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PREFACE

Fmping, as I do, my chiefest recreation in encounter
with men who earn their livelihood by other and less
desperate shifts than the service of science, I am often
asked—over the coffee or suchlike modest endpiece of
a spare repast—to make plain in round terms this or
that achievement of our modern physics. It frequently
happens, however, that the task is rendered extremely
difficult by the fact that the questioner is without the
first beginnings of a knowledge of the matter and the
method of the science, and is, as it were, like those
chemical compounds which are apt and, so to speak,
anxious to absorb the vapour of water, but cannot do
so easily if they are already very dry: they require a
preliminary infection with moisture if they are to drink
in with facility a further store.

To the demand as to in what book can be found a
brief statement of the elements of the affair, such as
these my questioners require, I have been forced to
reply that I know of none such, and I have been urged
to supply one myself. ‘It must,” they say, ‘be short,
for we are men of the age, and cannot long give our
attention to one subject: it must be plain, for we have
no inclination to struggle with a new jargon, who have
to do with jargon enough in our own professions: it
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PREFACE

mu-* not smell too much of the schoolroom, for we have
neither the patience nor the compulsion which render
schoolbooks read. Set to.’

This book, which I wrote as a holiday theme last
July (supported, if at times the task seemed tedious,
by the thought that otherwise I might have been ex-
posed to the greater tedium of summer in Switzerland
or some other playground of our public schools), is my
attempt to provide a sketch of the groundwork of
physical science, illustrated from recent advances,
which can be read in an hour or two by a reader un-
versed in the study. Itisintended to furnish a sufficient
start to enable him to master popular expositions
of individual branches of the subject, and understand
the general implication of some of the new advances
announced from time to time in the general Press.
My purpose would perhaps have been best expressed
in such a title as ‘A Brief Introduction to Natural
Philosophy,” which I originally intended to give to
this little volume: I love the old term Natural
Philosophy, and the view of physical science which it
implies. The title, however, seemed too heavy for so
slight a thing, and I was further assured that it would
give many prospective rcaders a false impression, for the
atmosphere of words varies from age to age, as amply
attested by such words as ‘Drama’ or ‘Statesman.’

To hang a long preface on to a short book is to say a
long grace before a radish and an egg. I will spare
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PREFACE

this absurdity, and restrict myself to the hope tha? this
trifling dish may be found sound and wholesome, and
that, while it is confessedly insufficient for a full meal,
it may whet the appetite for a banquet on the more
substantial fare to be had in places where larger enter-
tainment is offered.

E. N. pa C. ANDRADE
London, March 1g3o0.

PREFACE TO THE FIFTH EDITION

For this edition the whole book has been revised, and
various alterations and additions have been made to
bring the matter into harmony with recent work. In
particular the treatment of cosmic rays and of nuclear
structure has been modified to accord with advances
made since the last edition, and a brief account is given
of the discovery and meaning of heavy hydrogen, the
neutron and the positron, of artificial radioactivity and
of the striking developments in the artificial transmu-
tation of matter.

I am indebted to the translator of the book into
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Danish, Dr. P. M. Adler, for various friendly sug-
gestions. It is gratifying to be able to record that the
book has also appeared in French, Polish and Dutch.

E. N. pa C. ANDRADE
October 1936.
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CHAPTER 1
WHAT IS PHYSICS?

ha physique cherche dans son domaine & reconstruire le monde, d le déduire par
voie purement syllogistique d’un principe général une fois admis.—BOUASSE.

T is the task of the philosopher to reflect upon the
I general nature of the happenings, material and
spiritual, that make up the life of man, and to endeavour
Jo work out some scheme which shall help to reconcile
conflicting appearances and simplify, by the investiga-
tion of first principles, the complex tangle of events in
which our being is involved. It is for him to try to find
some kind of an answer to the eternal ‘Why?’ which man-
kind, bewildered by the problems of good and evil, of
life and death, has been uttering, now in the stammer
of childhood, now in the harsh voice of agony, now in
the quiet tones of reflecting age, since man has been a
thinking animal. The nature of appearance and reality,
the meaning of truth and falsehood, the scope and im-
plication of our knowledge, the significance of the con-
ception of beauty—these are among the hard questions
on which the philosopher must exercise his powers.
They are very wide and very elusive, difficult to enunci-
ate satisfactorily, more difficult to solve in the least
particular. New points of view can be found, but how
are we to judge when a real advance has been made ?
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WHAT IS PHYSICS?

The task of the man of science is more modest: it is
not to answer the everlasting ‘Why ?* but the no less
everlasting ‘How ?* He deals entircly with the facts
of observation, and tries to reduce them into a system,
so that, if we admit certain principles to start witl,,
things which are actually known to happen systemati-
cally can be shown to follow as necessary consequences,
and a method of looking for ncw ones is suggested. The
principles themselves are chosen to suit the facts, which
for the man of science are all-important—Ies principes
ne se démontrent pas. Whether the principles are in the
absolute sense true is not a matter on which the man
of science, as such, feels called to argue: if their con-
sequences agree with Nature they are provisionally true,
at any rate. The fundamental principles of science
are, therefore, often called working hypotheses, since they
are devised with the sole purpose of furnishing a basis
upon which a system may be built which appears to
correspond with the behaviour of the material world,
wherever we are able to make measurements for com-
parison. We consider that an advance has been
made when a wider range of observed phenomena
has been brought within the scope of one general
principle.

It follows that a scientific theory may be abandoned
when it has proved itself insufficient without in any
way impeaching the general validity of the scientific
method. Let us consider for a moment the history of
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NATURE OF SCIENCE

the atomic theory, as an example.! Forty years ago it
was generally held that atoms were hard, unbreakable
entities, something like exceedingly minute billiard-
balls, each element possessing a perfectly definite type
of atom, fundamentally different from that of any other
element. This hypothesis was sufficient to explain the
properties of gases, for by supposing that atoms of this
kind possessed certain motions obeying the laws of
mechanics, results could be deduced mathematically
which agreed excellently with the properties of gases
as we observe them in the laboratory. By endowing
the atoms with certain forces of attraction, or affinities,
we could explain the general facts of chemistry. Then
came the discovery of the electron, which is very much
lighter than any atom, and suggested the possibility
that the different types of atom might be built up of
electrons. Further, the discovery of radio-activity
showed that certain atoms, such as those of clements
of the radium family, can fire off electrically charged
particles, and so not only contain those particles as parts
of their structure, but also must possess within them-
selves a store of energy, to provide the energy of the
radiations. It was a question of cither admitting this
internal energy or of denying the principle of the con-
servation of energy, for the radio-active elements give
out energy without any energy being put into them by

1 The atomic theory is discussed in Chapter VII., where any un-
familiar terms receive further explanation.
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WHAT IS PHYSICS?

us. The principle of the conservation of energy had
proved too generally useful to be given up, although it
was definitely suggested by some that it would have to
beabandoned. Thefactsofradio-activity forced us, how-
ever, to abandon theidea that the atom was unbreakable,
for the atoms of a radio-active element shoot off frag-
ments of themselves and become atoms of other elements.
Results of further researches could only be explained
by supposing that the atom had a structure like a minute
solar system, the mass of the atom being concentrated
in an excessively small nucleus at the centre, and the
rest of the atom consisting of electrons with wide spaces
between them. This picture of the atom is discussed
in the final chapter of this book, where some of the
astonishing results which it explains are described, but
what has just been said is sufficient to show how great
a change in our ideas on this subject has taken place
within a generation.

Is the critic, then, justified in reproaching the physicist
in this way: Forty years ago you told us that atoms were hard,
indivisible, and unbreakable, made perfect in the beginning of
things, and persisting in unworn perfection ever since. To-day
you tell us that atoms are loose structures which can be very
easily broken: you speak of radio-active atoms breaking up and
changing to simpler atoms, and even speculate on the original
Sormation of heavier atoms from lighter ones. What are we to
believe ?  Your accepted theories of one generation are abandoned
in the next: how can I be sure that you are right this time ? In
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TRUTH AND THEORY

my opinion, the correct answer is that we do not claim
any absolute truth for our theories: we claim, rather,
that a theory like our modern atomic theory has very
great merits because all the phenomena with which we
are at present acquainted are just such as we should
expect if it were true. Nature, in the aspects which the
physicist investigates, behaves as if there were atoms
and as if they had the properties which we now claim
for them. The older conception of atoms was good
enough to explain the phenomena then considered,
and we can still use it for certain simpler problems,
where introducing the idea of atomic structure brings
in needless complications; but to explain the facts of
radio-activity and of spectroscopy we must introduce
the newer features of the theory. The new theory is
also better than the old because—as explained in Chap-
ter VII.—it demands only two ultimate things from
which atoms are supposed to be built up: protons and
electrons. The fewer entities we need to assume as
fundamental in order to explain things, the better our
theory. We do not claim any finality for it: some new
discovery may suddenly force us to modify our ideas
in many particulars, but the successes of the present
theory show that we shall probably have to retain many
of the general features of the theory. It is an excellent
working hypothesis because it has shown us law where
law was not hitherto discovered, and connections be-
tween different phenomena where before we knew of
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WHAT IS PHYSICS?

no connection. It has enabled us to arrange our kriown
facts in a more convenient and logical way, and has
led to the discovery of very interesting new facts. It is
justified by its works, but it is not final. Science is a
living thing, and living things devclop.

Some people might be inclined to go further, and
claim a dcfinite reality for atoms and clectrons, and
for the scheme of atomic structure which has been
worked out. The great point is that, whether the man
of science regards his atoms as having an ultimate reality
or not, does not affect the validity of the theory: the
theory is just as useful in introducing order and pro-
moting discovery if they are merely polite fictions as if
they are desperate realities, and two men who hold
different views on this point will both, if they are equally
adequate as mathematicians, be able to make the same
predictions based on the theory, and to derive the same
satisfaction from the experimental verification. To
take a simple illustration: two different men may hold
different views of a given politician, one holding that
he is paid by a certain interest to act in a certain way,
and the other believing in his integrity. If, however,
he always behaves as if he were paid by that interest;
if all his actions hitherto can be explained on that basis,
and the way he will vote on any particular matter can
be successfully predicted on this assumption; then he
who is to represent the attitude of the man of science
in our parable will say: ‘It is impossible for me to find
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SERVICES OF A THEORY

out whether he is paid or not, but because all his actions
can be explained on the theory that he is, I will adopt
it, since it economizes thought, in that this one working
hvpothesis enables me to understand all the happenings
cuuuected with the man’s career. As a realist I do not
greatly care whether it is true or not. I do not judge:
I observe and classify my observations.” The moralist,
who represents the attitude of the moral philosopher,
will, however, be greatly exercised as to the existence
or not of the bribes, and will be quite without any means
of going behind the scenes to find out. He will merely
be able to speculate. It is a more delicate problem,
but one where no final solution can be reached.

On this view any particular scientific theory is a pro-
visional tool with which we carve knowledge of the
material world out of the block of Nature. It may at
any moment be supplanted by a new theory, but this is
only to say that when we get a better tool, which does
all that this one does and something more as well, we
will abandon our present tool. To rcfuse to use a tool
because some day a better one may be invented is
folly: in the same way, not to make use of a theory
which has been proved to explain a great many facts,
and to suggest new lines of research, because it has ac-
knowledged flaws, and is incapable of explaining other
facts, would be folly. To use another metaphor, the
history of science may, as has been said, be full of beau-
tiful theories slain by ugly little facts, but those theories
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did not die in vain if before their death they hadsub-
dued a vast number of jarring facts into a law-abiding
populace. Nor do theories generally die a final death:
often they are resurrected with some new feature which
gets over the old difficulty which caused their tempor-
ary retirement.

The difference, then, between any religious belief and
a scientific theory is that the former has for the believers
an element of absolute truth: it is a standard by which
they stand or fall, and to abandon it is dishonour and
sin. The scientific theory is, however, only true as long
asitis useful. The man of science regards even his best
theory as a make-shift thing to help him on his way, and
is always on the look-out for something better and more
comprehensive.

To emphasize the pragmatic nature of scientific
hypothesis the contrast between physics and philosophy
has been put in the most extreme way. Some philo-
sophers, of the school of William James, take the view
that, when we say that a belicf is true, all we mean is
that it is useful—that all truth is justified by experience,
and in no other way, just as a scientific theory is. In
any case, the true philosopher cannot, of course, ne-
glect the methods and findings of science, bearing as
they do on the nature of knowledge and the character
of inductive rcasoning. On the other hand, the
physicist is bound to feel interest in investigating the
character of his assumptions from the point of view of
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the logician. In the old days the term philosophy was
used in the most general sense, and what we now call
physics was termed natural philosophy (a term still
used in Scotland, and one that might well be revived)
as distinct from moral philosophy. Remembering this,
the purport of what has already been written is well
summed up in a sentence of the great mathematical
physicist Fourier : ‘Les causes primordiales ne nous sont pas
connues; mazs elles sont assujetties d des lois simples et constantes,
que Uon peut découvrir par I’observation, et dont U’dtude est
Dobjet de la philosophie naturelle.’

So far we have spoken of science as a whole, although
we have had in mind the science of inanimate matter,
in which the true characteristics of science are, per-
haps, more strongly emphasized than in the biological
sciences, in that more exact methods are possible. In
such sciences as astronomy and physics the hypotheses
are put into a form adapted for precise mathematical
expression, and their consequences can be deduced
with the rigorousness of mathematical reasoning. We
are not content with predicting that something will
happen: we require formulae which will enable us to
calculate the exact magnitude of the effect to be an-
ticipated, and our observations or experiments consist
in precise measurements which we can compare, figure
against figure, with the results given by the theory.

! The primordial causes are not known to us, but they are subjected
to laws of a simple and unvarying nature, which can be discovered by
observation: the study of these laws is the object of natural philosophy.
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WHAT IS PHYSICS?

Thus in astronomy we are not content with knowing
that the planets go round the sun; we must have a
theory which will enable us to deduce the exact paths
of the planets, and of comets, taking into account the
disturbances which one planet experiences from the
action of the others. The decision between Newton’s
and Einstein’s system of mechanics can only be made
by close calculation of the consequences of the two
theories in certain extreme cases, where there results a
slight numerical difference: we ask Nature, by meticu-
lous measurement, which is right, and abide by her de-
cision. The modern theories of the atom carry their
conviction in virtue of the convincing closeness with
which their mathematical consequences agree with, for
instance, the measurements made with the spectro-
scope. During the Great War certain ingenious
gentlemen, knowing that magnets attract iron and
steel, suggested that submarines should be drawn to the
shore by huge magnets. Itis true that a large magnet
will exert a force on a submarine, but the laws of mag-
netic attraction are precise, and allow us to calculate in
a moment that the effect of even the largest conceiv-
able artificial magnet will be far too small to effect this
fanciful consummation. Calculation decides. The
first impulse of the physicist in devising an experiment
is to try to calculate the magnitude of the effect to be ex-
pected, so as to see if it is measurable, and every ad-
vance in theory reposes in a number of painstaking
10



SCOPE OF PHYSICS

measurements made by previous workers. The theory
of relativity itself, although a complete logical structure,
arose from the fruitless search for a very slight effect
which was the mathematical consequence of the cur-
rent theories.

We must now try to indicate the particular scope of
the science of physics, or, rather, its rclation to the
other exact sciences. Physics deals with the material
aspect of the inanimate world, and is particularly con-
cerned with processes in which the nature of the mat-
ter is unchanged. If the nature of the matter changes,
as when copper and sulphuric acid form copper sul-
phate, the study belongs to the science of chemistry.
Endeavouring to be more specific, we may say that the
properties of matter in the sensc just stated, and of
energy and radiation, in all their many forms, are the
particular province of physics. Text-books usually
group the subject under the headings: properties of
matter (which includes such subjects as gravity, elas-
ticity, friction of all kinds, and various liquid properties,
such as surface tension); heat; light; sound; electricity
and magnetism. This division is a very arbitrary one,
and what we are to include under each head is also
very arbitrary. Physics, endeavouring to find out exact
laws for the behaviour of matter and radiation, is the
most fundamental of the experimental sciences,* as it

1 By saying experimental sciences, I except astronomy, which is ob-
servational but not strictly experimental, and, of course, mathematics,
which is fundamental to physics.
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WHAT IS PHYSICS?

is the most precise and mathematical, and has its part
in all the others: as they tend to become more exact
they tend to come more and more within the scope of
physics. The way in which physics mingles with the
other sciences can be briefly illustrated by a few
examples.

Mathematics is, of course, involved in every branch
of physics, and, in return, physical investigation into
such subjects as the conduction of heat have led to new
methods in applied mathematics. Geometry, especi-
ally geometry other than that of Euclid, is deeply in-
volved in the theory of relativity. The determination
of the forces of gravity, which lies within the province
of physics, is of great importance for astronomy.
Astrophysics, which is the science of determining the
chemical constitution and physical behaviour of the
heavenly bodies, in particular the sun, is merely the
application of earthly physics to heavenly ends. In
such parts of chemistry as the electrical properties of
solutions of different chemical substances, physics is so
heavily involved that a special branch of the science, in
which hundreds of workers are engaged, is called
physical chemistry, while in organic chemistry the ap-
plication of X-rays by the physicist has produced im-
portant results bearing on the grouping, and arrange-
ment in space, of atoms in the molecules of organic
compounds. Quite apart from this, however, it is now
clearlyrecognized that the forces of chemical combination

12
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are electrical in nature, so that physics is now play-
ing a leading part in general chemistry. Crystal-
lography—and hence mineralogy—is equally indebted
to the X-ray analysis of crystal structure. In geology
the question of the age of the earth is one on which
physics has much to say, radio-activity in particular
having thrown light on this subject. In botany and in
medicine physical methods are becoming more and
more necessary. Even in philology, the science of
speech, physics enters in connection with the study of
vowel sounds, which involves the question of the re-
sonance of the cavities of the mouth and throat, and
such like studies. Mecteorology, the science of the
weather, depends for all her results on physics, par-
ticularly in connection with atmospheric electricity in
all its aspects, including the electrical effect connected
with the growth and division of raindrops. A new
science of the physics of the earth (or geophysics, as
some prefer to call it) treats of such subjects as earth-
quake propagation and the aurora borealis. The
practical applications of physics in engineering and
electrical engineering are so multifarious that mention
is impossible, and so familiar that it is unnecessary. The
method of physics is finding new scope and success every
year, and the instruments invented and perfected by
physics—the microscope, the telescope, the galvano-
mcter—are constantly extending their field of useful-
ness.
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WHAT IS PHYSICS?

From the point of view of physics we know something
about a thing when we can measure it precisely, and
find exact relations between it and other things which
can be brought under the scope of our few fundamental
principles. Thus we know something about the capa-
city for heat of different materials—that is, we can
measure the amount of heat which is required to raise
the temperature of a unit weight of a substance by one
degree, which is called the specific heat if we take water
as a standard, just as the density is called specific gravity
if we take water as a standard. It is a precise quantity
for cach definitc kind of matter: thus we say that the
specific heat of aluminium at ordinary temperature is
.219, for instance. We also know that the specific heat
is connected fundamentally with the elasticity of the
body, and with its chemical composition. But, from
the point of view of physics, we know next to nothing
of plasticity, the property which renders clay so valu-
able to the potter. The potter or the sculptor can tell
by touch and expericnce whether a clay is in a suit-
able state for working, but science has not yet found
a way of measuring this suitability: we do not yet know
how to test a clay, and allot a definite figure of merit
—a co-efficient of plasticity, let us say—so that we could
say that one clay was, for instance, 1.49 times as plastic
as another. Consequently, we do not know the con-
nection between plasticity and other properties. Mea-
surement is the beginning of physical knowledge.

14
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From what has been said it is clear that we must have
certain conceptions and laws which we take as funda-
mental, just as in a game there are certain fundamental
rules. Ifsomeone asks why the batsman is out if he is
eaught, the only answer is that that is the way the game
is played: the question is a meaningless one if by it the
questioner means that he wants an explanation in terms
of the colour of the fielder’s hair, or the temperature
of the air. But the question, ‘What is electricity ?’—
so often asked—is just as meaningless, and, to do them
justice, the questioners have probably never thought
at all about the kind of answer they require. Electricity
is one of the fundamental conceptions of physics: it is
absurd to expect to be told that it is a kind of liquid,
or a known kind of force, when we explain the properties
of liquids in terms of electricity, and electric force is
perhaps the fundamental conception of modern physics.
The physicist can tell you what he means by an electric
charge: he will say that when bodies are in a certain
state they repel or attract one another in certain ways,
and that then, as a quick way of describing that state,
he speaks of the bodies as electrically charged. He
can tell you the properties of these charges at rest and
in motion: the connection between moving charges
and magnetism: the circumstances in which there is a
flow of electrical energy: how electrical energy can be
converted into other forms of energy: and a thousand
such things about electricity. In short, the correct

15
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question is, ‘What does electricity ? not, ‘What is
electricity ? The former nas a definite meaning, and
can be answered: the latter is not a fair question in
that the questioner does not really formulate his inquiry
in such a way as to convey what he wants to know. ¥
he means ‘Can you express what you know about
electricity in terms of something more fundamental ?’
the answer is definitely ‘No. We must have in physics
something behind which we do not go: if it were not
electricity, it would have to be some other conception.’

Now that we have briefly considered the kind of
knowledge which physics is, we can discuss, very briefly,
some of the general results of the science.
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CHAPTER 11
ABOUT HEAT AND ENERGY

ONSIDERATIONS of energy enter into every branch
C of physics—in fact, a good case could be made
out for defining physics as the study of energy and its
transformation. The conception of energy in its general
form was, however, of comparatively late develop-
ment, for the principle of the conservation of energy
was not enunciated until 1847. Let us see what it
implies.

When a body moves under the influence of a force we
say that work is done, and we measure the work done
by multiplying the force in the direction of motion by
the distance moved through: engineers, for instance,
measure work done in foot-pounds. If any agent
possesses the power of doing work we say that it possesses
energy, and we measure the change of energy by the
work done.

Now, mechanical energy, possessed by a solid or a
liquid or a gas, may be of two kinds, that which a body
possesses in virtue of its motion, the so-called kinetic

1 More correctly, foot-pounds-weight, since the force is the pull of
gravity on the pound.
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HEAT AND ENERGY

energy, and that which it possesses in virtue of its
position, the so-called potential energy. The wind, for
instance, possesses energy by virtue of the motion of
the air: it can drive a windmill, which does work. The
air before passing the mill-sail is moving faster than
the air as it issues from the sail on the other side. It
has lost speed, and the loss of energy of motion appears
largely as the work which the mill is set to do. In the
same way with the water turbine the stream of water
loses speed in passing through the turbine wheels: in
the steam turbine the steam pressure is used to create
a steam wind which loses encrgy of motion to produce
the work done by the engine. An engine could be
worked by shooting bullets into a massive wooden
paddle-wheel, the kinetic energy of the bullets being
converted into the work done by the wheel, harnessed
to a suitable mill. On the other hand, in a clock the
energy which drives it is derived from position. In the
old type of weight-driven clock the weights were high
up when the clock was wound, and lost this energy of
position as the force of gravity slowly pulled them down:
the clock spring likewise possesses energy when coiled,
which it loses as it moves under the influence of the
stresses set up in the spring when it is wound. In a
switchback railway the car when ready to start has a
store of encrgy in virtue of its position at the top of the
run.

Now it is quite clear that kinetic energy can be con-

18



CONSERVATION OF ENERGY

verted into potential energy. The switchback railway
(or helter-skelter lighthouse, or any other fair-ground
fantasies on the old theme) gives us a particularly good
example of this conversion. As the car falls it gathers
speed, the speed increasing until it reaches the lowest
point of its run, when its potential energy is least: as it
climbs again, and gains potential energy, it loses kinetic
energy. If there were no friction it would climb again
just to the height at which it started, at which point it
would have lost all its speed and just cease crawling,
but in practice the first hump, at the top of which it
nearly stops, is always lower than the starting-point.
Since at this point it has practically lost all its kinetic
energy gained on the run down, and has less potential
energy than that with which it started, a certain amount
of energy has apparently been lost. This energy is the
energy required to push the car against the friction,
the rails and axles and so on, but we seem to have
nothing to show forit. The clear rcalization of the his-
tory of this lost energy was one of the most important
turning-points in nineteenth-century physics.

That kinetic energy could be turned into potential
energy, and vice versa, was recognized in the early days
of mechanics as an exact science: the great advance
embodied in the enunciation of the conservation of
energy was that heatis a form of energy, and that,
when mechanical energy apparently disappears by
friction, heat is generated. It is a familiar fact that
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badly lubricated bearings, when friction is high, get
very hot, and that the harder it is to keep the parts
moving in their bearings the hotter the bearings get;
but in general the heat generated at bearings is small
and escapes notice. A weight falls to the ground, gaih-
ing energy of motion, but this motion disappears when
the weight reaches the floor. It actually reappears as
heat, the weight and the floor being slightly warmer,
but the amount of energy in question does not represent
sufficient heat to be easily detectable. There are, how-
ever, cases where the amount of heat is surprisingly
large. At Portsmouth Dockyard there used to be—
and probably is still—a machine which stamped large
rivet-holes in very thick steel plates. The amount of
work done in forcing the die through the plate must
naturally be very large. It used to be a favourite trick
for the workman operating the machine to pick up in
his horny hand the plug of metal as it fell to the floor
and hand it to the curious visitor, who at once dropped
it, to the delight of his friends, for the plug was
exceedingly hot. The energy had been conserved—
as heat.

It was the great service of Joule to prove the exact
cquivalence of heat and mechanical work: that where-
ever mechanical work apparently disappears, not only
is heat generated, but an amount of heat exactly pro-
portional to the energy that seems lost. The work can
be done in various ways: by rubbing pieces of metal
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together, or by stirring water,* or—what is important
for us—electrically, by pushing electric charges through
a wire by electromotive force, or, in more usual words,
by passing an electric current through a resistance.

[
Heat is a form of encrgy, and only is work turned into
heat at all places where there is friction, including in
this term such things as the ‘friction’ of electricity pass-
ing through a wire (a process clearly visible in the
electric lamp or electric radiator), but heat can be
turned into work. In every steam-engine there is an
actual disappearance of heat corresponding to the work
done. If all the heat gencrated by the furnace is mea-
sured, and allowances made for the heat given to the
condenser water, not as much heat is gained by the
surroundings as if the same amount of fuel were burnt
without driving an engine.

There are many other forms of energy. Sound can
be reckoned as mechanical energy, as explained in

1 The work done in stirring water in the ordinary way—say in stirring
a cup of tea—is very small, so that no appreciable amount of heat is
generated: stirring the hot tea makes it cooler, because fresh layers of
hot tea are brought into contact with the cold air and the cold cup. If,
however, complicated paddles are used, with vanes protruding from the
side of the vessel, it can be made quitc difficult to move the paddle, and
corresponding to the greater work done larger quantities of heat are
generated, which can be accurately measured. It is interesting to note
that when J. R. Mayer, who, round about 1842, was one of the earliest to
realize the equivalence of heat and work, was explaining his idea, his
friend Jolly objected: ‘But in that case water ought to get warmer if you
shake it,” which appeared to him absurd. Mayer left without saying a
word, but entercd his friend’s room somc weeks later with the words:
‘So it does,’ assuming that his friend, like himself, had been thinking of

nothing else since. He had turned to experiment: he had asked Nature
to decide.
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Chapter III. Light, together with radiations of all
kinds, such as X-rays or wireless waves, is also a form
of energy. The energy of radiation is generally mea-
sured as heat, which is but another example of the way
in which the conception of heat as a form of energy
pervades all modern physics. Suppose, for instance, it
is required to measure the energy of, let us suppose, a
red light of a certain wave-length. The light is made
to fall on a strip of blackened metal, which absorbs it
practically completely, for no light is thrown back.
The energy of the light is transformed into heat, and
correspondingly the strip grows warmer, the slight rise
in temperature being measured by delicate electrical
methods. The amount of heat which would be required
to produce the rise of temperature being calculated,
the equivalent energy is the energy of the light. The
energy of a wireless wave can be measured in a similar
way by the heating effect.

Heat, then, is a form of energy. Mechanical work
can always be converted into heat, and such conversion
is going on all round us in Nature. At the foot of a
waterfall, where the downward rush of the water is
checked and dissipated in whirlpools and turbulence,
the energy of motion is replaced by a slight heating of
the water: the water of the storm-lashed sea is warmer
than that of the tranquil ocean, other things being
equal: the falling meteor becomes red hot as its motion
is checked on entering the earth’s atmosphere. Under
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certain conditions the reverse process—the change of
heat into work—can take place, but only under certain
conditions. That the occasions on which this conver-
sion can take place are limited does not contradict what
we have said about a given quantity of work always
being equivalent to a fixed quantity of heat: the fact
that we can only buy bread at certain hours and at
certain shops does not affect the price of bread being
fixed when we can buy it.

The relations between heat and work are the subject
of the science of thermodynamics, which means literally
the science of heat-power. It is the peculiarity of the
thermodynamic method that it does not inquire as to
the nature of heat—that is, as to whether it is a motion
of molecules, or something like the trembling of a jelly,
or what. In thermodynamics we are content to say
that we can measure heat energy in various ways: that
we have a conception of state called temperature, which
we can likewise define and measure: and that we can
measure mechanical work. Our object is to find rela-
tions which govern the behaviour of the measured
quantities. The first great relation is that which we
have already mentioned: that a certain quantity of
work is equivalent to a precise quantity of heat, no
matter how that work be turned into heat. This is
the first law of thermodynamics, and, if we seem to be
stressing it overmuch, it must be pleaded in excuse that
it really is a keystone of physics. It is a denial of the
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possibility of constructing a perpetual motion machine,
for it tells us that we can only get energy out of a
machine by supplying it with at least as much energy
in some form or other, either mechanical energy or
electrical energy or heat. The law is, of course, nothing
more than the embodiment of all our experience, but
this means that every careful and authenticated ob-
servation agrees with it, and that every apparent ex-
ception proves on examination to be fallacious. The
ordinary perpetual motion machines of crazy inventors
are perfectly well-known types, often requiring a little
ingenuity to detect the falsc step in reasoning. It is as
profitable to organize an expedition to discover a place
where weights fall upwards as to spend time planning
machines of rods, levers, balls, pumps, cams, and such
like to produce enecrgy by their mere motion.* No-
body can say that such a place may not exist some-
where on the earth’s surface, in so far as there are still
unexplored territories where the downfalling habits
of weights have not yet been confirmed, but, if it does,
then all the most stable parts of the structure of science
are naught. Most of the inventors of perpetual motion
machines (who, judging from my correspondence, still
exist in numbers) are the victims of self-deception, but

1 Those interested in the subject will find a full history of the various
types of perpetual motion machine invented up to 1860 in Henry Dircks’s
Perpetuum Mobile: or Search for Self-Motive Power, 1861—70. The work is
very scarce, especially the second volume, but is accessible in many of
the more important libraries.
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a certain number are shrewd gentlemen who collect
money to float companies for exploiting their inven-
tions. Finding, it would seem, that most people, even
prosperous business men,* realize to-day that you can-
not get energy out of nothing, these modern inventors
have turned to producing machines by which a small
supply of energy is ostensibly turned into a large one.
This lends itself to very plausible pseudo-scientific ex-
planations. It is, however, equally against the first
law of thermodynamics, and equally futile.

This first law does not, however, tell us anything
about the conditions necessary for the conversion of
heat into work to take place. It might be, for all this
law tells us, possible to set up a machine by the side of a
lake, to draw heat from the water of the lake and to
turn that heat into work. If this could be done the
lake would simply become colder than the surrounding
country, and to compensate for this we should be run-
ning our machinery just as well as if we had a stream
turning a water turbine. The motion of a stream, how-
ever, serves to remind us that we cannot, from a lake,
get a stream of water unless we have a place at a lower
level for the water to flow to: if water is to be used for
turning wheels it must be higher than its surroundings.
Precisely the same thing holds of a supply of heat: for

1 Apparently the most credulous class of the community—at any
rate, the only race which continues to produce victims for the confidence
trick and the gold-brick swindle. See popular Press, passim.
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us to be able to convert any part of it into work the
supply of heat must be at a higher temperature than
its surroundings. It is not only that we cannot use up
the heat of ponds and lakes (I select bodies of water,
because the heat capacity of water is much higher than
that of stone, for instance, and because the circulation
possible in water would help us to utilize the heat, if it
were in any way possible to do so) and turn it into work:
we could not use the hcat of the furnace of a steam
turbine if the whole of the engine-room were at the
same temperature. We must have a condenser at a
lower temperature than the furnace,! if we are to use
up the heat of the furnace, and the bigger the difference
of temperature between the boiler and the condenser,
the larger the fraction of the heat which we can turn
into work. This is why to-day great efforts are being
made to use stcam at higher and higher pressure: the
higher the pressure of the steam the higher the tempera-
ture, and the greater the efficiency. Steam in itself can
do nothing: on a hot planet all the water would be steam,
but nosteam-engine could be run, for lack of a condenser.

The second law of thermodynamics implies this pro-
perty of heat, that we cannot convert it into work unless
we have a difference of temperatures, and that the
bigger this difference the bigger the fraction we can
utilize, the fraction not utilized remaining, of course,

! In the case of a non-condensing engine, like a locomotive, the sur-
rounding air acts as the lower temperature.
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as heat, since there can be no loss of energy as a whole.
The applications in engineering are obvious, but the
law has such general importance that it can be widely
used in physics and chemistry, and, if used with due
caution, can be applied to the universe. It must, how-
ever, be used with great caution, and here we have an
excellent example of the nature of a physical theory
which is constructed for dealing with certain classes of
problems, and often cannot be used outside those
problems. The laws of thermodynamics are, in their
essence, average laws—that is, we have no reason to
suppose that they are true of single atoms, or of small
assemblies of atoms, for we never consider anything
but pieces of matter containing millions and millions
of atoms when making the heat measurements on which
they are based.

A refreshment caterer might work out his require-
ments on the basis that every thousand men eat so
many sausages, so many buns, and so on, and might
find that those calculations were always sufficient.
They would, however, tell him nothing about what the
single men eat: how many eat nothing, how many eat
more than their share, how many eat only sausages. If
he wanted to calculate for a crowd in a different part of
the country it might suit him better to study the beha-
viour of the single man under different conditions, and
from that construct the needs of the crowd. This cor-
responds to the other method of studying heat problems
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to which we now turn—namely the atomic method.
It has the disadvantage, compared to the thermody-
namic method, that it demands a more detailed know-
ledge to begin with: for engineering purposcs, for
instance, where we know that the thermodynamic
method is in gencral sufficient, it would lead to un-
necessary complications to consider the behaviour of
atoms. On the other hand, it has the great advantage
that, if we can get the necessary knowledge, we get an
insight into the working ofthe machine of Nature which
enables us to go behind the general effects and to ex-
amine the medley of minute complications of which
these general effects are manifestations.

From the point of view of the atomic theory, we can
at once say that heat cnergy is nothing but the energy
of motion (to which must be added in some cases the
potential energy) of the molecules of which matter is
composed. Let us consider a gas, for instance. It con-
sists of molecules, more complex in some gases, less
complex in others, but in all cases about a hundred-
millionth of an inch across, with comparatively large
spaces between, moving about in all directions with an
average speed measured in hundreds of yards a second.
The molecules collide with one another, and lose or
gain in speed at collision, so that all velocities from
very small to very great are represented. Individual
molecules, therefore, will have very different kinetic
energies of straight-line motion, but at a definite
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temperature, if several million of them are considered;
there will be a certain definite average kinetic energy.
The molecules will also be set rotating by the collisions,
and will have an encrgy of spin, like tops or like shells
fired from a gun, which spin and move forward at the
same time, except that the molecule may be spinning
round an axis set in any direction. The molecules
consist in gencral of atoms held together by electric
forces, and the atoms may also vibrate, as if the mole-
cule were made of balls joined together by springs, so
that the molecule can possess kinctic and potential
encrgy of vibration, like a pendulum. In short, every
molecule possesses a certain amount of what we may
call mechanical energy of various kinds. The hotter
the gas the more lively is the motion of its molecules, or,
more precisely put, the greater the average energy of
the molecules. The actual process of hcating can be
imagined thus: the molecules of the flame or hot body,
with which we put the vessel containing our gas in con-
tact, are in more energetic motion than those of the
cold vessel, and by beating against them communicate
some of their energy to them. The molccules of the
vessel in turn strike vigorously the gas molecules as they
come in contact with them, until they too gain in energy.
If the vessel be closed the more lively beating of the gas
molecules against its sides produces the rise in pressure
which we know takes place when a gas is heated in a
sealed space.
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In a liquid we likewise have energy of motion of the
molecule, but it is not so simple to analyse, since,
whereas in a gas the molecules have comparatively
long, straight paths between the collisions, in a liquid
they are so crowded together that the motion is con-
trolled by the forces of the neighbouring molecules. In
a solid the molecules are anchored to definite spots by
the forces of cohesion, and vibrate about that spot like
balls held by springs. In all cases, however, the heat
energy is simply the energy involved in the motion of
the molecules.

This motion of the molecules is a random motion. If
we could fix our eyes on a given molecule, and follow
its career, we should see it moving now in one direc-
tion, now in a totally unrelated direction, and if we
could throw a glimpse at all the molecules at once, we
should see that different molecules were moving in dif-
ferent directions. Instead of behaving like well-drilled
soldiers, they resemble an aimless crowd. Contrast
this with what we do when we push a piece of matter in
a given direction, say, for instance, when we slide a
block of wood along a table. Every molecule in the
block has now, as well as its irregular motion, a per-
fectly definite motion which it shares with every other
molecule of the block: the actual motion of a given
molecule will, of course, be obtained by considering
the joint effect of the common motion and of theirregular
motion. We have, by moving the block as a whole,
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introduced an elcment of order into the motion. If we
just give the block a push it soon comes to rest owing to
friction, and we know that heat will be generated where
it rubs along the table. This generation of heat means,
as we have seen, a general increase in the irregular
motion of the molecules in the neighbourhood of the
surfaces where friction takes place. In other words,
instead of saying that our mechanical energy has been
converted into heat, we can say that the energy of the
regular motion which we imposed on the molecules
when we pushed the block has been converted into
energy of irregular motion of the molecules. This re-
presents a general tendency in Nature. Regularity of
motion tends to disappear, and to be replaced by ir-
regular molecular motion. Everything tends to
‘mixed-uppedness.’

Let us consider a few examples. Suppose we have
two bodies, at different temperatures, in a room—say a
furnace and a tank of water. There is a class-distinc-
tion created by man: the molecules of gas in the fur-
nace have on the average a greater energy than the
molecules of water in the tank. If everything is left
to itself the whole room will eventually come to one
temperature: the fire in the furnace will have gone out
and the furnace will have shared its heat with every-
thing else in the room. A million molecules taken at
one place will have exactly the same average energy as
a million molecules at any other place. By a machine
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we could have converted a certain amount of the heat
of the furnace into work: we could, say, have run a
dynamo and charged accumulator cells which would
then run one of the old-type electric cars for us. This
is a regular co-ordinated motion, all molecules of the
car having a common drift imposed on them. But
what will have happened when we have run our car
out and back home again? The accumulator will
have run down, and we shall have nothing to show for
our energy, being exactly where we started.  Where has
it gone ? In friction of wheels on the road, of axles in
their bearings, of chassis against the wind. All our
regularity has vanished, to be replaced by the addi-
tional irregular motion consequent on the slight heating
of road, becarings, and wind and chassis—very slight
hecating, except, perhaps, in the case of the bearings.
Nature has won. Wc may say, then, that man repre-
sents a ceaseless struggle to impose an element of
regularity useful to himself on the irregular molccular
motion of the bodies that compose our world.

If we consider bodies of visible size, containing mil-
lions of millions of millions of molecules, we are led to
exactly the same result whether we apply the gross laws
of thermodynamics or the individual method of mole-
cular physics. But suppose we consider molecules them-
selves, or very small particles. The molecules in a given
piece of stuff are in perpetual motion: if the piece is at
a high temperature the average motion is more vigorous
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than if it is at a low temperature. We know, however,
that in the one piece of stuff some of the molecules will
have a high degree of motion, the others very little:
the temperature which we measure with a thermometer
indicates an average only. Suppose we could pick out
all the little, inconceivably little, bits where the mole-
cules were in vigorous motion, and put them in one
place, and all the little bits where the molecules were
comparatively quiet, and put them in another place, we
should have obtained from a body at one temperature,
according to our thermometer, two pieces which thermo-
meters would show to be at different temperatures. To
imagine how this might be done, suppose, as Clerk
Maxwell did, that we have a vessel of air, with a parti-
tion across, picrced by a minute hole closed by a sliding
door, worked by a very intelligent microbe. When he
sees a fast molecule coming from right to left he opens
his door and lets it through: when he secs a slow mole-
cule coming from left to right he lets that through.
Soon he will have all his energetic molecules on the
left, all the sluggish ones on the right. There will be,
of course, a redistribution of energy among the mole-
cules in each compartment, but, on the whole, the
energy in the compartment to which only fast mole-
cules were admitted will be greater than that in the
other. The temperature will be correspondingly higher
in the one compartment than in the other. The microbe
need have done no work, for his door can be imagined
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as light and as well lubricated as we like. Therefore,
from a body at one temperature we have, without doing
work, obtained bodies at two different temperatures,
with which we can work a little engine. It is, how-
ever, against the second law of thermodynamics for us
to be able to obtain work from a body originally all at
one temperature. What is the explanation ?

The explanation is simply that the laws of thermo-
dynamics only apply to visible pieces of matter, and
that they suppose that we cannot employ microbes and
play with molecules. If we could drill molecules, if we
could, without doing work, interfere with the ‘mixed-
uppedness’ of Nature, we could violate the law. If the
caterer, whom we cited before, could go and talk to
each individual man in his crowd of a thousand, no
doubt he could influence the demand for particular
viands in any way he liked. As it is, he must arrange
his supplies to suit what he knows to be the bulk de-
mand of a large crowd. Our ordinary laws of physics,
engineering, and chemistry are laws for the behaviour
of crowds of molecules.

When we come to think of things in terms of mole-
cules we have to introduce probability instead of cer-
tainty. Suppose I hang up a coin in the air. The mil-
lions of millions of millions of molecules around it are
moving at random—some fast, some slow, some up,
some down; on the whole, the blows in different direc-
tions average out, and the coin stays put. Suppose,
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however, that it so chanced that at one particular mo-
ment there happened to be a large excess in strength
or number of molecular blows on one side, say under-
neath the coin, what then? The coin would jump.
Is it impossible that there should be an appreciably
larger pressure produced by molecular bombardment
in one particular direction than in other directions ?
Is it impossible that a penny fairly tossed shall come
down heads six thousand times or more in ten thou-
sand tosses? The answer in both cases is, ‘No, not
impossible, but exceedingly improbable.” Actually,
in the case of the penny, it requires a number with
eighty-seven zeros to express how improbable it is: a
million million to one chance is exccedingly likely com-
pared to it. Practically, we may just as well say that
it is impossible, but philosophically there is a differ-
ence. Thermodynamics says bluntly: ‘Impossible’ in
such cases.

Our citation of coin-tossing suggests a further step.
Suppose we toss only a hundred times: is it so wildly
improbable that there will be sixty heads or more ?
No, it is only thirty-three to one against. And suppose
we toss only ten times: the chance of six heads, or more,
is quite large, only about 2 to 1 against. In the same
way, suppose we take a very minute particle, of, say,
about a thousand times the diameter of a single mole-
cule, suspended in a liquid or a gas, we can calculate
what is the chance that the force of the molecular blows
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which it receives on one side may exceed the force of
the blows which it receives on the other side sufficiently
to produce a perceptible movement. The result is that
with a particle of this size, which can be seen with a
high-power microscope, we should expect a small ir-
regular movement, big enough to be perceived by the
microscope, due to the agitation of the molecules with
which it is surrounded. The smaller the grain the
livelier the agitation to be anticipated. On the other
hand, the chance of visible movement of any grain
that can be seen by the naked eye, in a liquid protected
from currents, is so exceedingly small that it is hope-
less to try to observe it.

It appears, then, that if our conception of heat as
molecular energy were true we should be able to sce,
as it were, a slow-motion picture of this agitation in
the irregular movement of microscopic grains suspended
in a liquid. As a matter of fact, such a movement was
discovered long before its theoretical meaning was
realized. About a hundred years ago the English
botanist Brown observed that minute particlesin certain
plant fluids were perpctually quivering, moving hither
and thither in directions quite independent of one an-
other, unlike the motes in a sunbeam, which go in drifts,
and indicate general currents in the air. Gradually, by
repeated experiment, towards the close of the nineteenth
century the various superficial explanations of the move-
ment—that it was due to the shaking of the building,
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to currents caused by the illuminating light, and
so on—were conclusively disproved. Finally, Professor
Perrin undertook systematic measurements, regarding
the grains as enormous molecules jostled by the ordinary
molecules of the liquid—Gullivers which had invaded
the liquid Lilliput and were suffcring the will of the
multitude. From these measurcments, performed on
a very small drop of water discoloured with the paint
gamboge, which breaks up into minute spheres of horny
substance when rubbed in the liquid, he was able to
calculate not only that the movement of the particles
was perfectly explained by the hcat movement, but
also to deduce the number of molecules in a given
weight of any substance. The number of molecules in
an ounce of water is something under a million million
million million, which means that if every man, woman,
and child in the world were turned to counting
them, and counted fast, say five a second day and night,
it would take about four million years to complete the
job. This figure has been confirmed by a variety of
experiments based on quite different principles.

In a liquid, thercfore, microscopic particles may be
thrown upwards by the molecular agitation. If a mi-
crobe were building a house he could wait to have his
bricks thrown up to him: the energy rcquired would
be taken from the molccular cnergy of the liquid, which
is heat, so that by the time the microbe’s house were
built the liquid would be a little cooler, to compensate
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for the energy required to raise the bricks. The mi-
crobe would have apparently violated the second law
of thermodynamics, but this does not distress us, as the
second law only governs the behaviour of matter in
bulk, and does not apply if we can employ creatures
small enough to make a discriminating interference
with the molecular mechanism. The bigger the particles
the less probable a perceptible movement due to mole-
cular agitation: with a visible brick we might have to
watch for millions of centuries to see it jump, but we
cannot say that the jump is absolutely impossible.
This statistical way of regarding physical problems,
this conception that what we see is just an average effect,
and that we must be very careful before we attribute
to individual molecules properties and laws which we
have discovercd from observing matter in bulk, is as-
suming a very large part in modern physics. The con-
servation of energy itself is a law which entirely suits
all our ordinary observation, but recently it has even
been suggested that it may not apply to processes hap-
pening within the atom. The point is a moot one, but
it illustrates the caution, the scepticism—one might
almost say the timidity—which has found a place in
scientific thought as a result of the many baffling
phenomena which have come to our knowledge in the
last ten years. At one time universal validity was at-
tributed to any law which had a success with a wide
range of experiments: to-day the utmost care is taken in
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distinguishing between facts of observation and specu-
lative processes introduced to explain them, and, as far
as possible, the theories deal only with the facts. At
the beginning of the century there was even a move-
ment against the atomic theory, as at that time there
was no convincing direct evidence for the existence of
atoms and atomic agitation; but the experiments on
the Brownian motion, and, since then, a range of other
fundamental experiments, have now established the
objective existence of atoms as far as the objective
existence of anything can be established.

What we have said so far about heat and atomic mo-
tion applies very well under ordinary conditions, by
which we mean in particular at ordinary temperatures.
At extremely high temperatures or extremely low tem-
peratures, however, we are met by very interesting new
phenomena. During the last thirty years a technique
of reaching exccedingly low temperatures has been
worked out, mainly by Professor Kamerlingh Onnes,
at Leyden in Holland, which has enabled us to get
within less than one degree of the absolute zero of tem-
perature. This absolute zero is a very important con-
ception: it represents a temperature below which we
cannot conceivably go. To discuss it in any way fully
would mean an examination of the question of how
we define a scale of temperature, which is by no means
as simple as it may seem, especially at low temperatures.
It is, for example, no help to say that equal expansions
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of the mercury in the thermometer represent equal rises
of temperature, because if we took another substance
in our thermomecter we should get a slightly different
scale, and there seems no point in giving mercury the
prcference. Anyhow, mercury freezes at 40 dcgrees
Centigrade below zero, and so cannot be used to give
a scale at such low temperatures. Theoretical reasons
indicate that an ideal gas, without the slight traces of
memory of a liquid state which actual gases show in
their behaviour, would be the right substance to use
to measure temperature. There is no such thing, of
course, as an ideal gas, but we can calculate how far
its bchaviour deviates from that of any real gas, just as
we can measure how far any real solid deviates from
perfect rigidity. It so happens that the temperature
scale of a perfect gas agrees pretty well with the mercury
thermometer, with equal divisions, over the range of
temperature for which mercury can be used. Now,
this ideal gas at a certain degree of cold would shrivel
up to no volume at all, and that degree of cold repre-
sents the absolute zero, below which we cannot go by
any conceivable process. We cannot think of any sub-
stance as having less than no volume. The absolute
zero so indicated is 273 degrees Centigrade below the
temperature of melting icc; the boiling-point of water
is, of course, 100 degrecs Centigrade above the temper-
ature of melting ice.

At the exceedingly low temperatures reached in the
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laboratory of Kamerlingh Onnes every known gas be-
comes first liquid and then solid: the last gas to stand
out was helium, and that was solidified in 1927 at a
temperature only about one degree above the absolute
zero. We can find out something about the energy of
the molecules of a substance by mcasuring the specific
heat, which is the heat which must be added to raise
the temperature of the substance by one degree. An
astonishing result is that at these low temperatures the
specific heat is nearly nothing; for instance, it requires
only a twenty-fifth as much heat to raise the tempera-
ture of a pound of aluminium from g0 degrees above
absolute zero to 31 degrces above absolute zero as it
does to raise it by one degree at ordinary temperatures.
These very low specific heats at low tempcratures have
very great importance for the quantum theory, and
we mention this in Chapter VI.

At these excecdingly low temperatures many metals
lose practically all resistance to the flow of electricity or,
as we say, they become super-conductors of electricity.
The term ‘super’—often used by cinema magnates
without any very striking justification—rcally is justified
in this case, as may be judged by the fact that a thou-
sand miles of lead wire at five degrees above absolute
zero offers no more resistance to the passage of electricity
than one inch of copper wire of the same diameter at
ordinary temperatures. Investigation of this effect is
one of the most fascinating fields of physical research,
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for a satisfactory theory is yet to seek. All the properties
of matter at these exceedingly low temperatures are,
in fact, remarkable and full of interest.

At the other end of the scale we might suppose that
as the temperature is raised higher and higher the mole-
cules simply rush about more and more vigorously, and
the older point of view was that this was the case: the
properties of gases at higher temperatures were taken
to be just a natural extension of those at the lower tem-
peratures. We know now, however, that it is incorrec
to treat the molecules as little balls whose speed of mo-
tion can be indefinitely increased by raising the tem-
perature. When the temperature rises above a certain
point the molecules begin to fall to pieces, to dissociate
into the atoms which compose them, just as a cluster of
balls glued together would break up into the individual
balls if it were vigorously struck. If the temperature
is raised still more the atoms themselves begin to come
to pieces, losing their electrons group by group, until
nothing is left but atomic nuclei and unconnected
electrons.? Temperatures which remove a few of the
electrons from atoms can be attained on earth, but the
temperatures at which all the electrons are stripped
from the nucleus as the seed is knocked from a dande-
lion head, leaving nothing but the central knob, can
only be attained in hot stars. This conception of atoms

1 The modern theory of the structurc of the atom is discussed in

Chapter VII.
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which are broken up when the impacts of atom on atom
are sufficiently vigorous has proved of the greatest im-
portance in astronomy, for in the interior of stars the
prevailing temperature seems to be in the neighbour-
hood of 40 million degrees Centigrade, as against the
highest terrestrial temperature of a few thousand de-
greces. Once more the application of laws obtained
for one set of circumstances to quite different circum-
stances would arouse grave difficulties. We are led,
whether we want to or no, into the realms of atomic
structure. The older laws of heat, which took no ac-
count of anything but the behaviour of matter in bulk
under what we may call engineering conditions, do
not suffice to explain either the problems of heat radia-
tion at very high temperatures or of heat vibration at
very low tempcratures. We must postpone what we
have to say on these subjects until we have had a word
about the modern ideas.
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CHAPTER 111
ABOUT SOUND AND VIBRATIONS

HERE is no branch of physics in which we are not
brought sooner or later—generally sooner—to

the study of vibrations, the study of waves, the study
of processes which repeat themselves over and over
again as does, to take the simplest case, the motion of
a pendulum. The physicist calls such processes periodic
phenomena. All of them have certain fundamental
characteristics, of which the most obvious is the time
period—that is, the length of time in which one cycle
takes place. A pendulum takes so long to execute one
complete beat, there and back, and then starts over
again: a spinning flywheel takes so long to carry out
exactly one revolution, and then every part of it is in
exactly the same position as before and the next revolu-
tion begins: a violin string sounding a given note re-
quires just such a fraction of a second to complete a
full swing backwards and forwards: a wireless wave,
which is an oscillation of electric and magnetic force,
repeats itself at a given place with just such an interval
between the exact repetitions. All vibrations, oscilla-
tions, and waves, then, possess a characteristic periodic
time. Another way of stating the same thing is that
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they possess a characteristic frequency, the frequency
being the number of complete vibrations in unit time
—say one second. Of course, if we know the periodic
time, then we can find the frequency, and vice versa—
if the periodic time is v of a second, the frequency is
10 vibrations a second. Which we use is a matter of
choice. In the case of very rapid alternations, like
those of a sound vibration, and still more so those of a
wireless wave, it is more usual to state the frequency,
since it is more convenient to speak of, say, a frequency
of 256 vibrations a second than of a periodic time of
4% of a second.

The study of sound is really the study of vibrations
of material bodies. Light vibrations come to us from
the sun across space empty of matter, so that, whatever
light may be, it is not a swinging of material substance,
in the ordinary sense. Sound, however, requires a
solid, or a liquid, or a gas if it is to travel: the man in
the moon could see any light signal we might make,
but could not hear any shout, however loud. Solids
convey sound very well, a fact familiar to the heroes of
old adventure stories, who put their ears to the ground
to hear the hoof-beats of approaching horsemen. A
very effective experiment on the propagation of sound
through a wooden rod some thirty feet long was shown
by Tyndall at the Royal Institution. In the basement
below the lecture-room, separated from it by two floors,
was a man playing a piano. A wooden rod resting on
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the sound board of the piano passed through holes in
the floors into the lecture-room. When a wooden tray
was placed on the top of the rod the playing of the piano
became distinctly audible in the room. The sound
vibrations, passing along the rod, threw the tray into
vibration, and the vibrations of the tray communicated
themselves to the air. The experiment could be made
more startling by placing a violin or a harp at the upper
end of the rod, to act as the sounding board. Turning
to liquids, bathers can easily verify that water conveys
sound very well, for the beat of a ship’s screw can be
detected when the ship is still far off by putting the
head under water. Elaborate methods were worked
out during the war for detecting the positions of sub-
marines by the sound of the engine conveyed through
the water to special microphones. As for gases, sound
ordinarily reaches our ears through the air, and there
are many simple experiments showing that it passes
equally well through other gases. The old experiment
of an electric bell, driven electrically or by clockwork,
and carefully suspended by thin rubber threads in a
jar from which air is then pumped out, shows, on the
other hand, that sound cannot pass through a vacuum,
for as the pumping proceeds the ringing becomes fainter
and fainter, until finally nothing can be heard. Of
course, if the bell is placed on the plate at the bottom
of the jar, instead of being hung by thin threads which
conduct the sound badly, the sound passes through the
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stand to the table, and communicates itself to the air
in the room.

The study of sound includes three separate divisions:
the behaviour of the sounding body, which is a study
of vibrations; the passage of the sound from the source
to the place where it is detected, which is a study of
waves; and the way in which the ear acts, which is
included in the general question of the behaviour of
sense organs. The perception of sound by the ear in-
volves, of course, physical considerations, but it is
generally considered a matter of physiology, and will
accordingly be put on one side here. As regards the
origin of sound, we are lucky in being able to observe
directly the way in which the vibrations take place,
which we cannot do in the case of light. It is true that
the frequency of the vibration of a body giving out a
musical note is so high—e.g. 256 per second in the case
of the middle C—that the movement cannot be followed
by the unaided eye. A violin-string or a tuning-fork
when sounding appears merely blurred, but there are
plenty of ways in which the mode of vibration can be
analysed.

The pitch of the note is fixed by the number of vibra-
tions a second and nothing else: thus, whether the
middle C is sounded on an organ-pipe or a violin or a
piano, there are 256 complete cycles of vibration of the
air column enclosed in the pipe, or of the string of the
violin or piano respectively, in a second. In this way
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it is possible to give the number of wing-beats a second
of a bee, or wasp, or a gnat, simply by tuning a string
to the note of the humming of the insect, and after-
wards finding out the number of vibrations per second
in the note of the string, either by calculation from
the dimension of the string’ and the tightness with which
it is stretched, or by some other method. Of course, if
the listener have an accurate enough ear to name pre-
cisely the position of the note of the insect in the musical
scale, the problem is solved at once, since the frequency
of each note is known: thus if a bee is humming the G
below the middle C its wings must be beating 192 times
a second, while a common fly sounding the F above the
middle C must be making about 340 wing-movements
a second.

The loudness of the note is given by the vigour of the
vibration, the greater the departure of the string, or
other sounding body, from its position of rest the more
intense being the sound. The character of the note,
the timbre or tone-colour, as the Germans call it, is
given by the character of the vibration. The character
in question is the peculiarity by which, for instance,
the note of a trumpet differs from the note of a piano,
although both may be sounding the middle C, with
equal loudness. If the sounding body move out at a
uniform speed to its extreme position, and then returns
at uniform speed, passing to the other extreme position,
we have a different character of note from what is
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produced if the body moves like a pendulum, fastest
through what is the position of rest and slower and
slower as the extreme of the swing is approached. The
peculiarities of the vibrations of the body are repro-
duced in the form of the sound wave which it generates,
for any disturbance which the string, say, produces in
the air travels out with the speed of sound as fast as
it is produced. The same thing is true of light or
wireless waves: every peculiarity of the vibration which
gives rise to the wave must be represented by a
peculiarity in the form of the wave itself, but with
light it is not possible to examine the vibrating body,
the atom itself, and we have to draw our deductions
of its behaviour from the form of the waves which it
sends out.

It is often a matter of surprise to the layman that
the movement of a single small diaphragm, such as the
mica disc in the sound-box of a good gramophone, can
reproduce, say, the complicated sound of an orchestra
with strings, wood-wind, brass, and drums, perhaps all
playing at the same instant. The sound of a single
instrument is complicated enough, for, besides the fun-
damental vibration, which gives the pitch of the note,
we have present in the case of strings, to take a simple
example, several harmonic overtones—the octave, the
fifth above the octave, the double octave and so on—
which a trained ear can detect. As the frequencies of
these overtones are two, three, four, and so on times
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the frequency of the fundamental note, the time period
of the fundamental just includes a whole number of
vibrations of the overtones: a complete cycle is still in-
cluded within the time period of the note itself, and
the only effect of the overtones is to alter the form of
the vibration—to modify, for example, the instant with-
in the time period when the vibration is half-way to
its greatest value. The ear possesses the remarkable
power of analysing the complicated wave form into its
simplest parts, and picking out the various harmonics
which are sounding simultaneously. Itis worth noting,
perhaps, that the eye has not this power of analysis: a
white light, for instance, can be produced by mixing
all colours in suitable proportions, by mixing only two
colours in suitable proportions, or by mixing three or
more colours. The final white can be made to appear
the same to the eye no matter how it is produced, and
in a similar way the eye cannot, without instrumental
aid, detect what pure colours have been combined to
produce any particular mixed colour, or chord of
colour, as we may call it to strengthen our analogy.
What is produced by a plucked string is, then, a wave
of characteristic shape. In the same way many instru-
ments sounding simultaneously produce a wave of still
more complicated shape, but, naturally, however many
different sounds are going on at once the result at a
given place in the air can only be one movement. Any
given little bit of air cannot be in more than one place
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at once: what that place is at a given instant is deter-
mined by the combined effect of all the sounds passing
the given spot. To take an illustration, no matter how
complicated the transactions in a shop, how many pur-
chases and sales, if the total balance be struck at any
moment there can only be one definite sum as a result,
although it needs a careful analysis to see how that is
reached. The result of the orchestral air-pushing is,
then, that a wave of very complicated shape is launched
on the air, the air particles striking a balance of the
various pushes and pulls which they experience at any
moment. This complicated wave is then analysed by
the ear, the more trained the listener (other things being
cqual) the more complete being the analysis. When a
record is made the diaphragm, which governs the needle
which cutsthe indentations, is moved by the complicated
wave so as to record the resultant motion produced by
all the instruments. Similarly, when the record is
played the indentations move the diaphragm of the
sound-box in the same complicated way, with little
jerks, ripples, and peaks of motion imposed on the fun-
damental wave, and a wave is launched of exactly the
same form as that produced originally by the orchestra.
Naturally, therefore, the result on the ear is the same.

It is well, perhaps, to devote some little consideration
to the nature of a wave. The breaking wave on the
beach which is conjured up by the phrase, is, unfor-
tunately, an exceedingly bad example of what we mean
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by a wave in physics: the ripple on a pond produced
by dropping in a stone, or the long, smooth rollers out at
sea are exceedingly good examples. The characteristic
is that, at any given spot, a periodic, or pendulum-
like, motion is taking place, and no forward motion of
the medium—air, water, or what not—through which
the wave is moving forward. Little boys who, when
their boats are becalmed on the pond, throw stones or
bricks beyond them so that the waves produced shall
bear the boat back, have experience of this (which,
however, does not seem to profit them). As the wave
reaches the toy boat the main effect is to raise it up
and down: it does not move it forward perceptibly.
A cork on the pond bobs up and down as the ripple
passes it, but does not move along with the ripple crest.
What is propagated is the form of the wave.

A good illustration of what we mean by a wave can
be seen when a long line of soldiers dresses by the right.
If the man on the extreme right were to make a small
movement forward every man, dressing by his neigh-
bour, would successively make a small movement for-
ward, and a ripple would run along the line from right
to left, but no individual man would be moving from
right to left. If the right-hand man were to make a
small movement forward and backward at quite regular
intervals, say every two seconds, we should have a
perfect example of a wave of frequency thirty a minute.
Every man in his place would likewise be making a
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TRANSVERSE AND LONGITUDINAL WAVE

movement forward and backward thirty times a minute,
but each man would be a little behind his right-hand
man in this movement. If the men were halted sharply
the line would be wavy, the successive distance between
men who were in the same position and at the same
step of their movement being called the wave-length.
When the wavy movement was in progress, at one mo-
ment one man would be at the extreme forward posi-
tion, at the next moment it would be his left-hand man.
The position of the particular man in the forward
position would run along the line, corresponding to the
advance of the crest of a wave.

In the case of the line of men, the movement of any
individual man is at right-angles to the direction in
which the wave is travelling, namely at right-angles
to the line. Such a wave is called a transverse wave.
A wireless wave or a light wave is this kind of wave:
there is an electric force and an accompanying magnetic
force, at right-angles to the direction in which the wave
is travelling, and the strength of these forces is fluctua-
ting periodically all the time the wave is passing. If
we could hang up aninconceivably small electric charge
and watch it, and a wireless wave* were passing through
our house from the north, then the electric charge
would bob up and down vertically under the influence
of the periodic electric force, like the cork on the water

! Actually what we say assumes the wave to be polarized, but this is
a simplification that does not affect the general picture.

53



SOUND AND VIBRATIONS

ripple. At the same time an inconceivably minute
magnetic pole would move backwards and forwards
horizontally from east to west and back again. A
sound wave in air, however, is not a tranverse wave.
Imagine again our line of men, but this time in Indian
file, and let each one place his hands on the shoulders
of the man in front of him. If now someone gives the
rear man a violent push he will move forward in the
direction of the line, and push the man in front of him.
A jostle, as it were—that is, a place where the men are
nearer to one another than they ought to be—will run
along the line. If, now, a strong man takes the rear
man and pulls him back he will pull the man in front
of him, and so on, and a pull will run along the line.
If the rear man is rocked backwards and forwards,
jostles succeeded by pulls will be continually propagated
along the line. Such is a sound wave in air, regions of
pressure and rarification moving forward with what
we call the velocity of sound. The actual movement
of a particle of air is backwards and forwards along the
line on which the wave is travelling : we speak of a
longitudinal wave.

In the interior of a liquid or a gas, we can have only
longitudinal waves, for, if we pluck it aside, there is no
force to pull a particle backand makeitswing, as there is
if we pluck a string aside. We can, however, get trans-
verse waves in a string, as can be seen by shaking one
end of a long cord, and we can have still other forms of
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waves in a long bar, such as waves of twist. The form
of the sound wave in air is given by the sheet of instruc-
tions, as it were, which govern the movement backwards
and forwards of the individual particle. If it swings
gracefully to and fro like a pendulum we have the
simplest possible wave, but it may move jerkily with
little sweeps of advance, or even with little advances
and retreats on top of the main movement, as if each
man in our Indian file had a fit of shivers as well as a
gentle sway backwards and forwards.

If in a wave there is no general movement forward
of any particle from the spot about which it swings,
nevertheless the state of motion does move forward in the
direction of the wave. As long as the rearmost particle
is shaken every other particlc vibrates : if the rearmost
particle is stopped, then, as soon as the wave from its
last movement has passed a given spot, that particle
at that spot is still. This means that energy is carried
forward along the wave, which is, in any case, pretty
clear, If, by dabbling my hand up and down in the
water I can make a cork twenty yards off move up and
down, then clearly I am supplying it with energy which
travels out with the ripple; the water under my hand
does not travel out, but the state of motion does. In
all waves, then, there is an actual stream of energy in
the direction in which the wave is travelling.

The changes in pressure and the movement back-
wards and forwards of the air in a sound wave are
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ordinarily very small. A sound is distinctly audible
even when the greatest changes of pressure in the wave
are only a few hundred-millionths of the atmospheric
pressure, and the greatest swing of the particles is a
few hundred-millionths of an inch. Correspondingly
the energy of an ordinary sound wave is minute. But
if a sound wave be sent through a material which op-
poses a strong elastic resistance to compression, like an
ordinary liquid, and nevertheless, by strong pressure,
the oscillatory movement be made considerable, a very
great amount of energy can be put into the wave, and
travels along with it with very little loss. Following
these principles, an actual system of transmitting energy
by sending what are virtually sound waves along liquids
enclosed in pipes has been devised by M. Constan-
tinescu. At the sending end, a little piston which, in the
case of a particular 10 horse-power generator, is about
an inch and a half in diameter, with a one-inch stroke,
is given a rapid to-and-fro motion by the engine whose
power is to be transmitted. In the case cited the greatest
pressure reached during the stroke is 1,500 pounds per
square inch. The energy in a sound wave increases
very rapidly if the frequency is increased, other things
being equal, because the speed with which the particles
of matter are swinging is proportional to the frequency,
and the energy depends upon the square of the speed.
The frequency of the stroke is therefore made as high
as conveniently possible—40 strokes per second with
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the 10 horse-power set in question, which gives a note
E two octaves below the middle C. The waves gener-
ated by the high-speed piston travel along a pipe line,
240 feet long in our example, and at the other end drive
an engine of any desired kind, by pushing and pulling
a plunger similar to that which starts the wave, with
an energy equal to that put into the waves at the gener-
ating end, except for small frictional losses. It must
be clearly understood that when the piston moves in
at the starting end the whole body of the liquid does
not move and push the piston at the far end: rather,
the inertia of the liquid leads to a region of high com-
pression at the piston, which runs through the liquid
in the pipe and pushes the piston at the far end, and,
similarly, when the generating piston is withdrawn, a
region of low pressure (or stretch of the liquid, or ten-
sion, whichever term we choose to employ) is created
which runs through the liquid and pulls the far piston
when it reaches it. There is a true wave motion, with
a musical note, running through the liquid, and de-
livering energy, just as much as if a train of men were
to set out, alternate men carrying vessels of high pres-
sure air, and vessels in which a vacuum had been pro-
duced, each man with a pressure vessel being supposed
to connect it to an engine at the end of his journey, and
so push out the piston, whilein between, the vacuum men
connect their vessels and send it back. The Constan-
tinescu method has been applied in mining operations,
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It may be noted that it first came into prominence
during the war, when the inventor utilized it to
synchronize machine-gun fire with the revolutions of
an aeroplane engine, so that the aviator could fire
through his propeller without hitting the blades. By
connecting to the gun a tube of liquid carrying waves
generated by the engine the firing could be so timed
that the bullet always passed at the right moment.

Transmission by wave motion is commoner than one
is apt to think. For instance, if a long steel rod is put
against a rivet and struck sharply with a hammer at
the far end, a wave of compression runs along it which
delivers the blow to the rivet. This principle has been
used to measure the energy of detonation of an explo-
sion, using a small charge of explosive to deliver the
blow, and making the wave throw off a small piece of
metal at the far end, the speed of which can be mea-
sured in a simple way. Even with a hammer and a
steel chisel the blow is not transmitted instantancously
from the hammer to the object under the chisel edge:
the wave of compression takes about a twenty-thou-
sandth of a second to pass from one end of the chisel
to the other.

A sound wave, in addition to the rapidly alternating
push and pull which it creates, exerts a general forward
pressure whenever it meets a surface: if it is absorbed
by the surface the pressure is only half as great as if it
is reflected, completely turned back on itself, by the
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surface. As a matter of fact, this pressure is a property
not only of sound waves, but of all kinds of waves, al-
though wherever the energy of the wave, of whatso-
ever nature it be, is small the pressure is also very small.
It was at one time believed that the little radiometers
often seen in jewellers’ and opticians’ windows, little
systems of delicately pivoted vanes enclosed in an ex-
hausted bulb, which rotate rapidly when sunlight falls
on them, showed the pressure of light, but actually in
this case the effect is a heat effect associated with the
traces of gas left in the bulb. The pressure of light can,
however, be shown experimentally by using very deli-
cate suspension of the vanes instead of the comparatively
coarse pivot, and securing very high exhaustion of the
bulb, but it demands great skill to measure this pressure
accurately. The pressure of sound can also be shown
with a delicately suspended disc, but the sound has to
be very loud to produce measurable effects.

We have frequently cited light in speaking of sound,
since they both have certain common properties due
to the fact that they are both wave motions, although
sound waves in air are longitudinal, while light waves
are transverse. Similarly, sources of sound, which are
mechanical vibrating systems, have close analogies in
other branches of physics, especially in the oscillating
electrical systems with which wireless telephony and
broadcasting have made most of us familiar. Insystems
of condensers, capacities, resistances, and triode valves
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charges of electricity oscillate with certain frequencies,
certain amplitudes, and a certain wave form, and give
rise to electro-magnetic waves which travel out through
space, just as in a gramophone sound-box a system of
masses, springs, and yielding substances, such as rubber
rings, oscillate and start sound waves on their journey
through the air. The connection between the electrical
and the mechanical sources of sound, the wireless oscil-
lator and the gramophone sound-box, is much closer
than might be expected: inductance, capacity, current,
and charge in the one case, for instance, correspond
exactly to mass, yieldingness * of spring, speed of mov-
ing part, and distance through which moving part has
moved in the other case. Similar formulae can, with
such like correspondences, be applied to either case.
This is not only a very good example of the kind of
generality which we often meet in mathematical physics,
but it is also a case that has had considerable practical
importance. The great improvement that has taken
place in the gramophone since 1925 has been due not
only to the application of wireless apparatus in the
recording of music, but also to the application of the
knowledge, acquired in the last few years, of the be-
haviour of oscillatory electricity in complicated circuits
to the problem of oscillating mica or metal diaphragms
exposed to all the modifying influences which exist in

1 Called ‘compliance’ by the workers in this field. It is the reciprocal
of stiffness,
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the gramophone. The re-designing of sound-box and
horn was carried out with the aid of mathematical
analogies drawn from electrical cases, which have been
so thoroughly studied of late. A race of men is, in fact,
arising who think of the electrical quantities as funda-
mental and familiar, and explain the mechanical
quantities, which seem more familiar to most of us, in
terms of them. In earlier days it was customary to
build mechanical models with masses and cog-wheels
to explain electrical self-induction: to these men, how-
ever, self-induction is a fundamental thing that needs
no explanation, and they would make use of what they
know of it to help them to understand the behaviour
of the simple mechanical model.

There are other direct relations between sound and
wireless technique which are now marching hand in
hand. By ordinary means, such as tuning-forks, or
whistles, or strings, it is very difficult to obtain a very
high note in any intensity. By electrical methods it is,
however, possible to bring comparatively thick slabs of
a rigid material, actually quartz crystal, into vibration,
when, on account of the large forces which tend to pull
the slab back into its old position the moment it is de-
formed in any way, the note is extraordinarily high.
Professor R. W. Wood and others have, in this way,
produced frequencies of 300,000 vibrations per second,
and even higher frequencies can be obtained.
Such a ‘note’ is not, of course, audible, the limit at
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which most people can hear anything at all being about
17,000 per second—about six octaves above the middle
C. Sound waves of these extreme frequencies, of hun-
dreds of thousands of vibrations a second, produce
extraordinary effects. The actual to and fro movement
of the particles of the liquid or solid through which
the waves are travelling is a few hundred-thousandths
of an inch, yet, on account of the rapidity with which
the motion takes place, the encrgy of the wave is very
great, and certain properties of wave motion are ex-
hibited in an exaggerated way. The pressure of sound,
for instance, which, as has been stated, requires a very
delicate instrument to detect it in the case of ordinary
sounds, even when they are unbearably loud, shows
itselfin many striking ways with these supersonic waves,
as they are called. If the oscillating quartz plate which
generates the waves be put flat on the bottom of a vessel
of oil, so that the waves travel upward through the
liquid, the surface of the oil is raised in a mound three
inches high by the sound pressure, and a fountain of
oil-drops surmounts the mound. The pressure will
support a plate loaded so as to weigh six ounces. The
energy of the waves shows itself in other remarkable
ways. If one end of a fine glass rod be dipped in the
oil, and the other end held between the fingers, a groove
will be burnt in the skin, due to the friction between
the surface of the skin and the rapidly oscillating surface
of the glass. Similarly, if a tapering rod be placed with
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the thick end in the oil, the upper point can be made
to burn a hole in a piece of wood. The biological effects
of the waves, whose length is measured in hundredths
of an inch (instead of in feet, as with ordinary sounds),
are also astonishing. Small fish and frogs are killed if
the sound-waves are sent through the liquid in which
they are swimming. The contents of living cells are
stirred up and small and fragile living bodies torn to
pieces. Blood corpuscles are ruptured when the fluid
in which they swim carries the waves. Supersonic
waves also produce rapid coagulation of smoke particles
suspended in air.

We see, then, that both from the engineering and
from the laboratory side methods have been found for
throwing large energies into sound waves: in the one
case at frequencies which are comparatively low as
sound waves (but very high from the engineering point
of view); and in the other case at frequencies which are
very high as sound waves, but very low compared to
light vibrations, say. The properties of vibrations are
strikingly exemplified in the results. We are still, per-
haps, far from the day when we can fetch down city
walls with the sound of trumpets, as was done at Jericho,
but a beginning has been made.



CHAPTER IV
ABOUT LIGHT AND RADIATION

F a narrow beam of white light—say sunlight, but
I the light from an electric lamp will do just as well
—from a slit pass through a prism it becomes a bundle
of narrow beams fanning out so as to give a long band
where it falls on the screen, in place of the line of light
which it forms if no prism be interposed. The band
is coloured, the colours ranging from red, through
orange, yellow, green, blue, and indigo, to violet. The
colours blend imperceptibly into one another, so that
it is impossible to say exactly where one stops and the
next begins, and at either end they shade off so that it is
difficult to say just where the band ends. This coloured
band is the celebrated spectrum of white light revealed
by Newton. Any particular point in the spectrum cor-
responds to light that has been bent through a certain
angle from its original direction. Now, if we take a
certain beam coming out of the prism, say the centre
of the yellow, and pass it through a second exactly
similar prism, it will be bent aside, or deviated, as the
physicist prefers to call it, through exactly the same
angle as the particular coloured light was deviated by
the first prism: the same holds for a third prism, or any
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number of prisms. White light, then, contains in it-
self an infinite variety of different kinds of light, each
of which is characterized by being bent through a
certain angle by a given prism. To fix the deviation
we have to specify the glass of which the prism is made,
because different glasses have different powers of bend-
ing light; we must also name the angle of the prism,
since a prism with an angle of sixty degrees bends a given
kind of light more than a prism of thirty degrees does.

While we can, by virtue of our colour sense, distin-
guish lights differently bent by their different colours,
it is clear that the amount of deviation is a more pre-
cise way of indicating the kind of light we mean than
a mention of the colour is, for lights that are bent by
amounts only slightly different appear the same colour
to the eye, and also it is not always easy to state exactly
what colour a given light is: a greenish blue, for in-
stance, will be called blue by some, green by others.
The deviation of light in its passage from one substance
to another—e.g. from air to glass—is called refraction
by physicists, and the property of being deviated is
called refrangibility, so that we can summarize what
has been said so far by saying-that whitc light contains
light of all degrees of refrangibility between certain
limits, and that a certain refrangibility may be at-
tributed to every simple and pure light—that is, to
every light that cannot be split up into other lights by
its passage through a prism.
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To have discovered all this was one of the great
achievements of Sir Isaac Newton. To-day we can go
a step further back, and say, in more general terms,
what it is that really characterizes a monochromatic
light, or light of one colour, meaning by colour that
exact position in the spectrum given by the refrangi-
bility. We know that light has the properties of a wave
motion, and that lights of different colours are distin-
guished from one another by different frequencies of
vibration, the frequency of the extreme visible violet
being very nearly twice that of the extreme visible red.
This fact is sometimes cxpressed by saying that the
visible spectrum contains one octave of colour, since
in sound a note that has twice the frequency of another
note is called the octave above it. If, therefore, we
want to indicate a particular green light, bent just so
much by a given prism, and therefore occupying a pre-
cise place in the spcctrum, we can specify its frequency,
which relieves us of the need for speaking of the kind
of glass and the angle of the prism. The frequency is
the distinguishing number of a pure light, just as it is
the distinguishing number of a pure note.

In empty space light of all colours has the same speed,
namely 186,326 miles a second, which is more con-
veniently remembered as almost exactly 300,000 kilo-
metres a second. Now during the time of one complete
vibration a wave motion must advance through a dis-

tance of exactly one wave-length, so that if we multiply
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wave-length by frequency (the number of vibra-
tions in a second) we have the distance through which
the wave passes in one second, or the velocity. To
give the frequency, then, is the same thing as giving
the wave-length in empty space (which is very nearly
the same as the wave-length in air, since the presence
of the air retards thelight but little). Insolidand liquid
substances, say glass or water, however, light travels
markedly more slowly than in space,’ and each parti-
cular colour travels with a different speed—in fact, it
is the diffcrence of speed that leads to the difference of
refrangibility. The wave-length of light is therefore
different in different substances, but the frequency is
everywhere the same. With visible light the frequency
is extremely high, and the wave-length correspondingly
small. For a particular yellow light produced when
salt is brought into a colourless gas-flame, for instance,
the wave-length in air is .0000589 centimetre, and the
frequency 509,100,000,000,000 vibrations per second !
Since the velocity of wireless waves is the same as that
of light, we can at once calculate the wave-length if
we are given the kilocycles, or number of thousand
vibrations, a second. An ordinary frequency for wire-
less waves is 1,000 kilocycles, which means a wave-
length of 300 metres.*

1 Light has in ordinary glass about two-thirds of the speed which it
has in empty space, in water about three-quarters.

2 1,000 kilocycles= 1,000,000 vibrations a second and 300 metres=
.3 kilometre ; .3 X 1,000,000= 300,000 kilometres a second, the velocity
of light.
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The periodic or wave nature of light is revealed to
us by what is named the interference and the diffraction
oflight. Let us consider first of all interference, in terms
of water ripples. Suppose that we have, hung over
the middle of a smooth pond, a spiral spring carrying
at its lower end a horizontal rod, bent down vertically
at each end so that the extremities, a yard apart, say,
nearly touch the water. Ifthe spring is made to vibrate
up and down, the two ends of the rod will dip in and
out of the water together and cause two series of ripples
running out in ever-increasing circles from centres a
yard apart. The crests will always leave the centres
together in perfect time, since the same movement of
the rod gives rise to both series. We ask now what will
happen when the two series of ripples overlap. If we
choose any point on the pond’s surface, the water there
will be pushed up and down by each ripple just as if
the other were not there, and to find out the movement
we must add the movements due to the “wo separate
ripples. According to the position of the point, it may
happen that the movements are exactly in stecp, when
the motion will be just twice as violent as that due to
the ripple from one centre alone, or they may be exactly
out of step, so that the crest of one ripple system always
arrives at the same time as the trough of the other. In
this case the two will exactly annul one another, and
at this particular point the water will move neither up

nor down but will be always at rest. We say that the
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INTERFERENCGCE OF WAVES

waves interfere. Clearly, if the point selected is at the
same distance from each centre, then the waves will
be in step at that point, and therefore we have violent
motion all along the linc which passes just bctween the
two centres, and is at right-angles to the line joining
them. Again, if the point selected is farther from one
centre than the other by exactly one wave-length, then
the crests will arrive together at this point, only one
system will be a wave behind the other, which makes
no difference to what happens, just as, if we see two
men running together round a corner, we can only say
that they have run an equal distance, or that one is a
whole lap, or two whole laps, or any number of whole
laps behind the other. There will therefore be a series
of lines (actually slightly curved lines) on the surface
of the pond on which the motion is violent. Midway
between these there will be the points at which one
ripple system is exactly half a wave-length behind the
other, giving rise to lines along which there is no mo-
tion at all. Thus the surface of the pond will be streaked
with strips of vigorous wave motion and strips where
there is little or no motion. No energy is, of course,
destroyed by the interference of the two systems of
ripples, but it is removed from some places and heaped
up in other places—it is redistributed. If, opposite the
two centres, we half immerse a vertical board in the
pond, then at some points of the board the water will
wash up and down, while at others, in between them,
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the water will not move. If we pull the board out of
the water we shall have a wavy edge to the wet part.
Mecasuring on the board the distance apart of the places
where the water was still, and knowing the distance of
the board from the centres and the distance apart of
the centres, we can easily calculate the wave-length
of the ripples.

We have devoted some little consideration to this
ripple case because the interference of waves which it
illustrates is of extraordinary importance in the study
of vibrations. It is quite easy to obtain interference of
sound waves: if we strike a tuning-fork and, holding it
near the ear, turn it round, keeping it vertical all the
time, certain positions will be found for which no sound
is heard, while in intermediate positions the sound is
vigorous, although the distance of the fork from the
ear is the same all the time. This means that for certain
positions of the fork the distances are such that the
sound waves from the two prongs intcrfere at the ear.
By slipping a cardboard tubc over one of the prongs,
and so cutting off its contribution, the sound will be
restored to vigour. We have the paradox that we in-
crease the sound—at a particular point—Dby cutting off
part of it !

Let us now turn to the real object of our study at the
moment, the interference of light. The only difficulty
is to hit on some way of getting two sources of light in
which the vibrations are in step, for that condition is
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necessary to start with. In the pond case we kept the
ripples exactly together at the centres where they were
produced by governing them with the same spring.
In the tuning-fork case the prongs look after themselves,
and swing together without any trouble. If we put
two slits in front of a flame, however, the beams coming
from the two will come from different parts of the flame,
and so be quite unconnected from the start, and we
should have no right to expect interference. We can,
however, make use of reflection, which gives us an exact
picture of any light: the light and its image in the mirror
then supply us with two light sources in which the
vibrations of each little part of the one must be exactly
in tune with the vibrations of the corresponding part
of the other. Or, again, by reflection from two mirrors
we can obtain two images of the same light, which two
images must be exactly similar to one another in the
smallest detail. We now see how to start two light
waves sprcading out in all directions from two different
sources, so that at the sources they are exactly in step.
We are also in a position to consider the simple cases
of interference of light which confront us in daily life.

A thin film, say a film of oil on water, has two sur-
faces, and light from any bright spot, say one particular
point of the sky or of a bright cloud, must be reflected
from both surfaces into our eye, placed in a suitable
position. Of the two beams which enter the eye, one
from the top and the other from the bottom surface of
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the thin sheet of oil, one has gone a little further than
the other, owing to the thickness of the film. For a
certain wave-length this extra distance will be just an
odd number of half wave-lengths, and therefore any
light of this particular wave-length will cancel out at
our eye by interference. White light, such as the sun-
light we have considered, contains, as we have seen, a
great range of wave-lengths: the effect of the film
will be to cancel out one particular kind of light and
wcaken all in its neighbourhood, and therefore we shall
see a coloured film, coloured because, if we remove
certain colours from white, the remaining colours
no longer make white, but blend to a new tint. For
instance, if red is removed from white we get pea-
cock blue. Which particular colour cancels out de-
pends upon the thickness of the film, and the angle at
which the light comes from it, since the smaller the
angle which the arriving light makes with the surface
of the film, the longer the difference of path caused by
reflection at the two surfaces. All these facts can be
verified with ease either with a flat soap film, obtained
by dipping a ring of wire into a soap solution, or with
a film of oil such as can be observed lying on water on
the road after rain. The oil film will appear differently
coloured at different parts owing to its irregular thick-
ness, the changes of colour succeeding one another
closely near the cdge, where the film tails off quickly
into nothing. If the eye be moved the colour at any
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particular spot changes. The flat soap film is parti-
cularly interesting, because if it be arranged vertically
it will drain away, so as to be very thin above, and
thicker below, and a glorious series of horizontal bands
of colour will be seen. The colours of the ordinary
soap bubble, of thin slivers of mica seen at the edge of
a broken piece, of a thin film of air pressed betwcen
two really flat pieces of glass, or between a slightly
rounded lens surface and a flat glass, of the thin films
of fat sometimes found in cooked meat, of the bubbly
scum on ponds are all duc to interference, and bear
silent witness to the wave theory of light.

The colours of thin films are remarkable not only
for their beauty and for their scientific importance:
they have considerable practical application. If we
have one true surface and place another glass surface
upon it, any irregularity of the second surface will make
itself visible by an irregularity of the colour patches
produced by interference from the two glass surfaces.
The places where the air film between the two surfaces
is irregular in thickness can then be marked, and the
surface worked by hand until, when placed on the test
surface, or ‘optical flat’ as it is called, the colour is uni-
formly spread. The highest class of optical mirrors
and lenses for scientific purposes, such as microscope
lenses, are finished in this way, and many delicate
measurements can be made by interpreting the mes-
sage of the light waves about film thicknesses.
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If we start with a bright slit of light together with
its image in a mirror we have two exactly similar sources
of light, and the effect is exactly that illustrated by our
example of the pond: where the light from the two falls
on a screen, we have, alternatively, places where the
wave motion is violent and places where it is negligible
—in other words, a series of light and dark bands, the
so-called interference fringes. These interference fringes
play a most important part in the measurements of the
physics laboratory. Their virtue is that they give a
most delicate method of detecting small changes in
length. The existence of a bright band at a particular
spot tells us that the difference of the distances from
the two light sources to that spot is exactly a whole
number of wave-lengths, or, fixing for simplicity the
central bright band, that the distance from the centre
of that band to the two sources is exactly equal. If by
any means we slightly change the length of one of the
light paths, even by a distance which is only a fraction
of a wave-length of light, say by a hundred-thousandth
of an inch or so, then the position of the band will clearly
shift to a new position from which the distances are
equal. If a billiard-cue had a perfectly flat end, and
were stood on this base, a sheet of paper pushed under
one side would make the point of the cue move through
quite a large distance, and in the same way a very small
change in one light path makes the point at which the
two paths meet in tune swing through a comparatively
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large distance, which is detected as a movement of the
fringes.

How can we alter the distance of one of the light
paths without altering the other ? In the most famous
instrument for this purpose, the interferometer, as it is
called, which we owe to Professor Michelson, the light
from a slit falls on a plate of glass placed at 45 degrees
to its path; part of the light is reflected off at right-
angles to its original path, while part passes on through
the glass. By a suitable arrangement of mirrors, which
turn them back upon themselves, the two beams are
brought together again, and produce interference
fringes, since only at one point will the two paths be
exactly equal. For most of their path, be it noted, the
two beams will have been travelling at right-angles to
one another. We can alter one path independently of
the other by slightly moving the mirror which reflects
it back. Clearly, this instrument provides us with an
extraordinarily sensitive way of measuring lengths. It
was used in the attempt to measure the earth’s velocity
through the ether, which became famous as the starting-
point of Einstein’s special theory of relativity. We will
now briefly consider the reasoning which led to this
attempt, and the method employed in the experiment.

Towards the end of the nineteenth century, the belief
was general that all space was filled by some subtle
substance which conveyed from place to place the wave
motion which we call light, or, more precisely, light
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was supposed to be a wave motion propagated through
this imaginary substance as sound waves are propagated
through a solid. Thishypothetical substance was called
the luminiferous ether. Some men of science took the
view that you could not have a wave motion without
something for it to travel through, but that, as we knew
nothing about it except that light travelled through it,
the ether was little more than a subject for the verb ‘to
undulate.” Others considered that it had the physical
properties of an elastic solid, and were inclined to try to
work out an elasticity and a density for it. All were
agreed on this point: that if the ether had any kind of
reality it should be possible to measure the speed with
which our earth was passing through it. If we could do
this the ether would give us some absolute standard of
rest, and we could speak of a velocity measured with
respect to the ether as an absolute velocity, in contrast to
velocities with reference to other heavenly bodies which
is all that we can measure at present, without being
able to say that any star is at rest rather than any other
star.

The method proposed for measuring the speed of the
earth through the ether depended upon this principle:
that if light travelled through a stationary ether, and
the earth was likewise moving, though with a much
smaller velocity, through this ether, then a light signal
sent out in the direction of the earth’s motion and re-
flected back to its starting-point would take a little
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longer than a signal sent out at right-angles to the
direction of the earth’s motion and reflected back again,
both paths being of equal length. The difference of
duration of the two journeys would enable us to calcu-
late the speed of the earth through the ether. Itisusual
to make this clear by the illustration of a man rowing
on a broad river, say a mile wide, flowing steadily in
one direction. If he rows down the river from one mile
post on the bank to the next, and then back again,
clearly the river will help him in one direction and
oppose him in the other, but nevertheless he will take
longer over this double journey than he will to row
across the river and back again along a path at right-
angles to the direction of flow. The reason is clear:
he does the journey downstream with a speed obtained
by adding the speed of the current to his own rowing
speed, and does it quickly, being therefore helped by
the current during a comparatively short time. On
the way back he is opposed by the current, and takes
a long time over the journey, being hindered during a
long time. Taking an extrcme example, supposing his
speed on still water is four miles an hour, and that the
river current is three miles an hour, he will go down-
stream at seven miles an hour past the bank, and will
do his mile in one seventh, instead of one quarter, of
an hour: on his way back, however, he will have a
speed of only one mile an hour past the bank, and will
take a full hour, instead of one quarter, the total journey
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occupying an hour and a seventh instead of half an
hour on still water. The journey across is also some-
what lengthened by the current, but to a lesser degree;
in our particular example it will take about three-
quarters of an hour instead of the half-hour in still water.
If the rower had no other way of measuring the speed
of the river, he could, then, clearly do it by timing
himself for the two different journeys and comparing
the results, knowing only his speed on still water.

In the ether case the velocity of the earth is very small
compared to that of light, so that the effect to be ex-
pected from the earth’s motion would be exceedingly
minute—a difference of about one part in a hundred
million. This is where the delicacy of the interfero-
meter is essential. Suppose that we can set it up so
that one of the two light paths, which lie at right-angles
to one another, is in the direction of the earth’s motion
through the ether. Interference fringes will be formed.
If we now rotate the whole apparatus through a right-
angle the other light path becomes the one in the direc-
tion of the earth’s motion, and will be the one in which
the light is retarded, so that there should be a shift of
the fringes if there is any difference of the speed of the
light in the two directions. This is the essence of the
famous Michelson-Morley experiment, carried out
originally in 1887 with the greatest care and skill, and
since repeated many times. In one of the repetitions,
by Professors Morley and Miller, the lengths of the
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light paths were, by repeated reflections, made as great
as 32 metres each (about g5 yards), which length con-
tains 55 million waves of the yellow light used, so that.
the change of path to be expected from the earth’s mo-
tion (one in a hundred million) amounts to over half a
wave-length, which is doubled because turning through
a right-angle interchanges the paths. There should,
therefore, have been a shift of over a whole interference
fringe, and less than a hundredth of this can be measured.
When we think that the actual duration of the whole
light path of thirty-odd metres is a ten-millionth of a
second, that the difference of time on the two paths
for which we are looking is a hundred-millionth of this,
and that we can measure an effect less than a hundredth
of this, the power of the interferometer needs no further
emphasis.

The result of the Michelson-Morley experiment is
negative: no effect of the earth’s motion through a
hypothetical ether on the speed of light has ever been
established. It is true that in 1925 an announcement
by Miller that he had obtained a very small effect
created a sensation in the world of physics, but he has
obtained no further confirmation, and since then two
other American experimenters, R. J. Kennedy and
K. K. Illingworth, working independently at Pasadena,
have made exceedingly careful repetitions of the experi-
ment, with different apparatus, and have obtained no
effect whatever. Quite recently Michelson himself
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has announced that new experiments of his own like-
wise show no effect. No motion of the earth through
the cther can, therefore, be detected, and this means
that there cannot be an ether with the properties of
any material body. It was to explain this extraordin-
ary effect that Einstein originally devised the theory
of relativity, which involves as a fundamental feature
this impossibility of measuring any motion through
space by means of light signals. No matter with
what speed or in what direction the cxperimenter be
moving, he will always find the same result for the
velocity of light. The velocity of light is one of the
most fundamental quantitics in the whole of physics,
and has been measured to an extraordinary degree of
accuracy. Michelson in the few years before his death
in 1931 made new mcasurements, and as a result of these
announced the velocity of light to be 299,796 kilometres
a second, with a possible crror of a few kilometres only !

A second field of usefulness of the interferometer is
a more practical one—namely its application to the
measurement of the standard of length, which arose
from the difficulty of making sure that any distance
between scratches on a metal bar has the degree of
permanence which is required. The length of the bar
changes with temperature, but that, of course, can be
avoided by making the comparison with the standard
always at the same temperature. The length of a metal
bar, however, tends to change with age, owing to very
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slow internal rearrangements of the molecules, and,
although by great care in the preparation and keeping
of the bar these changes can certainly be made
exceedingly small, there is still a little uneasiness in
the scientific heart at the thought of depending for
our standard on any particular bar of metal, rather
than on something in Nature that does not change,
something that is always at hand whatever happens
to any particular piece of stuff. Originally it was
proposed that the earth itself should be taken as our
standard, the French metre being defined, when it
was legally established in 1800, as one ten-millionth wof
the distance from pole to equator measured along a
meridian, which it very nearly is. This distance, how-
ever, cannot be determined accurately enough for our
requirements in the matter of standards of length to-
day. After much discussion it was proposed to use as
the standard of length the wave-length of a certain very
pure light given out by cadmium: this element is chosen
because the wave-length of certain of its spectral lines
is particularly definite, not a mixture of closely neigh-
bouring wave-lengths. The cadmium atom, which is
the same at all times and in all parts of the world, is
thus made the final appeal, but, as a wave-length of
light is not the kind of thing an engineer can handle,
and is not a very convenient thing even for the physicist
who wants to measure a length, the problem arises of
finding just how many of these wave-lengths there are
GnN 81
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in whatever bar we have been taking as our standard.
We can then check from time to time if the bar is still
exactly the same length, and, what is equally important,
we can check standard bars in different parts of the
world against the standard wave-length provided by
the cadmium atom. By the skilful application of
Michelson’s interfcrometer the length of the standard
metre at Paris was determined in terms of the cadmium
wave-length, and we now know that the distance
between the scratches on the precious bar contains
1,553,163.5 wave-lengths of red cadmium light (in air
at standard temperature and pressure). This result
is certainly correct to within one part in a million.*
Strange as it may appear, therefore, if anyone asks as
to where our final appeal lies in matters of length, we
point to the light coming from a special kind of electric
lamp containing cadmium vapour.

The interferometer is also applied to find out the
minute faults of expensive lenses. Here, then, is an
instrument which has led to the theory of relativity,
helped to establish a standard of length, and aided in
the perfecting of photographic lenses. Behind it all lies
the wave theory of light, and the magnificent regularity
of its behaviour gives us confidence in our belief that
light has the periodic properties of a wave motion.

1 The repetition of the measurement of tfle metre in terms of cadmijum
light made, with a different form of apparatus, by MM. Benoit, Fabry,

and Perot gave 1,553,164.13, differing from Michelson’s value by 1 part
in 2,400,000 only !
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PLATE III
TriE APPLICATION OF INTERFERENCE METHODS IN THE OPTICAL INDUSTRY

A B C D

"The upper picture shows the interferometer designed by Messrs. Hilger
for revealing the minor faults of expensive lenses.  The light comes from
the extreme left ; the collimator A serves to render the beam parallel, B
is the plate of glass, placed at 45°, which partly reflects and partly trans-
mits the light, C is the lens under test, D is the mirror which reflects back
on to B the light which has passed through C. 'I'he obscrver looks in at E.

Below are shown the interference patterns observed with a high class
lens, A being for a beam parallel to the axis of the lens, and B, C and
D for a beam making respectively 5°, 10° and 15° with the axis.






FINDING THE SIZE OF A STAR

A sensational application of the interference pro-
perties which light possesses has given us the first mea-
surement of the diameter of a star. Although many
stars, the so-called ‘giants,” are immensely larger than
the sun, they are so far off that even with the largest
telescope they appear mere points of light, and show
no disc whose diameter can be measured. Suppose,
now, that we consider light from a single very distant
point to fall on two mirrors suitably arranged, and the
light from the two mirrors to be brought together by a
system of lenses, it is clear from what has been said that
interference fringes, alternate light and dark bands, will
be produced. The larger the separation of the mirrors
the narrower the fringes. Now consider what happens
to the light received, by the same system of mirrors and
lenses, from a distant point very near the first distant
point. A system of interference fringes will likewise be
formed, but a little to one side compared to the first
set. Ifthe two distant points are separated by a certain
amount the bright parts of the fringes due to one will
fall on the dark parts of the fringes due to the other,
and no fringes will be visible. The wave-length of light
being exceedingly small, a simple calculation shows
that, if the mirrors which receive the light from the
two points are separated by a distance of some feet,
then the angle made by lines drawn from the two points
to the eye of the observer needs only to be exceedingly
small for the fringes to vanish.
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For simplicity we have considered the fringes formed
by two points: we can apply the same reasoning to a
bright disc made up of a number of points. The fringes
formed by some of the points will just cancel out those
formed by the other points if the angular size of
the disc bear a certain relation to the separation of the
mirrors and the wave-length of light. Those were the
principles on which Michelson a few years ago set about
measuring the size of the giant'star Betelgeuse, which
is one of the two very bright stars in the familiar con-
stellation of Orion. The two mirrors were fixed on a
frame running across the top of the great 10o-inch tele-
scope at Mount Wilson, so as to form with the telescope
an enormous T, and they were gradually moved apart
until the fringes vanished, which occurred when the
separation of the mirrors was 10 feet. The wave-length
of the effective part of the light being about twenty-
three millionths of an inch, the angular diameter of the
star works out to be .047 second of arc, which means
that from the earth it looks the same size as a bright
halfpenny seen at a distance of seventy miles. This is
the interpretation of the message skilfully elicited from
the little waves of light, for no telescope directly turned
on to a halfpenny at that distance would show us that
the coin had any diameter. It is remarkable that the
atmosphere is still and clear enough to allow the fringes
to be observed: in fact, fear of atmospheric disturbance
long prevented any experiment of this kind being made.
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DIFFRACTION OF LIGHT

It may be added, as an item of information, that, other
measurements having shown the distance of Betelgeuse
to be about 930 million million miles, we conclude that
the diameter of the star is something over 200 million
miles, or, in other words, if the centre of the star were
placed at the centre of our sun, the orbit of our earth
would fall right inside the star, which would, in fact,
nearly fill the whole orbit of Mars.

Another aspect of the wave theory now demands our
attention. We know that sound waves can turn round
corners: a brick wall, for instance, does not cast a sharp
sound shadow where it ends, but rather its shielding ac-
tion is incomplete until we have advanced far into its
shelter. In the same way the ripples on the surface of
a pond will spread somewhat behind any plank or such
like body placed in the way. If] then, it is a property
of waves to bend round the edges of obstacles, how is it
that light casts a sharp shadow, and will apparently not
turn round corners? The answer is that the amount
of bending at sharp angles depends upon the wave-
length, being greater the greater the wave-length: that
with light, owing to the small wave-length, it is very
small, that it emphatically does exist, and that a nar-
row source of light is found 7ot to cast a sharp
shadow at a straight edge when the matter is care-
fully investigated, but rather forms a series of very fine
alternate dark and light bands parallel to the edge,
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which arc known as diffraction fringes, the bending
being technically called diffraction.

If the amount of bending does, in fact, depend upon
the wave-length, weshall expect it to be different for dif-
ferent coloured lights, so that when white light grazes
an edge there should be a separation of the prismatic
colours at the edge of the shadow. This also is found
to be true, the red light, which has the longest wave-
length, being the most bent, and the violet least. The
general fact can be easily verified by looking at the
bright filaments of an electric lamp through a fine
cambric handkerchief, when each wire will be seen to be
surrounded by a series of coloured fringes. It is upon
this phenomenon that systematic measurements of the
wave-length of light, especially of spectral lines, are
based. Thelight froma fine slit is passed through a glass
plate ruled, by means of a diamond point, very closely
with parallel lines. Such a plate is called a diffraction
grating, and must be adjusted so that the lines are
parallel to the slit. The ruled lines, which are actually
rough grooves, are comparatively opaque, so that what
we really have is a series of very fine clear slits. The
light is turned through an angle which depends upon
the wave-length, and also upon the distance between
the lines: with the kind of dimensions which are used,
namely about 15,000 lines to the inch, the bending is
very large. The measurement of the angle of bending
iscarefully made, and from it the wave-length is deduced.
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The theory of diffractionisalittle complicated, and what
is attempted here is only the roughest indication as to
whatisin question. Theruling of the gratingsis a matter
calling for the highest technical skill, and good gratings
arevery much prized and command high prices. Row-
lands of Baltimore devoted many years to their produc-
tion, and in the course of his labours made great im-
provements in the accurate cutting of screws. So, in
physics, one thing leads to another.

What, then, is the general lesson of the interference .
and diffraction observations which, as we have seen,
occupy so large a part in modern physics ? It is that,
whatever light may be, it is something which passes
through empty space with a perfectly definite velocity,
and produces effects which show that it must have the
alternating or periodic properties of waves.

So far we have been talking about light visible to the
human eye. However, just as there are air vibrations
which are not audible, such as those caused by a plank
oscillating two or three times a second, or, at the other
extreme, the ultra-sonic vibrations, similarly there are
vibrations of the same nature as ordinary light which
are not perceived by the eyc. Beyond the violet there
are shorter waves (or, putting it the other way, vibra-
tions of higher frequency) which have a strong effect
upon the photographic plate, and are known as ultra-
violet rays. These are often depicted in popular litera-
ture as violet streamers, but, of course, as they cannot
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be seen they have no colour—they are not violet, but
beyond the violet. There are many different kinds of
ultra-violet light, just as there are many different kinds
of visible light, corresponding to different frequencies.
The frequencies just higher than the visible violet
pass through the glass of ordinary window-panes and
camera lenses: they have a strong action on photo-
graphic plates. When somewhat higher frequencies
are in question the rays do not pass through ordinary
glass, although special glasses are made which transmit
them. The rays which produce sunburn are of a very
narrow range of ultra-violet light of wave-length in the
neighbourhood of three hundred-thousandths of a cen-
timetre, as compared with the four or more hundred-
thousandths of a centimetre which are the shortest
violet waves visible. These rays not only do not pass
through ordinary window glass, but they are markedly
absorbed by the atmosphere, so much so that in winter,
when the sunlight has, on account of its obliquity, to tra-
verse a greater thickness of atmosphere than it does in
summer, practically none of them gets through. This is
why it is that even intense winter sunlight does not
produce tan and sunburn. Shorter waves still are
absorbed in smaller thicknesses of air, but can be
photographed with special plates and quartz lenses,
quartz being a material that is very transparent to
the ultra-violet rays. These different properties of
different kinds of ultra-violet light show wus how
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PLATE V
X-RAY TUBES

The tube on the leftis called a gas tube ; the electrons come from traces
of gas left in the tube. The tube in the middle is a Coolidge tube, in
which the clectrons comefrom a glowing wire, as they doin the usual type
of wireless valve. The tube on the right, thc Metalix tube of Messrs.
Philips, is largely made of metal outside, the source of electrons being
likewise a hot wire. Glass is used inside for insulation purposes.

In all these cases the tube is shown in such a position that the electron
stream is passing upwards, striking the sloping side of the piece of metal
known as the anticathode, which is clearly seen in both glass tubes.

(By courtesy of Messrs. Watson)



X-RAYS AS LIGHT

careful doctors treating patients with the light must be.

Passing still further into the short-wave region, we
come to waves which are absorbed even by a fraction
of an inch of air, and can only be photographed with
very special methods and apparatus pumped free of air.
When, however, we come to waves shorter than three
millionths of a centimetre the penetration begins to in-
crease: we are approaching the X-ray region. For one
of the most striking discoveries of the present century is
that X-rays are of the same nature as ordinary light,
their peculiar properties being a consequence of an ex-
ceedingly short wave-length. The wave nature of X-
rays has been proved in the same way as the wave
nature of light—by making use of a ‘grating’ of regu-
larly spaced lines. The structure of X-rays is, how-
ever, so fine, the wave-length is so short, that the ruled
gratings by which the wave-length of light is measured
are altogether too widely spaced for efficient service.
It was the discovery of the German physicist Laue that
in crystals, in which the atoms are spaced in regular
rows, we have a diffraction grating, ruled by Nature,
suitable for demonstrating and measuring the wave-
length of the X-rays. This discovery was speedily ex-
tended by Sir William Bragg and his son, Professor
W. L. Bragg, who have showed how, conversely, X-
rays may be made to yield the most far-reaching in-

formation as to the structure of the crystals. It should,
perhaps, be mentioned that recently it has been
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found possible to use artificially ruled gratings to pro-
duce results with X-rays in certain extreme cases.

The X-rays used by doctors for diagnosis have wave-
lengths of a few thousand millionths of a centimetre,
while those used for curative purposes are shorter still.
Finally, one class of rays from radium has the same
properties as X-rays, but is of still shorter wave-length:
these rays, the so-called gamma rays, have, in extreme
cases, wave-lengths of less than a ten-thousand-mil-
lionth of a centimetre. The gamma rays represent the
very shortest wave-lengths of which we can handle a
source in the laboratory. They are at the same time
the most penetrating: even after they have passed
through a plate of lead ten inches thick the effect of the
gamma rays from radium and its products can still be
detected.

Of recent years, however, much evidence has been
collected to show that even more penetrating rays,
originating outside our earth, come through the
atmosphere and penetrate some yards into the earth or
water. The experimental difficulty was to distinguish
between these rays and the gamma rays due to the ra-
dium which exists in the earth itself; the effects are very
small, and require to be carefully disentangled. How-
ever, by sending up balloons, carrying delicate instru-
ments to detect the rays, and by sinking instruments be-
low the surface in deep lakes formed from snow-water,
the existence of this class of radiation has been definitely
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established. The balloons show that the radiation in-
creases in strength as we proceed to great heights, which
is what we should expect for a radiation coming from
outside, since, at high altitudes, it has less air to traverse,
whereas a radiation originating in the earth should be-
come correspondingly weaker as we go upwards. The
snow-water contains no matter of mineral origin, and
so cannot contain traces of radium producing gamma
rays ; measurements show that the effect decreases as we
sink the instruments into the water, which again arguesa
radiation coming from outside. The radiation can be de-
tected some fifteen yards below the surface, which points
to a very penetrating nature indeed; ordinary X-rays
would only penetrate a foot or two of water at most.

It was at first suggested that the penetrating radia-
tions probably came from the sun, but the discovery
that there is no difference in the radiation by day
and by night soon put this explanation out of court.
It is now generally accepted that the rays come in
all directions from outer space, and alcordingly they
are called cosmic rays. A very great amount of work
on these rays is now being carried out in all parts of
the world, notably by Blackett of England, K. T.
Compton of America, Regener of Germany, Auger of
France and Rossi of Italy. Whereas it was originally
believed that the radiation consisted of waves resem-
bling very penetrating X-rays, it seems now to be well
established that they are particles, mainly electrons,

91



LIGHT AND RADIATION

both the ordinary negative electrons and the recently
discovered positive electrons, or positrons (see p. 113).
There may be a comparatively very small number of
protons (see p. 152) among them. That the rays
consist of charged particles is proved by the action of
the earth’s magnetic field upon them: more arrive in
the neighbourhood of the poles than near the equator.
Incidentally it is this action of the earth’s magnetic
field upon much slower charged particles, shot out by
the sun, that is responsible for the fact that the polar
lightst are concentrated round the poles, and not spread
out all round the earth. The particles here concerned
have, however, far too little energy to penetrate the
atmosphere and reach the earth, and their effects are
mainly confined to heights of fifty or sixty miles, where
the auroral discharges are located.

The particles which constitute the cosmic radiation
fall, as far as penetration is concerned, into two groups,
of which the less penetrating will pass through four or
five inches of lead, while the more penetrating will
pass through feet of lead. To produce rays of this
energy in the laboratory, would require potentials of
some thousands of millions of volts. In one sense the
electrical effects produced in the atmosphere are very
feeble, for only about thirty ions—electrified molecules
—are produced per cubic inch of air per second at the

1 Often called the Aurora Borealis or Northern Lights, although they
appear at both poles.
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earth’s surface, which is fewer than are produced by
the extremely minute traces of radioactive substances,
such as radium, which are spread about everywhere.
In another sense they are very powerful, in that any
atom that is involved in a collision with a cosmic
particle is violently shattered, with effects that cannot
be produced by laboratory means. In a way the
cosmic particles may be compared to the very large
prizes sometimes given in sweepstakes and lotteries:
there are too few of them to make any difference to
the ordinary economic life of the country, so that in
this sense their influence is small, but they have shatter-
ing effects in the case of the few individuals involved,
and offer particularly interesting phenomena which
are otherwise difficult to observe.

The effects of single cosmic particles can be best
nbserved with the help of the Wilson cloud chamber
(see Plate VI. and p. 116), which enables the tracks of
single atoms to be recorded. Needless to say, very
special forms of chamber have been utilized for the
purpose, and Blackett, in particular, has devised one
that is set off by the passage of the particle, like a
camera worked by a trip string to photograph passers-
by on a lonely road. Before this device the chamber
had to be kept functioning all the time, on the off
chance of an interesting record occurring occasionally,
much like a cinema camera kept running all the time
to record the occasional passer.
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There has been much conjecture as to the possible
effects of cosmic rays on health and our human life
in general. It has been suggested, for instance, that
they may have some effect on heredity, on the sup-
position that if it so happened that an essential part
of a chromosome in the germ cell were hit by a
particle at a critical moment, something or other
might be supposed to happen. These speculations are
at present in what may be called the bombinating
stage—much talk and very little fact or sound theory
to go on.

The origin of these cosmic rays is not yet settled. It
seems well established by experiment that the rays are
not, even to a minor extent, generated terrestrially, and
that they come in equal strength from all directions
in space, day and night, which shows that they are not
connected with the Milky Way or the sun. They may
come from distant nebulae, and be the result of atomic
transmutations taking place there under conditions
that have not been reproduced in the laboratory, but
nothing very definite can be said at present.

After this digression on cosmic rays let us return to
the spectrum. At the long-wave end of the spectrum,
beyond the visible red, lie invisible infra-red rays,
which can be detected by their heating effects. A
kettle of boiling water in a dark room gives out no
visible light, but if it be hung up and the hand be
placed at a little distance underneath it (so as not to
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be affected by the hot air rising from it) heat will be
felt which is due to invisible radiations. The infra-
red radiations do not affect ordinary photographic
plates, but special plates which are sensitive to them
can be made, and, as a matter of fact, it is recorded
that a hot kettle has been photographed in a perfectly
dark room by the invisible heat radiations which it
gives off. Of course, ordinary light radiations, if strong
enough, also produce a distinct heating effect: with
sunlight the greatest heating effect lies in the visible
yellow. With the infra-red radiations, however, the
heating effect assumes particular prominence because
it is the property by which they are most easily detected.
The heating effect of the ultra-violet rays, in the
intensity in which they ordinarily occur, is much too
small to be conveniently measured, but it also must
exist.

At still longer wave-lengths than the infra-red we
come to the type of electro-magnetic waves which are
produced in wireless telegraphy. In practice these are
usually of wave-lengths which are measured in hun-
dreds of yards, but as a laboratory curiosity wave-
lengths of a small fraction of an inch can be produced.
We can say, then, that, using the term ‘light’ in the
most general sense, we have a spectrum stretching
without a break (for all gaps have recently been
bridged) from wave-lengths of hundreds of yards down
to less than a ten-thousand-millionth of an inch,
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of which vast range only a very small region is visible
to the eye. Calling an octave a band of radiation
stretching from a given frequency to double that fre-
quency, we may say that our complete spectrum con-
sists of sixty octaves, of which only one is visible.
What are the properties which all these waves
have in common ? The characteristic wave effects of
interference and diffraction have been demonstrated
with the shortest X-rays by making use of the regulari-
ties of crystal structure, the natural even spacing of the
atoms in a crystal taking, for these short waves, the
place of the artificial ruled gratings used with ordinary
light. For ultra-violet waves ruled gratings can be used,
with thousands of lines to the inch, while for long infra-
red waves reflection methods have been employed to de-
monstrate interference. More remarkable still, Professor
E. V. Appleton has recently made use of the Heaviside
layer to demonstrate dircctly the wave nature of wire-
less waves, or, rather, since the wave nature was already
clear from other evidence, it would be better to say that
he has used it to demonstrate the existence of the layer.
His experiments show exactly the same effects as those
produced by ordinary light, on an enormous scale. The
Heavisidelayer, just mentioned, is a sheet ofatmosphere,
some seventy miles up, having peculiar electrical
properties which make it act as a mirror for wireless
waves. The waves reflected from the layer have trav-
elled farther than those which proceed from the same
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source along the ground, and if the difference of path is
half a wave-length, or a multiple of this, just the same
kind of interference takes place as was described for
ordinary light, only here the wave-lengths are measured
in hundreds of yards instead of in millionths of an inch.
The size of the interference fringes is correspondingly
great. This interference of direct and reflected wireless
wave is responsible for many of the peculiarities of
short-distance wireless transmission known as ‘fading.’
[t is cited here merely to show the generality of the ideas
of modern physics, and how the principles established in
one branch of the study turn up unexpectedly, often
with great practical importaunce, in another part of the
field.

All the different kinds of ‘light’ waves have the same
velocity in empty space, which suggests a common
nature. They are, in fact, all what is known as electro-
magnetic waves. The thing that varies periodically is
the electric force at right-angles to the direction in
which the wave is travelling : accompanying the varia-
tions of electric force we must necessarily have fluctua-
tions of magnetic force, also at right-angles to the direc-
tion in which the wave is travelling, and at right-angles
to the electric force. Thus, if a wave is travelling across
the page from left to right, there will be an electric force
in the direction from top to bottom of the page, say,
which first points up and then points down, diminishing
smoothly to nothing and then growing in the opposite
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direction in the course of each oscillation, while the
magnetic force will be at right-angles to the sheet of
paper, and will likewise fluctuate. It is therefore better
to speak of our general spectrum as the spectrum of elec-
tro-magnetic waves, ordinary light being an electro-
magnetic wave with a particular range of wave-length.

If this is so, we should expect to be able to demon-
strate experimentally electrical and magnetic effects
with ordinary light. Long ago, Faraday, the prince of
experimenters, who was convinced, by that instinct for
truth which he possessed (‘He smells the truth,’ said a
great German scientist of him), that there was a connec-
tion of this kind, showed that a magnetic field exerted
a certain effect on light passing through heavy glass.
This effect, known as the rotation of the plane of polari-
zation, is somewhat too complex to explain in a short
sketch of this kind. Likewise we can only cite the effect
named after Zeeman, who discovered that the light
from a source placed in a strong magnetic field was
modified in a peculiar way as compared to light from
the same source without the magnetic field. There is,
however, a connection between light and electricity, the
general nature of which is simply understood, and
which has, moreover, assumed the greatest importance
of recent years. It is called the photo-electric effect,
and has interesting practical applications as well as
deep theoretical significance.

The photo-electric effect occurs when light of short
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wave-length falls on a clean metal surface, say a plate
of carefully polished zinc. The plate then loses negative
electricity, and becomes positively charged. It has been
proved by many experiments that what actually hap-
pens is that electrons, little atoms of negative electricity,
whose nature is discussed in the next chapter, are made
to issue from the metal by the influence of the light.
The stronger the light, the more electrons come from
the plate every second. If the inside of an evacuated
glass bulb be coated with a suitable metal (for some
metals, such as potassium and rubidium, are much
more sensitive in this respect than others), and a wire
protruding into the bulb be provided to conduct the
electrons away as they are freed, a small current can be
obtained which indicates the strength of the light
Such photo-electric cells, as they are called, are widely
used in connection with television and talking films, for
by their aid fluctuations in light can be turned into
fluctuations of electric current, which in their turn can
be converted into sound, as in the ordinary telephone.
If, then, to take the case of the speaking film, sound can
be made to cause fluctuations of light, which is easily
done by the aid of a thin plate which responds to the
sound, a band of light and dark alternations due to
speech or music can be printed on the side of the film.
The particular way in which the lights and darks at any
place follow and shade into one another will corres-
pond to a particular sound. When it is desired to
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reproduce the sound this band is run in the path of a
beam of light, which accordingly fluctuates in a way
corresponding to the original sound, and the light,
falling on a photo-electric cell, is then made to govern a
sound producing mechanism of some kind in the way
just indicated.

The number of electrons liberated is, however, only
one aspect of the question; another is the speed, or
energy, with which the electrons come out of the metal.
Strangely enough, this is not influenced at all by the
strength of the light, but only by the frequency. Blue
light liberates electrons with small energy of motion;
violet light produces electrons of somewhat greater
energy; ultra-violet light causes the emission of faster
electrons still ; while with X-rays the electrons expelled
have a still greater energy. The energy which is
imparted to each electron before it leaves the metal is,
in fact, proportional to the frequency of the light.
This is a very fundamental and important fact for
modern physics.

Let us look at it from another point of view. Suppose
that we make electrons hit a piece of metal with a given
energy, which we can do by liberating electrons from a
hot wire, as we do in the ordinary wireless valve, and
then speeding them up with an electric field, just as, in
the old game of bat, trap, and ball, we first make the
ball jump from the trap and then slam it with the bat.
When the electrons strike a metal plate X-rays are
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produced. The whole process must be carried outin a
highly exhausted tube, so that there are very few air
molecules present to get in the way of the flying
electrons and make them lose their speed : such a tube
is an X-ray tube, as used in hospitals. If, by using a
great voltage, we make the electron fly very fast, and
hit the metal with great energy, very penetrating
X-rays (‘hard’ X-rays, as the doctors call them) are
produced—that is, waves of very small wave-length and
high frequency. If the electrons strike the metal
with less energy the X-rays produced are of longer
wave-length, and smaller frequency. Suppose, again,
that we send a stream of clectrons which, by compari-
son, are very slow and have small energy, through a gas,
then we produce waves which are so much longer than
X-rays that they are visible light: this is what happens
in the tube with the pink glow used in advertisement
signs, the neon tube. In each case sending a greater
number of electrons does not alter the frequency of the
waves produced, but merely produces more of them : we
get a brighter light. It is as if, in sound, the note of a
gong should depend upon the violence with which we
struck it a blow, being higher the more violent the
blow, while the strength of the sound depended upon
the number of blows. The whole point is that, ap-
parently, the energy which is needed to produce a single
train of waves of any kind of ‘light’ depends upon the
frequency of the light produced, while if a single train
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of light waves produces an electfon from an atom the
energy of that electron depends upon the frequency of
the light. This queer fact lies at the basis of the quan-
tum theory, which is discussed in Chapter VI. Itis
introduced here merely to show that there are certain
aspects of light which are not of the kind which can be
explained from the simple wave theory, for this theory
alone would not lead us to suppose any relation between
the frequency of a single set of waves and its energy.
There are other electrical effects of light which are
receiving great practical application to-day. If light
falls on a film of the element selenium, prepared in a
certain way, the resistance of the selenium to electricity
is diminished, and hence, if we have the selenium joined
up with a battery, a bigger current flows, which can be
magnified as much as we like by the technique of wire-
less valves. If the light is made to fluctuate, the current
will fluctuate in a corresponding ways, so that clearly we
can use a selenium cell to turn light, made to vary in the
proper way, into speech, just as we can use a photo-
electric cell. There are many other practical uses of the
selenium cell. In some parts of London the street lights
are turned on automatically by the aid of selenium cells:
as soon as daylight fails the resistance of the cell goes up,
and the change of current is made to operate a switch.
Burglar alarms can clearly be operated on the same
principle : as soon as light is made in a dark room a bell
rings. These tricks are all very interesting, but for our
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present purpose the great thing to be noticed is that
light, visible and invisible, is a manifestation of electric
force which produces obvious electrical effects.

The study of light, then, like so many other parts of
physics, seems to be the study of energy, the study of
waves, and the study of electricity. There are three
interconnected aspects of the same thing. At one time
we fix our main attention on one, at another time on
another, but they cannot be considered independently.
If we understood fully any one part of physics, we
should understand all of it.
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CHAPTER V
ABOUT ELECTRICITY AND MAGNETISM

HE word electricity derives from the Greek electron,
T amber, for it was known in classical times that
amber, when rubbed, acquired the property of attract-
ing light bodies, such as morsels of straw or scraps of
feather. We say to-day that the amber becomes charged
with electricity, and we know that if we support any
body, say a metal plate, on an insulating stand,we can
communicate part of the charge to it by simply touching
it with the electrified amber. If we hang up two light
balls by silk threads, which do not conduct electricity,
and charge them each by means of a piece of electrified
amber (or sealing-wax or glass, for these bodies, and
many others, become electrified when rubbed), they
will repel one another if brought close together, so that
we say that two electric charges of the same kind exert
a force of repulsion on one another. It is found, how-
ever, that if a rod of sealing-wax is rubbed with a wool-
len cloth, and then used to charge a small ball with
electricity, while a second ball is charged with a glass
rod which has been suitably rubbed, the two balls then
attract one another. This shows that there must be
two different kinds of electricity, for, taking a charged
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ball, we can, by choosing a suitable substance, charge
a second ball either so that it attracts, or so that it repels
the first ball. If the two balls be charged with the same
kind of electricity, either glass or sealing-wax electricity
(to call them so for the moment), they repel one an-
other; if they be charged with different kinds of electri-
city they attract one another. The two different kinds
of electricity are always generated when a body is
electrified by rubbing, for if the body, say a glass rod,
acquires a charge of the one kind, the cloth acquires a
charge of the other kind, and, as can easily be shown
by experiment, in equal quantity. The process of rub-
bing does not then, on the whole, produce electricity,
but separates out the two kinds in quantities just suffi-
cient to neutralize one another completely if they are
brought together again.

The two kinds of electricity, distinguished by the
sense of the force which they exert on one another, are
always spoken of as positive and negative electricity,
glass clectricity being called positive and sealing-wax
electricity negative. There is no particular reason for
this choice, any more than there is for the names chosen
to represent political parties, for instance, but, once the
arbitrary choice has been made, we stick to it.

It is familiar to everybody that when we join the poles
of an electric battery of any kind, say an accumulator,
by a metal wire, an electric current flows through the
wire. By this we mean that the wire acquires special
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properties: it exerts a force on a magnet brought into
its neighbourhood, it grows warm (if the wire is a very
good conductor the heating effect is small, but never-
theless exists: if the wire has a high resistance the heat-
ing is very obvious, as in an electric lamp or electric
radiator), and, further, if the wire be cut, and plates
attached to each end, and these plates be then im-
mersed in a solution of metal salts, a chemical action
takes place, as exemplified by the separation out of the
metal in the familiar silver or nickel plating baths. We
therefore say that an electric current has a heating, a
magnetic and a chemical effect. In the old days it
was customary to distinguish between the current
electricity produced by a cell, and frictional electricity
produced by rubbing a glassy or resinous substance:
they were spoken of as different things and called voltaic
electricity and static electricity. We know now that
all the properties of an electric current are produced
by an electric charge in motion, as has been shown by
rapidly whirling a charged body. Electric currents are
merely moving charges, just as water currents are merely
moving drops. The moisture in a sponge and the liquid
in a river are the same thing, water, but the properties
which a river has of turning a mill wheel, wearing away
the bank and so on, are consequences of the motion.
In the same way electricity in motion produces effects
which stationary electricity cannot. Exactly how the
electric charges pass along the wire we do not yet know,
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or, as the man of science would say, the mechanism of
the metallic conduction of electricity is still obscure.

There is a very close connection between electricity
and magnetism. Just as there are two kinds of electric
charge, there are two kinds of magnetic pole. One
end of an ordinary bar magnet will always tend to point
north, the other south. Two south-seeking poles or two
north-seeking poles repel one another: a north and a
south pole attract one another. Thisis merely a general
analogy between electricity and magnetism, and does
not in itsclf show any real connection between the two.
But there is an actual interaction; in the first place an
electric current, that is a motion of electric charges,
creates a magnetic force in its neighbourhood. This is
a very familiar fact, of which the simple galvanometer,
consisting of a pivoted or suspended magnetic needle
surrounded by a coil of wire, carrying the current to
be measured, is a good illustration. The strength of
the magnetic force is used to measure the strength
of the current. Another familiar example is the electro-
magnet, in which the magnetic force produced by the
current is used to convert the iron core into a magnet.
But not only does a moving electric charge produce a
magnetic force: a moving magnetic pole produces an
electric force, which can cause a current to flow in any
circuit of wires in the neighbourhood.

This electro-magnetic induction, as it is called, dis-
covered by Faraday, is involved in practically every
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important bit of electrical apparatus. In a dynamo an
electric current is generated by turning coils of wire in a
magnetic field, which comes to the same thing asmoving
a magnet towards fixed coils of wire. The changing
magnetic field may itself be produced by a changing
current, which will therefore generate or induce, as itis
called, a changing current in a neighbouring circuit with
which the first current is not connected; but it must be
clearly understood that a steady current produces a
steady magnetic force, and so cannotinduce a current in
another circuit near by. The induction of one current
by another is utilized in the telephone, in wireless tele-
graphy, and in countless electrical devices. We-trawe,

We have, then, the general rule that any movement
of electric charge creates a magnetic force, and that ahy
movement of a magnetic pole creates an electric force.
It was by giving to these ideas mathematical form, and
extending them from conducting wires to empty space,
where electric and magnetic forces exist apart from
any matter, that Clerk Maxwell came to the conclusion
thatif at any place we can produce oscillations of electric
force (which must, of course, from what has been said,
be accompanied by oscillations of magnetic force) these
oscillations will produce electro-magnetic waves which
will travel out across empty space with the speed of
light. This prediction was, as is well known, speedily
realized by Heinrich Hertz, who demonstrated experi-
mentally the existence of ‘wireless’s waves. Every
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generator of such wavesis merely an apparatus for mak-
ing electric charges rush backwards and forwards with a
given frequency of oscillation in the wires of the sender,
just as every source of sound is a vibrating material
body. The moving charge has, as it were, a grip on
what, for want of a better term, we call the ether of
space, and sends out its waves through this ether: the
vibrating string or fork is in contact with the air, and
sends out sound waves through it; and we can give a
still more obvious illustration of both cases by a man
shaking one end of a long cord up and down, with the
result that a series of humps, or waves, chase one an-
other along the cord.

The general rules which govern the behaviour of
electric charges towards one another, and the inter-
connection of electric and magnetic forces, do not, how-
ever, tell us anything about the ultimate nature of the
electric charge, which, as far as they are concerned,
might be something in the nature of a subtle fluid obey-
ing certain mathematical rules—the ‘electric fluid’ of
which old writers used to speak. Nowadays we know
that such a term conveys a false impression. The
natural unit of electric charge, the electron, the dis-
covery of which transformed physics and ushered in
the modern period, was revealed by the study of
the passage of electricity, not through wires, but
through the very attenuated gas in an exhausted tube.

Suppose two rods of metal sealed through the walls
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and protruding into the interior of a glass tube: these rods
may or may not terminate in plates of different shapes,
according to the particular purpose of the tube, butin
any case they are called electrodes. As long as the air
inside the tube is at the pressure of the atmosphere,
quite a high potential difference, say 10,000 volts, can
be applied to the electrodes without any spark passing.
If now the air be gradually pumped out, a stage is soon
reached at which the electric discharge sets in, first as
a thick, furry-looking spark, and then as a beautiful
glow, filling the tube with a sequence of striking and
significant appearances which have been carefully
studied, but must not detain us here. When at length
the air in the tube has been reduced to somewhere
about a ten-thousandth of the original amount, the glass
of the tube shines with a characteristic bright green
glow. By introducing into the tube little screens of
different shape it is easy to show that this glow is due
to something streaming from the negative electrode,
or cathode, as it is called, which strikes the glass walls.
We cannot see the stream, but the glow which it pro-
duces enables us to follow the movement. If a magnet
be brought near, the stream is turned from its path,
just as an electric current in a very flexible wire
would be, for since, as we have described, a current
produces a magnetic force, a magnet must produce
a force on a current. A plate charged with elec-
tricity also turns the cathode stream aside, again just
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as if the stream consisted of a number of little charges.

A study of the joint action of the electric and the
magnetic force leads to the conclusion that the cathode
stream consists of aswarm of negatively charged particles,
and, further, gives the mass of each particle, if we know
its charge, which we cannot find without further experi-
ment. This further experiment, which will be described
in a moment, supplies information which enables us to
find both charge and mass. It turns out that the charge
is exactly the same as the smallest charge which we find
associated with an atom of matter when we pass a current
through a liquid, and drive the charged atoms across, as
we do, for instance, in electro-plating, which really con-
sists in employing an electric force to push charged atoms
of metal contained in the plating bath out of thesolution
on to the article to be plated. No experiment has ever
led to the discovery of any smaller charge, and, further,
no matter what gas we have in the tube, the amount
of charge on each particle in the cathode stream is always
the same. This ultimate unit of negative charge it is
which we call the electron. Its mass is exceedingly
small, even in a world of littles: it is, for instance, but
little more than a two-thousandth of the mass of the
smallest and lightest atom, the atom of hydrogen. The
electron is not a tiny piece of something material carry-
ing an electric charge, it is an electric charge pure and
simple, just as a raindrop is just water. We are ac-
customed to find water contained in vessels, and electric
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charges sitting on matter, but the electron and the rain-
drop are divorced from containers. That it has any
mass at all is another way of expressing the fact that it
requires a force to set an electric charge in motion, as
can be mathematically demonstrated.

The cathode stream in the exhausted tube is only
one way of producing electrons from matter: what
actually happens in the tube is that the positively charged
atoms in it are banged against the cathode by the elec-
tric force applied, and knock electrons from it and from
themselves. There are various secondary actions which,
in the actual tube, complicate the appearance of things.
Electrons can also be made to come out of any piece
of metal by heating it: a red-hot poker held near a
charged electroscope will discharge it. The object of
the glowing wire in the familiar electric valve of wire-
less is to produce a supply of electrons. Light or X-rays
falling on a metal plate will also drive electrons from
it, as mentioned in the last chapter. In short, mal-
treating an atom, either by banging it hard by other
atoms, as we do when we increase the heat agitation,
or shaking it violently by changes of electric force, or
hitting it hard with a moving electron, will make it
yield up electrons. It can be shown by experiment
that the electrons produced by one method are the same
in all respects as those produced by another method,
and not, as might be imagined, that one kind of electron
comes from one metal and another kind from another
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metal. Whatever the source, whatever the method of
production, the same quantity of electricity constitutes
this minute unit of negative charge. How minute the
charge is can be, perhaps, best described by stating that
to carry the kind of current that flows through an or-
dinary electric lamp would rcquire the passage of a
million million million electrons every second. The
ordinary small 50-ampere-hour accumulator stores a
charge equal to that on a million million million million
electrons. So small is the atom of electricity.

Until recently a positive charge not associated with
matter has never been found. At the beginning of 1933,
however, the study of cosmic radiation by Anderson in
America, and by Blackett and Occhialini in England,
led to the discovery of an exact positive counterpart of
the electron, namely a particle not associated with
matter, possessing the extremely small mass of the
electron and a charge of equal magnitude, but positive.
Such a particle is called a positive electron, or positron.
The existence of positive electrons was established by
studying the tracks of particles which the cosmic rays
produce when they strike atoms. These tracks are
photographed in a Wilson chamber by the method
already described: when the chamber is in a strong
magnetic field, some of the tracks are found to look
exactly like the tracks of fast electrons, but to curve the
wrong way, indicating a positive charge. Positrons
have, since then, been produced in other ways, and
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there is at the present time no doubt of their existence.
That they were never observed until recently can be
explained on theoretical grounds, for the calculations
of Dirac lead to the conclusion that their free life is
very short, that is, that they disappear by conjunction
with a negative electron almost as soon as they are
produced. The method of their production is still
obscure, but it is probable that a positron and an
ordinary electron are produced together by the inter-
action of a cosmic ray, or other agent of very high
energy, with a nucleus, and that a positron is annihila-
ted by recombination with an electron. The positron
now plays an important part in atomic theory.

The positively charged particle which can persist in
the free state, and with which we have long been
familiar, is, however, an atom of hydrogen which has
lost one electron. The atom of hydrogen in its ordinary
neutral state has only one electron to lose, so that, when
deprived of this electron, it constitutes the lightest
positively charged atom of matter. It is further dis-
cussed in Chapter VII (p. 152), where it is explained
that it is the nucleus of a hydrogen atom, and is called
the proton. Its mass is about 1850 times that of the
electron.

When X-rays, for instance, pass through a gas, such
as air, they shake electrons from many of the gaseous
atoms, and produce an assembly of positively charged
atoms and electrons, the electrons, in general, being

114



CLOUDY CONDENSATION

picked up by other atoms which then have an electron
too many, and are negatively charged. X-rays, then,
and also other agents, such as swiftly moving electrons
or other particles, create in a gas a swarm of positively
and negatively charged atoms or molecules, such
charged particles being called ions, or ‘goers,” because
they travel when an electric force is applied. Now
charged particles of all kinds have a remarkable pro-
perty, which they share with dust particles: they act as
centres of condensation for the moisture in the atmos-
phere. The atmosphere may have more moisture in it
than it likes to hold : if there is nothing for actual tiny
drops to form on they do not appecar, and the air re-
mains clear, though super-saturated, as it is called, with
moisture. If dust particles, or charged atoms, or elec-
trons are present, then each one acts as a chair on which
the water can sit, and a fog of droplets is formed. The
dust in the atmosphere and the ions formed by the ultra-
violet light in the upper atmosphere, play a great part in
the rainfall. It is quite casy to produce an artificial
cloud in the laboratory by passing X-rays through air
containing more than its load of moisture, and such
clouds, in one form or another, have found a prominent
place in modern physics. For one thing, they furnish
the means of measuri_r}g the charge on the electron to
which reference has already been made. The formation
of a drop round a negatively charged particle gives us a
method of counting the particles, for the size of the
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minute drops can be estimated from the rate, a very
slow one, at which the cloud settles,! and the total
amount of water in the cloud can be obtained by weigh-
ing. The total charge on the cloud can be measured
electrically. By a device the cloud can be formed on the
negative particles only. It is clear that we can thus
obtain information enough to calculate the charge on
one negative particle—that is, the charge on one
electron. More recently Millikan has made the most
accurate measurement of the charge on the electron by
microscopic observation of the behaviour not of a cloud
of droplets, but of a single charged droplet about a ten-
thousandth of an inch in radius.

The property which charged particles have of acting
as centres of foggy condensation has been made by
C. T. R. Wilson the basis of one of the most ingenious
and sensational experiments in modern physics. When
an atom of helium discharged by a radio-active
element, say the particular element called Radium C,
dashes through the air, which it does with a speed of
about 12,500 miles a second, it knocks electrons out of
the atoms wholesale, and leaves a litter of charged
atoms along its path. Its path, like the path of a mini-
ature tornado, is marked by a track of destruction, and
our problem is to render the track visible. If the air, or

1 The clouds of the sky are, of course, subject to gravity and are
falling all the time, but they consist of drops so small that, owing to

the air resistance, the rate of fall is exceedingly slow, and in general
they turn to rain before they reach the ground as cloud.
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PLATE VI
C. T. R. WILSON’Ss METIIOD OF OBTAINING RAY TRACKS

(a) The apparatusin which the tracks are produced. The chamber
in which the expansion of the moist air takes placcis seen atthe top
on the right, the tracks being photographed through the glass top.
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for that matter any other gas, through which the rays
are passing, is damp (or contains saturated water
vapour, to use the more precise expression), and is then
cooled by a slight expansion, part of the moisture wants
to deposit, and utilizes the charged atoms or molecules
as starting-points on which to build drops, just as a lady
might use small sticks as centres on which to wind pieces
of wool. The result is that the path of the swift atom,
the so-called alpha particle, shot out by the Radium C,
is marked by a thin white line of fog, looking, against
the black background which is provided, like a line
drawn by a finely pointed white chalk. The line actu-
ally consists of a string of tiny droplets. Swift electrons
also produce charged particles along their paths, by
knocking electrons out of the atoms which they meet, so
that their paths are also made visible by this method.
Since X-rays also throw electrons out of atoms with con-
siderable energy, as we mentioned when discussing the
photo-electric effect, the path of a narrow beam of X-
rays is marked, not by a single straight line, but by a
tangle of white lines, each line being due to swift
electrons released by the X-rays, each of which produces
a track of its own. These tracks can be photographed
and studied at leisure. The actual time of passage
through the apparatus of the atom, electron, or X-ray
whose effects are thus studied is, speaking generally, a
thousand millionth of a second or so; it is the damage
which it leaves behind it that is utilized by the moisture
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and permanently recorded. Some of the striking
results which follow from C. T. R. Wilson’s method
are mentioned in Chapter VII.

Electricity is, then, like matter, granular in struc-
ture: the atom of electricity is the very small unit of
electricity called the electron. All electrical phenomena
ultimately come down to the behaviour of the electrons,
either singly or in swarms, but we are still very much in
the dark about many aspects of the way in which elec-
trons behave inside matter, although we have a great
deal of information as to their manners and customs
when free. The generation of wireless waves at a
broadcasting station, for instance, is a matter of encour-
aging a mass-migration of electrons first in one direction
and then in the other, tens of thousands of times a
sccond, in the wires of the aerials. The electrons are
the little handles, so to speak, by which we have a grip
on the ether, and can shake it, so as to produce the
waves in it. We do not know, however, the kind of way
in which the single electrons behave in the wire when
a current passes through it—how far they go, or by what
path among the atoms. At present the wire is for us
like an underground railway to a man observing a city
from a balloon: he can see a swarm of people entering
it at certain stations, and count them, and others com-
ing out at other stations, but how they get along, and
which people are reappearing at which places is beyond

his observation.
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The glow in discharge tubes, such as the neon lamp
now sold commercially, is a matter of the passage of
electrons through gases, of which we know more than
we do of the passage of electrons through metals.
X-rays, as we have seen, are generated when swiftly
moving electrons are suddenly stopped by hitting the
heavy atoms of a metal (platinum, or molybdenum
or tungsten) plate in an exhausted tube: this gives our
ether handles a very sudden jerk and starts a sharp pulse
of waves. The study of any feature of the clectric dis-
charge in exhausted tubes, or of the flames of the electric
arc light, brings us at once to a consideration of the
behaviour of the electrons present. The liberation of
electrons by a hot wire, and their subsequent control
by the clectric field between this wire and the ‘grid,’
is the esscntial function of the wireless valve. The
liberation of electrons in the upper atmosphere by
radiations from the sun is the fundamental cause of
the Heaviside layer, of the aurora borealis, and other
phenomena of atmospheric electricity. The electron
is the key to modern physics.

We know that a current flowing round a circuit pro-
duces a magnetic ficld. A charge of electricity in motion
is the same thing as a current, so that an electron mov-
ing round in an orbit of any kind will create a minute
magnctic force, and be equivalent to a tiny magnet.
The general magnetic properties of all substances can be
explained, in fact, in terms of electrons circulating in the
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body of the substance, which respond to magnetic fields.
The only substances which are popularly thought of as
magnetic are iron and steel, but, in fact, all substances
have magnetic properties. The elements cobalt and
nickel possess the same magnetic properties as iron in a
marked, if less, degree, and are said to be ferro-magnetic
(ferrum is the Latin for iron). The other elements are
so much less magnetic than iron that it requires very
delicate measurement to show their magnetic proper-
ties. With some of them, the so-called para-magnetic
substances, this slight magnetism is of the same kind as
iron, so that, for instance, a piece of the substance, if ex-
posed to a magnet, will try to approach it and move to
the place where the magnetic force is the strongest ; but
others, the so-called dia-magnetic substances, have op-
posite magnetic properties, in that they try to move to
the place where the magnetic field is weak. They
are repelled by the pole of an ordinary magnet, in-
stead of being attracted in the way to which we are
accustomed with iron.

The most important features of these different classes
of magnetic behaviour are accounted for by the theory
of electron orbits. There are, however, many charac-
teristic properties of magnetism which are still obscure.
One of the most striking facts is that magnetism is not a
property of the elements present in analloy, but depends
in some mysterious fashion upon the way in which they
act upon one another when juxtaposed in the solid state,
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For instance, alloys can be prepared which contain as
much as eighty-eight per cent. of iron and yet are not at
all magnetic, while other alloys, the Heusler bronzes,
which contain only metals which themselves are very
feebly magnetic, namely manganese, copper, and alu-
minium, are nearly as magnetic asiron. The important
and characteristic magnetic properties of the various
special steels, such as chromium steel, prepared nowa-
days cannot be calculated from the magnetic properties
of the substances they contain. Magnetism, then, does
not depend in general upon the kind of atoms present,
but upon the way in which they are arranged in a
crystalline structure within the substance—crystalline
structure, because every metal and alloy consists of
a mass of minute crystals. It is even true that the
magnetic properties of one and the same substance
depend markedly upon its crystalline structure, which
can be influenced by heat treatment. Manganese steel,
for instance, is tough, ductile and non-magnetic if it
is tempered by being heated and quenched in cold
water: it is hard and magnetic if heated and allowed
to cool slowly. The electron orbits in question must
take up their characteristic form and position under
the influence of the internal forces which govern the
crystal structure of the substance. When it is said
that the general magnetic properties can be explained
by the electron orbits, what is meant is that the way
in which temperature and other circumstances affect
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the properties can be explained, but we still do not
know why, for instance, ordinary iron should be so
characteristically magnetic: we do know that it is not
due to any property possessed by iron atoms under all
conditions, for, besides the facts already quoted,
certain chemical compounds of iron, such as iron
carbonyl, have the opposite properties to iron, and are
dia-magnetic. When we know something more about
the electron orbits in solids, and how they are in-
fluenced by neighbouring atoms, we shall, no doubt,
understand this. At present, however, it is one of the
most intriguing problems in modern physics.

122



CHAPTER VI
ABOUT THE QUANTUM THEORY

ANY of the most exciting of the recent develop-
ments of physics have been bound up with
investigations of the properties of the radiations which
travel through empty space, and, in particular, with
their relationship to matter. Radiations, of which
visible light is an example, are always started on their
voyage by some kind of minute electrical disturbance
in matter, and their arrival on matter of any kind is
always attended by electrical effects. Sometimes these
electrical effects can easily be detected, as, for instance,
the induction effects of the wireless waves of broad-
casting, which are primarily electrical before they are
converted into sound; the ionizing effect of X-rays on
the gases through which they pass; or the photo-
electric effect of ultra-violet light. In other cases, as
in the passage of light through glass or water, there is no
electrical effect of this obvious kind, although the action
of a magnetic field on the light during its passage shows
clearly what we should have expected from other
considerations—that electrical forces are in play.
Through the common friend, electricity, the behaviour
of radiation is inextricably mixed with the properties of
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matter; and the quantum theory, which is a theory of
radiation initiated at the very beginning of the present
century by Professor Max Planck, has made its influence
felt in every branch of physics.

To approach the theory we have to consider the
question of the energy of radiation rather more closely
than we have done hitherto, and, in particular, we have
to make ourselves familiar with something known to
physicists as a ‘black body,” which plays an important
part in many questions of radiation. In the first place,
however, it must be pointed out that surfaces which
absorb radiation well send out the same radiation
plentifully themselves if they are heated, while bodies
that do not absorb well radiate very poorly themselves.
For instance, soot or any dull black surface absorbs
practically all the radiation which falls on it, as is
clearly the case with visible light, while bright tin,
which reflects so well, can clearly absorb very little. If]
now, two vessels of exactly the same size and shape—
say quart kettles—be taken, one of iron which is covered
with soot, and the other of bright tin, and boiling water
be poured into each, the water in the sooty kettle will
grow cold quicker than that in the other kettle, because
more energy is radiated away by the black surface.
Similarly, the best vacuum flasks, for keeping hot
liquids hot and cold liquids cold, are always silvered:
if the flask contains cold liquid, we have the advantage
that the silver reflects radiation falling on it from
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outside, or, in other words, absorbs very little radiant
heat, while, if the flask contains hot liquid, we have
the advantage that the hot silver radiates very badly, so
that very little of the heat is lost by radiation. Theideal
‘black body’ of the physicist is one that absorbs com-
pletely every kind of radiation falling on it, and so must,
if heated, radiate as much of every kind of radiation as
possible, more than any other kind of body at the same
temperature would radiate. Of course, we cannot coat
a body with soot to make a ‘black body’ of this kind,
for the soot would burn off when the body was strongly
heated. Certain metal oxides are black, and also resist
heating, and so can be used to prepare a black surface,
but theory shows that the best way to realise the ideal
‘black body’ is to make a closed vessel of some heat-
resisting material—of, say, iron, or, if higher tempera-
tures are needed, of special porcelain—heat the vessel
strongly from outside, and let the radiation come out from
the inside of the closed vessel through a small hole. In
a general way it can easily be seen why this acts as a
‘black body.” A perfect absorber becomes, if hot, a
perfect radiator. A small hole in a hollow vessel,
especially if the interior of the vessel be blackened, acts
as a very good absorber, for the radiation which passes
through the hole gets scattered about inside and never
comes out again. For instance, an open window in a
white house-front looks a perfectly black square on a
sunshiny day: the sunshine is reflected from the white
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wall, which looks bright, but, passing through the hole
into the room, is weakcned at every encounter with
objects there, and very little escapes again out of the
window. The glowing heart of a furnace is an ideal
radiator, for it is practically a small hollow surrounded
by glowing bodies all at one high temperature.

The paradox of the term ‘black body’ appears when
we consider what happens when we heat the walls of
our iron vessel red hot, or even white hot. A bright
light comes out of the hole, and yet we call this ‘black
body radiation.” All that is meant is that it is the kind
of radiation which comes from a body that, since it
absorbs all radiation that falls on it, presumably sends
out, when heated, as much radiation of every kind as
possible. The term ‘complete radiation’ or ‘full
radiation’ probably expresses to the layman more
clearly what is meant, but the term ‘black body
radiation’ is so widcly used—and gives rise to so much
misunderstanding—that this word of explanation has
been offered.

Some very interesting questions arise in connection
with the radiation from a full radiator, or black body.
Since we have in such a hot body a source of radiation
which has no prejudice in favour of any particular kind
of light, red, green, blue, or invisible, since it absorbs all
equally, we should like to know how it distributes its
energy among the different possible wave-lengths, for
that would clearly tell us something about the relation
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between matter and radiation, just as, if one had a
completely unprejudiced Chancellor of the Exchequer,
the way in which he distributed money to the different
State activities—so much to the armed services, so much
for education, and so on—would tell us much about
the relation between money and the State.* When
experiments are made, it is found that at every partic-
ular temperature the hot body sends out a whole range
of wave-lengths, a whole spectrum. When the body is
very hot—white hot—it radiates sufficient to be seen of
every kind of light in the visible spectrum: when it is
only moderately hot—say at the tempecrature of
boiling water—it does not give out any visible light (a
boiling kettle is not visible in a dark room), but
nevertheless it does give out infra-red radiation.

There is a perfectly simple rule by which to
understand the general nature of the changes in
radiation that take place as the body is heated: the
hotter the body the more the short wave-lengths
predominate. Thus a poker at the temperature of
boiling water is invisible in the dark: all its radiation
is in the infra-red. When it is heated, the boundary of
the radiation creeps towards the red, until, when it is
about 5oo degrees Centigrade, some visible red is
included, and the poker is feebly red hot. As it is

1 The analogy is not a very good one, because every Chancellor of
the Exchequer, unprejudiced or not, is a black body who absorbs fully

all the radiation, that is, money, that comes his way, however differ-
ently he may radiate it.
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heated still more, more visible rays are added to the
spectrum of the radiation, and the poker appears orange
and then yellow hot, and, finally, even a little blue is
sent out along with the other rays, and the poker is
white hot. Allthe time most of the energy is in the infra-
red, but the place of greatest energy tends to approach
the visible spectrum. A poker is not, strictly speaking,
a ‘black body,” but behaves sufficiently closely to one to
illustrate our point. A body as hot as the sun gives out
most radiant energy at a place in the visible spectrum:
a body immensely hotter would give it out in the blue,
or, if hotter still, in the ultra-violet.

Careful measurements made with full radiators in the
laboratory show exactly how much radiant energy of
each wave-length is sent out at different temperatures:
at any one temperature they furnish a kind of census of
the number of units of energy of given wave-length, just
as a population census furnishes, for any one country,
the number of people of each given age. Different
countries, where the distribution is different, corre-
spond to different temperatures. Now, before the
quantum theory was put forward, there was no idea of
natural units of radiant energy; it was believed that we
could have any amount of energy, as small as we
pleased, radiated by a hot body or a luminous atom.
It could be shown mathematically that, if this were
true, we should expect a hot body to radiate all its

energy in the violet and ultra-violetend of the spectrum,
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which we know to be untrue. No theory based
on the older ideas gave any proper account of the
radiation of the unprejudiced ‘black body,” which
bccame, at the end of the past century, the bugbear of
the physicist.

The problem was solved in the first year of the
present century, when Planck showed that, to get the
right result, it was necessary to make a revolutionary
hypothesis: that radiant energy is sent out in packets,
as it were, in units or atoms of energy, just as matter
exists in atoms. We cannot have less than an atom of
lead, say; any minute piece of lead must consist of a
whole number of atoms. We cannot have an electric
charge of less than an electron. In the same way, we
cannot have less than a unit—or quantum, as it is
called—of radiant energy, and any body that sends out
or absorbs radiation must deal with one quantum or a
whole number of quanta. Radiant energy is dealt
with in grains, not in infinitely divisible quantities.

The little parcel of light of one wave-length in which
radiant energy is delivered is sometimes called a ‘light
dart,” sometimes a photon. The photon is simply a
quantum of radiant energy, the only object of some-
times using the new term being that ‘quantum’ is a
more inclusive term, which can be applied to other
things as well as light—for instance, to the vibration of
whole atoms and molecules.

The quantum of radiant energy differs from the
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quantum of electricity, the electron, in a very import-
ant way. The amount of charge is the same on all
electrons: there is but one unit. This unit of radiant
energy, however, is different for every different kind—
that is, for every different wave-length—of radiation.
It is, in fact, proportional to the frequency, so that the
quantum of energy of extreme visible red radiation is
only half that of the extreme visible violet radiation,
which, as we have said before, has double the frequency.
The quantum of an X-radiation is very much greater
than the quantum of any visible radiation. It is as if
we could only buy things in fixed quantities, but that
the minimum quantity varied with different things:
pumpkins by the pennyworth, peaches by the shilling’s-
worth, gold rings by the pound’s worth, diamonds by
the five pounds’ worth. The unit of price, increasing
as the size of the article diminishes, corresponds to the
quantum of radiant energy increasing as the wave-
length diminishes.

Light, then, or radiation in general, has a packet
property as well as a wave property, and this is one of
the paradoxes of modern physics. Newton’s conception
of light was a stream of particles, which he endowed
with something in the nature of pulsating properties in
an attempt to account for certain phenomena which
we can now easily explain on the wave theory. If
white light contained particles of all sizes, correspond-
ing to all the different colours (or wave-lengths, as we
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now say) which it contains, it would be fairly easy to
imagine the amount of energy in each particle to de-
pend upon its size, and the quantum, or atomic, nature
of the energy would be a natural consequence. To
account for what we observe to-day, however, we have
to suppose that light behaves under some conditions
as a stream of particles, each of which has a fixed
energy, and under others, described in Chapter IV.,
a wave motion. All that can be said in excuse is that
we know by experience just when to treat it as a wave
motion to get the right results, and when to treat it
as a quantum, just as the weather-wise know when to
take out an umbrella and when to take a light hat. It
would be more satisfactory to be able to adapt a
uniform line of conduct, but it is not in general
practicable, although at the present time an advance
is being made towards a scheme by which all matter
has wave properties, and the wave and quantum pro-
perties of radiation are reconciled. The new theory,
called the method of wave-mechanics, receives further
mention in Chapter VII.

If the question of ‘black body radiation,” which led
to the quantum theory, were the only place where the
need for it was felt, then the theory might be kept in
the background, and only trotted out on special occa-
sions. There is, however, a whole series of important
observations in different parts of physics that seem to
demand the quantum theory naturally. Take, first of
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all, the photo-electric effect. We have seen that, when
light or any radiation of short wave-length falls on a
metal, electrons are shot off, the number depending on
the strength of the light, but the speed on the kind of
light. If the radiation is done up in packets of energy,
and the energy can be expended in pushing out elec-
trons, then clearly we should expect each atom of light
cither to throw out an electron with a definite speed,
or to do nothing, but not to throw out an electron with
some lesser speed. According to the quantum theory,
a short wave-length—that is, a high-frequency radia-
tion—should therefore throw out electrons of speed
much higher than that of those ejected by radiation of
long wave-length. This is just what is observed: red
light does not eject electrons at all, violet light shakes
them out with a small speed, ultra-violet light produces
greater speed, and X-rays throw out very fast electrons.
Red light, the quanta of which are very small on
account of its low frequency, has no effect, because a
certain minimum energy is required just to jerk an
electron out of an atom; the energy of the red quanta
is less than this minimum. Allowing for the small
energy required just to free the electron, the energy
which the electron acquires can be shown experiment-
ally to be exactly proportional to the frequency of
the radiation. This is now so well established that,
in cases where it is difficult to measure the frequency
of very short ultra-violet waves by ordinary means,
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the energy of the electrons which they eject from
matter has been determined, and taken as a measure
of the wave-length. The same method has been
applied to the exceedingly high-frequency gamma rays
of radium.

The quantum theory is applied, not only to radiation,
but to any atomic process that has periodic properties,
or, in other words, that repeats itself with a frequency
of so many times a second. The spinning of an atom
or molecule round an axis, like a top, is such a property.
According to the quantum theory, a spinning body can
only revolve at certain speeds, and, in particular, can-
not revolve very slowly—it can either not spin at all, or
must spin at the first permitted speed; just as, if all we
demanded of a clock was that it should show twelve
o’clock at mid-day, it might either be stopped, or the
hour hand might revolve once, twice, three times, or
any whole number of times in twenty-four hours, but
not at any intermediate speed. The consequence of
this extraordinary restrictive law is that, if we have a
gasatlow temperature, where the molecules collide with
one another comparatively gently, it is only occasion-
ally that one will spin at all, the blows generally experi-
enced not being sufficient to give a molecule the slowest
spin permitted. The consequence is that to raise the
temperature of the gas we do not have to give much
more than the energy required to make the molecules
rush about more vigorously. At higher temperatures,
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however, where the motion is more vigorous, the colli-
sions are sufficiently vigorous to spin most of the mole-
cules at the least rate allowed by the quantum theory,
and in consequence we have to supply energy, not only
to make the molecules hustle along their paths, but also
to spin them. This would indicate that it requires less
heat to raise the temperature of a gas one degree if it
is cold than to raise it by the same step of temperature
ifit is hot. This is, in fact, what we find by experiment
to be the case.

This effect is even more pronounced with solid bodies.
The result of two different methods of calculation which
apply the quantum theory to the vibrations of a solid is
the same, namely, that to warm a body when it is ex-
ceedingly cold requires next to no heat compared to that
required to raise its temperature by the same amount
when it is hot. This is in accordance with the striking ex-
periments mentioned in Chapter II., which have shown
that, in actual fact, the quantity of heat which raises a
pound of copper, say, by one degree when the copper is
at ordinary room temperature, will raise the same pound
of copper by more than 20 decgrees if we start at 250
degrees Centigrade below the melting-point of ice. The
agreement between observed fact and the predictions of
the quantum theory is very close when the consequences
of the theory are worked out in detail.

Wherever we find atomic or molecular oscillations of
any kind, the quantum theory holds sway. Within the
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atom we have electrons tracing out orbits which repeat,
themselves in a general way with certain definite fre-
quencies: as we shall see in the next chapter, the quan-
tum theory accounts for the kind of light they give out.
In gases, the molecules spin round and round as well as
rush to and fro: the quantum theory not only explains
the response of the atoms to heat, but also to light. The
spins, or oscillations, of ordinary visible bodies—tops
and fly-wheels and projectiles—are, however, not
affected by the quantum theory, since the behaviour of
the single atoms is not here in question, any more than
the atomic theory appears in the weight of such bodies.
The weight can only vary in steps, since we cannot have
any smaller weight than that of one atom, but these
steps are very much too small to be noticeable when we
are dealing with bodies composed of millions of millions
of millions of millions of atoms, and we appear to be able
to change our weight at willin a continuous manner. In
the same way, quantum spins are very much too small
to make themselves felt in any engineering problems,
or they would have been detected long ago.

The quantum theory is typical of modern physics, in
that it is a case where a special mechanics is applied to
atomic processes. In the physics of the past century,
now known as ‘classical physics,’ atoms were always
treated as minute bodies, obeying the ordinary laws
of mechanics which have been found to govern the
behaviour of objects of ordinary size—or macroscopic
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objects, as they are often called, in contrast to micro-
scopic, or sub-microscopic, objects. Radiations were
supposed to be waves in a special subtle medium, the
ether, it is true, but their properties were deduced by
analogies drawn from the behaviour of such waves and
vibrations as can be actually seen or detected in real
media, such as air, or water, or solids. To-day, the re-
sults of our experiments have forced us to the conclu-
sions that the laws of motion of atoms and of their parts,
and the rules governing the radiations which they send
out and absorb, are in many respects of a special kind
which can only be found out by trial and repeated com-
parison with the phenomena themselves. There never
was, after all, any reason to suppose that the behaviour
of the parts of an atom should obey the same rules of
mechanics as the parts of a machine, or as the parts of a
solar system, any more than there is any warrant for
supposing that the psychology of a crowd reflects that
of the individuals composing the crowd. It must, of
course, ultimately be possible to work out the behaviour
of matter in bulk from the behaviour of the individual
atoms, once we know their laws; and of radiation in
bulk from the properties of the packets, or quanta, of
radiation, although we have found that the reverse—
the deduction of the behaviour of the tiny units from
that of the bulk—is not possible. At present, how-
ever, it is simplest to remember that matter in weigh-
able lumps, and radiations as ordinarily detected, obey
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the ‘classical’ laws of mechanics, electricity, and
optics, while, for processes concerning single atoms
and their little parcels of radiation, special laws hold, of
which the quantum theory embodies some of the most
important.
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CHAPTER VII
ABOUT THE ATOM

AVING now taken a brief glance at the subject mat-
H ter of physics, and considered some of the results
of the intense work, in laboratory and study, of the last
thirty years, we now come to treat of the atom, which is
in itself the epitome of that work. To consider the
nature of heat it was sufficient, for our purpose, to treat
atoms and molecules as little units of matter which are
in continual agitated motion. When the generation of
light, and of radiation in general, is in question, we
must, however, go further, and inquire about the
structure of the atom itself, which is also deeply in-
volved in modern considerations of electricity. In the
older chemistry, atoms were taken as little unbreakable
particles endowed with certain forces of chemical at-
traction or ‘affinities’: to-day chemical theory is more
and more finding its expression in terms of the detailed
structure of the atom, and, in particular, of the elec-
trical forces whose nature is fixed by that structure.
Even in the science of heat certain of the finer details
require us to cease to regard the atom or the molecule
as a mere particle, and to invoke the information as to
atomic structure which has been recently won. The
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further the study of this structure is pushed, the wider
becomes the field in which it is seen to be applicable,
and the more chemistry and physics tend to become two
closely allied branches of one science.

Up to the close of the nineteenth century, the ac-
cepted view was that matter consisted of atoms, but that
to every element corresponded a different kind of atom,
which had nothing in common with the atom of any
other element. All atoms were supposed to be un-
breakable, indestructible, and of the same nature all
through, like a jelly, and not patchy like a currant pud-
ding—homogeneous, as the man of science prefers to
say. Professor Clerk Maxwell, the greatest theoretical
physicist of his time, called them ‘manufactured arti-
cles,” meaning that once they were made in the begin-
ning they persevered unchipped and unchanged
through all time. Itis true that more than a hundred
years ago the chemist Prout had suggested that all
atoms might be structures built of hydrogen atoms, but
this supposition had been dismissed because accurate
determinations of comparative atomic weights showed
that the weights of the different atoms were not a whole
number of times the weight of the hydrogen atom—
chlorine, for instance, has atomic weight 35.46 and not
exactly 35 or 36, as Prout’s theory would lead one to
suppose, the weight of the hydrogen atom being 1.

The idea that atoms might have parts arose again
round about the beginning of the present century, when
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the existence of the electron had become thoroughly
established, for identical electrons can be produced
from all kinds of matter, as described in Chapter V.,
and they are so much lighter than atoms that many of
them can be contained in an atom without affecting the
weight sufficiently to be detected. The problem re-
mained as to where the positive electricity in the atom
could be located, and as to what gave the atom weight,
for an atom would have to contain thousands of electrons
if these were responsible for its total weight. These

were the questions answered in a general way by
Lord Rutherford in 1911, and subsequent work has

but confirmed and extended his conclusions.
Rutherford arrived at the modern conception of the
atom as a result of studying the passage of alpha
particles through very thin sheets of metal. These alpha
particles are positively charged atoms of helium which
are shot out spontaneously by certain radio-active
elements: the particles from any one kind of element
all have, broadly speaking, the same velocity, round
about ten thousand miles a second, and, on account of
this velocity, a very high energy,* much greater than
that which we can give to atoms in the laboratory by
any arrangement of voltages at our disposal. Nature

11t is true that a single particle has an energy of only a million-mil-
lionth of a foot-pound, but this means, nevertheless, that one ounce of
alpha particles would have an energy of nearly a hundred thousand
million foot-pounds, which is considerably more than the energy of the
projectiles in the broadside of a modern battleship.
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thus provides us with a stream of minute atomic
projectiles with which we can test the properties of
matter. Rutherford’s experiments were directed to
find out how such flying particles were scattered by
atoms put in their way. He found out that while most
of them were but little turned aside from their original
path by a gold leaf, or other metal foil, which they
traversed, yet occasionally a particle was deviated
through a very large angle, even, in extreme cases,
coming out of the foil again on the same side by which
it entered.

To appreciate the deductions to be made from this,
let us suppose a man firing rifle bullets through a
wooden wall. The bullets will be a little turned from
their path by irregularities in the wood, but will pro-
ceed on the whole much in the original direction. If
now, the rifleman finds that occasionally a bullet is
turned aside through an angle of fifty or sixty degrees
say, that every now and again one comes back and
nearly strikes him, he can only conclude one thing—
that the wooden wall contains small lumps of iron, or
other comparatively impenetrable substance, which are
struck, more or less directly, from time to time, and
register their presence on the path of the projectiles.
In the same way, Rutherford concluded that his experi-
ments showed that atoms must contain small impene-
trable centres capable of turning the swift alpha
particles aside through large angles. Calculation
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showed that every alphe. particle must pass right
through hundreds of atoms in traversing the foil, so that
the small deflection of the average particle must merely
be the result of a number of tiny disturbances, but
calculation shows equally that it is beyond all pro-
bability that the very large deflections can be made up
of such small pushes, chancing to occur all in the same
direction. In experiments of this nature general
reasoning is far from being sufficient; everything must
be controlled by precise mathematical computation of
the size of the effect to be expected, and a comparison
with the quantities measured in the experiment.

The agreement of Rutherford’s results with the
calculations made on the supposition that atoms con-
tain repellant cores, as it were, which turn aside any
alpha particle which happens to strike or come near to
any one of them, was sufficient to convince the scientific
world of the truth of his conception of atomic structure.
His experiments were carried out by putting in the path
of the alpha particles which had passed through the foil
a little screen of a phosphorescent material: when a
particle strikes this material its energy is sufficient to
produce a tiny scintillation of light, which can be
observed through a microscope. By this method only
the position of the arrival of the particle is registered,
not its whole path. Luckily, C. T. R. Wilson has given
us a way, described in Chapter V., of registering the
path of an alpha particle through a gas, by depositing
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tiny drops of moisture on the atoms which it deranges
in its path. Photographs of the tracks of alpha particles
show that, while most of them are only slightly bent,
every now and then one is violently turned from its
path at a sharp angle, while at this angle another track
leads off, so that the path appears to fork into two
prongs. One of these prongs is the path of the particle
itself, deviated by striking the nucleus of an atom of the
gas: the other prong is the track of the nucleus, which is
struck so hard a blow that it itself rushes through the
gas, producing a similar effect in its passage to that of
the particle itself. The number of forks in a given
number of tracks, and the angles of the prongs, agree
closely with what Rutherford’s theory leads us to expect.
We can, then, in this way photograph the tracks and
collisions of particles so small that a million million of
them side by side would only extend over a fraction of
an inch, and so light that a million million million of
them would not weigh as much as a grain of dust. We
detect them by taking advantage of their tell-tale
electrical effects.

These different experiments, then, show that within
the atom there must exist some very minute centre of
force, comparatively massive so as not to be brushed
aside by the flying particle—a stone in the atomic plum.
This is not, perhaps, a very good comparison, for the
atomic stone, or nucleus, as it is called, has a diameter
only about a ten thousandth of that of the atom, but it
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has practically all the mass of the atom. The nucleus is
positively charged, so that it neutralizes electrically
the negatively charged electrons which make up the
rest of the atom. It is in virtue of its high charge of
positive electricity that the nucleus can turn aside the
very swift alpha particle through a large angle. As
its charge is of opposite kind to the electricity of the
electrons it attracts them, but they do not fall into it,
any more than the planets fall into the attracting sun:
in both cases the motion of the lighter body round
the more massive central body provides a tendency to
fly off which just counterbalances the attraction. The
atom is, in fact, a kind of solar system, except that,
whereas the planets that circulate round the sun are
all roughly in one plane, the orbits of the electrons
that circulate round the nucleus have, in a heavy
atom, where there are plenty of them, planes which
lie in many different directions.

Before we pass on, let us consider the general picture
which we must now form of an atom. At the centre we
have a nucleus which, if we magnify it a million million
times, will be about the size of a pea. It must not, of
course, be thought of as a definite body like a small pea,
but rather as a centre of electric force pervading the
surrounding space. What we mean by the size is that,
when we approach from outside the boundary which
takes the place of a surface, the force suddenly becomes
very great. If we had a very strong fire nobody would
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approach nearer to it than a certaindistance: thiswould
mark out a kind of limit, though there would be no
actual wall there. Itis in this sense that we speak of a
boundary and asize for the nucleus.

Around this nucleus clusters a swarm of electrons,
moving in orbits, some closer, others further out, the
number and arrangement depending on the kind of
atom. In the case of the heaviest atoms there are about
ninety of them. These electrons occupy a space which,
when magnified like the nucleus a million million times,
would be about a hundred yards across. They occupy it
not as water occupies a tank, but in the sense that they
patrol it like a guard. They prevent the electron patrol
of other atoms from entering, and this patrolled sphere
we therefore call the size of an atom, since two atoms
brought together by ordinary collisions will bounce off
from one another as soon as these loosely occupied
spaces touch. When, however, a very energetic
particle, like an alpha particle or a swift electron,
encounters an atom it can break right through this
electron patrol which we ordinarily call the atom,
experiencing only small deflections where it passes very
near to one of the electrons. In the ordinary case, the
nucleus being so small, the particle will pass right
through the atom without much ado, but should it, as
happens now and then, pass near the massive and
forceful nucleus, it will swerve aside like a raider
approaching a powerful fortress. The atom is, then,
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mostly empty space, and what is not empty space is
centres of electric, and probably magnetic, force—a
very strong centre of force at the middle, and weaker
centres of oppositely directed force moving in the outer
parts.

If one of the thin gold leaves of Rutherford’s experi-
ment were magnified until it was a mile thick, the
atoms would be about a yard across, practically
touching one another, but the nucleus at the centre of
each atom would be about the size of a small grain of
dust, a thousandth of an inch or so across. An alpha
particle, much the same size, on its way through this
layer so sparsely populated with nuclei, would have to
pass within four-thousandths of an inch of a nucleus to
be turned aside through forty-five degrees, so it can be
easily understood that only an occasional particle is
deviated through a large angle. It is, however, the
existence of these occasional particles that provided the
clue to the atomic mystery.

The number and general arrangement of the elec-
trons in the outer parts of the atom in its normal state
depend upon the size of the positive charge on the
nucleus. Chemical action between atoms must be an
affair of the electrical forces in the outer parts of the
atom, which forces are not the same all round in all
directions, but are patchy and peculiar to the kind of
atom, on account of the arrangement of the electron
orbits, which have certain known directions. We may
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thercfore say that the size of the charge on the nucleus
fixes the chemical properties of the kind of atom in
question.

We have frequently had occasion to speak of the mass
of atoms. Until recently this could only be found by
chemical means. In certain compounds two different
elements combine in the proportions of one atom of
one to one atom of the other, so that by weighing in a
delicate balance the amounts that actually combine,
we can find the relationship of the weight of one kind
of atom to the weight of the other kind. Knowing the
weight of an atom of one element, say hydrogen, which
can be estimated by special methods, glanced at when
we were discussing Brownian motion in Chapter II.,
the weights of all other atoms can be found by studying
suitable chemical compounds, and these weights are the
so-called atomic weights tabulated in all books on
chemistry. One atom is taken as standard, namely,
for special reasons, oxygen, whose weight is called 16,
and the weights of the others are given in comparison.

It must be noted, however, that the quantities which
we actually weigh consist of millions of millions of
millions of millions of atoms, so that what we are really
finding is an average atomic weight. Of course, if all
atoms with the same chemical properties should weigh
the same, as was tacitly supposed until recently, the
average would give us the same results as an individual
weighing. If we have two bags, one containing a million
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pence and the other a millionshillings, weighing the bags
will give us therelative weight of a penny and a shilling,
supposing all shillings and all pennies to weigh thesame.
If, however, shillings minted in different yearsshould be
different in weight, although they all have the same
purchasing power (which corresponds to chemical
property in our atoms), then all we have found is the
average weight of a shilling in terms of that of a penny.

Now, one of the most important series of researches
performed since the war is that by which Dr. F. W.
Aston has found it possible to dctermine the masses of
individual atoms. In discussing the electron we have
already pointed out that a stream of charged particles
in a vacuum tube is equivalent to a current, and is
deviated from its course by a magnetic force or an
electric force. Theforce on one of the particles depends
upon the charge on it: the deviation which the force
produces depends on the mass and upon the speed with
which the particle is moving, just as if a ball is hit across
a wind the amount which it is blown aside will depend
upon the mass of the ball and upon its speed (supposing,
so as to get the force produced by the wind the same,
that the balls are the same size in all cases). A golf
ball is clearly less affected than a ping-pong ball, and
a fast golf ball less than a slow one. It is easy to pro-
duce a flight of charged atoms in an evacuated tube,
cither by introducing the kind of atoms required as the
trace of gas which remains in the tube, or by putting
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them as a solid compound on the positive electrode.
Using a special arrangement of electric and magnetic
forces, which correspond to two different kinds of wind
blowing upon our ball, and knowing the charge upon
the flying atom, which can be deduced from other con-
siderations, the mass of the atom can be calculated from
the amount which it is swept aside from its original
path. This amount can be observed, because, luckily,
the flying atoms leave their mark upon a photographic
plate, set up as a target. If there are atoms of two
different masses present their paths will be separated
out, like the path of the golf ball and the ping-pong
ball in the wind.

Aston’s apparatus is, in a sense, a kind of electro-
magnetic scales for separating out atoms according to
their weights, and dropping them into the appropriate
places. By its aid he has established an astonishing
fact that was suspected, but of which the generality
was not realized, just before the war—namely, that the
majority of chemical elements do not consist of identical
atoms, but of a mixture of atoms which, while having
the same chemical properties, have different masses.
Thus chlorine, with its atomic weight 35.46, contains
atoms of weight 35 and others of weight 37, the pro-
portions being such as to give the fractional atomic
weight 35.46. Other elements contain atoms of many
more than two different weights: for instance, zinc,
of atomic weight 65.33, is a mixture of atoms of weight
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64, 66, 68, 67, and 70, the kind of which the greatest
numbers are present being given first in this list.
This discovery can be summarized by saying that
most chemical elements are mixtures of isotopes,!
isotopes being the name given to atoms having
the same chemical properties, but different atomic
weights.

Perhaps the most remarkable case of isotopes is
provided by the recent discovery of ‘heavy hydrogen.’
As a result of detailed investigation of certain slight
apparent discrepancies in Aston’s extremely accurate
measurements on oxygen and hydrogen, it was found
that there exists an isotope of hydrogen whose mass is
twice that of ordinary hydrogen. The actual discovery
of the new isotope was made by Urey, Brickwedde and
Murphy. In the case of no other element do we have
different isotopes whose masses bear so large a ratio to
one another: with lithium, for instance, the isotopes
have masses 6 and 7. Atoms of heavy hydrogen,
then, behave chemically like atoms of ordinary hydro-
gen, but are double as heavy. The atoms are called
‘deuterons,” and heavy hydrogen gas is called ‘deuter-
ium.” Ordinary hydrogen gas contains about 1 part
in 30,000 of deuterium. Any chemical compound
which contains ordinary hydrogen can, in principle,
be prepared with heavy hydrogen in its place—as

1 Isotopes is derived from Greek words meaning ‘the same place,’
namely, in the periodic table, a place in which corresponds to definite
chemical properties,
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examples of heavy hydrogen compounds we may cite
heavy water and heavy benzene. Since the hydrogen
in ordinary water constitutes about one-eighth of the
mass of the molecule, the molecule of heavy water
weighs about 11 per cent more than the molecule of
ordinary water, and the measured density of heavy
water is, in fact, 1.107. The physical properties of
heavy water, which can now be prepared in relatively
large quantities,? are markedly different from those of
-ordinary water: the boiling point is, for instance,
101.4°C. The remarkable rumour current, at the
time of its discovery, in the popular Press, that heavy
water was a very deadly poison, seems to be, however,
entirely without foundation. Experimenters have both
tasted and swallowed it: they report that it tastes
exactly like ordinary water, and has no ill effects.

Deuterons have been extensively used as atomic pro-
jectiles to effect atomic transmutations, and have
proved particularly fertile in new results, as is discussed
later.

The discovery of isotopes brings a great simplification
into the study of atomic structure, for, as is illustrated
by the examples given, when the isotopes themselves
are considered, it turns out that all atomic weights are
very close to whole numbers; the fractions which appear
when the ordinary chemical elements are investigated
occur mainly because these elements are mixtures. It

;1 An ounce of heavy water (99 per cent pure) costs about £9 (1936).
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therefore looks as if the heavy part of all atoms of differ-
ent kinds can be built up of simple particles of one
mass—namely, the mass of the hydrogen atom.* We
arrive, therefore, at the conclusion that the nucleus of
a hydrogen atom, which is a particle with a positive
charge of the same magnitude as the negative charge
on the electron, is of special importance for atomic
structure. It has received the special name of proton.

We now go a step further. If the nucleus consisted
of nothing but protons, an atom weighing 35 times as
much as a hydrogen atom would have a charge of 35
units, and would hold round it g5 electrons in the body
of the atom itself. It is found, however, that in general
the nuclear charge of positive electricity is far less than
the atomic weight of the atom in question. For instance,
both chlorine atoms, of weight 35 and 37 respectively,
have a nuclear charge of 17. This is easily explained
if the nucleus contains, intimately associated with its
protons, electrons of its own, quite distinct from those
extra-nuclear electrons, as we may call them, which
circulate round it as the planets do round the sun. The
electron has a mass only about a two thousandth of
that of a proton, so that their presence does not appre-
ciably affect the weight of the nucleus. We now see a
possible explanation of the existence of isotopes. The
positive charge on the nucleus fixes, as we have seen,

1 The nucleus of the hydrogen atom actually weighs slightly more
than the unit which appears in the heavier nuclei, but there is a reason
for this, somewhat too complicated to be considered here.
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the chemical properties of the atom, so all the isotopes
of one element must have the same nuclear charge, but
different masses. If to a nucleus we add one proton
and one electron we do not alter the nuclear charge,
sincethe positive and negative charges added annul one
another, but we do add one unit to the mass.

It was by considerations of this kind that the existence
of isotopes was explained until recently, and it is true
that this way we can, on paper, associate any nuclear
mass with any nuclear charge—that is, with any
chemical properties—we like. It is now believed, how-
ever, on theoretical grounds, that the electron cannot
exist in the nucleus, and the existence of isotopes is
explained in terms of a new kind of particle, which was
discovered in 1932, the so-called neutron. The dis-
covery of this particle was the result of work by Bothe
and Becker in Germany, and of I. Curie and Joliot in
France, but the first clear recognition of its nature is
due to Chadwick in Cambridge, who is entitled to
rank as its discoverer.

A neutron is a particle which has the same mass as
the proton, but which, unlike the proton, carries no
electric charge. It is produced when alpha particles
strike the nucleus of certain kinds of light atoms, in
particular beryllium, so that it would appear to be
contained as a feature of nuclear structure. Owing to
its lack of charge, the neutron is not acted upon by
electrical forces, such as those which prevail in the
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neighbourhood of ‘atoms, and this neutrality gives it
extraordinary properties. For instance, neutrons can
pass -through a block of lead one foot thick, and they
hardly produce any ionization, so that their presence
cannot be directly detected either by electrical instru-
ments or by the Wilson chamber. They may, how-
ever, be detected by the behaviour of particles which
they strike out of atoms which they encounter, for these
particles are themselves electrified and, when moving
rapidly, produce ionization, so that they can be
detected in the usual way. In much the same way the
wind cannot be seen by an observer looking out
through a window, but its presence and properties,
such as its speed, can be detected by the behaviour of
particles which it blows along.

Although neutrons have not yet been produced from
all nuclei, there is much evidence to show that they
form a part of all nuclear structure, and it is in terms
of neutrons and protons that the existence of isotopes
is now explained. The number of protons in a nucleus
gives the positive charge; the neutrons which it con-
tains each add one unit to the mass, but leave the
positive charge unaffected. Isotopes of a given element,
therefore, all contain the same number of protons, but
different numbers of neutrons. If there were no restric-
tions, the number of isotopes of each element might be
very large. Nature clearly has certain rules which
prevent the number of neutrons associated with a given
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number of protons exceeding certain limits, both high
and low, but even so, some elements have a very large
number of isotopes. Mercury, for instance, possesses g,
and tin 11.

It must be emphasised that the existence of protons
and neutrons as constituents of nuclear structure has
been abundantly proved by experiment. Reference
has just been made to the way in which neutrons can
be driven out of nuclei by alpha particles. Many years
before neutrons were discovered Lord Rutherford
had shown that, by bombarding the atoms of light
elements with a hail of alpha particles, protons can
be knocked out of them. In this way the nucleus of
another kind of chemical atom is manufactured. An
actual transmutation of the element is effected.
The methods used by Rutherford and his followers
detect the rupture of single atoms, and comparatively
few atoms are transformed in each experiment.
The transmutation experiments never produce a
weighable quantity of any new atom, but they establish
the possibility of the transmutation. Atoms, it now
appears, are not unbreakable; they are not discrete
entities without physical parts, but are structures with
which we can tamper, and with the construction of
which Nature has no doubt been playing in the past,
and is still playing in the stars. It is this breaking of
atomic nuclei that is meant when there is talk of
‘breaking the atom.’ Strictly speaking, to break an

155



THE ATOM

atom, in the sense of brezking off some of the outside
electrons, is the easiest thing in the world. It is going
on in every flame and in every electric lamp, as we
shall see, but when this happens the atom repairs itself
by taking up other electrons. No permanent change is
made. It is the innermost nucleus, which dictates the
structure of the rest of the atom, that is so hard to
injure.

These protons and neutrons which exist within the
nucleus can combine to form minor units. The
alpha particle itself, which is the nucleus of the atom of
helium, consists of two protons and two neutrons
closely combined. Such alpha particles are discharged
by the nuclei of certain radio-active atoms, and so evi-
dently form a stable component of nuclear structure.

The nucleus, then, consists of protons and neutrons,
but these may be built up into certain sub-units of
structure, just as a tennis club is composed of men and
women, but certain pairs may exist within it as per-
manent combinations, which are a feature of the club’s
structure.

In the case of the heaviest atoms the nucleus is a very
complicated structure, containing very many protons
and neutrons—for instance, 88 protons and 138
neutrons in the case of radium. So complex a structure
appears not to be stable: it is liable to slip and lose one
or more of its parts, which is then thrown right out of
the atom with great energy, leaving a new kind of
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atom. This is the process known as radio-activity, or
radio-active decay. Some radio-active elements shoot
out a high-speed electron, generally called a beta
particle, when it proceeds from such an element:
others, as we have recorded, shoot out an alpha
particle. Since electrons are not now believed to have
an independent existence in the nucleus, the electron
which comes out is attributed to a neutron changing
to a proton, which would set an electron free. Some
radio-active elements also give out from their nuclei a
kind of very penetrating X-rays, called gamma rays.
All these radiations are witness to an intense activity,
and a very high store of energy in the nuclei in ques-
tion, and they give convincing proofs that atoms can
be transformed into different kinds of atoms, for when
a radio-active element has lost an alpha or a beta
particle it becomes a new kind of chemical element,
with quite different chemical properties from those of
its former self.

It was through natural radio-activity that the possi-
bilities of atomic transmutation, to which brief reference
has already been made, were first realized. Since the
War, however, very great advance has been made in
transmuting a great variety of elements by artificial
means. These advances have been rendered possible
by the wonderful technique that has been developed
for detecting single atoms and single electrified particles,
such as electrons, provided that they are moving at
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high speed. We have alieady referred to C. T. R.
Wilson’s cloud chamber, which is one of the most
important weapons for research on atomic structure,
and is just as essential for the type of research in ques-
tion as was the electrometer for the researches of the
past generation. The scintillations produced in phos-
phorescent material by swift alpha particles were used
by Rutherford in his earlier researches on. transmuta-
tion. This method has, however, been superseded by
the modern ‘counter,’” of a type originally devised by
Geiger and Miiller. This piece of apparatus, which is
very simple, consisting of a fine central wire in a large
cylindrical vessel, enables the electrical effects which
the flying atom or particle produces in the air con-
tained in the chamber to be so magnified that the entry
of each particle produces a sharp deflection on a
registering instrument. These deflections can be
recorded photographically at a rate of very many per
second. By the use of the modern technique of ther-
mionic (‘wireless’) valves, the entering particles can
be actually counted and recorded mechanically, with-
out photographic aid.

The earlier transmutations were produced by Ruther-
ford, using alpha particles as missiles, with which he
bombarded light atoms, and was able, as we have said,
to prove in many cases that protons were actually
expelled from the atomic nucleus itself. In this way
he showed, for instance, that nitrogen atoms could be
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transmuted, and later, in conjunction with Chadwick,
he extended this result to many other elements, such as
boron and sodium. The disadvantage of using alpha
particles is, however, that they are available in numbers
which, although large, perhaps, in the ordinary sense,
are yet comparatively very small, when we remember
that only one alpha particle in a million or so produces
a transmutation, for something in the nature of a lucky
hit on the nucleus to be transmuted is required. What
was therefore desired was some way of producing a
much more numerous stream of electrified particles,
to act as projectiles which would strike and transmute
the nuclei of other atoms.

It is quite easy to obtain flying electrified particles
in the laboratory, for they are produced in every
electrical discharge tube. The trouble was that to
produce particles with the energy of the alpha particles
from Radium C, for instance, would require seven
million volts, which at one time seemed impossibly
high, although now it is within sight, as well as a tube
to stand it, which was another difficulty. It was also
believed, on theoretical grounds, that particles with
less energy would not be effective in producing trans-
mutations. In 1932, however, Cockcroft and Walton,
working at Cambridge under Rutherford’s guidance
and inspiration, set up a tube which produced an
intense beam of hydrogen nuclei, or protons, at a
potential of a few hundred thousand volts. It was
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found that such a beam was able to transmute many
light elements; lithium atoms, in particular, were
turned into helium atoms, one lithium atom, plus a
captured proton, turning into two atoms of helium.
It was then shown theoretically that it was possible
to make up for the comparatively low voltage by the
enormous number of particles in question: slow
particles are very much less effective than fast ones,
with energies corresponding to a few million volts, but
nevertheless, if there are sufficient of them, the trans-
mutation can be produced.

This work on atomic transmutation by swift electri-
fied particles produced in the laboratory is usually
referred to as ‘artificial transmutation,’ to distinguish
it from the transmutation which goes on by itself in
natural radio-active substances. It is being pursued
with great vigour, especially at Cambridge and in
America, where the school of physics at Berkeley,
California, led by E. O. Lawrence, is particularly
active. The tendency is all towards using higher
voltages, for, while transmutations can be effected at
a few hundred thousand volts, the efficiency rises very
rapidly indeed with increase of voltage, being, in the
case of sodium bombarded by deuterons, for instance,
something like 70 times as great at two million volts
as it is at one million. Lawrence has, in particular,
perfected a very ingenious form of apparatus by
which he has already produced protons with an
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energy of two million volts, and he contemplates an
increase on this figure. Deuterons, atoms of heavy
hydrogen, have been much used as bullets in this
electrical gun, and, both in America and Cambridge,
have produced particularly interesting results.

Let us return for a moment to the question of natur-
ally unstable atoms. All the natural radio-active
elements are very heavy. They fall into three families,
each beginning with an element whose atoms give out
alpha particles, and become atoms of a different ele-
ment. These atoms in their turn are radio-active, and
suffer change into other elements. The process stops
when the chain of transformations reaches one of the
ordinary chemical elements, ordinary in the sense that
it is stable, and always stays in the same condition.
Some radio-active elements decay very fast; for
instance, one half of the atoms of the element known as
Actinium A undergo transformation in a few thou-
sandths of a second, whereas the atoms of uranium
and thorium require thousands of millions of years for
half of them to be transformed. These long-lived
radio-active elements are the parents of all the radio-
active elements formed in nature, and are continually
growing fresh supplies which take the place of those
disappearing as time goes on. What leads to the
enormous differences in rates of decay is one of the
problems which confront the men working on radio-'
activity.
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We have written ‘natural’ radio-active elements
because it was recently (1934) discovered by I. Curic
and F. Joliot that artificial radio-active elements can be
made. This discovery, like so many others in this field,
is due to the fact, already emphasized, that we can, by
modern mgthods, count single atoms and electrified
particles, if they are moving with sufficient energy, and
also photograph their tracks. Gurie and Joliot found
that, when certain light elements were bombarded
with alpha particles, not only were new elements
formed, but that, after the bombardment had stopped,
these new elements emitted positrons and changed to
other new elements, the rate of emission gradually
decreasing. They thus behaved like radio-active ele-
ments. The time taken by these new radio-active
elements, discovered by Curie and Joliot, to transform
half their atom was a matter of a few minutes.

Shortly after, it occurred to the Italian Fermi that
neutrons should be particularly effective in producing
atomic transformations, since, owing to their lack of
charge, there would be no opposing electric force, due
to the nuclear charge, tending to keep them out of the
nucleus. His experiments were successful, and in a
short time he had produced literally dozens of new
kinds of artificially radio-active atoms. These results
are very valuable, as they must help to decide which
kind of nuclei are stable, and can exist indefinitely,
and which kinds are unstable and, if once formed,
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quickly break up, with emission of an electrified
particle, to form some other kind of nucleus.

The quantities of these new radio-active elements pro-
duced by bombardment with alpha particles and
neutrons are extremely small, and only detectable by
counting single particles. E. O. Lawrence in America
has, however, started making artificial radio-active
substances on quite a different scale, by using, as his
transmuting agent, protons and deuterons from his two
million volt tube. In particular, bombarding sodium
with deuterons, he has produced an artificially radio-
active isotope of sodium, which he calls radio-sodium, in
quantities immensely greater than anything hitherto
achieved. The half life period of this element is about
15 hours, as against two thousand years for radium.
Owing to this much more rapid rate of breakdown, the
quantities produced, while very much less than the kind
of quantities in which radium is available, have an
activity which is not so far from that of medical radium
sources. From the medical point of view radio-sodium
has the great advantage that it is chemically harmless,
for it can be introduced into the body as a preparation
that from the chemical point of view behaves exactly
as common salt; that the substance which it becomes,
magnesium, is also harmless; and that its activity
rapidly diminishes, so that after a few days there is very
little trace of radio-activity left. It seems quite likely
that very soon Lawrence will be able to produce it ir
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quantities sufficiently large for experiments to be made
as to its biological properties.

To resume, then, what we have said on atomic
structure, the nucleus is the ruler of the atom, dictating
its chemical and physical properties. It is protected
by its patrolling electrons, and is so tightly knit to-
gether that only the most intense force, such as that
offered by the bombardment of alpha particles and
swift protons, can disturb it, and even these particles
are unable to get near enough to the heavily
charged nuclei of heavier atoms to do any damage.
Neutrons, however, can penetrate into even heavy
nuclei, and transform them. Some of the light nuclei
manufactured artificially are stable, and represent
atoms of a known species made from atoms of another
known species, as when we make helium from lithium.
Others are unstable, and quickly revert to some other
form: these unstable atoms are essentially new kinds
of atoms, since if they had been made at any time by
nature they would have quickly disappeared again.

We have seen that the very heavy nuclei fall to pieces
of their own accord, giving out enormous energy as
they do so. An ounce of radium, in the course of its
decay to its final form, which is the metal lead, gives
out enough energy to run a 100-horse-power engine
for fifty-four days. This decay, however, takes place
so slowly that it is only half over in 1,730 years, but
even so radium gives out enough heat in an hour to
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raise one and a half times its own weight of water
from room temperature to boiling-point. Such heavy
nuclei, then, are the seat of enormous energy, which
they give out when they break up. The light nuclei, on the
other hand, require enormous energy to be put in to
break them up, which means that a correspondingly
great quantity of energy would be released if we could
build them up. It can be shown, for instance, that if we
knew how to make two hydrogen nuclei—protons—
and two neutrons combine to form a helium nucleus
we should have at our disposal, by manufacturing an
ounce of helium in this way, a supply of energy sufficient
to run a 100-horse-power engine day and night for
eight years. If, then, we ever learn to transmute the
elements in any quantity, instead of atom by atom, the
energy thus made available rather than the metals
manufactured is likely to be the valuable thing.

In most transmutations which have becn investigated,
where there is a gain of energy at the expense of the
energy of the nucleus, the energy appears as a swift
particle, which is stopped by a very small thickness of
matter. The energy of the particle, so stopped, appears
as heat, which could be utilized if it were plentiful
enough, just as is the heat of a furnace. At present,
however, the quantities of heat which can be produced
in this way are so minute that the energy gained in all
the experiments which have been so far carried out is
vastly exceeded by the heat energy given out by a
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glow worm. Since this Las only been produced as a
result of very costly apparatus, it is clear that we are a
long way off from the commercial utilization of nuclear
energy.

Let us now leave the ruler, the nucleus, and look at
his subjects, the electrons, describing their courses
round him in a periodic fashion. Such a periodic
motion is the kind of process to which the quantum
theory can be applied. We should expect, from what
has been said in Chapter VI, that the motions of the
electrons would be restricted in a peculiar way, so that
the speed of the electrons round their orbits would not
be able to have any value whatsoever, but only certain
definite values in accordance with the mathematical
rules laid down by the quantum laws. The electrons
are not like so many free agents in motor-cars, cruising
about on a beach at any speeds of which the vehicles
happen to be capable, but are rather like trains whose
movements take place on fixed tracks and are controlled
by time-tables. To an observer who knew nothing of
these things the movement of the trains would appear
very arbitrary, considering that there is nothing in the
mechanism of the engine of a train to prevent it running
anywhere and at any speed it likes. In the same
way, before the quantum rules were discovered, it
seemed natural to suppose that electrons in an atom
could move at any speed which their mechanism, as it
were, allowed. When electrons form part of an atom.
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however, the quantum theory provides the time-table
and the tracks of the atomic system, or, rather, not one
time-table, but a large number of alternative time-
tables. The electron system must obey one of these;
electrons cannot move at any intermediate speeds
round the nucleus, although the ordinary laws of
mechanics would permit these speeds. In other words,
only certain orbits or tracks, and only certain speeds in
these tracks, are allowed.

To say that the electrons have certain definite time-
tables comes to the same thing as saying that the atom
can possess, in virtue of the movements of its electrons,
certain energies, but not energies intermediate be-
tween them. When the electrons are obeying one of
the allowed time-tables the atom is said to be in a sta-
tionary state: the electrons are not stationary, but the
value of the atomic energy is. If, now, something hap-
pens that causes one of the other possible time-tables to
be adopted, then the electrons will suddenly pass to a
different series of motions, and the energy of the atom
will suddenly change. Suppose, for definiteness, that the
energy of the atom diminishes : what happens to the sur-
plus energy ? It appears as radiation which leaves the
atom. What kind of radiation? Well, that depends
upon the amount of energy released. This energy is
turned into radiation according to the quantum law.
A big parcel of energy set free in one atomic process
becomes a packet of radiation of high frequency—that
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is, short wave-length : a sraall parcel of energy becomes
a packet of radiation of low frequency—long wave-
length.

We can summarize this theory, due to Professor Niels
Bohr, by saying that a given kind of atom can only exist
in certain definite states of energy, which it possesses in
virtue of the fact that its moving electrons can only
travel in certain orbits governed by the restrictions of
the quantum law. If we put energy into the atom, it
passes from one stationary state to a state of higher
energy : if, on the other hand, the atom changes from a
given stationary state to one of lower energy, then the
balance of energy is radiated as a radiation whose
wave-length is determined by the amount of the
balance.

How can we put energy into the atom? Well, we
can heat a gas, so that the atoms hit one another hard.
If we heat it enough, the impacts—or some of them, at
least—will be vigorous enough to raise some of the
atoms struck to a higher state of internal energy.
Another method of putting energy in is to pass a stream
of electrons through a gas in a discharge tube: some of
the electrons will hit the atoms hard enough to perform
this function. Or, again, we can let radiation of a suit-
able wave-length fall on the atoms, when some of them
will take up energy from the radiation and pass to a
state of higher energy. In all these cases the atoms
will give out radiation ; if the circumstances are suitable,

168



LINE SPECTRUM

it will be visible radiation—light. What does this
mean? Why, that after being put into the higher
state—wound up, as it were—the atoms slip back
into a lower state again, unwind themselves, and
give out the energy so released as light. For a
given atom the actual energy change, which governs
the frequency of the radiation, will depend upon
which two of the possible stationary states are
involved as the beginning and the end states of the
atom. As, however, there is a set of possible energies,
with large gaps between, only certain frequencies
are possible for a particular kind of atomic system.
Any selected kind of atom, therefore, only gives out
certain particular wave-lengths: it is a tiny broadcast-
ing station, which has at its disposal more than one
wave-length, it is true, but still only a particular set
of wave-lengths, chosen here and there, and not every
possible wave-length between certain limits. We express
this by saying that atoms give out line spectra, meaning
that, of the continuous coloured band which represents
the spectrum of a hot solid, a gas radiates only certain
narrow regions, or lines. We say a gas, because only in
the gaseous state are the atoms far enough apart to
behave in an undisturbed fashion. In a solid they are
so crowded together that their electric forces all invade
one another’s privacy, and each atom, instead of radia-
ting the frequencies which really belong to it, radiates
some perturbed version, so that, taking all the atoms,
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we have a continuous spectrum, with all frequencies
represented.

Let us now consider a little further how different
classes of radiation are sent out by this complicated
system of moving charges which populate the space of
some million-million-million-millionths of a cubic inch
which is an atom. These clectrons are arranged in
groups, which, for convenicnce, we can think of as con-
fined each to a special layer of space surrounding the
nucleus, those of one group being nearer to the
nucleus, those of another group farther away. Each
group, in other words, may be considered confined to a
spherical shell of space, like one layer of an onion. This
is only a rough picture, for some of the orbits are not
truly circular, but are long ellipses ; but for our general
purpose it will serve. The elcctrons in the outermost
shell, or group, are those which have to bear the brunt
of the atom’s daily life. They are responsible for
chemical combinations: the shock of collisions between
atoms falls on them. They are farthest from the
nucleus, and so are the least firmly held of all the
electrons. A comparatively mild disturbance suffices
to make one of them leave its orbit, and go to one of the
orbits allowed by the quantum theory in the space
surrounding the atom. Since it is not necessary to
overcome large forces in this process, the energy
changes which attend the vicissitudes of these outer
electrons are not large, and so the frequencies of the
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radiations sent out when the atom readjustsitselt are not
large. It is, in fact, such changes that are responsible
for the lines of the visible and ultra-violet spectrum.
If the atom be sufficiently roughly handled—struck,
say, by a very swift electron—one of these outer
electrons may be clean removed, and we are left with
an atom with, on the whole, a positive charge, which
we call an ionized atom. A second electron may then
be disturbed in such a way that the ionized atom gives
out an optical spectrum of its own: from the optical
point of view an ionized atom behaves as if it were a new
sort of atom, but, of course, it is not. The nuclear
charge is unchanged, and the atom soon picks up an
electron and repairs itself. No permanent harm is
done, and we can scarcely speak of ‘breaking the atom’
in this case. If the atom is still more violently dis-
turbed, it may lose two or more of the outer electrons:
by using a very violent and hot spark, all the outer
group of electrons may actually be peeled off, which
means as many as seven electrons removed with certain
atoms. An atom which has thus been deprived of its
coat of electrons is called a ‘stripped’ atom by Millikan.
It seems that, at the very high temperatures which
prevail in some stars, conditions are such that atoms
lose not only their outer shell, or coat, of electrons,
which we can take off in our laboratories, but also all
the under layers of electrons, or underclothes, let us say,
that surround the nucleus, and we are left with nothing
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but unprotected nuclei. We know that nuclei, which
are endowed with practically all the mass of the atom,
take up very little room, so that we should expect for a
stellar substance of this kind an enormous mass in a
small space—or enormous density, to use the technical
word. As Eddington, who has pointed out how this
theory accounts for the abnormal weight of some small
stars (such as van Maanen’s star, which is about the size
of the earth but weighs nearly as much as the sun) has
said, a ton of this ‘nuclear’ matter would easily go into
your waistcoat pocket ! It is matter with most of the
empty space squcezed out. But take one of these
stripped nuclei out of its environment of intense agi-
tation, and put it somewhere in the cold on earth, and
it would collect electrons and build up a complete
atom again. .

Putting aside this digression on stripped atoms, the
emission of light by a flame or by the glowing gas in a
discharge tube, such as the mercury vapour light used
by photographers, is an affair of the outermost electrons
of the atom in question. Suppose, however, that we
expose atoms to very swift electrons. An electron may
be displaced from one of the inner groups to somewhere
right outside the atom, putting the atom in a stationary
state of higher energy. Very soon the vacant place so
left will be filled by an electron, and the atom will re-
vert to a state of considerably less energy. Since this
energy loss is comparatively large, the radiation which
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corresponds to it is of comparatively high frequency:
in fact, it belongs to the class which we call X-rays.
The deeper in the atom the group from which we dis-
place an electron in the first place, the greater the fre-
quency (and the penetrating power) of the X-ray. We
see now how it is that solid substances give a line spec-
trum of X-rays, while to get a line spectrum in the visi-
ble region we must have a gas. In the X-ray case, as we
are not dealing with outer electrons, it does not matter
what bangs or what electrical forces act on the outer
parts of the atom: the nearness of other atoms in the
solid does not appreciably affect the inner electrons.
When the outer electrons are in question, as in the
optical case, these outside influences make all the dif-
ference. Scratch the surface of an atom, and we get
light : stir up its inside, and we get X-rays. Stir up the
nucleus, and we transform the whole nature of the atom.

The hydrogen atom, of course, offers a particularly
simple case, as it has only one electron, and so there is
no question of inner and outer groups, or of a spectrum
of an ionized atom. The optical spectrum, which ex-
tends from the infra-red to the ultra-violet, has a very
straightforward structure, which was the first one to be
worked out, and there is no X-ray spectrum. The
other kinds of very light atoms have also no X-ray
spectra: it is, in fact, not until we come to consider
atoms with well-formed inner groups that a well-
developed X-ray radiation, with penetrating power, is
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found. Ordinary hydrogen gas consists of molecules,
each of which is made up of two hydrogen atoms; while
the electric discharge generally breaks up the gas into
atoms, which give out the simple spectrum just men-
tioned, the molecules also form systems which can give
out light, if suitably treated. The spectrum of mole-
cules is always very much more complicated than that
of atoms, as seems only natural, since in the molecule
we have two or more atoms, each an elaborate system,
acting on one another, and combining to produce
various intricate joint effects. The spectra of the light
given out by molecules, as distinct from atoms, consist
of multitudes of lines arranged in groups which produce
the appearance of shaded bands, whence the term ‘band
spectra’ is applied to them. All that can be said here
is that some of these complicated band spectra, given
out by molecules consisting of two atoms only, have
been disentangled by the aid of the quantum theory.
We have now seen how the quantum theory, applied
to the circulating electrons of the atom, explains the
fact that atoms, by themselves, give out definite and
characteristic wave-lengths, both in the visible and in
the X-ray spectra. The X-ray spectra, being generated
in the protected parts of the atom, are very much sim-
pler than the optical spectra, which to the inexperi-
enced eye appear to be nothing but a medley of lines.
By the aid of the theory, however, it has been possible to
disentangle the most unpromising spectra, and pick out,
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ATOMIC SPECTRA

from the apparent muddle, series of lines obeying beau-
tiful simple laws. The quantum theory has found much
of its justification in the effective aid which it has
brought to the difficult task of finding a meaning in
the mixture of complicated groups of wave-lengths
thrown out when we provoke a tubeful of atoms. It
has provided the grammar by whose aid we read the
language of atomic radiations, and find out, from what
was before a string of luminous gibberish (which could
be recorded, but not interpreted), the character of the
atomic spectra.

It should, perhaps, be added that this picture of
electrons in orbits offers certain grave mathematical
difficulties, and attempts are now being made to work
out the properties of atoms by considering them as
masses or clots of waves, subject to quantum laws. On
the new theory of wave mechanics, as it is called, the
electrons themselves have wave properties, and the
paradox by which, on the quantum theory as here ex-
plained, waves are given certain properties of particles,
in that they seem to be sent out in packets, is completed
by giving particles certain properties of waves. Both
wave properties and particle properties are needed, as
we have seen, to account for the behaviour of light and
radiation in all its aspects; the suggestion now is that
the ultimate grains of matter and of electricity likewise
demand the dual conception if we are to push our in-
quiry successfully into the finer details. When we
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treat of light we can consider it as proceeding in straight
lines, or rays, so long as the structure of the pheno-
menon examined is coarse compared with the wave-
length of light: for instance, the position of shadows
and the elementary properties of such instruments as
telescopes, can be worked out by ordinary geometry—
the methods of so-called ‘geometrical optics’—if we are
content to neglect minuter features, to the nature of
which we referred when speaking of interference and
diffraction. When, however, we come to consider
light passing by bodies of the same kind of size as the
wave-length, or through minute openings, such as slits,
the wave properties become all-important, and the
methods of geometrical optics, with its straight rays, are
powerless. In the same way, as long as we are dealing
with the mechanics of ordinary pieces of matter, such
as can be handled, or even seen with the microscope,
the ordinary methods of particle dynamics, which were
universally used until the last year or two, are good
enough : when we come to consider the electron, or the
proton, the methods of ordinary mechanics apparently
break down, and we are forced to invoke the new wave
mechanics. The particle has to be considered rather
as the centre of a complicated wave disturbance than
as a minute speck surrounded by a field of force.

If a gross, and so not entirely accurate, picture of a
very subtle conception may be hazarded, it is somewhat
as if the dwellers by a harbour bar, after having always
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neglected the wave system at the mouth of the harbour,
and attached reality to the submerged bar of sand, were
suddenly to transfer all their attention to the system of
waves covering the surface of the harbour and of the
outside water, with a peculiar and emphatic behaviour
in the region formerly called the hidden bank, and were
to say that the harbour bar was this whole complex of
waves. The bar so defined would no longer be strictly
localized, but would extend over a large region; there
would, however, be a marked local peculiarity to cor-
respond to the old bar. In this respect the analogy is
good, but it is bad so far as the waves of the theory of
wave mechanics must be endowed with special proper-
ties, mainly in the way of laws of travelling, which are
not possessed by the familiar waves of the sea. It is
probably good, again, in so far as the full fact is both
sandbar and wave-system, which are different ways of
regarding a reality that includes both of them. The
wave aspect and the particle aspect of matter are both
useful and necessary ; we are now confronted by a pos-
sible reconciliation.

On the theory of wave mechanics put forward by
Prince L. de Broglie and Professor Schrédinger every
ultimate particle is associated with, is the manifesta-
tion of, can be represented by—dare one be downright
and say ‘is’ >—a group of waves with a narrow range
of wave-lengths. Fundamental for the theory is the
distinction between the ‘phase velocity’ and ‘group
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velocity’ of a system of waves, which is a little bit
troublesome. Imagine the surface of a pond over
which a wave of fixed wave-length is travelling the
whole time. The crest of the wave advances with a
certain speed, called the ‘ phase velocity.” Now suppose
another wave of slightly different wave-length travel-
ling over the surface of the same pond in the same direc-
tion as the first wave, with a slightly different velocity.
At a certain place the waves will conspire to produce
a more violent disturbance, a centre of energy, as it
were, and this centre may advance with a velocity very
much smaller than that of the waves themselves.

It is the velocity of this centre which we call the
‘group velocity,” and this group velocity corresponds
to the motion of the particle. The velocity—the phase
velocity—of the supposititious waves of the wave
mechanics comes out to be very much higher than that
of light, which is not against the theory of relativity,
because these waves are not light waves, which we can
start and stop—no signal can be sent by them. The
group velocity of the ultimate particle considered we
can make anything we like. It is this freedom that
makes the theory workable. To each particle velocity
we can make agree a special wave-length of the cor-
responding waves. It cannot be hoped that what has
just been said will make a very clear impression on the
reader: the new theory is at the same time too raw and
too abstruse for clear exposition in general terms to be
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ELECTRON DIFFRACTION

possible. The conceptions used by the pioneers are of
a mathematical nature, and it will probably be some
time before they have been sufficiently handled for a
general physical meaning, which can be discussed in
elementary terms, to be evolved.

The wave-like properties of the electron and the
proton are not, however, purely mathematical fictions,
for they have been experimentally demonstrated. It
has been already mentioned that crystals offer a very
fine and very regular structure, by means of which the
very short waves of X-rays can be analysed. Now in
1927, Drs. Davisson and Germer succeeded in showing
that electrons fired at crystal surfaces, and there re-
flected, produced wave patterns on a photographic
plate of just the kind to be anticipated on the theory of
wave mechanics. Since then, Professor G. P. Thomson
has managed to make sheets of crystalline matter so
thin that comparatively slow electrons can pass through
them, when once more wave patterns of the predicted
nature are produced. Among the substances used by
G. P. Thomson are thin films of crystalline gold, the
tenuous nature of which will be understood when it is
stated that they are so transparent that quite fine de-
tails, such as the bricks of a wall, can be distinguished
through them. Still more recently, Professor Dempster
has announced that he has demonstrated the wave-
nature of the proton by reflection at a crystal surface.
The predictions of the theory are being confirmed
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in measured detail, and uot just in a vague general
way.

The whole subject of spectra, especially in its finer
details, has been very much advanced by the aid of the
conception of the clectron as a wave phenomenon. The
new theory is but another example of how new laws, of
a fundamentally different character from those worked
out by the study of the more obvious features of matter
and radiation, have perforce to be formulated when
we come down to consider the mysterious ways of the
ultimates of physics.

The modern study of the atom, which has revealed
the nuclear structure and the quantum states, has
vastly simplified many of the old problems of physics,
but, like every great scientific advance, has raised a
crop of new ones. It has enabled us to visualize all
matter as built of protons, neutrons and electrons.
Together with the photon, or atom of radiation, it has
given us an insight into the way in which light is sent
out and absorbed by glowing gases, or flames in the
most general sense of the word, and lent a meaning
to the complicated chords of coloured light sounded,
as it were, by the different elements when differently
provoked into luminosity. Since all our information
as to the constitution of the heavenly bodies comes to
us as light, in most cases from glowing globes or clouds
of thin gas in outer space (in some cases, such as that
of the sun, there is a dense sphere which gives out light
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of all possible frequencies), it is easy to understand that
the new information on the structure of the atom has
had a profound repercussion on modern astronomy.
The title of Professor Eddington’s little book, Stars and
Atoms, or the fact that Sir J. H. Jeans’ book on The
Universe Around Us perforce contains a chapter on
‘Exploring the Atom,’ serves to show how intimate is
the connection between the astronomy of the infinitely
little, which comprehends the circulation of the un-
thinkably small electrons round their tiny nucleus,
and the astronomy of the infinitely great, which
includes stars bigger than the whole solar system and
thousands of nebulae as big as our whole galactic
universe. In the celestial bodies the atoms are exposed
to far greater temperatures than they are on earthy
—temperatures of 30,000,000 dcgrees Centigrade in
stellar interiors are deduced by some astronomers—but
our terrestrial experience enables us to calculate what
will happen at such temperatures, and the results help
to explain puzzling observations, such as the abnormal
density of van Maanen’s star, to which we have already
referred. The explanation of the origin of X-rays,
offered by the structure of the atom, which has helped
modern physicists so much, is equally important to
modern astronomers.

If we knew all about the laws of atomic structure we
should understand the way in which each kind of atom
attracts every other kind of atom, the facts of chemical
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combination would be cleaied up, and chemistry would
become a branch of physics. The study of atoms has
certainly offered an explanation of some of the simpler
properties of the elements. We know, for instance,
that the inert gases, which do not combine with other
elements, have a very symmetrically arranged and com-
plete outermost group of electrons, as revealed by their
spectra and other properties, so that, naturally enough,
there are no particular stray electric forces in specific
directions to act as handles or hooks for other atoms.
The study of the spectra of molecules, and of the energy
required to tear an electron from an atom, is helping
to clear up the behaviour of simple molecules, but so
far we have to rely upon the experience won by the
test tube and balance, rather than that of the physicist’s
favourite spectroscope and discharge tube, if we want
to know what atoms combine, and in what proportions,
to form complicated molecules. When we pass to living
matter, which likewise consists of the same atoms, with
their nuclei and electron systems, we are still further
from the simple cases of atomic combination which we
understand in some detail, and are in regions where
even the chemist has to consult with the physiologist
before he can say what such very complicated mole-
cules as those of our digestive fluids will do. If we
knew enough about the behaviour of atoms when
banded into the regiments which represent the big or-
ganic molecules, we should be able to anticipate and
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THE ATOM AS MICROCOSM

understand the action of X-rays and the rays ot radium
on the living cells of our body, just as we can at present
calculate their effect upon metals and gases, but these
cases are at present beyond our power, and we have to
rely upon experiment in each particular case—very
often upon uncritical experiment. However little may
yet be our achievement in complicated cases, we must
remember that anything that concerns the material
side of life is an atomic question. If, as a widely
travelled observer recently reported, in all the physical
laboratories of the world atomic problems now engage
the attention of the majority of the workers, it is only
because any physical experiment, properly interpreted,
has a bearing upon the behaviour of that all-compre-
hending microcosm, the atom.
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APPENDIX

So M A Ny different kinds of particle have been men-
tioned in this last chapter, some of them quite new,
that it may be as well to give a short list for reference.

Electron (or negative electron).—A particle of pure
negative electricity, which can be obtained isolated
from matter, in the ordinary sense. The magnitude of
the electric charge of the electron is taken as unit
charge in atomic discussion. The mass is 1/1850th of
that of the hydrogen atom.

Positron (or positive electron).—A particle of pure
positive electricity, which is the positive counterpart of
the negative electron. Its mass is the same as that of
the negative clectron, and its charge is of the same
magnitude, but opposite in sign.

Proton.—The nucleus of the hydrogen atom, which
has a mass equal to that of the hydrogen atom and a
positive charge equal to that of the positron.

Deuteron (or Diplon).—The nucleus of the atom of the
heavy isotope of hydrogen, which has a mass twice that
ofthe protonand a charge thesame as that of the proton.

Photon.—A quantum of light, or unit of radiant
energy.

Neutron.—A particle whose mass is equal to that of
the proton, but which has no charge.

Alpha Particle—A particularly stable compound
particle, whose mass is approximately equal to that of 4
protons, and whose charge is equal to that of 2 protons.
Probably made up of 2 protons and 2 neutrons.
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