it is the distinetive property of
this kind of matter always to /77 the vessel in which it is
confincd, however small the actual quantity or weight of the
gas may be. 1f'it be heated, it cannot expand, for it already
fills the vessel; if it be cooled, it does not contract, for it
still fills the vessel and presses against ils inner surface
even at the lowest temperature. 1f then it be said that
this portion of matter, under these circumstances, expunds
by heut and contracts by cold, such is not the case, for
it always maintains the sume bulk. 1If it be said that it
tends to expand by heat and to contract by cold, such is alwo
not the case, because it always tends to expand, as is proved
by its always pressing against the whole interior of the
vessel. All that can be said in strictness is, that change of
temperature alters the “relation between the attractive and
repilsive forces of its particles, and therefore alters the
distance at which those particles would remain in equili-
brium, neither attracting nor repelling each other.

49. In all inquiriesinto the effects of heat, il is necessary
to attend to the following rules respecting the application of
the term Zemperature:—

L If a body subject to mo pressure, or to a constant
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pressure, have at two different times the same bulk, it is said
on both occasions to have the same temperature.

1I. Two bodies arc said to have the same temperature if,
being kept in contact, the temperature of cither remains
ymaltered by the action of the other.

II1. When bodics of different temperatures are in contact,
‘the temperature of the hotter body decrcases and that of the
colder increases, till they become equal.

IV. 1f the bedics be equal in mass or in weight, and of
.the same substance, the increase of témperature in one will

_be equal to its deerease in the other.

Hence it will be scen that differences of temperature are
. measurable and cowpurable with cach other, quite indepen-
* dently of change of bulk; that is, without using the latter

a8 a measure of temperature, but only as a Zest by which
change of temperature is detected.

In this way it has been discovered that the same incre-
~ment (not equal increments, as from 40° to 50°, and from

50° to 60°) of tcmpcmture causes all masses of the same
subbtance to expzmd in the same ratio to their whole former
"Bulk ; but this is by no means the case with different sub-
stances, as is obvious by looking at a common thermometer,
an instrument for measuring changes in the bulk of a mass
of liquid coutained in a glass vessel of such a form, that
changes, very small compared with the whole bulk of the
liquid, may cause its surfice to rise and fall through a con-
siderable space. Now, this could not be done if the glass
and the measuring scale, in undergoing the same changes
of tempergture as the liquid, experienced also the same
change of bulk ; for, if such were the case, the liquid surface
would always remain opposite the same degree on the scale.
The value of this simple instrument, therefore, dopends on
the fact—that liquids are more expansible than solids.

But it will further be seen that the ratio of the change of
bulk to the wkole bulk is dificrent for every different sub-
stance, when the change of temperature is the same in all.
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It is necessary, howover, to guard against a very common
error respecting the relation between temperatures and the
numbers by which they are represented ; namely, the degrees
of the thermometer.

Although the differences of temperaturcs are known and
comparable quantities, yet their ratios arc not so. "We can
compare them by addition and subtraction, but not by mul-
tiplication or division. 'We cannot say, ¢ This temperature
is somany times that,” because we do not know the real zero
of temperature ; that is, we do not know what is the smallest
bulk into which a given body is eapable of heing condensed
by cold. 'We cannot therefore say, “ This body excecds its
minimum bulk by twice as much as #kat body exceeds its
minimum bulk;” or, in other words, ¢ Z%is body is twice as
hot as #hat;” for although the temperature of one body
may be 80° and that of another 40°, thesc mumbers are
only reckoned from an arbitrary zero or starting-point,
adopted because the real zero is unknown. But although
we cannot say that A has twice the temperature of B, we
can say that the temperature of A exceeds that of B by twice
as much as the temperature of ¢ exceeds that of v.

The first question, then, regarding the relation of ex-
pansion to temperature, is— Do equal dificrences of iem-
perature cause the bulk of a body to vary by equal difier-
ences P’ This question had to be settled before it could
be known whether the common thermometer (the seale of
which is divided into equal parts) measured differences of
temperature correctly. For this parpose, Dr. Brooke Taylor
heated two equal weights of water, otc to 200° and the
other to 100°% and, on mingling thewm together, he found
them to indicate exactly 150°; thereby showing that equal
differences of temperature cause equal differences in the
expansion of mercury; or rather in the excess of its cx-
pansion over that of glass, which is clearly all that tho
thermometer can measurc. More accurate experiments,
however, have shown that this rule docs not exactly appiy
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any solid or liquid, but only to gases. When equal masses
of the same liquid, at different temperatures, are mined,
their combined Dbulk becomes a very little diminished.
Lignids, therefore, instead of expanding by equal inere-
ments of space for equal incremnents of temperature, expund
faster as the temperature increases equably ; and it appears
ihat the correetness of the mercurial thermometer observed
by Dr. Brooke Taplor was the result of a fortunate coin-
cidence, by which the expansion of the glass, which is very
gmall compared with that of the mereury, exaetly ecomp n-
sated the inereasing rate of the Ietter. This, however,
would not be the ease with thormometers construeted widh
other liquids, for their rates of evpansion inerense mure
rapidly than that of mercurs.  Hence spivit thermometcrs
cannot be depended on for temperatures above the atmo-
spherie range (or above 100°),

The rate of expansion in »olid is also found to inervase
as they hecome hottor; hut it is more equable than that of
liquids.  Instruments for measuring the (apansion of soli 14
are ealled pyromelers, 1o distingnish them tfrom thermome-
ters, which measure the expansion of liquids and airs,  The
measurement of solid eapansion is, however, by far the more
delieate and difficult, not only (rom its smallér amount, but
beenuso we eannot measure at onee the whole cubical ineres e
or expansion, but only the inerease of one linear dimension,
that i, the elonyation or dilatution. As solids do not in
general alter their form by change of temperature, all the
dimeusions increase and deerease in the same ratio.  Tho
ouly hnown exeeptions to tLis are affprded by eystals.

50. The first cfivet of heat on wsolids is expunsion.  If]
however, the heat be more energelic, the solid is resolved
intv a liquid. The liquefaction of some solids is gradual ;
they pass through various degrees of sofiness; bul in man,,
perhaps in wmost eases, there is no intermediate siate b.-
tweea perfect solidity and perfeet fluidity: the wolid ig
heated up to a cerlain point, at which it remains solid; but
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a very slight increase of heat is then sufficient to ligftefy a
portion of it. Now, it is an important fact that the same
substance always passes from the solid into the liquid state
at preciscly the same temperature, and this 1s called its
melting point if it bo above, or fieezing point if below the
medium atmospheric temperature. *Thus the melting point
of ice, or the freezing point of water, is 32° on the scale of
Fahrenheit, used in this country; but it is made the zero or
0° degree of the continental scales. The freezing point of
mercury is about 70° Iahrenheit lower than 82°, and is
therefore called — 38° (minus 38°), or 38° below zero, a
degree of cold which i1l England can only be produced arti-
ficially. By the same means almost every other body that
is liquid at common temperaturcs has been rendered solid.
Oun the other hand there are very few solids which have not
been melted by artificial heat, or by that of the sun concen-
trated ; and each one hay its fixed and unalterable melting
point. Thus, tin melts at 412°, lead at 594°, zine al 773°
antimony at 812°, and so on.

But there are important circumstances to be noticed in
the liquefaction of these bodies. It is evident that i’ a
quantity of ice, at the temperature of zero, or 0° be taken
into a room whose temperature is 60°, the ice will hegin to
melt; and a tacrmometer placed in it, which at first indi-
cated zero, will rise and soon reach 32°; but at this poiut
it will remain stationary until the ice has entircly passed
into the liquid form. Even if the vesscl containing the ice
be placed upon a fire, the mercary in the thermometer will
not rise above 32° so Jong as any ice remains in the vesscl.
Now, it is obvious that, during this time, a quantjty of licat
must be constantly entering the vessel without rendering its
contents hotter; for so long as this.influx of heat is engaged
in liquefying the ice, it produces no effect upon its tempe-
rature. Thus we see that increasc of temperature is only
one of the modes in which heat or caloric acts, and that
when a portion of heat is producing the cffect of fuidity, it
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cannof be at the same time producing the effect of fem-
perature. 'The effect here described for ice applies equally
to other solids. Hence we see that, during the process of
liquefaction, a large quantity of heat disappears, or is ab-
sorbed, so as to be no longer sensible to the touch or to the
thermometer. The heat thus lost is sometimes called the
heat of fluidity, or latent heat, in contradistinction to the
heat of temperature.*

51. Another general effect of heat is the conversion of
liquids, by an enormous expansion, into airs, gases, or
vapours, as when water by boiling becomes steam. This

" effect is attended by the same impgrtant circumstance as
in liquefaction, namcly, the absorption or apparent loss of a
. large quantity of heat, which, however, reappears when the
vapour is condensed again into the liquid form. A vessel of
- boiling water exposed to the atmospheric pressure of thirty
inches maintains the constant temperature of 212°, and the
most violent heat is insufficient to raise it above this point.
The heat thus expended in vaporizing water without raising
| its temperature is sufficient to raise it no less than 970°

* It must be remembered, however, that the general principles applied
to mechanical force (33) are equally applicable to force of every kind;
it is not lost without producing an equivalent effect. » Thus exactly as
much of the cause of heat as appears to be lost or absorfed in the lique-
faction of a solid, is again apparently produced or evolved in the resolidi-
fication of the same hiquid. Thus, as a solid, while melting, becomes no
hotter though coustantly recciving heat, so a liquid, while congealing,
becomes no colder though constantly losing heat; for its temperature is
maintained by the evolution of this heat of fluidity. The heat of fluidity

" /in water is about 140°; that is to say, water at 329, to be converted intoice
“at 329, or to be frozen without change of temperature, must lose as much
"hent a3 would lower its temperature 140° without freezing it ; for though
* this cannot be done, yct it can be lowered 10° without freezing, and this
» by the abstraction of only v of the heat which must be removed in order
«. to freeze it ; or it can be Jowered 20° by the abstraction of } of that quan-
. tity; or the heat given out in freezing can be made to warm 14 times as
‘Amucu watd 10°, or 140 times as much water 19; ; and the same thing can
be proved in innumerable other ways.
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if it were not vaporized ; or, in other words, the lateit heat
of steam is nearly 1,000°.

52. The axiom laid down in (49) is true only of masscs
of the same substance or kind of matter ; for different bodics
manifest different capacities for heat; that is, if’ two equal
masses or weights, of the same temperature, receive the
same amount of heat, they will not become equally hot,
even although they do not change their state. For example,
if a pound of mercury at 160° be mingled with a pound of
water at 40° the resulting temperature will not be the
160 + 40 ;- 40_ 100°; it will be ouly 45°;
80 that the 115° lost .by the mercury heats the water only
5°  On reversing the experiment, and mingling a pound of
water at 160° with a pound of mercury at 40°, the result
will indicate 155°; so that the 5° lost by the water raises
the mercury 115°.%

Different bodies, therefore, have various degrees of sus-
ceptibility to heat. To produce a certain change of tempera-
ture requires a greater supply of heat in some bodiey than
in others. Numbers proportional to the quantitics of heut
necessary to produce the same change of temperature in
equal weights of different bodics are called the specific heats
of these bodies, or their capacities for heat. Thus, water is
said to have thirty times more capacity for heat than
mercury.

53. There are three methods by which heat is diffused;
namely, by conduction, by convection, and by radiation.

Bodies that are kept in contact will (if of different tempe-

+

* Hence it appears that the force of heat, unlike mechanical force, is
not proportional to the guantity (or inertia) of the matter affected by it.
It is far more nearly related to the Julk, though not proportional even to
this, when different substances are compared. Thus, if we mix a pint of
mercury at 100° with a pint of water at 40°, the resulting ten.perature will
be 60°, or, on reversing the experiment, 80°; showing that 20°, lost by
the water, raise the same bulk of mercury 40°, and vice versd.

arithmetical mean, or
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ratumes) gradually change till they acquire the same tempera-
ture; that is, their shares of heat of temperature will become
proportional to their capacities, and each body will have the
some temperature throughout its mass. But this diffusion
does not take place instantancously, or there would be no
such thing as difference of temperature.  The rapidity with
which heat travels varies in different substances. Forexample,
if we place a silver spoon and a wooden one in boiling water,
the handle of the former will become too hot to be held
before that of the wooden one is sensibly warmed. We see,
then, that silver is a good conductor, and wood a bad
conductor of heat. Different substances conduct heat at
differant rates. I we call the conducting power of gold
1,000, silver will be 973, copper, 898, platinwm, 381, iron,
874, tin, 303, lead, 179, marble, 23, porcclain, 12, clay, 11
On placing onc hand upon a piece of fur or flannel, and the
other upon a piece of metal, both of the same temperature,
as they must be if left under the same circumstances, and
both colder than the hand, we call one warm and the other
cold. Thisis an cflect of sensation merely. The metal being
a good conductor, abstracls heat from the hand and gives
the sensation of cold ; the flannel or fur, being a bad con-
ductor, not only takes away no heat, but alows it to accu-
mulate; and hence the sensation of warmtl,  Preciscly the
contrary effect will {ake place if
hoth Dodies are warmer than tho’
hand. The metal will feel hottest,

and will even burn us, at a tem-

perature at which the cloth would

hardly seem warmer thau in ilie

former caso.

54. Butin liquids there can beno
change of temperature without a
displacement of particles.  If.heat
be applied to a vessel of water, the
particles ncar the bottom of the
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vesscl being heated first and expanding, become specifically
lighter and ascend ; colder particles occupy their plaee and
ascend in their tuwrn, and thus a current is established, the
heated particles rising up through the centre, and colder par-
ticles descending at the sides, as shown by the direction of the
arrows in ¥ig. 20. This is evidently avery different process
from conduction. The heat is not conducted partigle to
particle without displacement, as in the casc 8f  solid ; but
each particle, as fast as it receives a frosh accdasion’of heat,
starts off with it, and conveys it {o a distance, (ﬁﬁ}ﬂﬁl&g other
and colder particles in its progress. This process’ hasrbcmn a
the appropriate name of concection; and its 1mp0mnce

be scen if we apply heat to the surfice of a liguid inwew

to its base. Water being a bad conductor,

we may boil it ab the surface (Fig. 21), Fig. &

while a lump of ice sunk to the bottom

will remain unmelted. g v .{
Gaseous  bodies, however, from the L)

great mobility of their particles, are the N
most rapid conveyers, although (and, in-
deed, because) they are the’slowest con-
ductors of heat. Any body hotter than
the air sets in Mlotion an upward current
of that fluid, which may be easily reen
rising from bodies that are much heated,
and the particles which rise are immedi-
ately replaced by the influx of other
particles from cvery side. The slightest differenee of fom-
perature is sufficient to Rroduce these effi ¢1s, and beuce the
rapidity with which the air reduces all bodies to’ ‘.lth ‘own
temperaturc A body colder than the air, such ag a lump of
melting ice, produces an opposite action : it cools the air in
contact with it, which, becoming deuser, ‘e ends in a
continual stream, supplicd by an influx of air ivromn all sides
to the ice, until the whole is melted.

Actions of the same kind in the great scalc of nature give
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rise to.all the varieties of wind, by which the whole mass of
the atmosphere is kept in motion, and its temperature so far
equalized as to mitigate the cxtremes of climate, and render
both the equator and the polar regions habitable. Such
effects as these could not take place if the great ocean of
air were heated (as at first sight it may appear to be) from
above. 'The atmosphere receives scarcely any of its warmth
directly from the sun’s rays, but is heated almost entirely
by the ground on which it rests, and is thercfore in the
condition of the water in a boiler, where the heat is
applicd from below.
. But it is different with the liquid masses of our globe.
" The heat is applied to themn at their surface, and is thercfore
not diffused by conveetion. Tt ereeps slowly downwards by
. conduction, so that the temperature of all deep waters is
found to diminish downwards. ln the absence of the sun,
however, the process of cooling gocs on by convection ; the
_surfuce waters being cooled first, becomo denser, and there-
fore sink, while new portions are brought to the surface,
where they are cooled and sink in their turn; by which
circulation the whole would very soon be reduced to the
freezing point, were it not that the wisdom of the Creator
has ordained that the general law of rarefactien by heat and
,tondensation by cold shall, between certain limiting tempe-
raturcs, be reversed. The operation of this exceptional law
has already been mentioned (13). 1t gives rise (in water
below 394°) to a species of conveetion exactly the reverse of
that in other fluids, pamely, a convection of heat more
readily downivards than upwards. Thus, above the tem-
perature of 39}° masses of water are more easily cooled than
heated ; and below 891° they are more casily warmed than
cooled.

Dr. Tope gave a beautifgl illustration of thesc actions by
placing, in a very cold room, a deep jar of warm water, and
suspendmng two thermoweters in it, one just dipping below
the surface, and the other sunk to the bottom. The upper
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temperature remained the highest until both had sunk below
40°, when the difference was reversed, and the surface be-
came colder than the bottom.: .

This effect was shown on the grand scale of nature during
the antarctic voyage under Sir James Clarke Ross. It was
found that au irregular circle could be traced around the
globe between the parallels of 50° and 60° of south latitude,
on crossing which circle, and sounding with a register ther-
mometer, the same temperature of 391° was indicated at all
fathomable depths. In all other places, ihere is always a
change of temperature with change of depth; for, wherever
the surfice is warmer than this, ithe water becomes colder
the deeper the sounding; while, to the south of that circle,
the temperature, always colder than 391°, becomes warmer
the deeper the sounding. The phenomena indieated that,
provided the sea be of sufficient depth, a depth may always
be found, below which the constant temperature of 394° is
preserved ; but the depth necessary to maintain this must
be very great at the equator, where the surface is above 80°,
and must diminigh from thence to the circle above men-
tioned, where it vanishes, and again increases towards the
pole.

55. The third method by which heat is diffused is by
radiation, s when we stand at a distance from the fire, and
experience its warmth. The hcat is not, in this case, brought
to us by any current of air, for that must set in fowards, and
not fiom, the fire; and besides, heated currents tend con-
stantly to ascend. Nor can it depend on the conducting
power of tho air, for that is very slow indeed, and we expe-
rience the heat of thd fire instantancously. From these
and various other reasons, it is evident, that a substantial
medium, path or passage is not necessary for the propagation
of heat. s

If a red-hot cannon-ball be suspended in the air, rays of
heat will be cmitted from it as a centre, in radial lines,
which move with the velocity of light, and, like the luminous
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rays, may be reflected, absorbed, refvacted, transmitted, &e.,
Dby encountering certain surfaces; and these rays may be
reflecied or transmitted without disturbing the temperature
of tho reflecting or transmitting bodies ; but if the ealorific
rays be absorbed (that is, if they are stopped, and wholly or
partly ccase to exist as rays), an iinmediate increase in the
tefaperature of ihe absorhing body is the result. This
transmission must not be confounded with conduction of
heat. The latter is always a slow process, while the trins-
mission of radinnt heat, or calorific rayw, is instantancous, 1t
iy the peculiar properiy of these rays, that they do not heat
bodies through which they pass, as condueted heat must do,
The worst conductors of Leat (air and gases) are the best
transmitiers of these rays, while the best conductors
(metals) totally stop the progress of the rays.

The intensily of radiant heat diminishes in the ratio that
tho squares of the distances from the radiating points
increase ; that is to say, the heating cffect of any hot body
(such as the red-hot ball above noticed) is nine times less at
three fect than at once; sixteen times less at four feet; and
twenty-five times less at five feet.  Now, as this law applies
to all influences that spread from a centre, such as gravita-
tion, light, beat, cleetrical forces, magnetism, sound, and in
faet all eentral forces when
not weakened by any re- Fig. 22.
sistance, or opposing fover,
it is desirable to impress
the law fully on the reader’s
attention by giving a reason
for it. Suppose a board
iwo feet square (Fig. 22),
to be held with its centro
exactly iwo yards from a
candle, and another board
onc foot square to be held,
parallel with the lirst Loard, and exactly half-wav between
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‘When heating rays pass from one medium into another,
they undergo a change of direction at the surface which
divides the two media: this change is called refiraction,
which will be more particulurly noticed when we come to
speak of light (66). IIeat of the same quality, however
different in intensity, is refracted alike; but the different
qualities of heat posscss different refrangibilitics or degrecs
of susceptibility to this action, including all possible degrees
in their certain limits.

59. Not all the radiant effect which falls on the surface
of a new medium euters it ; a portion is always reflected.

In considering this part of our subject, we may remark
that radiations or cflects which are propagated in straight
lines only (such as light and radiant heat) are most con-
veniently considered by dividing them into innumerable '
straight lines or rays; not that there is any such division in
nature, but to enable us, amidet the extreme complexity of
these phenomcna, to confine our attention io the simplest
independent portion of the effect. Every iudividual ray,
whether of heat or light, proceeds in a straight line until it
mects a reflecting surfuce, from which it rebounds in another
straight line, the direction of which is determined by ihe
law alrcady stated (35), namely, that the angle of incidence
is cqual to the angle of reflexion, to which, however, in this
cuse must (on account of its generality) be added another»
condition, viz., that the plane of reflexion, as it is culled (on%
that imaginary plane which contains both 5
the incident and the reflected ray), is per- Fig. 23,
pendicular to the reflegting surface at the
point of contact. Thus let a ray from o
(Fig. 23) full on a reflecting surface at n.
We must suppose a perpendicular to this
surface crected at the point D, then the
same plane P P, which contains both the
incident ray and the perpendicularf; will
also contain the reflected ray B c, both
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rays making equal angles with this perpendicular B », but
on opposite sides of it. 'When the surface is curved, a per-
pendicular or mormal (as it is then called) can equally be
erected nt any point of it ; for it must be remembered thab
* each mathematical point of such surface acts precisely as a
tangent plane, that is, as a plane touching the curved sur-
face at that point would act. Thence it happens, that
certain ‘regularly curved reflecting surfaces, called mirrors
or specula, possess some rcmarkable properties. For ex-
ample, if a mirror have the form of a paraboloid, any number
of rays radiating from the point called its focus will be
reflected into parallel directions, and any number of parallel
rays coming to such a mirror are all reflected so as to meet
«in its focus.
In Fig. 24 two such mirrors, A and B, are shown. They

Fig. 24.

are made of metal and highly polished, because we have
seen that this kind of surface is the worst radiator, and
therefore absorbs the least proportion of the rays that full
on it, and conscquently must reflect the greatest quantity.
If these mirrors be truly centred, that is, placed so that
their axes may be exactly in the samc straight line, and if a
hot body be placed at ¢, in the focus of the mirror a, all the
rays which it sends to that mirror will be reflected into
parallel lines, and so reaching the other mirror B, will be
reflected by it, and all brought to meet in its focus », where
a thermometer will be affected more than at any other spot,
evon though such other spot be much nearer the hot body c.
Moreover, if & screen be placed either between ¢ and 4, or
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belween B.and p, the effect on the thermometer instrmt‘z
ceases.

To render this experiment more stribing, a red-hot iv +
ball is sometimes placed in the focus of one mirror, an
some combustible, such as gunpowder, phosphorus, paper
&c., in the focus of the other. These bodies will be burnt,
ulthough their distances from the ball ¢ may bu teu or
fifteen feet.

1f, instead of a heated ball, we place m the focus of the
mirror A a ball of ice, a thermometer in the foeus of the
wirror B will be observed to full.  When this experimert

ras first performed, it was supposcd to arise from the rad. -
tion of cold. This, however, was a mistake; since no pr .-
ciple of cold, comsidered s a positive quahty, ean be
admitted, cold being merely a sensation arising from the
abstraction or diminution of heat ; as darkness results from
the absence of light, and silenee from the absence of
sonorous vibrations. In this experiment the thermomet-r
sinks, because it radiates heat to the ball of 1. Ilenee ve
learn, that even a body at the ordinary temperature must ho
constantly radiating heat; and, of course, can ouly preserve
its temperature by the counter-radiation it receives from
other bodies. When two bodies are placed in the foéi of
the opposite Tirrors, they arc, as it were, isolated or cul off
from any other source of heat, so that any heating cffest
observed in one must be derived from the other. The
thermometer, thercfore, in the last expeviment, has a large
proportion of its supply diminished much below its usual
intensity, so that (itsa radiation remaining muﬂtered) it
temperature must sink lower than usual.

60. These genoralizations enable us to esplain a stfl
more remarkable instance of the apparent foealization «
cold. 1If one of the parabolic mirrors be placed so that it
axis* may point to the sun, as the rays coming from a bod

* The axis of a paraboloid, or of any mirror, is an imaginary Iif
drawn from its centre through its focus, and prolonged indefinitely.
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.4 50 vast a distance arc physically parallel, they will all be
ected to the fueus of the mirror, so that it will act as a
werful buruing mirror. But if the mirror be turned so
"8 1o face a portion of clear blue sky (the bluer and the
wprer the zenith the better), its focus will- become a foeus
»ﬁ&alcl, and a delicate thermometer placed therein will sk,
ifclear weather, some degrees even in the daytime, and ay
gucheas 17° at night. oo
jNow, in order to understand this effect, it must be
smembered that the thermometer is constantly rodiating
dieat in all directions, and also receiving from suitounding
bodies, in ordinary circumstances, just as much: heat as it
radiates.  Butb iu this experiment it receives less, because
its usual supply from below is cub A by the mirror. But
it may be asked, “ Will nothing but & mirror serve this
purpose ?”  Any other body would radiate from its own
surface as much heat as it intereepts from other bodies ;
but a polished metallic surface, being the worst of radiators,
supplics less heat than it intereepts. I must also have the
form of a mirror, the focus of which must eoincide with the
place of the thermometer, because, if'il had any other form, it
would reflect to the thermometer some of 1he rays which it
reeeived from other bodies; but, because it is & paraboloid,
i eannot reflect to its focus any rays cxcepl th6se that cowe
in a certain direction, namcly, parallel with ils axis. Now,
in that direction nc rays come, for there is no body cithor
{1 refleet or to radiate them. If a cloud, indoedi#gsg} ufre
110 axis of the mirror, the therinometer instantly ridR ity
t yual height.

We sec, then, by this most instructive exper'gm’ nﬁ%
erery substance on the earth, however low its tempi ¢,
» constantly radiating its heat in all directions equally ; and
ja also receiving heat in every direction except from the
v zions of space, or what we call the blue sky. After sun-
&, the supply of heat from the sun is withdrawn, but
rrdiation still continues ; and if there be no clouds to reflect
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back the heat, the temperature of the carth’s surface soon
sinks below that of the air which rests upon it, and the
consequence is, a condensation of the moisture of the air by
the colder earth in the form of dew. Any one may convince
himself that this condition is necessary tc the formation of
dew, by placing a thermometer on an open grass-plat after
sunset, and suspending another thermometer in the airf
several feet above it. With a clear sky the smsIR‘nQAc'u..1
thermometer will mark a temperature seven, cight, or nine
degrees higher than that on the grass.

61. The presence of moisture in the air is accounted for
by a modification of the process of vaporization alrcady no-
ticed (51). Water evaporates, or is converted into steam
at all temperatures until the whole space above it (whether
containing air or not) is pervaded with watery vapour of a
certain fixed density and clusticily, depending on the tem-
perature, and connected therewith by eertain laws. Wo
must remiud the reader, that tho clasticity or expansive
tendency of a fluid is cstimated by the number of pounds or
ounces with which it presses on each square inch of surface
that it touches; or by the number of inches of mercury that
it will support, as in a baromeler.

Now, at apy given temperature, steam can exist of such
density as to have a certain fixed pressure, and no more: ang,
if there be water enough present, steam will be accuniu-
lated till it bas this density; bub no more can then be
accumulated without raising the temperature; and if the
temperature be lowered, a portion of the steam will immedi-
ately become water, s6 that (occupying in this state some
thousands of times less space than before) it may leave
room for the remaining vapour to expand, till its expansive
force is reduced to that which the new tempcrature can

* By steam we here mean the elastic vapour of water, which is always
invisible, What is commonly called steam, bat properly cloud, is liquid
water in a finely divided or powdered state, wafted like dust by currents of
air or of steam vroverlv so called.
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upport. The pressure of steam is therefore always tho
ame at the same temperature. At 212° its elastic force is
xqual to that of the atmosphere, and it will support a
solumn of mercury 30 inches high, which is the reason that
»oiling requires this temperature in the open air, when tho
sarometer is at 80 inches ; but rather less or more, when
she barometer stands lower or higher.®* Above this tempe-
-ature # becomes high-pressure steam, which at 220° will
support nearly 85 inches of mercury; at 230° nearly 42
inches, and so on. But the steam which is thrown off from
the waters of the earth, from damp soil, from the foliage of
plants, and even from ice and snow, has but a very small
pressure. Steam at 32° will support only 02 inches of
‘nercury; at 40°, 0'263in.; at 50°, 0-375 in.; at G0°, 0-524,
jr rather more than half-an-inch of mercury ; at 80° it will
upport one inch, and so on. ' Whon the air contains as much
apour as can exist at the existing temperature, it is said to
bo satwrated. If in this state it experience tho smallest
reduction of temperature, some of the vapour must imme-
intely become liguid, assuming the form of cloud, fog, or
ain.  These effects depend on the cooling of the air below
the temperature necessary to retain all its vapour. But
when a solid body is cooled below this tcmpemture (the air
emaining above it), & different kind of deposmon ocecurs,
alled dew, which does not fall in drops from the air, but
'rows, ns it were, on the solid. Dr. Wells proved, by a most
ompleto investigation of this subject, that instead of dew
ooling hodics, as commonly supposed, it is their cooling
/hich causes dew ; and its formation esen mitigates the cold,
iy the heat, previously latens, which the steam gives out on
ondensing into water. Tho degree of heat at which dew
regins to be formed is called the dew point, and instruments
alled Zygrometers have been invented to measure it. The

* At the town of Potosi, on the Andes, where the superincurnbent
ressure of air will only support about 18 inches of mercury, water boils

t 188°,

»

F
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difference between the temperature of the dow point and the
temperature of the atmosphere indicales the degree of dry=
ness, which in this country seldom rcaches 80°, that is, the
temperature of the earth necessary to condense the vapous,
of tho air is seldom 80° below the temperature of the air,
In India it has been known to be 61° below it, and in Africy
probably lower still.

If, while dew is forming, the carth continue to cool dowr(’
until it reaches the frcezmg point, koar frost is formed. The
beautiful figures seen in winter on the inner surface of ouy
window-panes, cooled by the external air, are produced b)(
these cold surfaces condensing the moisture of the warme.
air within.

As the amount of radiation varies in different bodics,
the depression of temperature varies with the nature of th,
mdmtmg surface. By a beneficent provision, herbage and lov
growing plants are good radiators, and thus receive a muc’
larger amount of dew than rocks, bare earth, and masses ¢
water, which do not require the refreshmg influence of dew
Its value is, of course, most appreciated in warm climates
and in several passages of Scripture it is mentioned as ongj
of the choicest blessings. Thus, among the blessings in-{
voked by Isaac upon his son, was, “ God give thee of th
dew of heaven.”* And Moses, blessing the land of Josept
places the dew among “ the precious things of heaven.”+

62. The hypotheses which have been applied to the natur|
of heat have alsc been applied to light. In our own ¢
philosophers incline to the opinion that light is produced b $
the undulations in, og vibrations of, an elastic ether, while
was formerly supposed to be an emanation of material pa.rb”
cles from luminous bodies. Without further reference ti
either of these hypotheses, we may examine a few of th
elementary effects to which a ray of light is subject u.nde‘
various circumstances.

The si-nplest induction will prove that some substance o

* Gen. xxvii, 28. + Deut. xxxiii. 13.
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action, which we call light, iravels from every visible point to
the eye in straight lines, radiating in all possible directions
from every visible point of matter, whether emitting light
from its own resources, or dispensing what it receives from
some forcign source ; yet the speed of the transference of light
long.bailled all atiempts’ of philosophers to measure or even
detect the time which it oceupies in travelling the greatest
distances. To make signals on two distant hills, in the
manner described for ascertaining the velocity of sound (43),
is in vain, because light appears to occupy absolutely no time
in reaching from one hill to the other. But there is some-
thing =o incredible in this, that Lord Bacon, with remarkable
penetration, foretold the method by which its progressive
motion would be detected, viz., by more careful observation
‘of the heavenly bodies; and the prediction was thus verified :
Lbout the year 1675, Rémer, an eminent Danish philoso-
her, called attention fo the important fact, that the eclipses
f the four satellites, or moons, which revolve round Jupiter,
id not begin or end (that is, these little bodies did not plunge

» or emerge from the shadow of Jupiter) precisely at the

Fig. 25.

times assigned by calculations founded on previous observa-
tion ;* but that, if the data of these calculations were

* These satellites were the very first fruits gf the invention of the tele«
scope by Gulileo. They may be seen, when the planet is tolerably bright,
by a glass, the clear opening of which is not less than an inch, and the
magnifying power not less than 20. It frequently happens, that only two

O three are visible, because, in general, each satellite disappears thrice
gring its revolution, namely, in its ¢ransit before the face of Jupiter ; in

§ occultation behind him, and in its eclipse by his shadow. (See the

knre.) ‘With the two inner satellites, however, the two latter events are
‘ways partly contemporaneous, so that we can never see both the beginning
Enl the end of the eclipse. The frequency of these eclipses, snd, their
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obtained when Jupiter was in opposition, or nearcst the earth,
they would give too early a date for the eclipses at all other
periods of the year ; and, after many years’ observation, he
found that this retardation (which might sometimes amount
to nearly a quarter of an hour) increased or diminished
exactly as Jupiter’s distance from the earth varied ; so that
the only conceivable way of accounting for it was by suppo-
sing that the lnst gleam of light shed previously to a moon’s
immersion into the shadow of the planet, or the first ray
that it reflected on its emersion, did not reach the cye until
some time after the cmersion or immersion; hence the
retardation would, of course, be increased as the distance of
Jupiter from the earth increased. Knowing the distances of
the principal heavenly bodies from each other, and testing
those distances by the apparent retardation of the cclipses
of Jupiter’s satellites, it has been found, that tho light
reflected by them must occupy, in reaching us, about 84
minutes when we arc nearest them, and 50 minutes when we
are furthest off, the rate of travelling being 192,000 miles
in a sccond; cousequently, it hardly occupies a sccond
and a quarter in coming from the moon, a distance equal to
10 times the earth’s circumference. But such is the prodi-
gious disproportion between the distances of the celestial
bodies, that this samo agency must take 8% minutes in
reaching us from the sun; about 5 hours in coming from the
new planet Neptune; not less than years from the nearest

fitness for this purpose, arise from the very rapid motion of the satellites,
which cuuses their disappearance and reappearance to be almost instanta-
neous, and capable of being ascertained to within a second or two ; for the
janer satellite, although describing about as large an orbit as our moon,
completes this circuit in about 1% days, the second in 3} days, and the thir¢
in 7 days, so that four eclipses of the first, two of the second, and one of the
third, oceur every week. The outer satellite, whose period is about 16 days
sometimes passes over or under the shadow, and thus escapes an eclipse

and both it and the third sometimes escape transil and occultation, as see

in our figure, which represents this miniature system when seen least edge

wise, or with the orbits opened to the greatest apparent width possible,
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ed star, and probably cenfurics in coming from the nearest
ebule; so that we see the nebulw not as they are now,
ut as they were some centurics ago.

That the light from all these sources travels with the very

ame specd is known by a singular phenomenon called the
erration of light, which fully confirms the conclusions
awn from the above-named observations of Jupiter, This
; aberration is common to all the heavenly bodies, causing
them all to appear a little out of their truc place, and it
forms one of those corrections which must be applied ta
every celestial observation. It ariscs from an application of
the principle advocated by the sportsman, of “shooting
before the hare.” As the observer is moving along with the
. earth, at the same time that the light is travelling to him,
it follows that, if he point his telescope exactly towards any
celestial object, he will not see it, becanse the light which
enters the telescope will, before it can reach his eye, be
struck by the side of the tube; unless, indeed, he be travelling
xactly towards or from the object, in which case there is no
Taberration. In other cases, the telescope must evidently be
“pointed a little to one side of the objcct in order to see it, s0
¢ that almost every star is seen out of its place. Now, the
‘amonnt of this displaccment being sscertained, is found in
all cases, whatever be the object seen, to be cXactly such as
& may bé calculated from the known velocity and direction of
hthe earth’s motion, taking the velocity of light always at the
same rate, viz., 192,000 miles a second. 'We should observe
that, as the earth’s motion is very slow compared with this
(barely a 10,000th so fast), the amownt of the aberration is
very small, never exceeding 20§, or about half the apparent
diameter of Jupiter.

68. The motion of light in straight lines only (under
ordinary circumstances), is probably the first physical fact
that we learn, and that on which we found every inference
depending on the evidence of vision. It is to some exception
fo this law that every variety of ocular illusion or deception
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is referable; for when the rays coming from any objeet
suffer any bending before arriving at ihe eye, it sces the
object out of its true direction, viz., in that direction which
is last assumod by the rays immediately before entering the
eye.

Light not only procecds ordinarily in straight lines, but
such lines or rays emanate from every point of a visible
object; and proceed in every dircetion. Any number of rays
of light can cross each other in the same point of space
without jostling. If a small hole be made from one room
into another through a thin sercen, any number of candles
in one room will shine through this hole, and illuminate as
many spots in the other room as there are candles in this,
all their rays crossing in the same hole, without hindrance
or diminution of intensity, just as sounds of different cha-
racter proceed through the air, and speak to the ear, eachin
its own peculiar language, without materinlly interfering
with each other.

Owing to the rectilinear motion of light, the pencil, as it is
called, which emanates from any point, diminishes according
to the law of inverse squares (55), and the apparent super-
ficial mize or area of any object diminishes as its distance
from us increases by the same law. Hence, as ils apparent
size and theé®whole quantity of light received from it are
always proportional, its brightress remains the same at all
distances, and the sun appears to be no brighter from Mercury
than from the earth. This, however, is only true in fice
space, and not in air, because a portion of the light is
absorbed in passing through air, as explained in the case of
heat (57), causing the intensity te diminish rather faster
than the inverse square of the distance.

The investigation of these effects, and all others deducible
from the law of straight-lined motion alone, constitutes t¥®
first branch of optical science, called Perspective. (pR0 3

s L . jasseen

The application of this science, when no account L, ¢ig,-

of the absorptive power of the medium ihrough possible.
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see, constitutes Lineal Perspective ; when this consideration
is added, it becomes Aérial Perspective.

64. The second scicnee of light, called Catoptries, investi-
gates whatever is deducible from the law of reflexion, already
cxplained in the case of heat (58).

As when a moving body strikes another at rest, the
mechanical force is divided and shared between them; so
wheén tho action of light, propagated through any medium,
arrives at the surface of a new medium either denser or
rarer, more or less iransparent than the former, its forco is
divided, a portion entering the new medium, and a portion
rchounding into the old. This latter portion belongs to
Catoptrics. Its quantity rarely exceeds kalf' the original
light, except in one case, to be noticed presently, where it

“includes the whkole cffect. “"When the portion reflected from
auy surface, or point of a surface, to the eyc is considerable,
such surface or point appears white; when very little, it
appears dark coloured; and black when the portion is in-
appreciable.

Hence it is evident that the same surface which appears
to be white to an eye in one position may appear to be black
from another point of view, as frequently happens with a
mirror, or some particular point thereof, oy of any other
bright or reflecting surface. But surfaces which are distin-
guished as reflective do not really reflect more light than
those which are termed dull or non-reflective, provided the
depth of colour be the same in all. Burnished silver reflects no
more light than frosted silver, nor does the melted surface of
sealing-wax than the broken surfac® of a stick of that sub-
stance. Nor do these dissimilar bodies reflect according to
different laws or by differcut kinds of reflexion, although
such varicties of reflexion as the following have been distin-
guished :—First. The speculs, or mirror-like reflexion, ac-
cording to the law of equal angles already explained in the
case of mechanical force (35), and of heat (59), by which
each ray that arrived in one definite direction is reflected
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only in one direction. Second. The radiating or dull refloxion
according to a different law, by which cach ray is scattered
equally in all directions. But in this case it may be proved
that a dull and a polished surfice alike observe the law of
equal angles : their different effects may be thus explained:—
a dull surface, however smooth to the touch, appears under
the microscope to be so covered with roughnesses on a small
scale, that the smallest visible portion of it contains ot
only surfaces turned in all possible directions, but equally
in all possible directions. "When these are large enough to
be visible, the surfuce is glittering, as in refined sugar,
fragments of marble, cast-iron, &e. ; but all these substances
appear to be dull when viewed bc) ond a certuin distance,
just as all dull surfaces would be glittering if we could
place the eye near ecnough. Each minute surface reflects
cach ray that falls upon it according to the law of equal
angles; but as surfaces lying in all directions exist in
each visible point, light is scattercd in all directions fromn
each such point, even though it arrived there in only one
direction.

A reflectivo surface, as it is called, although not free from
roughness, contains in each visible point a greater or less
preponderance of surfaces having one fixed direction. But
in this, no less than in a dull surface, each point radiates
light in all directions, but only because, under ordinary
circumstances, it receives light in all directions. Confining
our attention to that which comes in onc direction, and
which is often to be distinguished from all the rest by some
peculiarity either of infensity or of quality, this is reflacted
only or chiefly in one direction; not cqually in all, as it
would be by a dull surface.

Our space will not allow us to enter further into the
subject of Catoptrics, but we may observe, that all the
appearances of opaque bodics, apart from colour, and all the
lmages of other bodies appearing either behind or before

. mirrors or reficctive surfaces, whether such images be true
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or distorted representations, erect or inverted, magnified or
diminished, may all be accounted for by the law of cqual
angles, as those of perspective are from that of straight-
lined motion. In fact, Catoptrics is a science of which the
inductive part has long been completed, and its further
progress belongs to deduction.

65. We have scen that, in general, only a portion of the
light which meets any surfuce is reflected, the remainder
being absorbed or transmitted. When it is absorbed, the
substance is said to be opeque; but when we can trace it
further, the substance is called transparent. Opacity and
transparency are not opposite properties, but only very dif-
ferent degrees of the same property. As radiant heat of a
given intensity can penctrate much farther through some
media than through others before it is entirely absorbed, or
stifled, or expended in warming them ; so with light. Solar
rays, for example, can penetrate through some hundreds of
miles of air, but not through the thousandth of an inch of
lamp-black or of metal ; fur however much these two bodies
may diffor in the proportions of light which they reflect, and
consequently in that which they allow to cnter, they both
agree in stifling the latter before it has penetrated to any
sensible depth within their surface. Most other solids and
liquids, however, can be reduced to such a degfee of tenuity
as not to absorb all the light which enters them, but to
allow some of it to cmerge on the other side; and as no
medium, not even air, is perfectly transparent (for if it were
there could be no such thing as adrial perspective), so also it
may be supposed that no substance can be perfectly opaque ;
or, in other words, that no absorption or extinction of light
can take place at a mathematical surface; for even the
densest metals, platinum and gold, can be reduced to leaves
sufficiently thin to transmit a small portion of light. Perbaps
. Do other property is possessed in such various degrees by
different substances as their power of absorbing light ; hght
: loses less of its intensity in passing through 50,000 miles of
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matter of Encke’s comet than in passing through a few
yards of light fog, an inch of glass, or a 300,000th of an inch
of gold.

66. When light passes from one medium ijuto another
(unless its direction be perpendicular to the surface dividing
them), that direction undergoes a sudden change, which is
called refraction. The investigation of this property belongs
to the third branch of optics, called Dioptrics. The new
dircction assumed by the ray is regulated by the following
laws. Let a a, Fig. 26, represent the surface of calm water,
which is necessarily polished, as that of all fluids must be,
by the operation of the molecular forces. No light will
pass through this surface unrefracted, unless it either de-
seend or ascend perpendicularly, as from P to ¥, or ¥ to r.
Any ray which falls obliquely, as 8 ¢, will be suddenly bent
into the direction o 8”; and if it arrivo more obliquely, as
D ¢, it will be more bent, taking the direction ¢ »”. It will
be seen that in both cases the tendency of refraction is to
render the ray more nearly perpendicular to the surface
than before. But any ray which proceeds from the water
into the air undergoes a contrary eflect, being rendered less
perpendicular to the surface. Thus, a ray ascending in the
direction B” 0 will, on emerging, take the dircction ¢n; and
one which, iff the water, travelled along v” ¢, will, in the air,
be bent into ¢ p; the bending in this case, no less than the
former, being greater the more oblique the ray may be {o
the surface. Moreover, it is a law in refraction no less than
in reflexion, that by whatever path a ray reaches one point
from another, by the very same path will a ray travel from
the second point to the first.

An eye at »”, then, will see the object , not in the dirce-
‘tion »” 1, but in the direction »” ¢, higher than its true
place; and an eye at D will see the object p” in the direc-
tion D o, also higher than its true place, of which any one
may convince himself with a basin of water. An opaque
body placed at ¢ will hide p and »” from each other, though
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not in a straight line between them; and if it were in the
straight line, it would not hide them, for they sece each
round a corner at c.

The law of refraction was first completely established by
Snell and Descartes at the commencement of the seven-
teenth century. The first part of this law is similar to that
of reflexion, viz., that the angles of incidence and refraction
(i. e. the angles which the incident and refracted ray each
make with the perpendicular or normal of the surface, or in”
this case the angles P ¢ D and ®' ¢ D") are both in the same
plane. Any ray meeting the surface of a new medium is
split into two rays, one reflected and the other refracted;
as, for instance, the ray » ¢ into the reflected ray o »’, and
the refracted ray ¢ 3”; or » o into the two rays o 1’ and
0 v". 8o, also, a ray 3”0 will be partly reflected in tho
direction o ¥, and partly refracted into ¢ B; or »” 0 will be
reflected into ¢ d’, and refracted into ¢». Now, in all these
cases, the three rays, incident, reflected, and refracted, will
be all in one plane, and that plane perpendicular to the
acting surface A A.

Tho angles of incidence and re-
flexion (such as ? ¢ p and » ¢ »') Fig. 26.
are, as already explained, invari- \I}_,_,,.ﬂ.’.._,__.,{;' .
ably equal ; but that of refraction i /o
(in this case ¥’ ¢ ") is different
from both, but connected with
them by this law, that (at the
same surface) the sines* of inci-
dence and refraction, to the same
radius, bear a constant ratio to
each other, which is always tho
same in the same two media.

* The sine of an angle is any lino dropped from a point in onc of it
legs Perpendicularly to the other leg, and may therefore have any length.
Thus, the sine of ¢ ¢ p (Fig. 26) muy be eitlier 88 or & &, or any other line
parallel with them, jntercepted by the ‘wo lega of the angle p 0 and ¢ ».
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Forinstance, in passing through the surface A 4, #t what-
ever degree of obliquity, and whether upwards from the
Yvater into the air, or down from the air into the water, a ray
is invariably so bent that the angle which it makes with the
perpendicular ® ¥’ in the oir may bo greater than that in
the water ; and that the sine of the angle in air may be to
that in water (to the same radius) as 4 to 8, which is the
ratio that has been determined by experiment. At the sur-

* fuce separating any other two media, a different ratio would
be observed with equal constancy.

If we want to find the new direction into which any ray,
such as D o, will be bent by this surface, we draw a circle
round the point o with any radius, such as 0 s, and we find
the sine of the ray in aér (to this radius) to be s s. There-
fore the sine in water will be § of 8 8. Draw a line parallel
with ¢ 2 at a distance therefrom equal to # of s 8, viz. at the
distance & 8”, and as this intersects the circle ab 87, we
know that the refracted ray must pass through s” to make
its sine in water (8’ 8”) ¢ of its sine in air (5 s) both to the
same tadius (¢ or ¢8”). If any other radius had been
chosen, as C 8, it is plain that we should have obtained tho
same result; for, by the property of similar triangles (21),
if 8's” be 4 of 8 8, then & &” is ulso § of s &

If we were-tracing tho course of a ray upwards from the
water, as D” ¢, then, having found its sine in water to any
fixed radius, we should make its sine in air § greater, be-
cause the sine in air is always greator than that in water, as
4:8; and we should thus find the new direction of the ray
to be ¢ D. .

In this case a very singular effect would take place if the

The sine /0 o given radius is found by drawing & circle with that radius
round the sngular point, and from wherever this circle crosses one leg
dropping a perpendicular to the other. It can therefore only have one
length, and (in the same angle) will always bear the sume proportion to.
the radius, however long or short that may be. Thus the sine of the anglo
# © b to the radius ¢ 8 is 88, but its sine to the radius ce is s,
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ray were very oblique to the surface, as ¥o. We should
first remark that no ray passing from the air into the water,
howover obliquely, could ever be refracted into the direction
¢ F; for this rcason—The sine of no angle can be greater
than tho radius to which it is drawn ; therefore no ray can
have its sine to radius ¢ 8 greater than ¢ 8. But its sine in
water is only £ of that in air, and conscquently cannot exceed
# of the radius. Now, the sine of the ray ¢ ¥, viz. ¥ 2, is
more than 4 of the radius ¢ 8; therefore no degree of obli-
quity of the ray in air will cnable it to become so oblique in
the water as ¢ . But a ray may ascend in the direction
¥ ¢ as well as in any other. Now, its sine in air must be-
come } greater than ¥ z; but this is impossible, for a line
% longer than ¥ & would bo longer than the radius o s, and
therefore too long to be the sine of any angle to that radius.
As this ray, then, cannot be refracted according to the law,
it is not refracted et all, but totully reflected in the direction
¢ f, the only known instance of total reflexion, for none of
the light can penetrate the surfaco A 4, which is, in fact,
absolutely opague to this light. This phenomenon of fotal
reflexion may bo seen by looking through the side of a
tumbler containing waler up to ils surface, in some such
direction as f ¢, when the surface will be seon to be opaque,
and more reflective than any mirror, inasmuchras the images
in it are perfectly equal in brightness to the objects them-
selves.

67. We have said that, at the surface between any other
two media, the ratio of the sines would be different; for
though all surfaces reflect alike (as yegards the direction of
the ray), all do not r¢fract alike. Suppose the ray passed
from wacuum into water, the ratio would be rather greater
than 8 : 4, namely 1:1'335. In passing from vacuum into
air of the common density, the refraction would be much
less, and consequently the sines much more nearly equal,
viz. as 1 :1:000294. Now, if the sine in any medium be
called 1, the corresponding sine in vacwo is called the index
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of refraction of that medium ; and is speoific for each sub-
slance, or as constant as its density, expansibility, specific

heat, or any other measurable quality. Thus the refractive

index of air of the common density is 1000294, that of

water 1-335, of crown glass 152, of flint glass 1-55.

Now, in the case above considered of refraction from air
into water, and vice versd, the sines in air and in water are,
strictly speaking, as 1-335 : 1'000294; and generally tho
sines on each sido of any surface are inversely as the refrac- "
tive indices of the two media.

The refractive indicos of a great many media have been
measured and arranged in tubles. When the density of any
substauce is increased or diminished, its refractive power is
increased or diminished in the same ratio. In these tables
it will be obscrved, first, that the index of every medium is -
greater than 1, because the sine in vacuo is always greater
than in any medium which has been examined : secondly, that
few gases or vapours have a higher index than 1:001; few
liquids lower than 1:335, which is the index for water, and
none higher than 1'7 ; no solids, unless they contain fluorine,
lower than 15, with the exception of ice, which is only 1-31;
and none higher than 16, except the gems, which vary up
to 1'96 ; sulphur which is 2:15, phosphorus 2:22. The dia~
mond is 2-4% being the most refractive of transparent
bodies, although it is exceeded by a few decply-coloured,
almost opaque, minerals.

It is commonly said that both refraction and reflexion
occur at such surfaces only as separate media of different
densities. But this mugt be understood of optical density,*

* As it is possible to find two substances which, though very different
in their nature, have neurly or quite the same optical density, light will
pass from one iato the other, unrefracted and unreflected, and the surface
between them, however rough, will be transparent and invisible, This
remarkable effect may be seen by plunging ground or powdered glass into
a mixture of the oils of turpentine and aniseed, in such proportions as to
have the same refractive power as glass; or, by rubbing ground glass with
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which is by no means proportional to mechanical density, at
least in different substances; for although a change in the
deisity of any medium causes a proportioual change in its
refractive index (as whon water expands on becoming ice,
and has its index diminished from 1335 to 1:810), yet this
by no means applies to different media; for water, which is
much denser than oil, is much less refractive.

By reducing the refractive indices of bodies in order to
ascertain their ratio if they were all of equal density, we are
enabled to cowmpare their absolute refractive powers, which
are found to be closely connected with their chemical pro-
perties ; anions, or elcctro-negatives, having always the
lowest refractive power; and cetions, or electro-positives,
the highest. Refractive power seems to be the only pro-
perty except weight, which is unaltered by chemical combi-
nation ; so that by knowing the refractive powers of the
ingredicnts, we can calculate that of the compound.

68. The application of the laws of refraction accounts for
numerous deceptive cffects seen in the atmosphere, and

“included under the goneral term mirage ; the most familiar
of which is the distortion of objecis scen through a rising
current of hot air, which, from its smaller density, has a
lower refractive power than the surrounding cold air, and
therefore bends the rays in various directior. It is also
plain that the rays of the heavenly bodies coming from
space into our atmosphere must be refracted, and thus cause
the objects whence they come to appear rather above their
true place, as the eye at &', in Fig. 26, sees 1 in the direc-
tion B¢, rathcr above its true place, This forms one of the
sources of error to be allowed forin all astronomical observa~
tions ; and tables are caleulated for finding its amount, which
depends on the apparent altitude of the object, and the state

wax, which, by filling up its hollows, will render it transparent. This is
also the reason that paper, by being wetted or oiled, becomes less white
and more transparent, reflecting less light and transmitting more. The
bydrophane, already mentioned (27), is another example,
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of the barometer and thermometer. Owing to the very small
refractive power of air, however, this error is hardly sensible
when the object is high, but increases rapidly towards the
horizon where it becomes 33, or rather more than the sun’s
or moon’s diameter, 8o that these bodies may appear just
clear of the horizon when they are completely below it. Asthe
density of the air diminishes gradually upwards, atmospheric
refraction is not, like that which we have just considered, a
sudden change of direction, but the ray actually describes a
curve, being refracted more and more at every step; and
this applies cqually to the light from a distant terrestrial
objeet which is cither lower or higher than the eye, because
it must pass through air of constantly increasing or dimi-
nishing density. This refraction has therefore to be allowed
for in levelling, which is done by assuming that the light
from a distant object comes to us in a line arched or curved
upwards, the radius of which is about seven times that of
the earth.

The application of these laws of Dioptrics has also led to
the understanding of the mechanism of the eye, and hence
to tho imitation thereof by lenses, affording the remedies
for its infirmities of long and short sight, and disclosing the
wonders of the telescope and the microscope.

69. 1n ordér to understand the action of lenses, we must .
remember that, as a lens has necessarily wo refracting sur-
faces, the direction taken by a ray after passing through it
must depend mainly on the relative inclination of the two
surfaces to each other at the points where it crossed them.
Sometimes one surface partly or wholly undoes the effect of
the other, and sometimmes adds to that effect.

‘Let us first examine the progress of light through a
piece of plane or paralle]l glass, of equal thickuess through-
out. Let o A and 1 (Fig. 27) represent portions of tho
two surfaces of such glass, and let a ray from B fall obliquely
on the surface A o at 4. To find the new direction which
it will take, first draw p p through the point g, perpendi-
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cular to the refracting surface A o. Now, by the first law of
refraction, we kuow that the refracted ray will be in the samo
planc as that which contuins the iucident ray e, and the
perpendicidar pp. In this plane,
thercfore, and with any rudius,
draw o circle round the point
a, and we find the sive of inei-
denee to be 2. Now, by refee-
ring to tho tables, we find the
index of the refraction of glass to
vary from 1-521 {0 1'58, accord-
ing to the kind of glass. Bui,
for simplicity suke, wo may sup-
pose it to be generally abont 1§
times that of e/, Therefore tho
sines in air and in glass (to the
same radios) will be 23 3 1 2; and by making the sine in
glass (viz. y) cqual £ of @, we find the new dircction of the
ruy to be ¢ b, meeting tho sccond surface b B at b Hero
we ereet a new perpendicular p’ 3/, and draw a new circle
which is obviously in the same plane with the former circle
round a, and (supposing both cireles to be equal) it is evident
that the sine ¥’ in the second circle is equal to y in the first.
Now, the new sine in aie (viz. &) must be 1} times the
lengih of o or y, and will therefore just equal the original
sine #.  Ilence we sce thut the emergent ray b ®’ will have
the same'direclion as the original incident ray ® a, though
not in the swne line with it. Thus we sce that a ray can
suffer no permanent change of directdon by passing through
a parallel-sided plate of any medium, although it suffers a
small lateral displacement depending on tho thickness of the
plate, which displacement may be easily seen in viewing
this page through a picco of thick glass.

70. This property of parallel-sided glasses, by which their
second surfaco exactly undoes the refractive effect of the
first, renders them so well adapted for windows. But by

Fig. 27.
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the same reasoning which shows us that two parallel sur-

faces will compensate each other’s effects, we shall also see

that, to produce this compensation, the surfices must be
parallel ; so that glass of uncqual thickness displaces and
distorts objects seen through it. Any glass having two
plane surfaces, not parallel, is called a prism ; and it perma~
nently alters the direction of every ray passing through it,
the change being greater in proportion as the inclination of
the two surfaces * is greater. On looking through it, all
objects are seen removed from their truc place towards the
base or thicker part of the prism, whether that be turned
upwards, downwards, or to either side.

71. But however much a prism may change the general
direction of cach pencilt of light that passes through it, it
can effect no change in the relations of the various rays
which compose each pencil. These all proceeding from one
point necessarily diverge (55), but the further we recede
from their point of origin, the less divergent will any small
portion of them be; and when the point is at a vast dis-
tance, as in one of the heavenly bodies, all the rays of each
pencil may be regarded as parallel, although the different
pencils have different directions.

Now, no plane surface or combination of plane surfaces
can ever inércase or diminish the divergence of a pencil
passing through them, still less render a divergent pencil
parallel, or wvice versd; and as in the eye and all other

* Technically called the refiracting angle.

4+ Pencils of light are so called from their property of painting on a
screen an image or picturd of the points whence the pencils originally
came. This resemblance is not seen in any one point alone, but when
the other pencils, proceeding from all the surrounding pownts of the object,
are each separately concentrated on as many different points of the screen,
all these points or foci shine with the same qualities and intensities of _
light, relatively to each other, as did the corresponding points of the ,
object ; 8o that they must form an exact picture thereof, such as is painted .
on the retina of fhe eye and in that beautiful toy the camera obscura, which |
is an imitation of the eye. ’
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opticul instruments it is necessary that this should be dm%e,
and even that they be inade to converge and meet or Jocalize
in one poiut, and again diverge therefrom as from a new
gource, advantage is taken of the refractive effect of the
curved surfaves of convex and concave lenses.® 1t is obvious
that a peneil of parallel rays meeting with a curved surface
must all bave difierent inclinations thereto, and consequently
all wust undergo different amounts of refraction, so that
they can be no longer parallel after passing through the
surface. Now, whether they be entering or cmerging from
the surface, thut is, whether they pass from a rarer medium
into a denser} or vice versd ; in either case they will be
renderod divergeat if the surface of the denser medium be
concave, and convergent if it be convex. Let us further
inquire into the opposite effeets produced by these surfaces
upon a single peuncil of light, the rays of which are not
parallel, but either divergent, or already rendered convergent
* by the action of some other surface.

* When the various pencils coming from any object are thus separately
focalized 1n different adjoining points of space, these points evidently form
a repetition or image of the object, suspended in space, and differing from
a real object ouly in this—that each point of a real object radiates a sphere
of light, 8o as to be seen in every direction, whether the cye be above, be-
low, or on any side of it, while each point of an optical imuge radiates only
a cone of hght so as to be seen only by an eye placed in that cone.

This image may be either larger or smaller than the object, and may be
brought as near to us as we please, so that we may examine details in it
which are invisible in the real object on account of its distance. Such an
image is formed in every telescope and in every compound microscope. In
the latter it is Jarger than the object ; in the former incomparably smaller ;
but in both it is brought very near the eye, tbo neer to be seen without the
intervention of an eye-glass, the action of which is (by combining with that
of the lenses of the eye itself) to render it for the time unnaturally short-
sighted. TFor by adding other lenses to its own, the eye can be made to
see at the distance of an inch, or even one-tenth of an inch, as in using a
simple microscope.

T+ Optical density or refractive power is here meant, v_vhich is not i)xo.
portional to mechanical density in different substances. For example, oil
is mechanically rarer but optically denser than water.
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First. By convex surfaces every pencil alrcady convergent
is rendered still more so. Thus the rays » (Iig. 28), pro-
ceeding through a convex surface to A, are made to converge
more quickly than before, so as to focalize svoncer than they
would otherwise have done, With regard to divergent rays,
they are at least rendercd Zess divergent by passing through
this kind of surface. Thus the rays at o passing to B have
their divergence diminished. But in certain cases, viz.
when their original divergence is not too great, it may be
altogether destroyed, and they may be rendered parallel, as
the rays B proceeding to ¢; and if their divergence had
been still less, or the surface more convex, or the medium
more refractive, thoy might at once be changed from a
divergent into a convergent pencil, as the rays from B
passing through fwo couvex surfaces to », become con-
vergent, an effect which might have been produced by a
single surface, if it had been sufficiently powerful.

Secondly. By concave surfuces, on the contmry a diver-
gent pencil is smade to spread still faster, as in going from
B to 4, Fig. 20. And a convergent pencil has either its con-

Fig. 29.

vorgence diminished, as from A to B (thercby delaying its
focalization, though not preventing it), or its focalization is
prevented by rendering it a parallel pencil, as in passing
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from B to ¢; or if the surface be strong enough, the peneil
is changed from convergent into divergent, ss by the joint
action of the two surfaces B and .

72. The focal length of a convex surface or lens is the
distance at which it will focalize a pencil of rays previously
porallel, or at which it will therefore form on a screen a
distinet picture of any very distant object, such as the sun
(p- 115, note). This is also the distance at which it must
be placed from the source of any divergent pencil to render
it parallel. But the focal length of a concave lens is equal to
that of a convex lens, such as will just noutralize it and
produce the effect of a plane glass: or, it is the distance at
which a pencil which it renders parallel, or just prevents

" from focalizing, would have focalized, if not intercepted
by it.

. .y73. Although refraction is a property common to light of

- all kinds, yet this property is not possessed equally by dif-
ferent kinds of light. As sounds differ in many respects

“besides loudness, and as radiant heat (apart from any differ-
ence of intensity) differs in the qualitics of refrangibility
and absorbability by different media (56), so also do rays of
light differ in the degrees of these same qualities, independ-
ently of their difference of brightness; and these differences,
in so far as they are distinguishable by the cye, constitute
colour. Differences of quality, not distinguishable by the
eye, constitute polarization (85).

The law of refraction, that the sines of incidence and
refraction always bear the same ratio at the same surface, is
true only as regards rays of the samevcolour, or coming from
objects of the same colour. Moreover, light, which we call
colourless (as that coming immediatcly from the sun), really
contains light of all possible colours so mixed as to neutralize
each other. This capital discovery was made by Sir Isaac
Newton in the following manncr: —Having closed the
windows of his apartment, he made a small hole in the
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window-shutter, so as
to admit a sunbcam n
(Iig. 80), which, pro-
ceeding in a straight
line, illuminated a spot
on a screen placed to
receive it at A. Now,
by means of a prism,
which we have seen
(70) effects a permanent
change in the direction
of the light that passes :
through it, we can turn aside this sunbeam in every direc- '
tion. Thus, if the base of the prism be downwards, the
beam will be turned downwards; but a prism turned baes
upwards, as at e, will refract the beam upwards, so that e
will no longer illuminate the spot A, but some spot much '
higher, as 8. Now, it is very remarkable that this spot w,
instead of being similar to A in shape, in greatly elongated, its o
breadth remaining unalteved ; and, whereas A was colourless,
the lengthened spot s cxhibits a continued gradation of the '
most intense colours, the lower end being red, which passes
upwards intq orange, this into yellow, then green, blue, indige.
and violet, which is at the upper end. The very same
colours will be scen, and in the same order, whatever wry
the prism» may be turned ; for, whether the spot s, which iy
called the prismatic spectrum, be above, below, or on either
side of 4, its red end will always be nearest, and its violet
end furthest from A, ©

Henco we see that the various rays composing the
parallel pencil 2 do not remain parallel after refraction, even
by two plane surfaces (contrary to what has been advancod
(69)), and consequently these rays must have suffered dif-
ferent amounts of bending, though falling on the prism
under precisely similar circumstances; and this will be found
to be true also in every other case of refraction, whether

Fig. 30,
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produced by a prism or by a single surface, and whether by
glass or any other solid or liquid medium. The same rays
{ust are most bent by passing from air into glass are also
13t@t bent in passing from glass into air, or into water, or
auy other medium, and are therefore said to be the most
refranyible.

Morcover, it appears that the rays which are least bent are
sivenys red, those most bent ulways violet, aud the others of
intermediate colours, though before separation they were
edfburloss. It became an mterestmg question, then, whether,
4! 'sunited, they would again compose colourless light, and
463§ Newton proved by many convincing experiments, the
m@yt complete of which perhaps consisted in receiving the
Avergent beam at 5, on a convex lens, when the focus at
%ch all the coloured rays met was found to be perfectly
DR

. 1f; however, in this last experiment, the lens be not
onouz.,h 1o include the whole of the coloured beam, or if
&yortmn thereof be purposely intercepted, the foeus of the
‘pomainder will not be white, but tinged with some colour,
whivh will be palo if only a small portion of the specirum be
thua intereepted, but more decided the more of the spectrum
be omitted from its cumposntmn and therc is no colour, tint,
ov shade, in the whole circle of nature or art, which may not
1+ 1" us exactly reproduced by a mixtuve of part only of the
¢owronents of white light.

T is important fact may bo further shown thus. If we
bl through a prism at some small white object or spot on
# Aluek ground, it will be scen not owly out of its place, but
Ynsvhened, and coloured with the entire series of prismatic
#nrs, forming a complete spectrum, of which the red end
is nearest the true place of the spot, as scen without the
prism. The same will oceur if the spot be grey or of a
neutral tint, showing that, though it reflects less light than
the white object under the same circumstances, yet it reflects
the same kind of light, or a mixture of the same colours. In

[y
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fact, & good neutral tint should differ in no respect from a
white less illuminated, so that, by regulating the intensities
of light which they receive, they may be made to appear
exactly alike. But, if the object examined through the prism
be coloured, it will not be lengthened so much as the white
or grey object ; for some portion of the spectrum, cither one
end, or both ends, or the middle, will be missing, and the
portion which appenars will show what portion of the coms
plete, or solar, spectrum must be foealized, apart from thé
rest, to imitate the colour of this object. P
, if the object here used be of a very purcand -

. e . 531
intense colour, such as vermilion or ultramarin it Q’m
will scarcely appear elongated or at all changed m
appearance, showing that all the rays coming from it
are nearly of the same kind and cqually refrangibile.
But Newton showed the different refrangibilitics of
these two colours by the following very simple aud
conclusive experiment. A little rectangle of puper,
coloured half red and half blue, as B ®, Fig. 81, was
placed ona black ground and viewed through a prism.
‘When this was so turned as to see the paper above
its true place, as at 5.z, the bluc half was seen raised
higher than the red half, as here shown; and when
both were dépressed below their true place, as at & 7, E}'r;
the blue was seen to be depressed the lowest, sothot

in both cases it was more digplaced ; 4. e, its rays were mou
refracted than the red.

Ifthis experiment be varied by using the two colours finel
powdered, and mixingethem together so as to appear purpl
neither the red nor the blue grains being distinguisbable b
the eye, the prism will nevertheless eflfect their complc:
apparent separation, so that, if the spot of purple be small,
will appear to be divided into two distinet spots of red ar
blue; but, if it be too large for its two images to be detached,
will ouly appear fringed with red on the upper edge and bl
on the lower, or vice versd, the middle part, where they ove

}

¥
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all the innumerable pencils coming from the different, poiuts
of each flame will be concentrated on different points of tha
screen, 8o as to form an exact image of the candle, if the
screen be at that precise distance from the lens at which the
rays focalize. As the rays from the lower candle, however,
go to the upper image, so those from the foot of each flame
go to the top of the image, and vice versd, so that both the
images are imverted. Now, place before the two candlus a
blue and a red glass, as b 7, the images will of course assuihe
the colours of the glasses ; but it will now be found impossible
to place the gcreen in such a position as to make bothk images
distinet.  This can only be accomplished by receiving them
on’ separate sereens, viz, the blue image on a screen a,
rather mearer the lens than that which receives the red
image. They will then be more distinet than they can ever
be made to be without the coloured glasses.

If wo pomnl a common (nou-achromatic) telescope io a
blue and a red bandbill at a short distance, wo shall have #¢
draw it out to a greater length in order to read tho red than
the blue bill. But with this psegaution hoth can be read at
a greater distance ih%n a
will be observed in
darkening glass.

For the same rnam'ws of a burning-glass, whiul
is in fact wp opues! irosge of the sun, is never perfectl:
distinet, but alwny« 'confused by a bluc or a red borde
because the varous coloured rays of which sunlight is con
posed cannot all be focalized at once.
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6. As the same cause for imperfect focalization exists
in cvery refractive medium of which a lens could be formed,
Newton concluded that no good telescope could be made on
the dioptric principle, and that the only perfect focus would
be that formed by reflexion from mirrors or specula, as
explained in the case of heat (58); for the law of reflexion,
unliko that of refraction, is the same for all rays, of what-
ever colour. He therefore turned his attention to devising
a telescope that should act by reflexion, and soon invented
that noble instrument by which, almost without a change,
except in size, the latest discoverics of Herschel ang Lord
Rosse have been made.

But we owe this grand invention to an oversight of
Newton ; for soon after his death it appeared, from a closer
examination of the phenomena of colour by Euler and others,
that what Nowton had regarded as impossible, viz. refrac-
tion without disporsion of colours, was possible ; and another

_Englishman, Dollond, had the merit of first accomplishing
sthis by an application of the same abstract principle which
lis displayed iu the compcnsation pendulum, and may be
thus exemplificd. Although we can find no metal which does
not expand by heat, so as to be no longer in summer than in
winter, yet, because all metals do not expand in the same
_ratio to their entire length, we can o combine them as to
form a pendulum whose length shall mever vary; for its
length can be made to depend on the diference between the
lengths of two bars of different metals, which, though of
unequal lengths, may yet expand by an cqual increment for
the same increase of temperature, so that their difference may
remain invariable. In the same manner, although we know of
no solid or liquid which-refracts all the colours equally, and
although the same colour which is most refrangible by glass
is also most refrangible by water, oil, or any other medium,
yet, because the ratio between the refractions of the most and
. least refracted rays is not the same for every medium (75),
ve have the means of so combining two media as to refract all
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of certain refrangibilitics rather than others, so that the
least absorbable rays are left either to be reflected from
their surface, or transmitted through their substance to a
greater depth than the more absorbable rays can penetrate ;
and in cither case we name the colour of the body after that
of these least absorbable rays. Thus, red glass is so called
because it allows the red rays to penctrate through a greater
thickness of it than the other rays; but at a certain thick-
ness even the red rays would be all absorbed like the rest,
and we should call the glass black. So, also, with the
reflected colours of hodies which are generally, thongh not
always, similar to the transmitted oncs.*

78. That no body, unless self-luminous, can appear of a
‘colour not existing in the light that it reccives, will be abun-
dantly proved by obscrving the appearances of coloured bodies
held in the rays of the prismatic spectrum. It will be found
that no such body can ever appear of a diftferent colour from
the rays that fall on it, though it may appear of any shede of
that colour, even down to black, if it has not the property of
reflecting any scnsible quantity of light of this particular
refrangibility. Thus the flower of a scarlet geranium held in
the green rays, and receiving no other light, cannot be distin-
guished from black velvet.

Henceo, if a room be illuminated with light of one definite
refrangibility, all distinetion of colour in that room will bo
lost, and the most brilliant and variously-coloured objeets
will all appear in mere skades, as in a drawing, Such light
may be obtained from a lamp fed with a solution of comfmon
salt in alcohol, Now®if into a room so lighted there be
thrown a few rays of common light, as, for instance,
from a dark lantern with holes in it, the spots on which
they fall will appear in their natural colours, like spots
of bright colours sprinIled over an Indian ink drawing. t

* There is a kind of glass common in the shops which transmits orange,
but reflects green light ; and another whose transmitted colour is yellow,
and the reflected colour blue.

+ Ia such alight, the absence of all distinction of colour will not hinder
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79. It is doubtful, however, whether any source of light
emits rays of only one definite refrangibility; generally
speaking, it includes rays of every possible degree of refran-
gibility, within certain limits ;* but in the above case these
limits are very mnarrow. In the light of other artificial
gources they are wider, and widest of all in solar light,
which includes not only all the colours visible to the human
eye, but also rays both more and less refrangible than any
that affect our optic merve. These rays are accordingly
invisible o us, and have only been discovered by their
effects on other bodies. Those which are more refrangible
than violet light are detected by their action on photo-
graphic preparations, and by producing othor chemical
changes, whence they are ealled the ckemieal rays.  On the
other hand, those rays which are less refrangible than any
visible rays (even the red) have all the properties of radiant
heat coming from bodics of a lower temperature than 800°
Fahr. Such heat is less refrangible than red light, and wo
have alrcady seen that common radiant heat, like common
light, is a mixture of rays of various refrangibilitics. Now,
if the temperature of a radiating body be increased, it emits,
in addition to the rays previously emitted, others of a higher
refrangibility, till, when it attains the temperature of 800°,
romo few of its rays become as refrangible<as the least
refrangible rays of light, and accordingly become like them
vistble, and affect us with the same colour, so that the
radiating body is then said to be red-hot. 1If it bo heated
more, it emits, in addition to the red, still more refrangible
rays, viz. orange; then (at a highgr temperature) yellow
rays are added, and so on, till, when the body is white-hot,
it emits all the colours visible to us; and in some cases (of
us from performing all the most delicate gffices of vision, as reading,
working, drawing, or shading a drawing ; whence may we understand how
such operations are performed by those who have the singular defect of

lour-blindness, or insensibility to differences of colour, as was the case
partially with Dr. Dalton, the great chemist, who could only distinguish
the fiuit of a cherry-tree from its leaves by their form.

* A most remarkable excepijon to this will be noticed presently.
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very inlense heat) even the invisible chemical rays, more
refrangible than the violet, are emitted, though in loss
quantity than in the solar rays. Thus light appears to be
nothing more than visible heat, and heat invisible light,
their difference being only in the degree of certain qualities,
and in the human eye being fitted to perceive one and not
the other, as the ear can appreciato vibrations more rapid
than 16 in a sccond, and not less rapid oncs.

Of the various rays composing solar light, the most
visible to the human eye are the yellow ; but thosc which
have the greatest heating cffcet are the faintedt red, or
rather those nvisible rays which are a little less refrangible
than the red. Hence bodies which absorhb the red rays
become more heated by the sun than those which refiect
them; Wlue cloth, for instance, becoming sooncr hot than
red cloth of the same depth of colour.

80. It is a singular fact that solar light, although em-
bracing a wider range of refrangibility than any other, does
not include rays of all possible degrees of refrangibility that
can exist within this range. Thiy cannot be discovered
from the spectrum formed as in Fig. 80, beeause as the
heam R contains rays from all parts of the sun’s dise, of
which those from the top are inclined 82' more than those
from the bottom, rays having the very same refrangibility
will, from this original want of parallclism, be refracted to
diflerent parts of the spcctrum, diverging in a cone, of
which the vertical angle at » is 32'; so that the bases of
innumerable such cones overlap to form the spectrum s,
every point of which therefore receives rays of various
refrangibilitics. To obtain a pure spectrum, that is, one in
which all the rays of the same refrangibility are scparated
from the rest, and confined to a single line across the
spectrum, we must lo#k through a prism at a linc of light
g0 parrow that it may appcar dispersed by the prism toa
some thousands of times its real width. "When this is done
with the finest prism, and magnifying the spectrum by a
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telescopé, it is found to be, not a continuous band of
coloured light, but interrupted by numerous parallel dark
lines across it, of which nearly 600 have been countgd
There is no sort of regularity in their sizes or arrangement,
which are 8o uncqual as to give to some parts of the spectrum
the appearance of a shaded riband. Their number and
order are invariably the same, provided the light be solar ;
no matter whether dircet, or reflected by white or coloured
objects, by the clouds, the air, the moon, or the planets,
The fixed stars, however, give other systems of lines peculiar
to themselves. Sir David Brewster discovered the remark-
able fact that artificial light, which commonly contains no
such lines, may be made to exhibit them by causing it to
pass through a small thickness of nitrous acid vapour, which,
by its peculiar absorptive power, selects exactly those 600
rays of definite refrangihilities which are missing in sun-
light. Hence it appears probable that they are not origi-
nally deficient in solar light, but have been absorbed in
coming through the sun’s atmosphere. The absorptive
power of our atmosphere will not account for the pheno-
menon ; for in that case it would be scen alike in starlight
and in daylight, and much stronger in the latter when the
sun is near the horizon, than when he is high: this, how-
ever, hus not been observed. By passing daylight through
the nitrous acid vapour, all its lines became more mn.rked
and wider till they ran into each other.

Other media exhibit no less remarkable cases of the
special absorption of particular rays, and the rejection of
others, very slightly differing in refrangibility. Thus the

. vapours of iodine and of bromine both absorb such rays as
to cut up the spectrum into equidistant lines, probubly
about 100 in number. Common blue glass greedily absorbs
_the orange rays and also the middle of the red, leaving the
" orange-red between the two scarcely wenkened, whilo the
extreme or least refrangible red rays are left so nearly
untouched, that by contrast with the rest of the spectrum
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they appear increased in brightness: this is, of course, an
illusion. But when the glass is so thick as to absorb a
great portion of the blue rays, it still leaves these red rays
haﬁly diminished, so that its colour at this thickness is no
longer blue, but crimson. A similar effeet oceurs with a
solution of sap-groen, which allows rcd light 1o penetrate to
n greater distance through it than through green, so that
great thicknesses of il appear red. Some of Brewster's
experiments have led him to conclude that rays of the same
refrangibility may differ in colour and absorbability; but
this is a point not yet sufficiently scttled. -

81. As each point of a dull surface reflects an equal
intensity of light in every direction, while cach point in a
polished surface may present different intensities from dif-
ferent points of view; so there is a similar distinction with
regard to coloured bodies. In the great majority of these, each
point reflects the same colour in all directions; but in some
cases (as mother-of-pearl, soap-bubbles, &c.), each point may
reflect different colours in different directions; and then we
call the surface iridescent. Now, the doctrine of absorption
is plainly inapplicable to these colours, which arc often (as
in the soap-bubble) seen in a film of matter infinitely too
thin to exhibit its preference of some rays to others, even if
it have any such prefovence, for it takes a thickness of many
fect of water to exhibit colour from this cause. Moreover,
the iridescent colours are more decided the thinner the film,
and arc not scen when it exceeds a certain thickness.

‘We have already mentioned (25) the means by which
Newton investigated these colours of thinness, and mea-
sured the exact thickness necessary to produce each colour.
He further ascertained that they are independent of the
material of the film, and cven appear when there is no such
material, the only essential condition being the approach of
two refracting surfaces within a certain minute distance.

By examining the colours through a prism, he found that
they were in no cage simple (or possessed of one definite re-,
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- frangibility), but that each iridescent tint was a mixture of
certain rays of the spectrum, which rays alone were reflected

. by afilm of this particular thickness, the remaining rays being
transmitted by it, so that the transmitted as well as thé re-
flected light is coloured, and the colours of the two are com-
plementary, 1. e., each contains just what is wanting in the
other to constitute white light. Any change in the thickness
causes some rays that were before reflected to be transmitted,
and vice versd, so that whether the rays of any definite
refrangibility shall pass through the film or be reflected,
depends entircly on its thickness.

Newton, therefore, examined these films (or the rings,
Figs. 11 and 12), when illuminated by rays of one colour
only, instead of common mixed light, and he then discovered
these astonishing facts, that if' red light of a certain definite
refrangibility pass through two surfaces whose distance
apart i8 yggygo of an inch, or ¥y OF rrisEn O
1128 of an inch, a great deal of it will be reflected ; but,
if the space between the two surfaces be 153457, OF T5s%smas
or t5¥50m OF The88s of an inch, none of this light will be
reflected.  Again, light of another definite refrangibility
will pass through without reflexion, only when the surfaces
are vydroe Tevoos Teosoe &C- of an inch apart, and will
be reflected most when their interval is &g vedsos
Toooy OF any other odd nutber of 160000ths; and cach
ray in the spectrum will be most reflected by these surfaces
whoen they have o certain minute but measurable interval,
or 3, 5, or any odd number of times that interval; but it
will pass through them unreflected when they have 2, 4, or
any even number of times {hat interval ; and this interval is
the same for all rays of the same refrangibility, but different
for those which differ in that quality, being always shortest
for that ray which is the more refrangible ; and being only
so long for the most refrangible violet rays, as for the least
refrangible red ones.

82. An innumerable variety of other phenomena dis-
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covered sincc Newton’s time have all concurred in esta-
blishing this wonderful fact—the periodicity of light; or, in
other words, that the march of every ray of light through
space is accomplished by equal and regular steps, the num-
ber of which in a given space is exactly measurable, though
in difforent rays it has every possible value within certain
limits. 'We may therefore identify a certain ray by the
length of its steps. For instance, of the 600 definite rays
which are missing from the solar spectrum (80), let us
take the scven whose absence is most conspicuous. One of
these is among the red rays, and it makes Jjust 36,919 steps,
or rather paces, in an inch; another is a green ray, and
makes 48,289 ; another is violet, and males 64,631 paces
per inch. These are no matters of theory, but experimental
facts. "What the action may be which thus reeurs at regular
intervals in the progress of the light, we know not; but
this we know demonstrably, that an action of some kind is
repeated, at equal intervals, 64,631 times during the passage of
this ray through an inch of space ; but we also know that this
action can pass through 192,000 miles of space in a second
of time (62), whence it may casily be calculated (and we
must believe, however little we may understand it) that the
action in question is repeatel regularly 786,000,000,000,000
times in a second ; that in the green ray a similar action
recurs 587 billions of times per sccond ; and in the red ray
449 billions of times; and that it is by distinguishing be-
tween thesc different rates of vibration (for any regularly
repeated action may be called a vibration) that the optic
nerve distinguishes colours.

The velocity of all rays being cqual in vacuo,* it follows,

* As sound of all qualities, so light of all colours. travels with the same
rpeed, at least in air.  Otherwise, the aberration (62) being different for
each colour, every star would appear lengthened into a spectrum in the
direction of its aberration. Nor is this equality confined to our atmo-
#phere, but extends throughout the solar system; otherwise Jupiter’s
satcllites would appear to change blue or red just before their eclipses,
snd assume the opposite colour on their reappearance.,
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that white light may be compared to a crowd of men and
children all running with the same speed, but with steps of
various lengths, the skorfness of tho steps of violet light
being compensated by their frequency. But, when any ray
enters a medium, its number of steps per inch is increased
in the ratio of 1 to the refractive index of that medium
for this particular ray. Thus, as the #ime occupied in per-
forming a step must remain unchanged,.while the length of
step is diminished, it follows that the progress of the ray
must be slower in the medium than in vacuo. Moreover,
those media which refract the different rays unequally must
retard them unequally, so that in solids and liquids their
velocity is no longer quite equal, but the red travel a little
the fastest, and the violet slowest, this difference being
greatest in the most dispersive media.

83. It is proved mathematically, that all the effects of
refraction are simple consequences of this refardation, which
is a law of a more general order, and is proved by numerous
phenomena where there is no refraction. All the phenomena
of iridescent or periodical colours were first generalized by
Dr. Young, who proved by direct experiment this most
singular fact, that when two rays of light of the same
refrangibility, or length of step, travel together, or fall on
the samme spot of the optic nerve, they do not. double each
other’s effect unless their steps correspond; but if, while
keeping correct tine, their steps are reversed, then, like those
of ill-trained recruits, they absolutely (if of cqual intensity)
neutralize cach other, and double light produces darkness,
just as double sound produces silence in the phenomena of
beats. However at variance this may seem with common
experience, it is found to be strictly true as regards sizgle
rays having one definite direction and refrangibility, thongh
lost sight of in the heterogencous misture of all sorts of
rays, pencils, and beams, which meet us at every turn. The-
dircet proofs of this inferference of light, therefore, require
considerable care and nicety but numberless indirect proofs
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are afforded by the perfect manner in which it explains all’
the phenomena of iridescence.

As we have twice alluded to the Fiz. 33.
colours of thin films, we will again
choose this exawple, as showing onc of
the simplest applications of the principle
of interfercnce.  Let ¥ (Fig. 33) repre-
sent such a film, on which common
light is falling in the direction of the
lines ®, B, and let  be a ray of
red, and B a ray of blue light, the
periods or paces of the latter being
shorter than those of the former. A
portion of each ray is reflected without
entering the film, the rest enters it, is
reflected from its back surface, and
emerges again, and, though twice re-
fracted by the front surface, it will ob-
viously emerge parallel with the former
portion; but, as it has lost a few steps
in travelling twice through the film, its
steps may or may not correspond with those of the first
portion. In the case of the ray » they do not correspond,
while in B they do, simply because the latter ray took an
exact number of pates to travel twice through the film, while
2 took an odd number of half-paces. Thus it appears that a
film of this thickness will appcar bluo, because all the red
rays reflected from it destroy each other, while all the blue
reinforce each other, at least when the rays fall at this angle
(and the colour of such film varies with the angle of sight,
as well as with the thickness). But by a very slight change
of thickness, as at ¥, the contrary may take place, the red
ray &' making an even, and the blue ray B’ an odd number of
half-paces in twice traversing the film; so that the former’
will reinforce, the latter destroy each other, and the apparent;

[

colour of the film will contain more red than blue, .
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84. The phcnomena of interforence plainly indicate that
the periodically repeated actions constituting light are alter-
nately opposed to each other, otherwise they could not effect
their motual destruction. Hence the intervals of space at
which they recur are called waves of light, in precisely the
same sense that we speak of waves of sound (15 and 44);
which by no means implics that the action must resemble that
of sound, any more than the latter resembles the undulation
of water, or of a corn-ficld, or of a shaken carpet, all of
which are totally different actions, though all alike constitute
waves ; beeause this is a general name for any alternating
motion or vibration propagated from place to place.*

As a musical note may be produced by the reflexion of
a common non-isochronous noise from a large number of
parallel cquidistant surfaces (45), so may- colour be pro-
duced by the reflexion of colowrless light from a similar set
of surfaces. An exceedingly fine grating, or a set of parallel
grooves or other lines, so near together as not to include
many waves of light, produces iridescent colours. Mother-
of-pearl owes its appearance to this cause, it being composed
of distinct lamine, so that any artificial ground surface
cuts them all obliguely, and exposes their edges like those
of the leaves of an open book, forming regular grooves, of
which there are several thousand in an inch. That the -
colours depend on this configuration of surface, will be plain
by taking a cast of it in wax, which will display the very
same iridescence as the original.

85. Our limited space will only admit of a very brief
notice of the last general property of light, namely, its
polarization. I a round hailstone drop upon the sloping
roof of a house, it will act, as regards its rcbound, just in
the same manner whether the slope be towards the north,
south, east, or west. But this will not be the case with an

* The facts now under consideration are totally unintelligitle if light
be regarded as matter; for two material particles cannot annihilate each
other, as two rays of light do, and as two forces or motions can.
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arrow under the same circumstances, because it has a dis-
tinction of sides, and its behaviour will vary according as the
plane of its barbs is parallel with the euves or with the
rafters of the roof, or inclined to both. A bullet in its
flight from a gun has also sides fo its motion (though not toits
JSorm), because it revolves on an axis, which may be vertical,
horizontal, or inclined ; but, if shot from a rifle, it has no
such sides, because, though spinning on an axis, that axis
has, by a particular contrivance, been made to coincide with
its line of motion, so that it presents the same aspect above,
below, or on either side. Now, if these projectiles were too
small or too rapid for us to discover the reason of these
differences, we might still observe the differcuces them-
sclves, and should express them by saying that the motion
of the arrow or the gun bullet possessed polarity, or polariza-
tion, which was not the case with that of the hailstone or
the rifle buliet. DPolarity, then, means simply a difference
of sides.

That a ray of light should, in some cases, possess this
property, is not perhaps so wonderful or unexpected as that
man should have been sble to deteet a fact so refined and
remote from common obscrvation, and even to distinguish
different varieties of it, and investigate its laws. lIndeed,
.these must be regarded as the very penetralia of physics,
the inmost secrets of nature that man has been enabled
to wrest from her. If the measurable spaces occupied by
the waves of light be minute, how far less, in all probability,
must be those smmeasurable spaces to which its vibrations
are confined (which even in sound are mostly inappreciable,
though the waves occupy many feet) ; yet it is to the posi-
tions of these inconceivably minute vibrations that the
differences of polarization are due.*

These differences are not semsible to the eye, but are
arrived at by inductive reasoning from such facts as the

* Differences of infensity depend on their extent ; differences of colowur-
on their frequency ; differences of polarization on their form and direction,
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following. Let » (Fig. 84) represent a ray of light, which
in its progress mcets
(obliquely) with the sur-
face 8; a portion of it
will be transmitted, and
the rest reflected in the
direction 8 . Now, by
making 8 revolve round
an axis coincident with
the ray » 8, we may obvi-
ously reflect it in various
directions suceessively,
A8 8B, 80, 8D, BE, 8F, § G, 8 1, all making equal angles
with the original ray s ®; and, if this bo destitute of
polarity, there is no reason why it should behave differently
when reflceted in these different directions, nor will a direct
ray from any luminous source do so. The reflected light
will bear the same proportion to the transmitted in each
case; so that all the rays s 4, 8B, &c., will be of equal
intensity. But if we find that they are unequal, the trans-
milted ray being brighter, and the reflected one fainter,
when the latter is turned in the directions s 8 and s ¥ (for
instance), than in the directions 8 D, or 8 1, we have distinct
proof that this light has sides, or is polarized.

Or suppose we turn the ray aside by refi-action, as. by
a prism r. By turning this prism round so as to take suc-
cessively the positions shown in the lower part of Fig. 84,
at » 1, 2, 3, we may plainly turn the ray upwards, down-
wards, or sideways, in any of the directions p1,p2, p8, p 4,
pb,p6,p7, p8, 9, p10, p1l, p 12 (the refraction in each
case being equal). Now, if it behave differently in these
cases; if, for instance, it be refracted doubly, or split into
two rays of equal intensity when turned upwards or down-
wards, and into two of wnegual intensity when turned to
the right or left, its polarization is thus manifest.

Or again, if the eye receive this ray through a plate

Fig. 34.
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of some transparent substance ¢, and if more light penetrate
this plate when it is held upright, as at ¢/, than when held

.across as at ¢ (though in both cases perpendicular to the
ray), we plainly learn from this not only the polarity of the
light, but also that of the substance ¢, which must evidently
possess a grain or polarity of texture, a difference of proper-
ties in different directions; and accordingly this action on
light is perceived only in erystallized bodies, or those which,
from the action of their molecular forees, assume certain
definite geomotrical forms, and whose polarily is also mani-
fest in many other ways, as by their splitting in certain
directions rather than others, their expanding by heat un-
equally in different directions, &e. &e.

The laws of the polarization of light form a distinet
science of vast extent and beauty ; for, though this property
(first observed by Newton) was never experimented on till
the present century, yet during this short time discoverics
have thickened, and have led, step by step, to higher and
higher generalizations, till at length the lato French mathe-
matician, Fresnel, was enabled, by a maguificent theory, to
bring all these complex and wonderful phenomena under
the simple laws of mechanics, and by the composition and
resolution of forces, not only to explain all the phenomena
then known, but to predict others the most startling and
unexpected, and which have as yet been verified without an
exception. '

Perhaps the most important rule respecling polariza-
tion is, that light coming directly from a source, as the
sun or a candle, mever possesses this property, while that
which has been reflected always possesses it more or less.
It is very singular that a ray once polarized refains that
property during all its subsequent course, whether that be
for inches, miles, or billions of miles. Thus, with no other
apparatus than a fragment of a crystal, we may examine
the polarizing effect of the far-distant surface of the planet
Saturn as readily as that of the page before us. We may
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ascertain whether a star at the outskirts of the visible
universe shines by its own or by reflected light. In this
way Arago has proved that, in some of the binary systems,
the two stars are two suns, while in others the smaller is
only a vast planet reflecting the light of the larger. In this
extraordinary observation we cannot fail to be struck with
the great disproportion between the means of observation
and the fact obscrved,—and especially with the astounding
universality of this agency, light, which at once pervades
galaxies and penetrates between atoms.

86. The polarity of light leads us natprally to consider
next those cffects depending on the polarity of matter, or of
its ultimate particles; for this is a general principle, to-
wards which all physical discoveries seem now to be con-
ducting us. Some of the modes in which this polarity is
displayed by crystals have just been alluded to. Crystals
appear to differ from other bodies in this,—that their parti-
cles are so arranged as to have all their similar polarities
in the same direction. The investigation of the laws regu-
lating their forms, cleavage (or facility of splitting in certain
directions), refraction of light, polarization, and unequal
expansibility in different directions by heat, presents an
infinite ficld of research, which has occupied the attention of
romc of the greatest philosopbers since Huygens and Newton
first clucidated the laws of refraction.

87. But polarity is displayed in perhaps the most striking
nmanner by the phenomena of magnetism, a property which,
by certain processes, can, as it were, be superadded to the
other properties of iron and steel without in-any way affect-
ing those other properties.

The property of magunets most familiarly known, that of
attracting common iron, is not spread over the whole sur-
face of' a magnet, but is strongest (in artificial magnets) at
their two ends, and altogether absent in the middle. But
there is also an opposition in the properties of the two ends;
for, although both attract common iron alike, they do not
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both attract a particle of magnetized iron, for, on presenting
them to the poised magnet or needle of a compass, each end
attracts only one end of the needle and repels the other. If
we take two magnets, and mark one end of each in such a
way that both their marked ends have the same action on
the needle, we shall find that these magnets manifest to-
wards each other no aftraction except between a marked end
of one and an wnmarked end of the other, while between #wo
marked or two unmarked ends there is a repulsion,

This is the most important law in magunetism, and on
it depend all the effeets of terrestrial magnetism, or the
tendency of the needle towards particular parts of the earth
(so invaluable by its dircet application to our wants) ; for
all these effects indicate that the carth herself acts as a
great magnet, having her two magnetic poles, or centres of
attraction, not far from her poles of rotation; the northern
being near Hudson’s Bay, at a spot reached by our arctic
voyagers, and the southern in the newly-discovered conti-
nent of Victoria Land. As these spots are not, however,
identical with the true poles or ends of the earth’s uxis, the
needle does not (at most places) ppint to the true poles, as
will be evident from Fig. 35,
which represents compass
necdles diswributed over the
globe, all lying in the direc-
tion of lines drawn from
one magnetic pole to the
other (only one pole can be
shown in the figure), which
lines are called magnetic meri-
dians, and obviously do not
coincide with the true meri-
dians (represented by theblack
lines) except at a few places,
such a8 A A.. Elsewhere there is a magnetic variation or
declination of the needle from the true meridian, which
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variation amounts, in London, at the present time, to about
28° west of north (or east of south); and its determination
in other places throughout the globe is of the utmost
importance to navigation. Owing to the irregular distri-
bution of the magnetic force in the earth (as in all other
loadstones or natural magnets), the variation at any spot
cannot be calculated by knowing its position and that of
the magnetic poles; for the line at which there is 7o varia-
tion (ag at A A) is not, as might be supposed, an exact circlo
passing through both the true and both the magnetic poles,
but an érreqular circle, of which the eastern half passes
through Siberia, China, and Australia, and the western half
returns from the south pole through Brazil, across the
islands of Jamaica and Cuba, and so through the United
States to the north magnetic pole near Hudson’s Bay.
The farther a needle may be from this line, the greater its
variation.

88. But there is no magnetic element, not even the posi-
tion of the poles, which does not constantly, though slowly,
vary. Hence the direction of the needle at every spot is
gradually changing, as .the magnctic poles and line of no
variation slowly revolve round the globe from east to west.
In 1659 this line passed through England, and it is now
about 90° of longitude, or as fur as possible from it. Thus the
variation here, which was eastward of north before 1658, has
ever since been westward, and increased up to 1816, since
which it has slowly diminished, indicating that we are now
rather nearer the Siberian than tho American branch of the
line of no varintion. .

The needle also makes reciprocating mevements of very
small extent daily, monthly, and yearly, for observing
which magnetio observatories have been built and are con-
stantly attended. They hawe disclosed the remarkable fact
of its undergoing also sudden and irregular disturbances,
which have been callod magnetic storms, and are found to
occur at the same instant all over the globe.
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89. The laws of terrestrial magnetism are also well illus-
trated by the dip of the necdle, or the tendency of onc cnd
to preponderate, though it were exactly balanced before
being magnetized. 1nthis country the north end dips about

68° from the horizontal line, being more strongly attracted
by the earth’s north pole than the other end by the more
distant south pole. Hence it may easily be concluded that
a dipping ncedle, or a
needle poised on a hori-
zontal axis placed east
and west, instcad of a
vertical pivot, will, when
carried to either of tho
earth’s magnetic poles,
stand wupright, the end
which is upward at one
pole being downward at
the other. The further
we recede from ecither
pole, the less does the
needle dip, as shown in Fig. 86, where the dotted lines
represent the lines of equal dip, or parallels of magnetic
latitude. The magnetic equator, or line of no dip, where the
needle, balaaced between thoe actions of both poles, rests
horizontally, is not coincident with the true equator, but
nowhere deviales more than 12° from it.

The intensity of the magnetic force is greatest at the
poles, and diminishes towards the equator, and both the dip
und intensity are (like the direction) subject to daily,
monthly, and yegrly variations, and sudden storms.

90. Magnetism is not peculiar to iron and steel, though
incomparably strongerin them than in other bodies. It was
proved by Coulomb and has lntely been confirmed by Fara-
day, that no substance in nature 1s quite indifferent to the
influence of a very powerful magnet, but with 1his disting-
tion ; very few bodies besides i.ron can be made to display

Fig. 36.
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~agmetic polarity, that is, both attraction and repulsion. The
cont mass of substances exhibit either attraction only (like
‘maagnetized iron), or else (which is more common) repul-
ion only; being cqually repelled from both poles of the
raagnet. The former have been classed by Faraday as
magnetics, the latter as diamagnetics. This great experiment-
alist has also detected the action of a magnet in modifying
the polarity of Light.

91. Closcly connected with magnetism (though by un-
known ties) is that widely spread, apparenily universal,
d seription of polarity called electricity. 1f we rub a long
giass tube briskly with a dry silk handkerchief, a slight
crackling noise will be produced. In the dark the tube will
appear faintly luminous, and if the finger be held to it,
# small spark will be scen to pass from the tube with a slight

g uapping noise. This luminous appearance is electricity ;
* ae spark is called the electric spurk, and the tube is said to
v Je electrically excited. On presenting the excited tube to a
cotiple of light downy feathers, suspended from the ends of a
long piece of silk thread, they will be attracted by and
wihere to it.  On gently withdrawing the tube, they will not
hung down loosely as before ; they will repel each other ; and
o «gain presenting the excited tube, they will be still
further repelled. But on lenving them undistarbed for a
time, the air will gradually rob them of their electricity, and
they will hang together as at first.

In this cxperiment, when the feathers are adhering to the
glass, they rob it of a portion of its clectricity, by which
action both become similarly electrified, and they repel each
other. The glass tube also, being electrified like the feathers,
also repels them. Hence we learn that bodies similarly
electrificd repel cach other.

If, instead of the glass rod rubbed with silk, we rub
b stick of resin with a picce of warm, dry flannel, similar
Pﬁ'ects will be produced; nor does there appear, from these

'sults, to be any difference between the electricity of glass
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and of resin. But if, while the feathers are being repelled
by the glass, we bring near them the excited stick of resin,
they are no longer repelled, but attracted. Or if, while the
feathers are being repelled by the resin, we bring near them
the excited glass tube, this will attract them. Ilence we
learn- that the electricity of glass must have & property
different from that of resin, because one attracts what the
other repels. Now, these opposite polarities have reccived
the names of vitreous and resinous, or positive and negative
electricity ; the one being produced from glass and vitreous
hadies, and the other from resinous bodies. We learn also,
»hat bodies dissimilarly electrificd attract each other.

Let us now examine the substances used to excite the
glass and the rcsin.  If, when the feathers are repelled by
the glass, we bring ncar them that part of the silk hand-
kerchief uscd to cxcite the tube, the feathers will be attracted
by the silk. Remove the silk, and present the glass tube,
#nd they will be repelled. Or conversely, when the tube
has been excited by the silk, present the silk first to the
feathers, and they will be first atiracted and then repelled.
If, while in this state of repulsion, we bring the excited tube
near them, they will be attracted by it. Similar results may
be obtained with the resin and the flannel. We see, then,
that in rubbing glass with silk, or resin with flannel, both
kinds of eleetricity are developed ; and it appears that one
kind of electric polarity cannot be produccd without the
production also of the other kind, either in another part of
the same body, or in distant bodies.®

* Herein electricity resembles, and also differs from magnetism; it
resembles it because neither kind of polarity can be produced alone; it
differs from it because the magnetic polarities are o inseparable that hoth
must exist in the same dody; for if we break off one end of a magnet, the
piece broken off will not be a single pole, but & perfect magnet having two
poles, no magnetic body, however small, possessing one polarity without
an equal intensity of the other ; whereas the electric polarities can be sepa-
rately accumulated in different bodies, as in the glass and silk, or the resin
and flannel,
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smarkable and varied than either their thermal or mag-
ctic effects. This is ckemical action, or gffinity ; if indeed
nis and electricity be not two names for one and the same
hing, for it is impossible at present to distinguish which
3 the cause and which the effect. From chemical action
'oing on at one or several points in a circuit, currents flow
hroughout that circuit incomparably more powerful than
ny produced by heat or by magnetism ; while, on the other
wnd, the fecblest electric currents produce chemical changes
n the bodies through which they pass, such as can be pro-
fuced by no other known means. All chemical decom-
rosition appears to be accompanied by a transference of
lectricity in quantitics exactly proportional to the quan-
ities of matter decomposcd, and always in the same pro-
rortion for the same kind of matter, though different in
lifferent kinds, and closely connected with their specific
Tavity, specific heat, and other propertics. These guantities
* electricity are immensely greater than those exhibited in
atical discharges, the quantity that flows from the decom-
osition of a single grain of water exceeding that of a
owerful flash of lightning; yet they flow silently, and
ithout violence, producing only the chemical, magnetic,
1id thermal effects alrendy noticed. These qutantities are
orawver capable of exact comparison and calculation, so
1at their effects, when certain data are known, may in all
ses be exactly predicted, not only qualitatively, but quanti-
tively.

101. It is not our business to enter further into the
main of Chemistry. It may, however, be desirable to
sdeavour to form a clear idea of the precise distinction
stween Natural Philosophy and Chemistry. The distine-
-on is becoming every day less precisc, for it is no longer
‘ossible to divide the book of nature into volumes, and
irctions, and chapters, and deal them out to separate stu-
,.m for examination and interpretation; for one student
“Eﬂs that he wants something which another student has
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taken away, so that they must either work together, or cay
must have his own scparate and complete copy of the boo
and meet together from time to time to explain and compay
the results of their labours. Still, however, there are certai
distinctions which may assist the student in understandin
the object which the natural philosopher has in viewin contra
distinction to that of the chemist. These distinctions mai
be considered under three heads :— i
First. There is 8 necessary gemeralify in physical re
searches and & necessary speciality in chemical researches
Physical properties are similar in different bodies; chemict,
properties are similar only in the same body. For example
the phenomena of weight are displayed in the samne mannep
in all bodies ; they are similarly affected by heat ; they ary
all more or less sonorous ; and they all exhibit optical, mag-
netic, and electrical phenomena. Whatever differences ard
observed are only differences in degree. Glass is gaid to e,
transparent because it transmits light with facility ; gold jbe
said to be opaque because it stops the passage of light ; bihe
glass if thick enough would be opaque; and by hammerird.
gold into an cxceodingly thin leaf it becomes transparent, ibe
at least translucent. Bodies have been divided into
ductors and non-conductors of clectricity ; into electrics :
non-electrics. All bodies, however, conduct electricityggmep!
or less freely, and by peculiar contrivances (91), bodi;
called non-electrics may be made to develop electricity. 't
But in the different compositions and decompositio

with which the chemist has to deal, specific properties a
brought out at every turn, and these vary not only amon,.
the different clementary substances, but also among t
most analogous compounds. For example, the atmosphe
air is composed essentially of two gases, oxygen and ni
gen, which are meckanically mixed in the proportion of;
volumes of nitrogen to 1 of oxygen, and with this constxt\,‘
tion, and in this proportion, atmospheric air is the suppo:s
of animal and vegetable life, and of combustion. ~Combir
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18 now to be considered ; but in order to arrive at a distinct
idea of the principle on which this wonderful measurement
is based, we must gradually approach the subject by intro-
ducing a familiar experiment.

93. Every one is aware that when a lighted stick is
whirled rapidly round, the effect on the eye is that of a
continuous ring of fire. Let us suppose that the end of the
stick describes a complete circle in #;th of a second, and
that we keep the eye fixed at one point of the ring. "When
the lighted stick is at this point, the rays of light proceeding
from it form an image in the eye of the observer upon a
certain part of the retina. It might be supposed that, as
soon as the stick had passed this point, this image on the
retina would dissppear, and another be produced on an
adjoining spot of the retina, answering to the new position
of the stick. But though the new image appears, the
former does not vanish, for the stick has time to make an
mtire circuit and return to its former position to reproduce
lhis image before the sensation resulting from its first
wansit is effaced. Thus it appears that a luminous impres-
rion made on tho retina has a certain persistence, and we
nay conclude from the above experiment that it continues
it least one-teuth of a second ater the cause which pro-
luced it has ceased. If, then, a luminous point, moving
hrough the circumference of a circle in the tenth of a
second, produces on the eye the effect of a complete ring,
t is evident that a line of light revolving round one of its
ands as a pivot, ten times per second, will appear as & com-
plete luminous disc. But let us suppose that, instead of
one line of light, there are 10, 100, or 200 luminous equi-
listant radii, it is evident that the velocity of rotation may
be 10, 100, or 200 times less than in the case of a single
tuminous radius. Or if a small whecl, with 100 equidistant
spokes, be illuminated by the light of a lamp, this wheel
need only perform one revolution in ten seconds in order to
appear as a complete luminous dise.
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But let us take a greater speed, and suppose the 100
spokes to make a complete revolution in the %;th of a
second. Each spoke would then pass through the space
which separates two spokes in the 3zth of tho yi;th of a
sccond ; that is, each spoke shifts its place into that of its
advancing neighbour overy 4i;sth of a second. Bearing
this in mind, let us next suppose that the light by which we.
see the wheel does not shine continuously, but flashes upon
it for less than the ysth of a second. The wheel cannot
then appear as a completo luminous dise, becausc the spokes
have not time to replaco each other during their illumina-
tion, so that 100 dark spaces will be left, and the proportion
which they bear to the whole area of the wheel will show us
how much the duration of the flash fell short of +;5th of a
second. If we suppose the light to continue only a very
small fraction of t¢soth of a second, the spokes will not
have moved through any appreciable space, and the wheel
will appear precisely the same as when at rest, although the
impression will remain on the retina the ¢;th of a second.
This is what takes place when the rotating wheel is illumi-
nated by a flash of lightning, or by the discharge of a Leyden.
jar, and however we may increase the number of spokes in
the wheel, or the rapidity of its rotation, the light has come.
and gone before the wheel has had time to turn through a
sensible space. A revolving disc, on which any object is
painted, scems perfectly stationary when illuminated by the’
explosion of the Leyden jar. Insects on the wing appear by.
the same means fixed in the air, and vibrating strings are,
seen as if at rest in their deflected position.

Professor Wheatstone, to whom these besutiful experi-
ments are due, finding that he could not obtain sufficient
speed by this means to measure the duration of a flash
of lightning, invented a revolving mirror, Fig. 87, wherel
A is a support bearing a plain mirror turning on a hori-!
zontal axis, like a littlo swing dressing-glass, and made to}
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spin rapidly by the endless strap b & passing round a
Jarge wheel below. On

Jooking into this spinning Fig. 37. .
Anirror, we reccive rays re- Zg: «ﬂ’a
fected by it from any = ”"_%f

et

$xed light, as a candle at
1, during only a small part
of its revolution, miore or
iess according as the eye is
nearer to or farther from
the mirror. Suppose now
that when the mirror has the position shown in the figure,
we see the light in the direction e a; when the mirror
has attained the position shown by the dotted oval, we
shall see the same light in the direction e 4, the angle
a ¢ @ being fwice that moved through by the mirror. As
the mirror turns, we shall see the light apparently describe
the arc 4 o’ o”, the apparent length of which (or the
angle 4 ¢ 4”) depends on our nearness to the mirror.
Buppose we look close enough to see this arc 40° long,
theh we see the light during the motion of the mirror
through 20° or #;th of a revolution; and it will be obvious
that, if this motion occupy less than y';th of a second, we
shall ses the light in every part of this arc atf once as a
hand of fire; and if the mirror make one revolution in less
than J5th of a second, this band of fire will be seen con-
tinuously, though its image is only impressed on the eye
during Pgth of cach revolution. Now, let the light L be an
electric flash. If it last during less time than it takes the
mirror to move through 20°, we plainly cannot see the whole
arc of 40° at @ a”, for the light does not last long enough to
be seen successively at every part of that are. The less its
duration, therefore, the less of the arc will its image be
spread over ; and by observing its angular elongation, we can
at once calculate its duration, provided we know the rate at
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which the mirror is spinning. This Professor Wheatstone
ascertained by the notes of & syren.* e found that when
the mjrror revolved fifty times in a second, an electric spark
appeared in the reflexion exactly as in the reality, or was
xnot elongated through any perceptible space. Now, an
elongation of half a degree would he plainly perceptible
(being equal to the moon’s diameter, or an inch seen at 10
feet distance), and this would have indicated a duration
while the mirror moved through 15°. But it moved through
860° in 5th of a second, thercfore through 15’ in 4-g345th
of a second, and the duration of the spark was less than
this.

By increasing the speed of the mirror, however, he at
length succeeded in making the spark appear, in some cases,
elongated to a measurable extent, and, by the simple method
of calculation above exemplificd, he found that though ith
duration varied greatly under different circumstances, yet it
never exceeded o millionth of a second.

. But far more astounding was the discovery by the same
means of the speed of transference of the electric force
through a copper wire. It must be observed that tho
metallic communication established between the inner and
the outer coatings of a Leyden jar, may be of any lengtk
without semsibly retarding the discharge, although it i
certain that it must be communicated through the wholé¢
length of the wire, because a spark will be scen at any smalt
break in its continuity, wherever such break may occur.
Professor Wheatstone made the two coatings of a Leyden
jar communicate through Zalf a mile of wire, interruptad
at three places, namely, near the two coatings, and at
its centre, + of a mile from each, and so arranged that
these sparks might be seen together, side by side, O
course the centre spark must occur later than the others
by the time which it took the electric impulse to trave
through 4 of a mile of copper. Now, when viewed i
* This instrument is degeribed in Rudimentary Pneumatics,
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the mirror, these sparks were seen elongated alike, but
until he made the mirror revolve at the extreme speed of
800 turns per second, he could not perceive that the central
spark appeared the least degree higher or lower than the
others ; its foot and top appeared level with them, as if it
began and ended at the very same instant. "With the above
extreme speed, however, he did perceive a slight difference,
much less than the elongations of the sparks themselves,
indicating that their duration was much longer than the
passage through the quarter mile of wire, which occupied
no more than the 2,304,000th of a second. This is at the
rate of very nearly three times that of light through planetary
spaco.

94. The clectricity just referred to is sometimes called tho
electricity of fension ; that is to say, this force accumulates,
or these two opposite forces or polarities accumulate, on the
outer layer of an electrified body in consequence of its tension
or tendency to escape by a discharge. The phenomena of
tensional electricity are also called sfafical, becanse there is
no indication of motion, no travelling of the electric force in
currents, except in the inconceivably short interval of the
discharge.

95. The laws of these currents form the science of
Electro-dynamics. In order tosct these currents in motipn,
there rgust always be a circuit of conductors, through which
the current may flow round in an endless stream without
any accumulation, and conscquently without any tendency to
escape. When the circuit is broken, all effect instantly
ceases. In such cases the electricity is said to have mo
tension. Sometimes, however, a momentary accumulation of
force does take place at the interrupted end, and discharges
itself in a spark: the current is then said to have some
tension, although it is vastly inferior to that of statical
electricity. The appearance of tension, however, is only
instantaneous, and all effocts cease until the circuit is again
closed or completed. The spark, or discharge of statical
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electricity, appears only during the approach of the two.:
terminals or poles; but that of current electricity dunng
their separation. "

If we divide all the effects of clectricity into two clusses,
namely, sfatical, or depending on the charge; and J.ynaf
mical, or depending on the discharge; it appears that
whenever the former are continuous, as in a charged jar,
the latter last only during the instant of the discharge ; but’
whenever the discharge or flow is continuous, as in a gal-
vanic battery, the charge or accumulation is only momentary,
and this at the instant of interrupting the circuit.

96. We must now refer to the means by which dyna-
mhical or current electricity is set in motion, and the effects
by which this motion is detected. These eflects are totally
different from the statical effects of attraction, repulsion,
the spark, and the shock. They arc of three kinds, namely,
chemical, magnetic, and thermal ; and so also are the actions
by which these currents are set in motion ; so that to describe
théir sources, we must describo their effects, and vice versd ;
80 intimate is their connection.

97. To reverse the order of their importance, and begin
with the weakest and least fertile of these sources, it may
be observed that the uncqual heating of certain metals sets
a gurrent i motion from the hotter part to the colder, and
in some cases from the colder to the hotter, proyided a
metallic circuit is open for its return. So also the partial
application of heat to any part of any conducting circuit
excites a current all round, provided the heating be unsym-
metrical, or does not diminish both ways alike from the
heated point, but more suddenly on one side than the other,
These currents are extremely fecble.

If we turn to other sources, currents of great power
may be obtained, and they manifest that power in heating
and maintaining, in some cases at a red and cven a white
heat, the thinnest or least capacious part of the metallic
circuit, when the current is narrowed so as to form, as jk
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were, 8 rapid. Another variety of the same action is dis-
played in the momentary, but most intense evolution of
heat and light, by that momentary current which is called
the spark-discharge, or the disruptive discharge of statical
electricity.

Thus it will be seen that the motion of heat produces
electricity, and the motion of electricity produces heat.

98. Equally reciprocal is the connection between elec-
tricity and magnotism, which from the similarity of the
laws of these two sciences had long been suspected. The
eonnection between these two kinds of polarity is of a most
extraordinary and unparalleled kind, and may be thus exs
prossed :—That the motion either of clectricity or of mag-
netism, circularly round an axis, develops the other forco
along that axis. Thus the rotation of a magnet on its

- axis produces electric currents along it, provided there be a
circuit open for their return, which is always essential in
dynamical electricity. On the other hand, if electric cur-
rents whirl round in a vortex, the two ends of that vortex
always display the two magnctic polarities. Thus the mag-
netism of the earth is connected with the constant flow of
electric currents round her from east to west, and then
again with the uncqual heating of the crust by the sun, s
ench part is successively turned towards him.

All clectro-magnetic effects sare cxplicable by the laws
of mechanics,-if we suppose cach particle of a magnet
to exert on each particle of an electric current, and vice
versd, a tungential force, that is, neither an attraction nor
s repulsion, but an urging to the right or lett. The electric
current tends to urge the magnetic particle round it, and
the magnet to urge the electric current also round it. The
same current which urges onc magnetic polarity round it
from right to left, will urge the other from left to right;
and if the current flow the opposite way, these effects are
reversed.

*Statical clectricity produccs no magnetic effects; but
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those of dynamical electricity arc so decided ad to form the
most delicate test of its prescnce: by no other means at
our command could ihe feeble currents produced by heat
have boen known to mns, nor coull many of the luws of
clectro-dynamics ever have been discovered. Again, cloe-
tricity, by affording a source of magnetism of the most
intense degree, far cveceding anything of 1he kind in
nature, has led to the maguetic discoveries of Faraday.
The action of currents in the magnetic needle has a prae-
tical application in the clectrie telegraph, in which the cur-
rents set in motion are of extreme feebleness,

. Faraday has proved that as no clectric current can pasa
near an iron or steel body without rendering it magueti,
unlesy so arranged as to oppose its own eftect; so, on the
other hand, no magnet can be moved without producing
electrie currents in cevery neighbouring conductor, provided
there be a chaanel open for their circulation.

Thus the motion of electricity produces magnetism, and
the motion of magnetism produces electricity.

99. Closcly connected with these actions is the aclion of
electric currents on cach other, which gives rise to affrac-
twon, repulsion, and induction, all of tolally different kinda
from those of statical eleetrivity. In the latter we have
seen (91) that similar polarities repel, and dissimilar polagi-
ties attract cach other; by currents flowing in the same
direction atiract, and those flowing in opposite directions
repel. So also a current through one conductor induces
a current through a mneighbouring conductor, insulated
from it, not however while the first current is flowing cous
tinuously, for that produccs no effect ; but at the instaut of
its being arrested, the sccondary current, or rather wave,
flows in one direction ; and at the instant of its recommence-
ment, there is a secondary wave in the other direction.

100. There is a third source and a third effect of theso
currents far more powerful and prolific of results than
either the thermal or tho magnetic sources, and morn
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It.is probable that similar effects might be produced
with any solids properly rubbed; but in many substances the
electricity disappears as fast as it is formed. "We cannot, for
example, excite a rod of metal like the glass ube, by holding
it in the hand and rubbing it. 1f, however, the metal rod
have a glass handle, it can then be excited, and will retain its
electricity. Hence bodies are arranged into two classes,
conductors and non-conductors, or insulators. Mectals are the
best conductors, becausc electricity iravels along them with
the greatest facility. The glass tube and the silk thread are
called non-conductors, because electricity travels along them
with difficulty. The bodics in which clectricity is excited
are called electrics; and in general the bost electrics are the
worst conductors, and vice versd.

Electricity must have remained for ever unknown, were
it not that dry air is a good insulator; for the electric
polarity, of either kind, has, like heat, a constant tendency
to diffuse itself, and that not slowly, but instantaneously,
unless completely surrounded by insulators. Moreover, the
two polarities are capsble, by their union, of totally neutral-
izing each other; so that a communication opened between
two oppositely electrified bodics instantly reduces both of
them to their naturally electrified state. ~ While separated
by an insulator, such as air, they manifest a tendency to
communicate, not only by their mutual attraction, but by the
polarity of each being intensely concentrated on the side
next the other. 'When they approach within a certain
distance, called their striking distance (which is greater or
less according to the intensity of their cxcitement), the
ntervening insulator is instantly broken through or burst
wsunder, with an evolution of heat, light, and sound, which
s called the disruptive discharge, or spark, and in nature, &
Yash of lightning. If tho two bodies be good conductors,
his discharge instantly restores both to their natural state,
T, in other words, restores electrical equilibrium.

‘When two conducting surfaces arc separated by-an in-

11
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sulator, the accumulation of either the positive or negative
polarity in one surface will develop the opposite polarity in the
other by a peculiar action called induction, which is entirely
the reverse of conduction, inasmuch as it takes place only
through non-conductors; and instead of tending to restore
equilibrium, has just the opposite tendency to increase its
disturbance, or widen the difference between the two polari-
ties by rendering both more intense.

92 The usual method of accumulating electricity is by
.means of the Leyden jar. This is a glass bottle, coated on
both sides with tin foil, except a portion of the upper part
of the jar. The mouth of the jar must communicate with
the inside by a metallic conductor, with a knob* at its upper
end, its lower end being in contact with the inner metallic
coating. In this arrangement we have two metallic con-
ducting surfaces separated from each other by the non-
conducting glass. It is evident that we can bring the two
coatings into connection by placing a metal wire against the
outer coating, and also against the knob at the top of the
jar. On presenting the knob to the electrical machine,
sparks of vitreous or positive electricity will pass into the
jur, which becomes vitreous or positive, and, by induction
through the glass, renders the outside resinous or negative ;
and the mutual attraction of the two polarities retains them
in the coatings, or rather on the two surfaces, of the glass
which separates them, and which is then said to be charged.
If we make a metallic communication between them, the
two electricitics instantly neutralize each other (91); a
brilliant spark of light passes between the knob of the jar
and the metal used to make the connection. It is the
duration of this spark and the velocity of its transit which

* Knobs are s0 extensively used in electrical apparatus, because the
polarity, which resides only in the surfuce of an electrified body, is not
equally distributed, but concentrated in the salieut parts, and so intensely
at the edges or points, if any be present, that it cannot be confined in an
angular body.
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fheso gases chemically (i. 6. more intimately than by mere
mixture), snd in different proportions, and we get totally
new bodies. 14 parts by weight of nitrogen, combined with
8 parts by weight of oxygen, produce a gas (the nitrous
oxide) which has a faint agreeable smell ; is absorbed by cold
water to the extent of about three—fourths of its volume;
mixed with hydrogen, and ignited, it explodes; bodies burn
in it with increased brilliancy, and when taken into the lungs
it produces a sort of intoxication, generally accompanied by
convulsions of laughter. 14 parts of nitrogen with 16 parts
of oxygen produce & gas, the nitric oxide, which has totally
different chemical properties. Cold water scarcely absorbs
it; mixed with hydrogen it burns with a green flame ; a
lighted taper will not burn in it ; any attempt to breathe it
produces suffocation, and when let out into the air it
becomes of a reddish-brown colour. 14 parts of nitrogen
combined with 40 of oxygen form nitric acid, a corrosive
poison, and one of the strongest of the acids.

Hence the distinction between mechanical and chemical
union or combination is that, in the former, the compound
has in every respect properties intermediate between those
of its ingredients; it is heavier than one and lighter than
the other (we speak of specific weight) ; more transparent
than one, more opaque than the other; harder than one,
softer than the other, &c. &. But a chemical compound has
properties not intermediate between its ingredients ; it may
be harder than either, more transparent than either, specifi-
cally heavier than either, and, in fact, often has no one pro-
perty in the degree that could have been calculated from
their dogrees of it, except absolute weight (which is invari-
able), and perhaps, refractive power. Whenever combi-
nation, then, produces a change of properties or of any
one property, the phenomenon is referred to chemistry ;
whenever there is no such change, it is referred to physics.
This is the only distinction.

Physical differences in bodies are always to be detected by
I
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the senses of touch, hearing, or sight. Chemistry deals with
sach differences as are only sensible to faste or smell, or by
the action of bodies on each other. A physical difference
between two bodies does not necessarily imply a chemieal
difference, for ice and water, or charcool and diamond, though
physically different, are chemically the same ; while, on the
other hand, strontia and baryta, nitrogen and carbonic oxide,
present examples of bodies physically alike, but chomically
different.

Secondly. The old distinction between natural philosophy:
and chemistry was, that the phenomena examined by the
former related to masses of matter, and the phenomens «f
chemistry to molecules. This distinction is not worth much,
because many physical phenomena are purely molecular,
such as cohesion, adhesion, elasticity, and the various kinds
of polarity, Indeed, physical phenomena as observed in
masses are but sensible results of molecular actions, whick,
taken individually, would be insensible as far as the modes of
investigation placed at the disposal of the natural philo o-
pher are concerned. But a certain mass or volume of ¢ 7y
substance is equally necessary for the display of chemi al
phenomena ; so that the distinction between masses 1nd
molecules dges not form a real distinction between natural
philosophy and chemistry. It is often necessary, however,
for the exhibition of chemical phenomena, that substances
intended to act upon cach other should be brought to »
state of minute division. Thus, the metals iron, copper, and
lead, in masses, resist the action of the atmosphere; they
become slightly tarnished with oxides, which protect them
from further action ; but in a state of minute division they
are acted upon with great energy, and often present the
phenomena of combustion by simple exposure to the air. 1t
is also often necessary for the exhibition of chemical pheno-
mena that one of the bodies should be in & fluid state.
Solutions mostly depend upon this condition, and here aghin
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#.state of minute division is important, merely by increasing
#he surface of contact between the solvent and the body to
te dissolved; thus offering an immense number of pointa
where the action may simultancously be exprted. 1t is
gbvious that the conditions of comminution and fluidity are
‘ pever indispensable in the production of physical phenomena
properly so called.

The ¢hird and most important distinetion between natural
philosophy and chemistry is, that in physical phenomena the
constitution of the body, or the mode of arrangement of its
particles, may be changed, although, in general, it remains
unaltered. Yet the arrangement of parlicles in sugar, may
be altered without altering any chemieal property, but only
the physicul property of polarization ; but its nature, or the
eomposition of its molecules, remains constantly unalterable.
In chemical phenomena, on the contrary, not only is there
slways a change of state with respect to one. of the bodies
onder consideration, but the mutual actions of these bodies
necessarily change their nature, and it is this very change
which constitutes the chemical phenomena. For example, a
mixture of magnesia and water produces scarcely any chemical
change ; their combination is almost purely mechanical ; the
water dissolves less than a six-thourandth part of this earth,
o that by passing the mixturc through a filter, the water
and the magnesin can be almost perfectly separnted. If,
iowever, we add magnesia to dilute sulphuric acid, a solution,
or true chemical combination, takes place. Twenty parts of
magnesia combine with 40 of sulphuric acid and 63 of water
to form 123 parts of sulphate of magnesia, a crystalline salt,

.#oluble in its own weight of water at 60°, and of a nauseous
bhitter taste. In fact, we get a new compound whose che-
mical properties are totally different from those of its compo-
pent parts. The acid is intensely sour and caustic, the earth

, #8 insipid and slightly alkaline ; combine the two, and we get
-‘qybitter compound, the well-known Epsom salts.
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This example leads us to a specific difference between & -
nechanical or physical phenomenon and a chemical pheno-
menon. In the one we get the mean of the properties of the
component parts ; in the other we get different properties.
In the one we still recognise the distinetive properties of the
two bodies brought together; in the other we have to study
the properties of a third substance.

Hence, if all chemical phenomena should eventually be
found to depend on physical agencies, it will still be neces-
sarily true, that in a chemical fact there will always be some-
thing more than in a physical fact, namely, a characteristic
change in the molecular condition of the body, and conse-
quently in all its properties. Hence Natural Philosophy ia
the science in which we study the laws which govern the
general properties of bodies viewed in the mass, and con-
stantly placed in circumstances susceptible of preserving
untouched the composition of their molecules, and even most
commonly the state of their aggregation.

102. Should the young student who has followed us
through this hasty sketch seek in vain for the moral of our
story, and agk, “ What is the use of Natural Philosophy ?*
We may reply by quoting Franklin's answer to a similar
inquiry, “ what is the use of a new-born infant ?”* The germs
of all scientific research contain the elements of futur.
strength and usefulness. All our knowledge bears referenc:
cither to speculation or to action, and hence may be divided
into the theoretical and the practical. The first constitute
the natural basis of the second, and every branch of industr:-
has derived inestimable benefit from scientific theories.
‘Who could have supposed that the ancient Greek geometers,

while speculating on the properties of the conic sections,
would be of infinite service after a long series of ages, in
renovating the science of astronomy, and bringing the art of ,
navigation to a perfection which it would probably not have”
attained in our own day, but for the purely theoretical’
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_laboursof Archimedes and Apolloniu®; so that, as Condorcet
beautifully remarks, “ the sailor who has been preserved
{rom shipwreck by an accurate observation of the longitude,
owes his life to a theory conceived two thousand years ago,
by men of genius who had in view only simple geometrical
speculations.” Henco we must never test the value of scien-
tific discoveries by their practicul application. If not appli-
cable now, they may become so hereafter, as the whole history
of science proves. It is enough for us that our highest intel-
\ectual capacities are trained and gratified by the study of
nntural laws, because, in proportion as we master them, we
grain power over the material universe. Our knowledge, it is
1rue, proceeds by slow and painful steps: it is constantly
obscured by error, doubt, and difficulty ; but there is this
<heering influence connected with studied of this kind, that
the more we know, ihe less we have to remember ; for in pro-
portion as knowledge is collected and generalized into laws or
principles, the greater is its simplicity ; in proportion as we
increase in real knowledge, we increase in power; for the
fewer these principles are, the more general does each of
them become, and therefore the more extended in their
application, and the more power must accrue from their
knowledge. There is such an expansive property in all
that is written down in the book of nature, that, like the
revealed word of Grod, the more we stwdy and ponder over
its contents, the more does truth ¢r e up to light; some-
thing before unseen begins to apr ar; something that wes
dark gradually becomes light ; sat which was only light
becomes gloriously effulgent. The Christian philosopher
hay therefore every encouragement to persevere in his
inquiries, for if undertaken in a right spirit, they will lead
l» a more intimate communion with his Maker. As a
Christian, he relies upon the goodness and mercy of God,
through the merits of his Redeemer; and, as a philosopher,
he relies upon the constancy of natural laws. When the



