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PREFACE TO THE FIRST EDITION

THE present volume is an attempt to give a
connected account of the constitution and properties
of the atom and molecule in the light which has
been thrown upon these particles by recent physical
research. From the great mass of experimental
observations which constitute what has been called
somewhat vaguely the ¢ New Physics” 1 have
endeavoured to select those portions which have
a direct bearing on this important and fascinating
subject, and I have drawn freely on all available
sources of information, some of which are indicated
in the Bibliography at the end of the book.

To Professor Sir J. J. Thomson I owe a debt of
gratitude for his kindness 1 allowing me to sclect
from his experimental negatives, and to reproduce,
the Positive Ray photographs which illustrate
Chapter IV. I owe him still more for the privilege
which I have enjoyed during the past eight vears
in the Cavendish Laboratory, of moving in daily
contact with much of the work, and of drinking in,
as it were at the fountain head, much of the theory
narrated in the present volume. To this must be
ascribed any merits which the following pages may
be found to possess; for their errors and deficiencics
1, alone, am responsible.

. J.A.C.



PREFACE TO THE SECOND EDITION

I HAVE taken the opportunity afforded me by the
appearance of a second edition of this little volume
to make a complete revision of the material which it
contains. In many ways the changes and additious
are not as great as might have been expected. The
conditions of a great war are not favourable to
theoretical research, and many ingenious pieces of
apparatus, which might ere now have been expected
to yield important additions to our knowledge, lie
covered with the dust of the laboratory awaiting the
return of happier times. In some points, however,
our knowledge has increased. In particular the
results obtained in the laboratory of Sir Ernest
Rutherford have added so materially to our know-
ledge of the structure of the atom that I have felt
justified in adding a special chapter on this pro-
foundly interesting subject; while the recognition
by Sir J. J. Thomson of the existence of two great
and markedly different classes of chemical com-
pounds has led to such important changes in, and
additions to, the theory of chemical affinity as to
demand almost a complete re-writing of the chapter
on the chemistry of the atom. While other changes
are not numerous, every effort has been made to carry
out in the cage of the second edition what was the
object of ity pgedecessor, and to present a coherent
and intelligible account of the present state and most
recent advancgs in the electron theory-of matter.
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MOLECULAR PHYSICS

CHAPTER 1.
INTRODUCTION.

THE history of the rise of molecular theory has
often been written. From Dalton, who first gave
to the conceptions of the early atomists a definite
meaning and a real experimental basis, through
Avogadro and his fertile hypothesis of the molecule,
and so on to the kinetic theory of Clausius and Max-
well, the story is told in almost every text-book of
Chemistry and Physics, and is familiar as household
words to all their readers. Here for a time science
seemed to pause in her progress. It seemed as if the
memoirs of these brilliant mathematicians were to
contain the last word in molecular theory.

If this had been so, the following pages would
have been superfluous. In the last few years, how-
ever, new fields have been opened to the student of
molecular phenomena; new methods of approach
have been evolved so potent in character that sub-
jects about which we had until then barely sufficient
grounds for speculation are now la1d open to direct
experimental attack. The molecule*has been raised
from a conception only realisable #xptrimentally in
millions to the rank of a definite particle whose
entry into dur apparatus produce$ a definite and
measurable effect. At the same tlme the accuracy,

»

2y 1



2 MOLECULAR PHYSICS

and wha. , the certainty, of our
measurements of molecular magnitudes have been
enormously increased. It seemed, therefore, neither
undesirable nor devoid of interest to attempt to
re-write the subject of molecular physics, not from
the standpoint of the kinetic theory, by which it was
approached historically, and which constituted for
many years the sole line of attack, but rather in the
light thrown upon these problems by the recent
developments in what has come to be known as the
“ New Physics.”

In order to fix our attention upon the problems
to be dealt with, and to recall to our minds some
clear ideas of the magnitudes with which we shall
have to deal, it may be well to consider briefly the
position to which we have been brought by the
exponents of the kinetic theory.

The atom itself was a purely chemical conception.
It took its rise in an attempt to explain the laws of
chemical combination, and represents the smallest
mass of an element which can take part in a chemical
reaction. By its first exponents it was regarded as
homogeneous and indivisible. This view is no longer
held. We shall see later that we must conceive of
the atom as something approaching a planetary
system on an infinitesimal scale. A study of the
phenomena of radioactivity has driven us to believe
that in them we are dealing with a true decompo-
sition of a true chemical atom; that the element
radium is in fact a decomposition product of the
atom of uranium, and is itself in the course of
transition into an atom of lead, with the emission
during the procgss of several atoms of helium. This
break up of an atom, however, is a process which we
are permitted’to’watch, but not to control. So far
we have not succeeded in either accelerating or
retarding its progress in any way whatever.

In compounds the atoms of the different elements
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‘were supposed to be grouped together into simgilar
particles or mrolecules, the ratio of the masses of the
components being the same in each individual mole-
ccule as in the compound as a whole. It was soon
found necessary to assume that even in the elements
the atoms were usually connected into groups of two
or more to form a larger particle, which, unless taking
part in a chemical reaction, always moved and acted
as a single system. This extension of the theory was
due to Avogadro, and his additional hypothesis that
the number of these molecules in a given volume of
gas under similar conditions is independent of the
nature of the gas was the first great generalisation in
the physics of the molecule.

It was soon realised that these molecules were
particles exceedingly small in size.  Various
attempts to determine the approximate diameter of
the molecules all led to the result that it was not very
much greater than 2 x 107% cms. Various illus-
trations have been employed to assist us to grasp
the extreme minuteness of this quantity. If, for
example, a drop of water were to be magnified to the
size of the earth the molecules in it would be of the
size of footballs. Or again, as a rccent writer has
suggested, we may say that the carbon atom in the
printed page subtends at the reader’'s eye the same
angle as would be subtended there by a man on the
moon.

The number of molecules in any visible portion
of matter is, of course, correspondingly large.
According to the latest determinations the number
of molecules in 1 cub. cm. of air under normal
conditions (0° C. and 760 mm. pressyire) is 2'7 X 10
It is almost hopeless to attempt_to, conceive this
inconceivable swarm of particles. * It may, perhaps,
be of some,assistance to point out that in the highest
attainable vacua, wpen the pressur® of the gas is not
more than s+izz mm. of mertury, the number of
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mo'ecules present in every cubic millimetre of the
space still exceeds 2,000,000,000. ¢ :

In a solid body we must regard the molecules as
relatively fixed. They are indeed in rapid vibration
about heir mean position, such vibration consti-
tuting the phenomenon which we know as heat.
The fact that ancient gems and coins have come
down to us through many ages still preserving their
sharp outlines and their beautiful and clear-cut
engraving shows that, in the absence of external
forces, the defection of a molecule in a solid from
its original station must be of exceedingly rare
occurrence.

In liquids, however, we must regard the molecules
as free to move. A liquid has no definite shape of-
its own, and two liquids if left quite undisturbed will
gradually diffuse through each other with a velocity
which is in general small but quite measurable. The
different molecules possess sufficient energy to escape
from the attraction of neighbouring systems, but
move only a very short distance through the thickly-
crowded space before becoming entangled in other
clusters.

Gases differ from liquids in the fact that the space
occupied by a given number of molecules is very
much greater; and a molecule therefore travels
much further before coming into collision with other
molecules. Thus a gramme of water substance when
transformed into steam occupies I,600 times the
volume which it had in the liquid state. The mole-

cules are therefore /\3/1,600 or, say, I2 times as far

apart in the gas as in the liquid. The actual volume
of the molecules themselves is thus only a very small
fraction of the VYolume filled by the gas, the mole-
cules occupying the space between their_boundaries
not by filling it With their bulk, put by moving about
in it in all dirgctions with co siderable velocities.
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The tendency of @ gas to spread through the whole
of the space accessible to it thus represents the
tendency of each molecule to proceed on its path in
a straight line when not opposed by any obstacle,
while the pressure on the boundaries of the gaseous
space is due to the exceedingly rapid series of impacts
made on them by the innumerable swarm of mole-
cules in motion.

The velocity with which the molecules in a gas
are moving can easily be calculated when the pressure
and density are known. The mean velocity of a
molecule of oxygen at the freezing point of water is
about 425 metres per second, or about 1,000 miles
per hour. It is, therefore, somewhat greater than
the velocity of sound through air under the same
conditions (331 metres per second). In addition to
collisions upon the boundaries each molecule collides
from time to time with other molecules of the gas,
the number of collisions made by a single molecule
under ordinaryconditions of temperature and pressure
being about 6,000,000,000 every second.

The distance travelled by the particle between
two collisions is known as its free path. Its actual
value between any two collisions depends, of course,
upon chance. Its mean value can, however, be
calculated from the viscosity of the gas. For air
under ordinary conditions it is about 76 x 10~% cms.,
or roughly 1558555 of an inch.

This mean free path, although a giant among
molecular magnitudes, is still rather smaller than
the smallest distance we may ever hope to perceive.
Abbe has shown that two objects would have to be
separated by rather more than twice this distance
before they could be resolved by the best possible
microscope working under the best conditions.

The mass of each molecule is, of course, exceed-
ingly minute ; according to the recept determinations
of Rutherford, which we shal] describe later, the
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mass of a hydrogen atom is 161 x 10~* gms., a
nufuber so minute that it can hardly be said to
convey to the mind any impression at all. This
number, it will be seen, represents the value in
grammes of the chemical unit of atomic weight;
the mass in grammes of any atom or molecule can
thus be calculated from a table of atomic weights by
merely multiplying the chemical atomic or molecular
weight by this factor. Small as is this quantity we
shall see that its value is known with certainty to
within a very few per cent.

Of the quantltles with whichwe have been dealing,
the kinetic theory gave accurately the velocity of the
molecule and the mean frec path. It threw only a
dim and somewhat uncertain light upon the number
and mass of the individual molecules. As to the
nature of the molecule it can hardly be said to have
given any information at all. It is at once the
strength and the weakness of the statistical inethods
employed in the kinetic theory, that given a
sufficiently large number of molecules, their exact
number, size, mass and properties become for many
purposes matters of indifference. Thus many of the
properties of gases were successfully deduced, in the
first place, on the assumption that the molecule was
a hard sphere, an assumption which in the case,
say, of a molecule like that of oxygen built up of
two atoms is almost certainly incorrect. It will be
seen then how little light can be thrown upon
the individual molecule by investigations of this
nature.

As the molecule itself lay far beyond the lLimits
of vision, and as the kinetic theory could afford so
little certain information, it might have seemed that
we must rest eontent with the knowledge already
attained. Speculation as to the nature of the atom
was not wanting, ranging from the siemple hard
atom of the original_theory to the centre of force
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of Boscovitch, and the vortex atom’ of Professor
Thomson, the early speculation of one who has doae,
perhaps, more‘than any other to render possible &
true theory of the atom. These theories, ingenious
as they were, withered for lack of experimental
support, and the subject became gradually® to be
regarded as being in the realm of the unknowable.
Meanwhile the great success of the statistical methods
of the kinetic theory, the extension of thermo-
dynamics, and the study of phenomena from a
consideration of their equilibrium conditions which
followed on the work of Willard Gibbs, were leading
further and further away from atomic and molecular
hypotheses.

Fortunately one loophole remained into this
region of the infinitely small. The kinetic energy
of a particle is equal to the product of one-half its
mass into the square of its velocity. However small
the mass of the particle, therefore, we can theoreti-
cally by sufficiently increasing its velocity endow it
with an appreciable amount of energy. In the case
of a molecule the velocity required will, of course,
be very large. The energy of a molecule in the air
under normal conditions of temperature and pressure
s about 5 x 10~ ergs, assuming the mass and
velocity already given. This is far too small to be
detected. Let us suppose, however, that we can
endow our molecule with a velocity much greater than
this, approaching 2 x 10 cms. per second. The
energy of an oxygen molecule moving with such a
speed would be } (32 x 1°61 x 10™%). (2 x 10%%ergs,
or about 10~*ergs. This, though small, is not less
than can be appreciated in other forms of energy.
Thus Lord Rayleigh has estimateddhat the faintest
sound which can be heard transmitg every second
across a square centimetre of area at right angles to
its path about 2°3 x 107 ergs. The energy in the
faintest perceptiblgbeam of light i% not far different
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mclecule travelling with 2§ velocity we have sug-
gested would be comparalle with the energy in a
faint beam of light or a just audible sound.

The velocity ascribed to the molecule in this
calculation might seem impossibly large. It is in
fact about % of the velocity of light, and a particle
travelling with this speed would, therefore, cover
the distance from the earth to the sun in 2 hours.
Such particles, however, actually exist, and it is the
discovery of these particles and the measurements
made upon them that have led to the great advances
in molecular physics which we are about to describe.
Particles having -this velocity are shot out in large
numbers from radioactive bodies. To anticipate a
little we may say that the a-particles from radium
consist of atoms of helium shot out with a speed of
this order of magnitude, and bearing a positive charge.
Thus it is that a single a-particle is able to cause a
flash of light when it strikes upon a screen covered
with a suitable material.

The a-particles consist of helium atoms only.
Velocities approaching that of the a-particles can be
given to atoms and molecules of other substances by
passing an electric discharge through them in the
gaseous state at very low pressures. The phenomena
of the discharge tube have indeed afforded the best
means of investigating the properties of moving
electrified particles, and we shall proceed to their
consideration immediately.

In order to complete our survey we will anticipate
so far as to say that the first experimental investiga-
tion of these phenomena led to results of a startling
nature. Professor Sir J. J. Thomson, as the result
of a brilliant series of researches and deductions,
which may truly be said to mark a fresh era in the
progress of science,showed that the most canspicuous
set of particles in the discharge t :be, namely, those

from this. Thus the en}?r of impact of a single
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constituting the cathode rays, had a mass not more
than 14’5, part of that of #Hydrogen atom. o

1t was found, moreoverffthat whatever the nature
of the gas through which the discharge was passing
whatever the nature of the electrodes used, the mass
of the cathode particle produced and the magrfitude
of the charge carried by it was always the same
These cathode particles, corpuscles or electrons, as
they came to be called, must thus be regarded as
forming an integral part of the atom of every kind of
substance. They are, therefore, even more funda-
mental than the atom itself, since they form part of
the material from which the atom is built up. The
methods used in their investigation are similar in
principle to those which have recently been applied
to atoms and molecules, but the special properties of
the electrons rendered their experimental investiga-
tion less difficult than that of the atom or molecule,
so that for a time it could truly be said that far more
was known of the electron than of the atom itself.
For these reasons we will commence our study of
molecular physics with the consideration of the
electron.



CHAPTER 1II.
THE PHYSICS OF THE LELECTRON.

THE general appearance of an ordinary discharge
tube is perhaps familiar to most of my readers. It
is represented somewhat diagrammatically in Fig. 1.
Covering the cathode C 1s a velvety light known as
the cathode glow. Beyond this is a comparatively
dark space, named after its discoverer Sir William
Crookes. If the pressure in the tube is fairlv high
this Crookes dark space will be so close to the
cathode and so small as to be hardly visible. Beyond

Fic. 1.—THue Discuarce TuBe.

this dark space is another luminous area, the
negative glow, bounded on the side remote from the
cathode by still another obscure area, the Faraday
dark space. The length of the tube occupied by
these phenomeéna depends mainly on the pressure
of the gas, and is practically independent of the
size of the tube, the remainder of which, however
long, is filled ,with a bright light Kiown as the
positive column, which is frcquently, though not
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necessarily, divideds into numerous striz. It is the
light from this positive column that is generally
employed in the spectroscopic examination of gases
in the discharge tube.

If the pressure is fairly low another phenomenon
may be distinguished. Proceeding normally from
the cathode and penetrating in straight lines across
one or more of the dark spaces may be seen faint
bluish streams of light, known as the cathode rays.
As the pressure is still further reduced these rays
become rtelatively more and more important, and
penetrate further and further, until finally they
fall upon the glass walls of the discharge tube,
exciting there a greenish phosphorescence. Mean-
while the Crookes dark space has grown until it
occupies practically the whole of the tube, the
remaining parts of the ordinary discharge being
represented by the glow on the cathode and a single
patch of light near the anode itself.

The nature of the cathode rays remained for
some time in doubt. However, in 1895 Perrin
showed that they transported a negative charge, and
in the following year Professor Sir J. J. Thomson
proved conclusively that they consisted of streams
of negatively charged particles, moving with
extremely high velocities, and having a mass in all
probability much less than that of a hydrogen
atom.

Let us continue tfor a moment the study of the
discharge tube. It had long been known that if a
solid obstacle were placed in the path of the discharge
a shadow of the object was cast by the cathode rays
on the opposite wall of the tube. It was noticed
that if the obstacle was placed withim the Crookes
dark space a shadow was also cast on &he cathode.
That is to say, there must also be rays in the tube
proceeding it/ the opposite direction {o the cathode
rays and falling upord the cathode itself. By using
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a perforated cathode, as showa in the diagram,
these rays become visible as faintly luminous streaks
of light, coming from each of the perforations, and
exciting a faint mauve phosphorescence where they
strike the walls of the tube. These rays, which
carry a positive charge and have a mass comparable
with that of an atom, are formed by the positive
particles to which we have already alluded.

The high velocities of these particles give them, as
we have seen, sufficient energy to produce luminous
effects when they fall upon suitable screens. The
additional fact that they carry an electric charge
enables us to determine not only the velocity, but
also the ratio of the mass of the particles to the
charge which they carry.

The general problem of the motion of an electri-
fied particle when moving under the action of electric
and magnetic forces is one of some little complexity,
though complete solutions have been given by
various mathematicians. Fortunately the special
cases which are required for our present purpose
lend themselves readily to the simplest treatment.

Suppose that a particle of mass m and charge eis
moving with a velocity v at right angles to a magnetic
field of strength H. In one second the charge ¢ will
have moved through a distance v cms. We may
therefore regard the path of the particle as a sort of
conductor v cms. long, carrying an electric current
whose strength is e.  The mechanical force on such
a conductor when placed in a magnetic field is known
from the laws of electro-magnetic induction to be
equal to the strength of the field multiplied by the
current and the length of the conductor, that is to
the product H® e. v. Further, this force is at right
angles to thetdirection of the current and to the lines
of force in the magnetic field. A little consideration
will show thatgunder these circumstarfces the path
of the particle is ghangec
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circle described in®a plane at right angles to the
direction of the ljnes of force in the magnetic field. ¢

Let » be the radius of this circle. A particle of
mass m moving round a circle with a velocity v
exerts a centrifugal force tending to urge it away
from the centre of the circle. The value of this is
known to be

m . vr.

Now for equilibrium the force tending to urge the
particle away from the centre must equal the force
due to the magnetic field tending to draw it in.
Thus we have

H.e.v =m.v¥r

z(?.'u:H.r . . . (a)

Again the particle carries an electric charge. It
can therefore be deflected by an electric field. Let
X be the strength of the electric field. Then the
force experienced by the particle is equal to X.e
and acts upon the particle in the direction of the
lines of electric force. If now we arrange our
apparatus so that the electric field and the magnetic
field are at right angles to each other, the forces upon
the particle due to the two fields will act along the
same straight line, and by properly adjusting the
sign of the electric field we can make the two forces
oppose each other. It will then be possible to find
a value for the electric field such that the two forces
just neutralise each other and the particle goes on
its path without deflection.” When this is so we
know that the mechanical forces on the particle due
to electric and magnetic fields just, balance each
other. That is

H.e.v =X.e
; v=XH ., . . ()

Thus if we apply t3 the moving electrified particle
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simultaneously an electric and magnetic field of
such magnitudes that the particle, pursues its .path
without any deviation, the ratio of the strengths
of the two fields will give us directly the velocity of
the particle. If, further, we can measure the radius
of the circle into which the path of our particle is
bent by the action of the magnetic field alone, we
can, by equation (a), determine the value of the ratio
mfe, or the mass to the charge for the particle we
are investigating, since the value of v is now known
from the previous experiment.

This ratio of the mass to the charge is one of the
utmost importance in molecular physics. It may
be noted that for ions in solutions it is the quantity
of matter associated with the transference of unit
quantity of electricity, that is to say, the electro-
chemical equivalent. According to the latest values,
the electro-chemical equivalent of hydrogen ions in
solution is ‘0000109 gm. per coulomb. The values
of the ratio for other ions can be deduced from this
and a table cf combining weights in the usual way,
since every ion in solution carries by Faraday’s laws
either the same charge as the hydrogen ion or some
simple multiple of it.

Owing to the way in which the volt and the ohm
have been defined, the former as 10® and the latter
as 10° absolute electro-magnetic units, the absolute
unit of electro-magnetic charge is ten times the
coulomb or practical unit of charge. The value
of m/e for hydrogen in absolute units of charge is,
therefore, ‘0ooo109, or just a little greater than
10—t gms. per absolute electro-magnetic unit of
charge.!

«

1 The science of electricity 1s burdened with two distinct systems of units
for the measurement of electrical magnitudes, the one founded on the considera-
tion of the force with which two similar charges repel eacl. other, the other on
considerations of the #hduction of currents by magnets, ‘The practical system
of units is founded upon the latter, the volt b.ing 10® and the ohm 10 absolute
electro-magnetic units. Th® ampere and coulomb are thus 1/10th of the absolute
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The principles *just explained found their fir
app'ication in the experiments of Professor Sir ]. J.
Thomson, on the cathode rays, experiments which
may well be said to mark a new era in science.
The experimental methods used by him have,been

Fic. 2 —CartHone Ray DerrLectioNn TuBE.

modified and improved upon in the light of sub-
sequent discoveries, and the accuracy attained in
the measurements greatly increased. In principle,
however, the experiments remain the same, and on

units of currents and charge To make confusion wogse confounded, 1t hasg
become usual in works and original papers on these subjects to give the value
of m/e in electro-magnetic units, while the value of ¢ itself us usually given 1n
electrostatic units, Our statement that the force on the electron due to the
magnetic field 1s equal to H.e. v implies that we are using the absolute electro-
magnetic system o”,units, as this system has been defined in such a way as to
make this statement true  Asthis system is the one mare closely related to the
units 1n actual use, we shall endploy 1t throughout, except where the contrary
15 explicitly stated
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account of its historic interest the original apparatus
used in these experiments will be described. Fig. 2
is taken (by kind permission of Professor Sir ]J. J.
Thomson) from a photograph of one of the tubes
used by him for the experiment. The arrangement
of the various parts will be seen more clearly from
the diagrammatic representation in Fig. 2aA.

The cathode of the discharge tube is at C, and
consists of an aluminium disc supported by a rod
of the same metal and connected with the outside of
the tube by a platinum wire sealed through the
glass. The anode R is an aluminium rod placed in
a side tube, while facing the cathode is a thick metal

Rl
« 'Lm

C A

Fic. 2a.—D1acraM oF CatHopE Ray TUBE.

disc A, filling the tube but pierced with a small hole
through which the cathode rays can pass in a narrow
pencil. To define this beam of rays still further, a
second metal disc B pierced with a still finer hole is
placed some distance behind A. For convenience
these two discs are mounted in a metal tube as
shown in the figure. This tube and the anode R
are connected to earth, while R and C are connected
to the terminals of a large induction coil as shown
in the photograph.

Thus, when the discharge is passed between C
and R, a very fine well-marked pencil of cathode
rays emerges drom B. It is then rthade to pass
between two parallel plates D and E of aluminium
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which can be chafged to any required.difference g
potential by connecting them to a large battery
of small accumulators.

This part of the tube is also placed betwecn
the poles of the little electro-magnet shown in the
photograph, the lines of magnetic force being at
right angles to the plane of the paper, and therefore
at right angles to the eclectric field. Finally, the
stream of cathode particles falls upon the walls of
the bulb Z, which are covered with powdered zinc
blende, its presence being marked by a spot of bright
green phosphorescent light at the point of impact.
The position of the spot in the original experiments
was read off on a scale pasted on the outside of the
tube.

To perforin the experiment the magnetic field is
first applied and the deflection of the spot of light
measured. From this deflection and the dimensions
of the different parts of the tube it is possible to
calculate the radius of the circle into which the path
of the rays has been bent by the magnetic field.
The deflected and undeflected paths of the particles
arc indicated by the dotted lines in the diagram.
The electric field is then applied and the difference
of potential between the two plates gradually in-
creased until the spot of light is brought back to
its original position.  The ratio of the electric to the
magnetic field is then equal to the velocity of the
cathode particles. The value of the ratio m/e can
be calculated from this velocity and the known
magnetic deflection as explained above.

The experiments were not without difficulty. It
was at first found very difficult to obtain any deflec-
tion of the particles by means of afi electric field.
This was found to be due to the fact that the
passage -of the cathode rays through the residual
gas in the discharge tube rendered §t more or less
conducting, so that’ the partigles were moving

Iy 2
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through what was practically a closed conductor,
and were thus hardly affected by the external electric
field. It was necessary in order to eliminate this
effect to work with very high vacua.

On making the calculations it was found that the
velocity of the particles depended principally upon
the potential of the discharge, and to some extent
also on the pressure of the residual gas in the
tube and the nature of the electrodes and the gas in
the tube. Even in the same tube the velocity of
all the rays was not the same, so that on applying
the magnetic field the single spot of light made by
the cathode beam on the zinc blende screen was
spread out into a little magnetic spectrum, as we may
call it, each point of which corresponded to cathode
rays moving with a definite velocity. In tubes at
an exhaustion suitable for these experiments the
velocities range, as a rule, from 2 x 10° to 3 x 10
cms. per second, or about 1/10th of the velocity of
light.

On evaluating the ratio m/e it was not found to
suffer similar variations. The original experiments
showed—and this has since been confirmed by many
subsequent experiments—that, whatever the nature
of the gas in the discharge tube, whatever the
material of the cathode, whatever the working
potential of the tube, the value of the ratio of the
mass of the cathode particle to its charge is always
the same. According to the latest determinations
the value of this constant is 565 x 1678 gms. per
unit of charge.

Again, although we have so far considered only
the case of the cathode rays, they are not by any
means the only source of these corpuscles, or elec-
trons as they arc now called. Similar electrons are
given off in quantities from a clean metal surface
when illuminaged by ultra-violet light, or from the
surface of the liqyid sodium-potassium alloy under
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the action of the light from an ordinary candle.
Rontgen rays produce them whenever they fall upon
any material object, and it is interesting to note that
the velocity of the electrons thus produced is the
same as that of the cathode rays in the Crookes tube

Fi¢ 3.—MauNETIC DEFLECTION OF THE CATHODE RaAvs.

from which the Roéntgen rays procegd. Electrons
arc also emitted from incandescent metals at a
high temperature, and in very large quantities when
certain metallic oxides and notably®those of barium
and calcium are raised to a red heat. These elec-
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trnns have very. little velocity of their own, but may
very readily be given one by acting upon them with
an electric field. If the heated oxide is raised to
a potential P in absolute units, the work done on the
electron by the field will be P. e. If v is the veloclty
acquired by the electron, its kinetic energy is §mv®.
Hence, by the principle of the conservation of energy
P.c¢ = {mv® or v = 2P .¢/m. Thus by suitably
alteting the potential of the hot oxide we can give
to these electrons a suitable and known velocity.

Fig. 3 is a reproduction of an actual photograph
of shch a discharge. The cathode is a platinum
strip carrying a minute speck of barium oxide, raised
to a red heat by means of an electric current and
charged to a potential of — 240 volts fiom a cabinet
of small accumulators. The electrons given out by
the heated BaO are projected by the field in a
narrow pencil and are rendered visible by their action
on the residual molecules of air in the exhausted
tube. In the photograph a magnet has been placed
behind the tube so that there is a magnetic field at
right angles to the paths of the electrons, which are
thus bent into the arc of a circle as shown in the
figure. The fact that the circle is not completed is
due to the gradual diffusion and absorption of the
electrons by collision with the molecules of the gas
in the tube.

The value of the ratio m/e for these electrons
has been measured by their discoverer Wehnelt and
others. It may be noticed that as the potential P
to which the cathode is raised is equal to §v%.m/e, it
is only necessary to measure the radius of the circle
into which the rays are bent by a magnetic field of
known strength*H in order to be able to calculate
both v and ##e. This fact has been applied by
LLenard and others to measure the value of m/e
for the electronssgiven off by metallic sux"faces under
the action of ultra-vjolet light.
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TABLE 1.

Observer. Source of.electrons l/."l e.m.u. pergm.
Kaufmann . | B-rays (slow) from Radium . 1'77° X 107
Simon . . | Cathode rays. . . .l 172 X107
Ewers . . | B-rays from Polonium . . 1’7 X 107
Classen . . | Cathode rays. . . . 1'774 X 107

” . . | Hot lime . . 1'776 X 107
Woltz . . | B-rays (slow) from Radlum . 1767 X 107
Bestelimeyer . | Hot lime . . . . 1’766 X 107

The above table (Table I. )gives a few of the more
recent determinations of the ratio ¢/m for electrons
from different sources. It will be seen that within
very narrow limits indeed, especially considering the
difficulties of the experiments, the ratio of the charge
to the mass is the same for all electrons, whatever
their origin and whatever their velocity, and differs
very little from 177 x 107. The value of m/e or the
electro-chemical equivalent of the electron, if we
may so call it, 1s therefore 5°65 x 1078 For the
hydrogen atom, as we have seen, the value is about
10~* If we could assume that the charge ¢ on an
electron is the same as that on a monovalent ion in
solution we see at once that the mass of the electron

atom.

For this assumption, however, very little direct
evidence could be adduced at the time it was made.
It was.one of those strokes of genius which have
proved to be correct. To determine absolutely the
mass of an electron we must find some method of
determining the value of the electronic charge e.
Fortunately this also has proved Possible, owing
to a discovery made in the Cavendish laboratory by
Mr. C. T. R. Wilson. .

If a space satum’ted with water vapour is suddenly
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ckFilled the surplus water over and above that which
would saturate the space at the lower temperature
in general separates out in little particles of water,
forming within the space a thick mist or cloud. It
was, however, shown many years ago by Aitken that
this condensation always commenced round minute
particles of dust, particles often far too small to be
visible, yet sufficiently material to be caught by a
well-packed tube of cotton wool. In the absence of
these particles he found that a very considerable
degree of supersaturation could be produced without
any deposition of water and without any appearance
of cloud or mist, and’ that it was only when the
supersaturation became at least eightfold that a mist
or cloud was produced. It appeared then that for a
lesser degree of supersaturation than this the water
vapour must have some nucleus about which to
condense before a drop could be formed.

Gases under ordinary conditions are almost
perfect insulators. Under the action of certain
agents, such, for example, as Rontgen rays or any of
the rays from radio-active substances, a gas becomes
more or less conducting. It has been shown that
this is due to the creation in the gas of systems,
some negatively, some positively charged. In all
probability these are produced by the ionising agent
expelling a negative electron from the atom through
which it passes, leaving the remainder of the mole-
cule positively charged. The negative electron thus
set free soon attracts to itself one or more atoms
just as an uncharged pith ball is attracted by an
electrified ebonite rod. The gas thus becomes filled
with oppositely electrified systems consisting of
clusters of three or four atoms together, which move
under the action' of an electric tield in exactly the
same way as the ions of an electrolyte move in the
electrolysis of a solution. There is this difference,
however, that, wheraas the electrolytic ions are stable,
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the gaseous ionsg if left to themselves, graduall
re-combine to form neutral molecules. Thus unlté,
the supply is kept up by the continuous action of the
ionising agent the conductivity will soon die away.

The mechanism of ionisation by the electrons
emitted by a metal plate under the action of ‘ultra-
violet light 1s somewhat different. Here the clectrons
given off have not sufficient energy to cxpel an
electron from the atoms of the surrounding gas and
thus no positive 1ons are produced in the gas. The
negative clectrons, however, attract to themselves
neutral molecules and form negative ions. It will be
evident from the mode of formation that these ions
bear the same charge as the electron which gave rise
to them, that is to say, their ionic charge is the same
as the clectronic charge ¢. [t may be pointed out in
passing that since the ions are all of the same sign
and produced at the same place, namely, the surfuce
of the metal plate, a current can only be sent through
the gas in one direction. If the metal plate is ncgutivc
the 1ons will be repelled and thus carry a negative
current from it to the positive electrode. If, however,
the plate is positively charged the ions will be
attracted back to it by the ficld and the gas will
remain an insulator.

It occurred to C. T. R. Wilson that these i1ons
might possibly serve as nuclei for the production of
a fog or cloud in supersaturated air, and this was
found on experiment to be the case. He was able
to show that drops of water would condense on these
negative 1ons when the supersaturation was only
fourfold, while condensation occurred on positive
ions also when the supersaturation was sixfold. It
was found that when the supeesaturation was
incrcased to the proper extent each» negative ion
became the centre of a single drop of water, and if
the conditions were fairly uniform these drops were
all of the same size) It will be remembered that in
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the case of the ions.formed by ultra-violet light each
of these drops will.carry with it the electronic-charge
¢, the magnitude of which we wish to determine.

Every drop in a cloud is falling through the air
under the action of gravity with a-definite velocity.
Clouds do not float in the air, though if the: drops
are sufficiently small they fall very slowly, owing to
the great surface they present in comparison with
their mass to the viscous drag of theair. Sir G. G.
Stokes has shown that if.7 is the radius of a small
drop of water and ¢ the viscosity of the air, the
velocity with which the drop will fall relative to the

.. 2ur? . »
air is =°--, where g is, as usual, the acceleration
due to' gravity. The drops formed round the ions
are all of the same size and fall at the same rate.
We can thus measure the velocity v of their fall by
watching the rate at which the surface of:the cloud
settles. This will enable us to calculate the radius
r of the drop, and hence its mass M.

So far the cloud has been falling freely under the
action of gravity. Let us apply a field of strength X
in such a direction as to oppose the action of gravity,
that is to say, with the positive plate above the cloud.
. The force on each drop due to the electric field is
then X . ¢, while that due to gravity is M. g. We
can adjust the field X until these two forces exactly
balance each other, and the drop remains suspended
in air like Mahomet’s coffin.  When this stage 1s
reached we have '

X.e=M.g
or ce=M.g/X.
But all these quantities are known, and thus the
charge on the drop of water, which we have shown
to be the samt as that on the original electron, can
be determined.

It remains te describe the a Pparatus' devised for
the experiment. It is shown in blg 4. Itis wel
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known that if a muss of gas is expanded in such
a way that no heat is allowed to enter or leave it.
the temperature will fall. The lowest temperature
reached in any given expansion can be calculated

R F — H

@:s%_——\—[-:@ —

Fic. 4—C. T. R. WiLsoN’s EXPANSION APPARATUS

from the gas laws if the ratio of the specific heats of
the gas is known. As gases are bad conductors of
heat we can satisfy the conditions of the experiment
by making the expansion sufficiently rapid. The
mass of the gas is thed cooled down to the calculated
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temperature before any appreciable amount of heat
has had time to enter the system.

The method of making the expansion will be
clear from the diagram. The tube H connects
with a large vessel of some litres capacity kept
exhausted by means of a water pump. It is closed
by a rubber stopper C which can be suddenly with-
drawn by means of the rod R, thus creating practi-
cally instantaneously a partial vacuum in this part
of the apparatus. The air being thus suddenly with-
drawn from beneath it, the light glass plunger P,
which had been adjusted to a suitable height in
the cylinder D), is forced down with great rapidity,
thus producing within the experimental chamber L
a very rapid expansion of an amount which depends
only upon the initial position of the plunger P.  The
temperature in L is therefore suddenly lowered to a
degree which can be calculated, and if the air in
L. was previously saturated, it will now be super-
saturated to an extent which is measured by P/p
where P and p arc the vapour pressures of water at
the initial and final temperatures.

In making an cxperiment the air in L is freed
from all material nuclei by rcpeated expansions;
the plunger is adjusted so as to make the super-
saturation after expansion rather more than fourfold,
the upper plate E, which is usually of zinc, is illu-
minated with ultra-violet light for a moment in
order to produce a suitable supply of negative ions
in the gas and the expansion 1s made. A cloud is
formed on the negative ions and the rate at which
the surface of it settles is taken. After it has fallen
some little distance the upper plate E, which had
been previousiy uncharged, is raised to a positive
potential and its potential adjusted until the surface
of the cloud is seen to remain stationary. If V is
this potential and the lower plate at a distance d from
the upper one is earthed, the $trength of the electric
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field is V/d and the electronic charge ¢ is equal to
Mgd/y, where M has been calculated by Stokes’ law
from the rate of fall of the cloud.

The method was first applied in a rather different
form by Professor Sir J. J. Thomson. In the form
described, which is the one which has been used
with the greatest success, it was performed by H. A.
Wilson. We have, for the sake of making our
argument logically complete, considered the case of
the electrons produced by ultra-violet light, for in
this case we have evidence that the charge we are
measuring is really that carried by an electron. It
has been shown, however, experimentally, that the
value of the charge ¢ is the same no matter how the
ions are produced. Experiments carried out with
ions produced by Réntgen rays or the various rays
from radio-active materials gave exactly the same
values for the charge ¢. Like the ratio m/e, the
charge ¢ is a universal constant. Some recent deter-
minations of it arc given in the following table :

Tavre 1L
b relec
Observer Carrter | ¢ "k:l::;':tam
Begeman . Water drops (origmal method | 467 X 10°1°
Roux . Sulphur drops P 417 X 10 e
Ehrenhaft Metallic dust . . 34065 X 10”10
Millikan . . il or mercury spray i 489 X 10 1°
|
i ) I
Rutherford . Counting the a-rays 465 X 10 "o
Planck . . Theory of radiation . .| 469 X 10770

It will be seen from Table I1. that the valucs
obtained for the electronic charge ¢ by different
observers working in different ways, though not so
consistent as those oltained for the ratio e/m, yet
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do not differ much from a mean value of about,
4'7 x 10710 electrostatic units, or 1°57 x 107 In
the absolute electromagnetic unit of charge w hich is
equal to 10 coulombs.

The most extensive survey of the subject has
been made by Millikan (see Physical Review, 1911).
Instead of water drops he used very fine glohnles of
oil or sometimes of mercury produced by an atomiser
or fine spray. These drops could be passed as
required into his apparatus. which very much
resembled the chamber L in Fig. 4, through a small
hole made in the top plate. These globules did not
evaporate appreciably, so that an individual drop
could be isolated and kept under observation
through a microscope for several hours consecu-
tively. The microscope was fitted with an engraved
glass scale in the eyepiece, on which the whole of
the measurements on the motion of the drop could
be made very accurately and conveniently. By
properly adjusting the diffcrence of potential between
the upper and lower plates the drop could be kept in
the tield of view during the whole of the experiment.
The measurements made and the calculation of the
charge are precisely the same for the oil globule as
for the water drop.

These drops were not originally charged, but
picked up their charges from the surrounding air,
which was ionised either by Rontgen rays or by
radium. These comparatively large globules could
collect and carry more than one electronic charge,
seven or eight being a very usual number, though
some drops had many more than this. The inter-
change of charges between the globule and the air
could be easiy observed with the microscope. The
drop whichhad been poised almost motionless in the
air for some time by the balanced action of gravity
and the electric field would be seen to dart suddenly
upwards, showing, that the drop had captured another
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Sharge and thus caused the electric force to increase,
or perhaps on the other hand the drop would be seen
to fall, having parted with one of its charges to some
colhdmg molecule.

The important point brought out by the experi-
ment is that in every case 1t was found_that the
magnitude of the charge thus exchanged, which
could be calculated by a simple application of the
principles already explained, was exactly the elec-
tronic charge ¢, and the total charge on the globule
at any time was always very exactly some integral
multiple of this charge. An examination of the
mass of figures collected by Professor Millikan
leaves no room for doubting that the charge which
we have denoted by e is a universal constant, and
that every electrical charge is made up of an
integral number of electrons, just as every fragment
of an element is made up of a whole number of
atoms.

I'rom Table I. we have the ratio ¢/m, equal to
177 % 107, for all electrons. Combining this result
with the value just obtained for ¢ we are driven to
the conclusion that whatever the source from which
they come all clectrons have identically the same
mass and charge, the former being 8'8 x 107 gms,,
the latter 1°57 x 107" coulombs. Such particles
must form a constituent part of all matter.

The value of ¢ ascribed to Professor Rutherford
and also included in Table II. was obtained from
experiments of an entirely different nature made on
the a-particles. Before passing to these we must
refer very briefly to an exceedingly beautiful
extension of the method of drops which has recently
been brought to perfection by the origi.nator of the
experiments.

In the experiments already described, the clouds
obtained were fairly uniform, as the ipmisation was
intense and time was given for tle ions formed to
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diffuse through the body of the gas. Suppose, how-
ever, that we allow, say, a single a-particle togcross
our expansion chamber and at the same time make
an expansion of the air in the chamber by the method

Fro. § —=THr TrAyks oF THE a-Pariicres

altcady described.  The particle passes through the
air, 1omsing 1t as it passes, and thus leaving behind it
a trail of charged tons.  Water drops at once form
upon these f.om the now supersaturated air before
they have had tune either to diffuse into the rest of
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the gas or to recombine. If the expansion chamber
is suitably illuminated these drops appear as brilliant

poins of light all along
the path traversed by the
particle. In the case of
the a-particle the ions
are so numerous that the
track of the particle be-
comes visible as a con-
tinuous shining streak of
light. In the case of an
electron where the ionisa-
tion is less intense the ap-
pearance presented is that
of a string of bright beads.
We are thus able not
merely to detect, but even
to follow the path of a
single particle of any kind
providing it producces ioni-
sation in a gas.

By the kindness of Mr.
C. T. R. Wilson, I am
able to reproduce two of
the photographs taken by
him 1n this way.  In g,
5 are shown the paths of
a number of a-particles.
These have their otigin n
a small sample of radium
placed just outside the
chamber and shoot across
the chamber as shown in
the photographuntilfinally

Al

A

FiG. 6.,—RoNTGEN Ravs,

their energy, which is being spent in the work of
separating the ionic charges along the whole of the
path, finally becomes too small to prodyce ionisation,
and the particles disappear from human ken.
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Fig. 6 is a photograph of the passage of-a
narrow beam of Réntgen rays through the expansion
chamber, from A to A" We have mentioned before
that the Rontgen rays prodwce rapidly-moving
cathode rays when they fall upon matter; in this
remarkable photograph these cathode rays arc made
visible to us by the ions they produce. Here upon
the dark background their tracks may be scen as a
tangled skein of bright threads radiating out from
the invisible track of the Rontgen rays. Each single
thread represents the whole path of a single electron
from its expulsion freom the parent molecule under
the action of the Rontgen rays, to the place where it
finally becomes too weak to jonise. In some of the
brighter threads the individual drops are clearly to
be seen. The twists and turns in each little path
are due to collisions between the cathode particle
and the molecules of the surrounding air, or rather,
perhaps, with the individual electrons contained in
these molecules.

These photographs will perhaps do more than
any argument, however cogent, to reggove any doubt
which may still be felt as to the objéCtive reality of
the electrons and other particles with which we have
been dealing. Nothing but an actual particle could
leave behind it such tracks as those shown in the
photographs we have reproduced.

We have not space to deal with the many
difficulties of the experiment or with the skill and
ingenuity with which they have been overcome.
Those interested may be referred to the original paper
in the Proceedings of the Royal Society for 1912.

The -method is still in its infancy, and the photo-
graphs so far obtained are hardly more than trial
exposures. . Already, however, several heated con-
troversies have been settled, and many cherished
hypotheses deghroned, as the result of the photo-
graphs obtained. To those of us who have been
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working by indirect methods on some of the more,
obscure problems still left to us for solution, the
method has come as a veritable giving of sight to
the blind, and now that Mr. C. T. R. Wilson has
perfected his apparatus and can turn his attention
to using it as an instrument of research we may hope
for many interesting and 1mportant results in the
near futuie.



CHAPTER 111.
THE PosiTivE PARTICLE.

WE have already seen that positively charged
particles are projected with high velocities from
radium and other radioactive substances, and that
they are also to be found in discharge tubes. Unlike
the electron the positive particle has a mass com-
parable with that of an atom, no positive charge
having yet becn detected in association with any
mass less than that of an hydrogen atom. The
charge on a positive particle is, however, either the
same as that on an electron or some snnple multiple
of it. The a-rays, as the particles from radioactive
substances are still called (a relic of the time when
their nature was unknown) always carry a charge of
2.¢. In discharge tubes, however, positive particles
are found with all mtcgml multlplcs up to 8.¢. We
shall see that we may regard the positive particles
as atoms travelling with a high speed from which
one or more electrons have been removed.

The positive particle can be deflected by clectric
and magnetic fields in the same way as the negative
electron, and obeys the same laws. The deflection
is in each case in the opposite direction to that of
the electron, while, owing to the greater mass, the
deflection is less than that for a similarly moving
electron. The great ionising power of the positive
particles makes the detection of the eclectrical
deflection difficult. For these and other experi-
mental reasons it,is only recently that much light

w



THE POSITIVE PARTICLE 35

has been thrown on their nature and propertie
These difficulties have now been overcome, and
the positive particle also is beginning to yield up its
secrets.  As the positive particle is always an atom
of some kind, its investigation is, perhaps, from somec
points of view, of even greater interest than that of
the electron.

The greater encrgy of these particles 1s, however,
in some ways an advantage. It cnables us to deal
with individual particles, whercas in the case of
the clectron we can only deal with large numbers.
Thus our measurements ;:fain, perhaps, in definiteness
although they may lose somewhat in numerical
precision. :

If ¢ be the charge on a single a-particle, the total
charge carried by N particles is N . ¢, and if N is
sufficiently large this charge will be large cnough to
be dircctly measured by an electroscope or clectro-
meter.  If we can further determine the number of
the particles which conveyed this charge we shall
have made a direct determination of the charge e.

The cxperiments are best performed using the
a-particles from radwm, polonium, or some other
radioactive substance. They were carried out almost
simultaneously by Rutherford and by Regener. In
Rutherford’s experiments the a-particle was detected
by the ionisation 1t produced in a special chamber,
the entry of cach a-particle into the apparatus being
notified by a kick of the needle of a sensitive electro-
mecter.  In Regener’s experiments the number of
scintillations produced by the particles in a given
time on a fluorescent screen was counted. The
former method was the more satisfactory from a
theoretical view, as there was at the fime no direct
evidence that every particle produced a scintillation
when it struck a screen, although this has since been
shown to be the casc by Rutherford2 It was also
proved by the fact that the two experimenters
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seached almost the same value for the charge on the
a-particle. The experiment of Regener is simpler to
carry out than the electrical method of Rutherford,
and granting his assumptions, is probably capable of
greater accuracy.

Regener's apparatus is shownin Fig. 7. Fig. 7a
shows the ‘counting” apparatus, Iig. 7b the

FiG. 7 —REGENER'S APPARATUS

apparatus for measuring the total charge carried by
the rays.

The counting apparatus is very simple. It
consists of a lonfr tube closed at one end by a brass
plate ¢, ¢, bored \nth a circular hole some centimetre
in diameter. Across this issealed a thin glass cover-
slip bearing on its under surface the fluorescent
screen D, in this case a thin plate cut from a crystal
of brown diari ond, a substance chosen by Regener
after many trials as the most suitable for the
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purpose. Rutherford has since used prepared sereeny
of nowdered willemite with equal success.

A high power microscope was focussed on the
diamond plate for viewing the scintillations, which,
numbering about one every two seconds, werc
easily counted. The source of the a-particles in
Regener’s experiments was a plate of polonium,
placed at P,some 12°7 cms. from the diamond screen.
The whole tube was carefully exhausted, so that
there should be no absorption of the particles before
rcaching the screen.

The number of scintillations in a given time was
counted, and the area A of the aperture in the brass
plate and its distance R from the polonium carcfully
determined.  If 22 1s the number of particles hitting
the screen in a time ¢ seconds, then the number of
particles emitted by the polonium per second across
a hemisphere drawn about its upper surface is

N — 27R* n
- A T
assuming that the particles arc given out equally in
all directions.  This assumption was verified by
Rutherford in a separate experiment. For the disc
used by Regener N was found to be 3935 x 10°.

To measure the total charge carried by the
a-particles from the disc a Faraday cylinder was
used. This consisted of a partially closed brass
cylinder F (Fig. 7b) enclosed in a glass chamber
exhausted to a very high vacuum to avoid any loss
of charge by ionisation in residual air. The polo-
nium was mounted at P, so that the a-particles from
its upper surface entered the cylinder. Here they
gave 'up their charges to it, gradually raising it to a
positive potential, which could be measured by -an
electrometer or ele¢troscope connected to the metal
electrode E. ,

¢ This method of mgasuring small éurrents by the
electrometer is one in everyday use in this class of
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experimental work and deserves a little further con-
sideration. Let C be the electrical capacity of the
Faraday cylinder and its connections, and suppose
the cylinder is placed at zero potential by connecting
it to earth. Insulate and note the reading after some
suitable interval of time, say ¢ seconds. Let V be
the potential corresponding to this reading ; this can
casily be determined by calibrating the instrument
with suitable known potentials. The charge given
to the electrode in the time ¢ is then CV, so that the
current between P and F is CV/¢.

Since the capacity of the system can be mad.
very small the method is far more sensitive than the
most delicate galvanometer. The capacity of an
clectroscope of the C. T. R. Wilson type with its
electrode and all its connections need not be greater
than 4 or 5 cms., or, say, 5 x 10 " farads. The
clectroscope will easily give a deflection of 100
<ivisions for a potential of 1 volt, while a movement
of the gold leaf of a division per minute can be
detected with certainty. This corresponds to a
current of 107" amperes. The best galvanometers
give a perceptible deflection for a current of about
10" amperes.  The electroscope method is, there-
fore, about ten thousand times as sensitive as the
most delicate galvanometer.

In the present case the value of CV/t gives the
charge carried by the a-particles per second from the
upper surface of the polonium disc. In electro-
static units it was found to be "000377. This was
the charge carried by the 3935 x 10° a-particles
emitted by the polonium. The charge on each
particle was therefore '000377/3'935 X 10° or
9’58 x 107! in electrostatic units. Rutherlord’s
value was 9'30 x 107! in tlie same units.

It will be seen that these numbers are almost
cxactly twice the value 47 x 107 ¢su., which
represents the mean value for the electronic chargee.
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In fact the value of 2. ¢ is almost midway between,
these experimental numbers. The charge on the
a-particle is therefore exactly twice the charge on
the clectron. The a-particle is therefore an atom
which has lost two clectrons. This is characteristic
of all the a-particles emitted by radioactive sub-
stances which appear to differ from each other only
in velocity.

We have stated that the a-particle is an atom:
the question arises of what element is it an atom ?
The ratio of the mass to the charge can be deter-
mined for the a-particle in the same way as for the
clectron, neglecting the different experimental
arrangements required. No great accuracy has,
however, becn reached, as the deflection of thesce
particles from radioactive substances even in the
strongest magnetic fields 1s small. According to
Rutherford, the ratio of mass to charge for the
a-particle from radium is 1797 x 107!, and we have
scen that they carry two charges, or, in the language
of electrolysis, are divalent. The electro-chemical
equivalent of hydrogen is 107} <o that if we can
assume that the 1on 1n solution carries the electronic
charge ¢, the atomic weight of the a-particles would
be 3'84, which is very near 396, the atomic weight
of helium. Conversely, if we can show that the
a-particle 1s an atom of helium we shall have direct
evidence that our assumption that the monovalent
ion cariies the same charge as an electron 1s correct.

The proof of the nature of the «-particle has been
given by Rutherford, to whom we owe so much of
our knowledge of these rays. The experiment is
based on the fact that the a-rays, owing to the great
speed with which they are projected by the parent
molecule, are able to pass through thin sheets of
solid substances which are perfectly impervious to
the molecules of ordinary gases. .

The substance used as the gource of a-particles

s
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«was radium emanation, the radioactive gas which is
the first decomposition product of radium, and,on
which Professor Ramsay proposed to bestow the
name of niton. This gas, which is disengaged from
solutions of radium in water, after being purified in
various ways, is finally passed into a fine thin-walled
glass tube, the end of which has been carefully
sealed. This is enclosed by a wider thick-walled
glass tube which is also made quite air-tight and bas
in its upper portion two electrodes. The spectrum
of the discharge between these two electrodes
enables us to determine the nature of the gases in
this outer tube. Thereis no connection between the
inner and outer tubes, so that nothing can pass from
the one to the other, except the a-rays. This point
was tested by filling the inner tube with helium and
allowing the apparatus to stand for some days. No
trace of the helium spectrum was obtained in the
outer tube under these circumstances. When, how-
ever, the inner tube was filled with emanation, the
a-particles emitted were able to pass through the
thin glass walls, and, being stopped by the thicker
tube beyond, collected in the space between the two
tubes.

Slowly, as the experiment went on, the spectrum
of helium began to appear, becoming brighter and
more complete as more and more of the rays passed
through the inner tube, until at the end of a few
hours the complete helium spectrum was obtained.
The blank experiments were far more in number and
severity than has been described here. They left
no doubt that the a-particles were indeed atoms of
helium, differing from the ordinary atoms of the gas
only in their velocity and charge. We have seen
above that this result leads directly to the conclusion
that the charge on a monovalent 1on in a selution is
the atom of eleetricity which we denote'by e.

This is one of the most direct proofs of this very
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important fact. There are, however, many others of «
very diverse natures, some of which we shall have

occasion to discuss when dealing with the phenom«=na

on which they are founded.

The charge carried by a monovalent 10on in
solution and the electronic charge are thus the same ;
the value for the latter is, as we have seen, very
near 4'7 X 10~ es.u., or 1°57 x 107 1n our electro-
magnetic units. The ratio of the mass to the charge
for the hydrogen atom in solution is, as we have
seen, 1'04 x 1074 Thus the mass of the hydrogen
atom is 104 x 107 *¢, or 163 x 107*' gms. This is
therefore the value in grammes of the chemical unit
of atomic weight, and we can at once calculate from
it the actual mass of any atom of which the chemical
atomic weight is known. The accuracy of the result
depends only on the accuracy with which the value
of ¢ can be determined. A reference to Table II.
(page 27) will show that the error in the value we
have used probably does not exceed 2%/, or 3°/, at
most.

Since the mass of a cubic centimetre of hydrogen
at normal temperature and pressure is almost exactly
9 x 107° gms., the number of hydrogen atomns con-
tained in 1 cub. cm. of a gas under these conditions
iIs 9 x 1079163 x 107%, or 55 x 10" The
number of molecules in 1 c.c. of hydrogen gas is
therefore 275 x 10". By Avogadro’s hypothesis
this number 1s independent of the nature of the gas.



CHAPTER IV.
THE NEw METHOD OF ANALYSIS.

Wi have considered so far the case of the
positively charged particles from radioactive sub-
stances, and have seen how their mass, charge and
chemical nature have been determined, and how thesc
determinations have given us the most certain and
accurate estimate of the actual mass of a hydrogen
atom. The information obtainable was, however,
limited by the fact that these particles are all of one
kind, consisting always of atoms of helium.

We have dllctd\' mentioned that it is possible,
in a discharge tube, to endow atoms and molecules
of ordinary matter with those properties of high
velocity and electric charge which have made the
a-particles so amenable to experiment. The pro-
cess may be regarded as follows: When the two
electrodes of the discharge tube are connected to
the poles of an induction coil, the molecules of the
rareficd gas in the tube are subjected to a very
strong electnc tension. This tension, acting upon
the negative electrons, which, as we have seen, are
contained in all molecules, causes one or more ol
them to be displaced from the molecule, leaving the
remainder positively charged. This positive particle,
as we.may now call it, is driven with great velocity
towards the cathode by the action of the electric
field which produced it.

If the cathode is suitably verforated, the positivc
particle will pass through it, and emerge on the
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yfurther side with this velocity unimpaired. It can
thengbe detected by allowing it to fall either on a
fluorescent screen, or preferably on a photographic
plate, where it will produce a permanent record,
which can be measured at leisure with suitable
instruments of precision.

The experiments, for reasons to which we have
already alluded, presented many difficulties. Itis

Fio. 8.—Tuonmson's Posirive Ry Apeararus.

only after several ycars of experiment that Professor
Sir J. J. Thomson has at last perfected an apparatus
w hich allows him to measurc thesc paiticles with
accuracy and certainty.

A general iﬁea of the apparatus can be obtained
from Fig. 8, which is rgproduced fronra photograph
of one of Professor Thomson’s tubes. The details
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are shown more clearly in the accompanying diagram,
Fig. 9, which represents a section of part of, the
apparatus as seen from above.

. The apparatus consists of two parts: the dis-
charge tube proper, where the particles are produced,
and the “camera,” where their presence is detected
and their masses determined. The discharge tube
proper consists of a large bulb T, some 30 cms.. in
diameter. The anode A (Fig. 8) is placed in a side
tube, while the cathode C (Fig. 9) occupies the neck

-\\\ NN \\\\\

T C

Fic g.—THowmson's Posirive Ray TuBk.

of the bulb. The gas to be experimented on enters
the bulb through the tubes at ¢, and 1s removed
through the tube ¢ by a Geede pump, which is worked
sufficiently mpld]y to keep the gasin T at a bUItdblV
low pressure.

The cathode C (Fig. 9) is an aluminium rod
pierced with & very fine copper tube about 8 cms.
long and less than 1-1oth mm. in diameter. An
exceedingly fine pencil of posmve rays is thus
obtained. It & evident that with a tube so narrow
any stray magnetic field wichause the particles to
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hit the walls of the tube and be lost. To prevent
this the copper tube 1s enclosed for the greater part
of its length in a thick iron tube S, shaded in the
diagram, while thick iron screens I, I, protect the
main discharge from the influence of the magnet.

Owing to the intensity of the discharge the
cathode becomes very hot, and it is necessary, in
order to protect the numeious sealing-wax joints,
to surround them with a water cooling jacket, as
shown in Fig. 8.

On leaving the copper tube, the rays pass between
M and N, two soft iron blocks let in through the
sides of the tube (which is here made of ebonite)
and carefully waxed round, so as to be complctely
vacuum tight. These blocks serve two purposes.
In the first place they form the pole pieces of the
electro-magnet E, E, from which, however, they are
electrically insulated by two thin strips of mica m, m.
This insulation enables them to be charged positively
and negatively respectively, by means of a cabinet
of small storage cells, and thus to serve as electrodes
for the application of an electrostatic field.

In this way the positive particles can be subjected
at the same time to a magnetic and an electric field.
It will be noticed that, whereas in the case of the
cathode ray experiments described in an earlier
chapter the two fields were at right angles to each
other, in this case the two fields are parallel, and the
corresponding deflections therefore at right angles
to each other.

After passing through these fields, the rays fall
cither upon the glass plate Z, which is covered with
powdered willemite, or upon a photographic plate,
which can be introduced when required immediately
in front of Z by suitable devices.

The side tube I. leads to a tube filled with char-
coal and imersed durm;z the experyment 1n liquid
air, a device due originally to Sir James Dewar for
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absorbing as completely as possible the gases in
this part of the apparatus. 'This detail, apparently
insignificant in itself, has had much to do with the
success of the method. If the gas in the camera is
at the pressure most suitable for the production of
positive rays in the discharge tube, the effects
observed on the screen are found to be almost
cntirely secondary. The residual gas in the camera
becomes strongly ionised by the action of the posi-
tive rays upon it. The latter are thus travelling
through an atmosphere charged with negative
clectrons, with which they readilv combine to form
neutral molecules again. When this has taken place,
the particle 1s no longer acted upon by electric or
magnetic fieclds. The exact extent of its deflection
will depend upon the length of time during which it
succeeded in retaining its charge. These secondary
effects still make their appearance upon some of the
photographs taken. They can, however, always be
detected by the fact that they either disappear or
alter in position or appearance if the pressure in the
camera 1s slightly lowered or slightly raised.

The charcoal and liquid air method enables us
to remove the residual gas so rapidly that it is possible
to have the pressure in the camera considerably
lower than that in the discharge tube, the diffusion
along the long narrow copper tube, which is their
only connection, being comparatively slow. In this
way the production and the measurements of the
particles can both be carried on under the most
favourable conditions.

Let us consider the course of the positive particle |
from its genesis in the discharge tube to its stoppage
on the photographic plate. Particles formed near
the anode will fall through practically the whole
of the difference of potential between the electrodes
of the discharge tube, some 30,000 or' 40,000 volts.
The energy they acquire will thus be V x E,where V
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is this difference of potential, and £ the charge
on the particle. Their velocity », on reaching the
cathode, will thus be glven by

= 2.VE/m.

(2\ Y

L

“)\ \
m

16 10.—PosiTIVE RAy PARAROLAS.

This is the maximum velocity the particles can
attain. Those commencing their existence nearer
the cathode tlan this only fall through a fraction of
the full potential V, and thus acquire only’a fraction
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of this maximum velocity. Thus, the stream of rays
passing through the cathode will contain particles
moving with all velocities up to a certain maximum.

On passing into the electric and magnetic fields
at MN they will be acted upon by forces equal to
XE and HEv respectively, where X is the electric
and H the magnetic field, exactly as in the case of
the cathode particles, the only difference being that
the directions of the deflections will be in the opposite
directions to those of the negative particles. It can
be shown* that these forces will cause the point at
which the particle strikes Z to be deflected through

. E .
distances equal to %, I,;Iw in the case of the magnetic

field, and %, %:j—z} in the case of the electric field, k,

and k, being constants which depend only on the
relative dimensions of the various parts of the
apparatus. It must be remembered that the fields
have been so disposed that thesc two deflections
will take place at right angles to each other.

Thus if O (Fig. 10) represents the position on
the plate of the undeflected rays, and OX, OY are
the directions of the electric and magnetic deflec-
tions, the particle, after passing through the two fields,
will be deflected to some poeint P such that

PK=x =1/, 3;';} (electric deflection) . (a)
Pj=y=1#k I:}”v (magnetic detlection) . (b)
\We see from these equations that

k H

y/x = (kq X‘) LU . . : . . '(c)

. kEH? E

. * AppendlxiA.
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If the strengths of the two fields are kept the same
thrQughout the experiment, all the quantities within
the brackets will be constant. Thus, y/x will be a
measure of the velocity of the deflected particle,
while the ratio y*/x will measure the ratio of the
charge to the mass.

If all the particles were identical, and had the
same velocity, the spot O would simply be shifted
to the point P. As we have seen, the velocities of
the particles vary considerably. The rays will there-
fore not be deflected to a single spot, even if their
mass and charge are identical, but will be drawn out
into a line or band. By equation (d) all the particles
for which E/m is the same will, however, lic on some
curve for which the value of y%x is constant; such
a curve is known as a parabola.

If the particles emerging from the cathode con-
sist of atoms of differing atomic weight, they will be
sorted out into a series of parabolas one above the
other, cach curve corresponding to some definite
value of E/m. Since the velocity which is propor-
tional to y/x cannot exceed a certain value, these
curves will not be complete, but will stop short at
some definite distance from the axis OY. The
appearance of the plate after exposure should there-
fore be somewhat as shown in the top left-hand
quadrant Fig. 10, where two such parabolas are
shown.

To measure the curves, drop any perpendicular
on OX, cutting the curves in / and m, and the axis
in n. Then, from equation (a) it can be seen that

2 Q_uu_El_EI)
In*mn? = yilyl = (m) (’"1
since the value of x is the same for ail points along
the line lmn. Thus, if E, = E,, that is to say, if the
two particles carry the same charge, the ratio of the
masses of the’two sets of particles iseinversely pro-
portional to the square of their distance from OX.
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The line OX has no real existence on the plate,
but the apparatus can be arranged so that, the
direction of the deflections are parallel to the edges
of the photographic plate, while the position of O is
always marked by a very bright spot caused by rays

Fi6. 11.—PARABOLAS DUF TO MULTIPLE-CHARGED
MERCURY ATOMS

which come through the cathode uncharged, and
are therefore tindeflected. A more accurate method
is to reverse the ficld halfway through the exposure.
The direction of the deflection is thus' reversed,
and symmetrical parabolas are formed on the oppo-
site side of OX as shown in Fig. ro. The distance
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between the two branches of the same curve is then
twice the distance of either from the line OX.

. It will have been noted that the ratio of the
squares on these ordinates does not give directly
the ratio of the masses of the particles, but only the

Fic. 12.—Tvypicar PosiTive Ray PHo10GRAPH., ATMOSPHFRIC
NITROGEN.

ratio of what we may term their electro-chemical
equivalents. Fortunately, however, the majority of
the particles carry the single electronic charge e.
while in any case the charge E on the positive particle
canndbt be more than a small integral multiple of
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this. Very little uncertainty is as a rule introduced
from this cause, though it does occasionally arise.
Mercury is the greatest offender in this respect, as
mercury atoms carrying as many as eight charges
are sometimes to be detected. Thus, five of the

TAasLe 111

Atmospheric nitrogen. Potential across discharge tube, 30,000
volts ; current through magnet, 35 ampcres; potential
difference in electric field, 200 volts.

dmm, m/E. | . Probable cause of line.
7°2 200 Hg + Mercury atom with single
} ‘ charge.
103 . 100 Hg + + Mercury atom with two
i charges.
124 67 Hg + -+ + Mercury atom with three
, charges.
is'4 1 44 | COy Molecule of carbon dioxide.
165 39 A+ Argon atom (40) with single
i charge.
19°4 l 28 N, + Nitrogen molecule with
? single charge.
231 | 20 Ne + ? Neon with single charge.
256 1 159 | O + Atom of oxygen with single
! charge.
2776 | 14 N+ I\1t10<ren atom with single
| : (harge
300 | 12 C + Carbon atom with single
| charge.
387 .7 N + + Nitrogen atom with two
< ‘ charges.

six parabolas on Fig. 11, which is reproduced from
one of Prof.! Thomson’s photographs, are due to
atoms of mercury, carrying respectively one, two,
three, four, and eight chalges. The latter line,
though clear on the negative,is too faint to show up
clearly in the reproduction.
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The measurement and interpretation of the
resnlts can best be illustrated by an actual example.
Fig. 12 represents a fairly typical photograph
obtained with the apparatus. The gas in the
discharge tube in this case was atmospheric nitrogen,
that is to say, air from which the oxygen had been
extracted Table III. contains the actual measure-
ments made on this plate.

The first column gives the distance of the different
parabolas from the axis OX, measured along some
common ordinate as explained above. The second
column gives the value deduced from these figures
for the relative masses of the particles, assuming
that they all carry the same charge. If the charge
carried i1s double or treble this value, the corre-
sponding mass so obtained will be half, one-third
and so on, of the actual mass of the particle. The
standard line on this plate was the innermost one
of all, which, as its appearance shows, is due to
mercury carrying a single charge. The mass of this
particle is for convenience taken as being equal to
its atomic weight (200).

Examining the table, it will be seen that the
three inner parabolas represent particles having a

value of m/E of 200, } . (200), and % . (200). They
are due to mercury atoms having, respectlvely, one,
two, and three charges. Mercury vapour is always
present in the tube unless special precautions are
taken to exclude it, as it is used in the vacuum
pumps attached to the apparatus. The next line is
made by particles having a mass of 44; these are
singly charged molecules of carbon dioxide, carbon
compounds being usually present as impurities in
small quantities.

The argon line (39) is the long bright parabola,
immediately below the very thick bright line (28),
due to molecules of nitrogen with a single positive
charge. This, as might be expected, is the brightest
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line in the photograph. The parabola for which d
is 23 .1 is very faint on the reproduction. It
probably represents Neon (20), though there 15 also

Fi1G. 13 —Posirive Ray ParaBoLas,

the possibility that it 1s formed by argon atoms
with a double charge, as the argon line (40) is very
bright. Our method does not enable us to distinguish
between these alternatives. ,

The tripleteof lines which follow is due to atoms
of oxygen, nitrogep, and carbon. The last line on
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the plate indicating a value 7 is the nitrogen atom
w1th a double charge. The hydrogen line, which is
nearly always present, has been deflected entirely off
the plate by the large magnetic field applied in order
to separate the heavier constituents.

It will thus be seen that all the lines on our plate
correspond to elements which we might expect to
find present from the nature of the gas employed.
There are no lines unexplained, and the values
obtained for the relative masses of the particles
correspond very closely to the atomic and molecular
weights determined from chemical considerations.

The faint lines seen on Fig. 12 joining some of
the parabolas to the origin are due to the sccondary
effects which we have already mentioned. The
mercury parabolas, however, as will be seen from
the figure, do actually extend to within a very short
distance of the origin. This is due to quite a
different cause. Turning back to equation (a), it
will be seen that the electric deflection is propor-
tional to the charge E, carried by the particle in the
electric field divided by imv?, the kinetic encrgy of
the particle. We have seen that the maximum value
of the latter is equal to V. E,, where V is the
potential of the discharge, and E, the charge carried
by the particle in the discharge tube. The minimum
value of the electric deflection, that is to say, the
nearest point to which the parabolas can extend, will
be proportional to E,/E,, and will thus be the same
for all particles, whatever their mass and charge, if
each particle carries the same charge in the tube as
in the camera. Thus all the curves will stop short
at a certain line drawn parallel to OY. This is well
shown in IFigs. 13 and 14.

If, however, a particle in the dxschar"e tube
having a double or treble charge loses one or more
of these extr charges before the elecjric field at MN
is reached, the value’of E,/E, will be greater than
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unity, and the parabola will extend further towards
the axis OY.

These extensions of the parabolas are very cle: nrly
shown in the three inner curves of Fig. 13, wherc an’
almost complete break occurs between the termina-
tion of the original parabola and its continuation by
particles which have parted with one of their original
charges These three parabolas are due 1esp ectively

F16. 14.—GAs EVOLVED FROM PLATINUM.

to Mercury (200), Xenon (132), and Krypton (83).
The two outer curves, representing Argon (40) and
the nitrogen molecule (28), end abruptly at the
normal distance from OY.

The best example of the effect is, however, shown
by the mercury lines in IFig. 11. The normal
mercury atom. in the discharge tube apparently
carries a charge of 8¢, and approaches the cathode
with an amount of energy equivalent to this. The
innermost mergury parabola (Fig. 11) %ives a value
for the mass just 200 times that of the hydrogen atom.
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It is therefore due to a mercury atom carrying
a upit charge, and having thus only one-eighth
of the charge it carried in the discharge tube.” The
value of E,/E, is thus {, and the parabola extends to
one-eighth of the usual minimum distance from the
vertical axis. The next line (m = 100) is due to
atoms with two charges, and extends to one-quarter
of the usual minimum distance, and so on, until the
last parabola, which corresponds to a mercury atom
with eight charges (the same namber as in the dis-
charge), ends up at the usual distance from the axis.

This gradual shortening of the parabolas for the
differently charged mercury atoms is beautifully
shown in Fig. 11, where the terminations of the five
mercury parabolas can be seen to lie exactly on a
straight line through the point O inclined at an angle
to OY, as would be expected on the above theory.

It will be noticed that the lines decrease in
intensity as the number of charges carried is
increased. This is always to be observed on the
photographs, and is a fact which sometimes helps
us to the right interpretation of a doubtful line in
a photograph. For example, if the line indicating
a mass of 20 on Fig. 12 had been brighter than the
Argon line (40) we should have been able to say
definitely that it was due'to atoms of Neon, and not
to Argon atoms with a double charge.

The plates so far described were all taken using
large magnetic fields in order to obtain a suitable
dispersion of the heavier atoms. The last plate of
the series (Fig. 14) was taken with a smaller magnetic
dispersion, and shows the lines due to some of the
lighter elements. It is of peculiar interest at the
present moment, as it is one of the photographs
which shows the mysterious line due to particles for
which the ratio of the mass to the charge is exactly
three times that for the singly chasged hydrogen
atom. On this accdunt it may perhaps be of
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interest to give the actual measurements made on
this p]dte (Table IV.). The first column of, the
table gives the actual measurements of a common
ordinate of the different parabolas, the second
column the corresponding values of m/E, the ratio
for the hydrogen atom being taken as unity.

The gas used in the experiment was a sample of
that mysterious gas which is evolved in considerable
quantities when any metal is heated, or better still,
as in the present case, bombarded with cathode rays
in a vacuum tube. That gases were evolved under
these circumstances had been known for some
considerable time, but their analysis had not been

TABLE IV,

Giases evolved from  Platinuin bombarded with Cathode
rays for 6 hours. (See Fig. 14.)

 mm. , m K ! Probable cause of lme.
27°0 ‘ 1'00 ’ + Hydrogen atom.
19°1 J 20 1, + Hydrogen molecule.
15°0 ‘ 30 | 2 Unknown clement.

7°8 ‘ 12 1 C 4 Carbon atom.

67 16 i O 4 Oxygen atom.

58 21 Nec¢ 4 Neon atom (20).

48 32 - Oy + Oxygen molecule.

previously effectcd.  As will be seen from the table,
the gas consists principally of hydrogen, but helium
and neon are also present, while the plate also shows
traces of carbon and oxygen, probably due to impuri-
ties in the apparatus.

In addition to these known substances there is
also very clearly marked a line, the third from the
top of the plate, which cannot be assigned to any
known elemegt or compound Thefe was at first
the possibility that it might be due to a carbon atom
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carrying four elementary charges, but this hypothesis
was found to be untenable. In the first place the
line under consideration is much brighter than that
due to the singly charged carbon atoms, while we
have seen that on a given plate the curves due to
multiply charged atoms are invariably fainter than
those due to atoms of the same substance having a
single charge. In the second place, when pre-
cautions were taken to exclude carbon compounds
from the apparatus the carbon line (12) completely
disappeared, while the line 3 remained as bright as
ever.

Only two possibilities remain.  The line may be
due to a previously unknown element of atomic
weight 3, or it is due to a hitherto unknown modifica-
tion of hydrogen H; corresponding to ozone. If the
latter is the case, the substance has some quite unex-
pected properties, as it is certainly not destroyed by
sparking with excess of oxygen.  Professor Sir J. J.
Thomson is still actively pursuing his experiments on
this substance, and some very interesting results
may be expected. Until these experiments are
completed it would be premature to venture any
further opinion as to the real nature of this new gas.

Another parabola which is found when the gases
from liquid air residues are introduced into the tube
suggests interesting possibilities.  This is a linc
giving a value for m/E cqual ‘to 22. This might
possibly be a molecule of carbon dioxide (44) with a
double charge, but from the fact that it appears only
in these mixtures of the rarer atmospheric gases,
and that it is quite well marked cven when the
CO, and CO lines are absent, seems to point to it
being a new compound NeH, of neon and hydrogen.

A few further points of interest in the photo-
graphs may be noted. The bright central spot
shown in all the figures is due to the particles which
have lost their charge’during their passage through
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the long copper canal tube, and are therefore unde-
flected by any combination of electric and magnetic
fields. The atoms of some elements have such
a strong attraction for the surrounding negative
electrons that they actually take up more of them
than would be sufficient to neutralise the original
positive charge. They thus enter. the deflecting
fields with a negative instead’ of a positive-charge,
and so give rise to parabolas in the opposite quadrant
to those due to the positive particles, but giving, of
course, the same values for m/E. Oxygen and the
halogens if present in any quantity almost invariably
give these negative curves. Strangely enough hydro-
gen, which is generally reckoned among the more
electro-positive elements, also frequently shows the
same effect. It has never been found with nitrogen
or helium.

We have so far only been considering the relative
values on the ratio m/E for the different particles.
By measuring the dimensions of the different parts
of the apparatus and calculating the actual values
of the constants k, and k,, the absolute value of this
ratio for any given parabola can be deduced. ~Such
a determination was made by Professor Sir J. ]J.
Thomson, and it was found that the absolute value
for the outermost parabola of all was almost exactly
10-*. We have seen that this is the value of the
ratio for a hydrogen ion in solution or a hydrogen
atom carrying a single charge. The particles with
which we have been dealing are therefore actual
atoms and molecules of the substances in the
discharge tube, as we have tacitly assumed in the
foregoing pages.

We have now described in some detail the prin-
cipal features of the new method of molecular
analysis. Itsimportance can hardly be exaggerated.
In the first place it enables us to detect with certainty
the presence in g gaseous mixture of far smaller
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quantities of an element than could be accomplished
by any other method known to science. Professor
Thomson has given the following striking illustration
of the delicacy of the method. It was found that
the photographs taken with atmospheric argon in
the apparatus always showed the helium line faint
but quite distinct. In this particular experiment the
volume of the discharge tube was about 2 litres,
and the pressure of the gas in the tube 1/300 mm. of
mercury. The gas experimented on would therefore
have had a volume of about 1/100 c.c. at atmospheric
pressure  This is approximately the quantity of
argon in I c.c. of air at atmospheric pressure. We
are thus able to detect the helium present in a
single cubic centimetre of air. According to the
determinations of Professor Ramsay this amounts to
no more than four millionths of a cubic centimetse.

The new method has the further advantage over
spectroscopic analysis that it-gives directly the
atomic or molecular weight of the substance under
experiment. Thus the photograph of Fig. 14 not
only reveals the existence of a new gas but gives at
once its molecular weight.

ILastly—and this is perhaps most important of all
from the point of view of an intimate study of the
modes and methods of chemical combination and
decomposition—the time taken for each single particle
to register its presence and mass is exceedingly
minute. A very moderate value for the speed of
the positive particles is 10* cms. per second (about
620 miles per sccond). Their path in the discharge
tube is not more thian 50 cms. in all. Thus a particle
when caught by the discharge will register itself on
the photographic plate in considerably less than one
millionth of a second.

We might therefore reasonably expect to find on
the photographs curves corresponding to temporary
combinations of atoms so unstable that their whole
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period of existence is not greater than one millionth
of a second, if any such combinations are formegd in
the discharge tube. Thus in the case of chemical
reactions taking place within the discharge tube we
might expect to find on the plate traces not merely
of the stable products of the reaction but also of any
intermediate stages occurring in the course of the
reaction. The field thus opened up for an intimate
study of the mechanism of chemical reactions is
illimitable.

Though little has as yet been accomplished along
these lines, the experiments already made show that
this expectation is not unfounded. As a verv simple
illustration of the application of the method we
may take the case of phosgene, COCI,.  When this
was introduced into the apparatus the photographs
shqwed that, in addition to the molecules of unde-
composed phosgene (99), the carriers of positive
electricity were molecules of carbon monoxide (28)
and atoms of chlorine (35°5). The lines due to
single atoms of carbon and oxygen were very faint
indeed, thus showing that the decomposition of the
compound by the discharge consisted of the separa-
tion of the chlorine atoms, from the CO molecule,
the bond between the carbon and oxygen atoms
remaining intact.

This is a simple case where the results obtained
might easily have been predicted. Another inter-
esting case is that of methane, CH,. When this gas
is subjected to the discharge a group of tive lines
appears on the photographic plate, indicating the
presence of particles having masses 12, 13, 14, 15 and
16 times that of the hydrogen atom. These corre-
spond to particles having the composition C, CH,
CH,, CH,, and CH, respectively.

We have been dealing so far with the many
advantages of the method. Some of fts limitations
should perhaps bg pointed out. In the first place
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the substance to be experimented on must be either
gasepus or capable of exerting a vapour pressure at
ordinary temperatures. A more important defect,
and one which is shared by the spectroscopic method,
is that an element may be present in considerable
quantity in the discharge tube without producing a
corresponding trace upon the photographic plate.
Thus, although many metals have compounds suffi-
ciently volatile for the purpose of the experiment,
mercury and nickel are the only metallic elements
which have so far been detected by the method.

a0,

(@) \J ().

Fi6. 15.—APPARATUS FOR 1HE ELkRCIRICAL MEASURFMENT OF
THE Posirive Ravs,

One word may be added as to the relative intensity
of the different lines on a given photograph. It is
found that in general this is far from representing
the actual proportion of the particles in the stream
having masses corresponding to the different lines.
For some reason at present unexplained, a given
number of atoms of a light element produce far
greater effect on a photographic plate or willemite
screen than an equal number of the atoms of
heavier element. Thus the parabola corresponding
to the hydrogén atom will often be the most intense
line on the plate when the amount of that element
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present forms less than 1% of the contents of the
tube.

This has been very clearly demonstrated by
Sir J. J. Thomson by substituting an electrical for

a photographic method of detecting the positive
,partlcles It must be remembered that as all the
particles with which we are dealing carry an electric
charge, they can be detected by collecting them in
a Faraday cylinder in the way described for the
a-particles in the preceding chapter.

To carry out the experiment a brass plate b
(Fig. 15) was substituted for the glass screen Z of
Fig. 9. If the brass plate is covered with powdered
willemite a series of bright parabolic curves will of
course appear upon it when the tube is running
somewhat as indicated in Fig. 15a, where three such
curves are shown. If a slit SSis cut in the brass
plate so as to coincide with one of the parabolas,
the particles forming this parabola will pass through
the slit and can be collected by a Faraday cylinder
F (Fig. 15b) placed immediately behind it. As
explained in Chapter III., the rate of charging up of
an electrometer connected to the IFaraday cylinder
will be proportional to the number of particles
entering the latter per second, that is to say, to the
relative number of molecules n the positive rays
which have a mass corresponding to that indicated
by the parabola coinciding with the slit SS.

If the slit could be made to coincide successively
with each of the different parabolas indicated by the
glowing willemite, the relative rates of deflection of
the electrometer for the different positions would
be proportional to the number of particles of corre-
sponding mass in the positive rays from the discharge.
The experiment can be performed much more con-
veniently without moving the slit .y varying the
intensity of the deflecting magnetic' field, H. If
this is increased it can easily’be seen that the corre-
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sponding magnetic deflections of the particles will
also be increased and the various parabolas will
move outwards from the centre of the screen. In this
way each of them in turn can be brought to coincide
with the parabolic slit SS. It can easily be seen
from equations (a) and (b) that. if the other con-
ditions of the experiment remain the same the value
of m/E for a given set of particles is proportional to
the square of the strength of the magnetic field
necessary to deflect them to a given position. Thus
from the various rates of deflection of the electro-
meter corresponding to different values of the
magnetic field we can at once determine the relative
number of particles in the beam of positive rays
corresponding to definite values of the ratio m/E.
In other words, we can determine the relative
proportions of the different kinds of atoms and
molecules which make up a given beam of positive
rays.

On making the experiment it was found that
there was practically no movement of the needle of
the electrometer connected to the Faraday cylinder
except when one of the bright parabolas was made
to coincide with the slit. If a fairly narrow slit was
used, the appearance and disappearance of a deflec-
tion of the electrometer as such a line passed across
the slit was surprisingly sharp, and lines quite close
together could easily be separated.

Although we can thus perform a quantitative
analysis of the beam of positive rays, it cannot be
assumed without further experiment that the number
of atoms of an element in the beam is necessarily
proportional to the quantity of the substance present
in the discharge tube. Preliminary experiments,
however, seem to indicate that this is very approxi-
mately the case, at any rate fcr the non-metallic
elements. It so, this latest modification of the
method of molecular analysis will gnable us to carry

5
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out not merely a qualitative but also a quantitative
analysis of any gas introduced into the discharge
tube. The quantitative determination of traces of a
gaseous substance too small to be detected by the
spectroscope will then have become an accomplished

fact.



CHAPTER V.
THE NATURE AND SIZE OF AN ELECTRON.

WE must now turn from these triumphs of
experimental skill to some theoretical considerations,
and discuss briefly the new views of the atom to
which they have given rise. It would be idle to
pretend that we have as yet any theory of the
structure of the atom which absolutely and com-
pletely sums up all the known phenomena of Science.
The scientific philosophers of an earlier age hoped
that at no very distant date they might be able to
include in one or more ponderous tomes all that
could be known in the realm of physical phenomena.
Looking down the long vistas which the new dis-
coveries have so recently opened up, we expect no
such immediate end. We are not yet within sight
of a mechanical or electrical theory of the universe
wherein all the chemical and physical properties of
the material universe shall be explicable in terms of
the electrons and their motions. Still, while we
cannot say that we have such a theory, there are
certain sign-posts pointing out the direction in
which we may hope for ultimate success. Even
now it is possible to construct ‘“ models ”’ of the atom
which, however crude and insufficient they may be,
enable us to link together many most diverse
phenomena.

In the realm of science an insufficient, or even a
false, hypothesis is better than none at all, and it
will be useful td take the best approximation we can
devise to serve us as a clue through the labyrinth of
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experimental facts which we have still to consider.
At the same time it will be well to point out care-
'fully where we are treading the solid ground of
experimental fact and legitimate deduction, and
where we rise to the higher but more precarious
flights of scientific imagination.

We have seen that electrons are contained in all
atoms, and many phenomena lead us to believe that
they play a most important part in determining both
the chemical and the physical properties of the
substance. The question naturally arises, What is
an electron? Fortunately to this question also we
are able to give some answer. An electron is an
atom of electricity free from association with any-
thing in the nature of matter as we know it. It not
merely has a charge, it is a charge, and apart from
its charge has no existence and no properties, not
even that of mass.

The exact proof of this statement has involved
long and intricate mathematical analysis. It will,
however, be possible, without going at all deeply into
these abstruse calculations, to make clear the nature
of the proofs advanced, and the experimental eviderice
upon which they rest.

In the first place, since we have already deter-
mined the mass of an electron, we must show that
such a moving electric charge will possess mass, a
property which we have been accustomed to associate
only with what we call matter. The proof follows
directly from the ordinary laws of electric and mag-
netic induction, and was first given by Professor J. J.
Thomson in 1881, many years before the discovery of
the electron rendered possible any practical applica-
tion of the result.

Consider a small sphere charged with electricity
of either sign moving through space with a velocity v.
We have already pointed out that this moving sphere
will be equivalent to an electric current element
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coinciding with the path of the particle, By the
usaal laws of electro-magnetic induction this current
element will produce a magnetic field, at a distance »
from the particle, equal to ev sin 0/7% where 0 is the
angle between the direction of motion of the particle
and the direction of . Thus, the moving particle is
surrounded not only by an electrostatic field due to
its charge, but also by a magnetic field due to the
motion of that charge. It will be seen that this
field has its greatest value in a direction at right
angles to the motion of the particle, and falls to zero
in the direction in which the particle is travelling.

It is a well-known fact that a magnetic field is
the seat of energy, the energy ina field of strength H

“

being gr tlmes the volume. The magnetic energy

in a small space of volume # at a distance 7 from our
moving charge is thus
.fev sin 0)‘~’~u , ue® sin 20 i
( v/ 8n Bryt
The total energy of the magnetic field surround-
ing the particle is the sum of the energy in all these
little volumes, from the surface of the particle away

to infinity. The summation of this quantity does
2,2
not present any difficulties. It is equal to 3 ;-),

where a is the radius of the sphere.
If m is the ordinary mechanical mass of the
particle, the kinetic energy due to its motion will be

I .. ) )
Emv‘l. In addition to this there is, as we have shown,

a quantity of energy due to its charge. The total

energy of the moving particle and its charge is thus
I o, Ie%?

“mv? 4+ T2

3 2 3 a

. .. e\
If we write this in the form :I;.(m+ 2 [;) 2%, and
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compare it with the ordinary Newtonian expression
. . I .
for the kinctic energy of a particle > mvﬁ) we see

that the particle behaves as if its mass m had been

a9

. 2 ¢ .
increased by an amount equal to 2 This is the

extra or “ electrical ”’ mass, due to the fact that the
particle carries a charge. It is evident that, even if
m, the “ mechanical ” mass of the particle, is zero,
the “electrical " mass due to the moving charge will
still persist. Thus, even if our electron is a pure
charge unassociated with any mechanical mass, it
will still have an electrical mass equal to
2 X (electrical charge)?
3 X radius )

Since this ¢ electrical ” mass is really that of the
magnetic field surrounding the particle, it resides not
in the particle itself but in the medium surrounding
it, that is, in that mysterious fluid which we call the
ether. As soon, however, as we attempt to alter the
motion of the particle this energy flows into it from
all sides, so that, as far as experiments upon the
particle itself arc concerned, the results obtained
are preciscly the same as if it resided permanently
there.

To make this somewhat novel idea a little clearer
we may consider a close and very serviceable analogy,
where the mechanism of the extra mass is a little
clearer than in the clectrical case. If any body is
moving through water, or any viscous fluid, it carries
with it a certain amount of the liquid through which
it is moving. In the case of a sphere, for example,
the quantity carried along by the motion of the body
amounts to half the volume of the sphere itself. A
long cylinder moving at right angles to its own
length will carry with it a quantity of* fluid equal to
its own volume.  On the other hand, if it moves in
the direction of its ewn length the fluid entangled
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is practically nil. Thus, in order to set the body in
mction with a velocity v, we have to supply to it
energy enough to give this velocity, not only to the
sphere itself, but also to the mass of fluid which it
carries with it. That is to say, if M is the mass of the
body itself, and M’ the mass of the attached fluid,

the work done in starting the body is E (M 4+ M) . 0%

In other words, the body will behave as if its mass
were increased by the mass of the fluid entangled by
it. Just as in the electrical case, this extra mass
resides in the surrounding medium, but makes itself
apparent at the surface of the body when the motion
of the latter is altered in any way.

We may very profitably extend this analogy
further in that part of ‘our proof which still remains
to be considered, by thinking of our electric field in
terms of tubes of electric force. This conception we
owe to the genius of Faraday. Untrained in the
methods of mathematicians, he found the merc
algebraical expression for the laws of electrical
attraction both unsatisfying and unstimulating. He
felt that if two bodies attracted each other it could
only be because of some vital bond between them.
Thus he imagined that every positive charge was
the beginning of a certain number of tubes of force
stretching out through space until, somewhere or
other, they ended up on an equal but opposite nega-
tive charge.

By assuming that these tubes were in a state of
tension so that they tended to shorten themsclves
as much as possible, and, further, that two similar
tubes repelled each other, he was able to give a clear
explanation of the various electrical phenomena.
Thus the attraction between two oppositely charged
bodies was tte result of the tendency of the tubes
connecting them to contract ; the repulsion betwcen
two like charges was due to the mutual repulsion
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between the tubes of force radiating from each of
them. An electric current was the motion of on~ of
the ends of the tubes of force along the conductor,
while the magneti¢ effect in the neighbourhood of
the current was due to the motion of the tubes of
force through the surrounding medium.

Fic. 16.—DisTriBUTION OF TUBES OF ELECTRIC FORCE ROUND
AN ELECTRON AT REST.

>

The concentration of attention upon the pheno-
mena of currents which marked the latter half of
last century tended to throw somewhat into oblivion
this conception of Faraday. The recent researches
with which we arc dealing have, however, found in
it a most powerful weapon, and are tending to give
to these tubes of force a definite significance and
concrete existence of which even their originator
perhaps hardly dreamed.

Let us add to.the postulates already made by
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Faraday this additional assumption, that a tube of
force when moving through the ether is able to grip
a certain quantity of that subtle tluid, in much the
same way that a cylinder carries along with it a
definite mass of ahy liquid through which it moves.
For a single charged particle at @ considerable dis-
tance from all other attracting bodies the lines of
force will radiate out in straight lines from its surface,
and, if the latter is spherical, the tubes will space
themselves evenly around it owing to their mutual
repulsion. In section, therefore, they will appear
somewhat as in Fig. 16.

Suppose this system to be moving through space
in the direction OA with a velocity v. If our analogy
with the case of a body moving through water holds,
the tubes, like OB, which move at right angles to
their length, will grip the maximum amount of the
ether through which they are moving, while tubes
like OA, which are moving along their length, will
carry none. It will thus be seen that the distribu-
tion of energy in the field surrounding the particle
will correspond exactly with the distribution of
energy in the electro-magnetic field of which it is
supposed to be a visualisation. The electrical mass
of the particle will then be the whole mass of the
ether gripped by these radiating tubes.

Now it isa well-known fact that a cylinder moving
through a fluid in the direction of its own length is
not in stable equilibrium. In accordance with the
well-known principle of least action, the cylinder
will tend to turn so as to offer the greatest possible
resistance to the motion, that is to say, it will tend
to set itself at right angles to the direction in which
it is being compelled to move. If this holds for
tubes of force travelling through the cther, then
tubes like OA are not in stable equilibriunm, but will
tend to turn fnto the plane of OB, which we may
call the equatorial plane. It can he shown from the
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principles of electricity that such a tendency does
indeed exist. The repulsion between the different
tubes will, of course, tend to keep OA in position,
and, as this repulsion is very great, at moderate
velocities the effect we are consigering will be quite
negligible. The force, however, tending to displace
the tubes increases with the velocity of the particle,

B

FiG. 17.—DisrriBurioN or TuBES oF ELECTRIC FORCE ROUND
A MovinGg ELECTRON.

so that at speeds approaching that of light there is a
very perceptible shifting of the lines of force into the
equatorial plane, as indicated in Fig. 17. But we
have noted that the mass of ether gripped by the
tubes in this position is greater than that which they
originally held. Thus we arrive at the somewhat
startling result that the electrical mass of a particle
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is not a constant, but depends—at any rate, at high
velotities—upon the speed with which it is moving.

We have followed out the theory of the variation
of electrical mass from the standpoint of Faraday’s
tubes of force, because in the first place it gives us
at once a clear and vivid picture of the processes
which are going on in the field, while in the second
place we are being gradually driven to the conclusion
that some such entities do play a very important
part in the phenomena of the electric field. The
fact of the variation of electric mass with the speed,
however, does not depend in the least upon the par-
ticular way in which we choose to regard the electric
field, but is a direct though obscure consequence of
the fundamental facts of the science.

The exact relation between the electrical mass of
a moving charge and its velocity depends somewhat
on the assumptions we make as to the distribution
and geometrical configuration of the charge. Thus,
starting from different ideas of the shape of the
electron and the way in which its charge is arranged,
different mathematicians have arrived at somewhat
different formul for this relation. Fortunately, when
these are reduced to figures the differences between
the best of them are so small that our experiments
are scarcely accurate enough to settle definitely
between them. The formula now generally accepted,
which was due originally to Lorentz, and which has
received independent conformation from the theory of
Relativity, makes—

electrlcal mass m at a velocity v = (1 — )~}
electrical mass m, for small velocities

’

where [3 is the ratio of the velocity of the particle to
the velocity of light.

Let us se® now how these results assist us to
discover the nature of an electron. The total mass
of the electron may be made up* of two parts: its
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mechanical mass, which is constant and independent
of the velocity with which the electron is moving ;
and an electrical mass, which increases with the
velocity in the way we have just considered. If the
electrical mass of the electron is small compared
with its ordinary mechanical mass, then there will
be very little variation in the total mass of the
clectron as the speed is increased. If, on the other
hand, the whole of the mass is electrical in its
nature, the total mass of the electron should increase
at the rate given by the formula on the previous
page. If part of the mass is mechanical and part
electrical, the rate of increase of the whole mass of
the electron with increasing velocity will be some-
where between these two values.

If we substitute numerical values in the equation
given above, it will be found that the difference
between m and i, is quite inappreciable unless the
speed of the particle is very high indeed. Thus,
when the velocity is as much as one-tenth that of
light, the increase in the electrical mass only amounts
to about 1°/,, while even when the velocity reaches
one-third that of light—that is to say, over 60,000
miles per second—the increase in the mass is only
about 5°/,. As this is the maximum velocity attain-
able in a discharge tube, it might have been thought
that the experimental investigation of the variation
of mass with speed lay for ever beyond our reach.

Fortunately this 1s not the case. Experiments
have shown that the 3-particles from radium, while
otherwise similar to cathode rays, travel with
velocities enormously greater even than those of the
particles in a discharge tube, in some cases approach-
ing within 4°/, of the velocity of light itself. For
speeds such as thisthe electrical mass should be nearly
three times its ordinary value, and thus, by careful
experiments on these particles, we might well hope
to put to the test the theories we have propounded.
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Fig. 18.—KAUFMANN'S APPARATUS FOR DETFRMINING THF
Mass oF A 3-PARTICLE.

Such experiments have been made with exquisite
skill and .care by Kaufmann. In principle the
methods he’employed were identical with those
already described. The [3-particles given out by
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a small quantity of radium placed at R (Fig. 18),
passed through a fine hole in a lead screen at A,

Y

Fic. 19.—KaAurMANN’s ExPERIMENTAL CURVE FOR THE
ELECTRIC AND MAGNETIC DEFLECTION OF THE 3-Rays
FROM Rapium.

before finally falling on a photographic plate at P.
Before reaching the hole at A the particles passed
between two parallel plates, which could be very
carefully adjusted by means of a series of levelling
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screws, and which were charged to a high difference
of potential. The whole of the apparatus was placed
between the poles of a strong electro-magnet N, S,
arranged so that the electric and magnetic tields)were
parallel to each other and therefore the correspond-
ing deflections they produced at right angles to each
other, exactly as in Professor Sir J. J. Thomson’s
experiments on the positive rays. Apart from the
differences in velocity all the (3-particles are identical.
Thus, for every value of the velocity v there is only
one corresponding value for the mass 7. Hence
the beam of rays is drawn out on the plate into
a single curve (Fig. 19), each point on which corre-
sponds to particles with a particular mass and speed.

This curve can be measured up with a micrometer
in exactly the same way as has been described for
the positive ray curves, and the mass and speed of
the particles deduced by equations (c) and (d)
(Chapter IV.). The values of the constants %, and
k, for the apparatus were very accurately deter-
mined, as were also the strengths of the electric and
magnetic fields. In this way Kaufmann obtained
results which he regarded as being accurate to
within 1°5°/, a very notable achievement.

Some of the results obtained are given in Table V.
The first column of the table gives the velocity of
the particles, the second the value of (3, the ratio of
the velocity of the particle to the velocity of light.
In the third column we have Kaufmann’s experi-
mental values for the ratio of the whole mass of the
particles to their mass at small velocities. Inreducing
his experimental results Kaufmann used, not the
formula of Lorentz, but a rather] more complex: one
due to Abraham. The last column gives the
theoretical value of this ratio, deduced from
Abraham’s equation, on the assumption that the
whole of the .nass is electrical.

It will be seen how very closely, all things
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considered, the two sets of figures agree. The
experimental values for the ratio m/m, increase,
if anything, even more rapidly than theoretical.
This would imply that, if anything, the mechanical
mass of the electron is negative, which is, of course,
an impossibility. A re-calculation of the original
figures on the Lorentz formula gives even better
agreement.

TABLE V.

Kaufmann’s values for the variation of the mass of a B-particle
with change of velocity.

|

: 2,
C2E
! Y] Experimental |
! ‘&: value of | m/m, for
Velocity of the B-particle H i 5|2 m/m, ! Abraham’s
¢ ®|& | forthe | equation.
E!é : B-particle. &
Llo I
_® |
_— e S S l — e —
| | |
2'88 X 10" cm. per scc. i 963 1 270 I 2°52
285 » 949 1 235 | 224
280 ) ” ! 933 2'09 \ 2’14
265 » C 83 0 g6 | 18
249 ” ' E 830 | 170 | 101
2°41 ’ " | Sor | 161 | 1'54
2°20 ” “ 732 1’41 1°41

We have now discussed the evidence for our
original statement that the whole mass of the
electron is electrical in origin and due cntirely to
the charge it carries. Granting this conclusion,
we can at once determine the dimensions of the
electron, and so complete our knowledge of its
properties.

We have seen that the electrical mass of a charge

. 2 e~ .
e for moderate speeds is equal to 3 % where a is the
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radius of the space occupied by the charge. The
mags of an electron is 8'8 x 10~ gms., while the
value of the charge it carries is 1'57 x 10~% units.
Substituting these valuesin the formula we find that
the radius of an electron is 187 x 10" cms.

We have stated elsewhere that the radius of an
atom is of the order of 10~8cms., and have attempted
to form some idea of the exceeding smallness of
this magnitude. We may now say that small as
the atom 1is, the electron is so much smaller that
the electron bears to the atom which contains it
very much the same relation as a pea to a
cathedral.



CHAPTLER VI
THE STRUCTURE OF THE ATOM.

THE discoveries which we have been describing
at once gave rise to fresh speculations as to the
nature of matter and the constitution of the atom.
The proof afforded by chemistry that all the myriad
substances around us were built up from some
seventy or so different elements had indeed cffected
a very marked reduction in the apparent complexity
of the material world, but it had always been felt
‘that the reduction was not sufficient, and that
seventy different and independent kinds of atoms
was far too many to go to the construction of a well-
organised universe. Previous attempts to reduce
this chaos to scientific order had languished for
want of any kind of experimental basis, though on
the other hand the ever-increasing proofs of order
supplied by the periodic classification of the elements

made it increasingly certain that some structural
connection of the closest kind must exist between
the different elements. The discovery of the
electron and its properties, by affording certain
knowledge of at least one of the constituents from
which the atoms of the different elements were
constructed, opened the way to a fresh flood of daring
speculatlons

We have seen that the whole mass of the electron
is due to the charge which it carries. © The thought
at once suggests jtself: Are there, indeed, two kinds
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of mass, or is all mass electrical in its origin ? The
mask of a negative electron is about 1/1770 part of
the mass of a hydrogen atom. Neglecting the posi-
tive part of the atom it would require about 1770
electrons to make up the mass of a single hydrogen
atom. This, of course, is by no means an impossible
number considering the smallness of the electron in
comparison with the size of the atom; and specula-
tions along these lines were very freely indulged in
for a time. In this case, however, experiment failed
to confirm the bold conjecture. The number ot
electrons in the atom has been dctermined, at any
rate approximately, and affords no support for such
a theory.

As this number of eclectrons in the atom is
obviously a matter of very fundamental importance
for the construction of any rational theory of atomic
structure, we may perhaps be allowed to describe,
very briefly, one of the methods by which attempts
have been made to determine it. Consider a single
electron flying through a shcet of metal. With
the huge velocity which it possesses a sheet of
aluminium, say tth mm. thick, is not a very serious
obstacle to a [3-particle. Neglecting for a moment
the positive charge which keeps the atom together,
the various atoms which our particle encounters
must present to the particle the appearance of a
series of large chambers, empty save for a certain
number of particles, minute in comparison with
the atom, and similar to itsclf.

At a considerable distance these fixed electrons
will have little effect on the moving corpuscle. If,
however, in its flight it approaches one of them
closely it will be repelled, as the two particles each
carry a negative charge. The nearer it approaches
the greater wil)be the repulsion, and the further the
moving particle will be deflected from its original
path. We may call this a collision. It is, in fact,
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the same sort of collision as we imagine to take place
between two gas molecules. The direction in which
the particle will be deflected will be perfectly arbi-
trary, and a second collision may actually undo the
work of the first. On the whole, however, the
greater the number of collisions the greater will be
the deflection, and it is not beyond the possibilities
of mathematics to determine the most probable
effect of a given number of these deflections. The
problem is indeed mathematically equivalent to the
well-known theorem of the drunkard’s walk. Sup-
pose a drunkard walks so many yards before falling
down, and after each fall, having lost all sense of
locality, sets out again in some new and arbitrary
direction, at what distance from his starting-point
will he be most likely to be found after a given
number of falls? This problem, under a somewhat
different title, has been solved by Lord Rayleigh
in that marvellous compendium of mathemetical
physics, the ¢ Theory of Sound.”

If then we find experimentally the most probable
deflection of a [3-particle after passing through a
certain thickness of solid matter, we can deduce the
‘number of collisions it has made in its passage
through the solid, and hence the number of electrons
in unit volume of the substance. Since the number of
atoms per cubic centimetre of any substance can
readily be deduced from the data given in Chapter
II1., the number of electrons in each atom can at
once be determined.

A series of experiments upon these lines was
some time ‘ago performed by the author. By various
experimental devices, which. it would take us too far
from our course to describe, the mean angle through
which an originally parallel pencil of (B-rays was
scattered in passing through sheets of various sub-
stances was determined. By experimenting on
sheets of different thicknesses the author was able
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to show that the mathematical treatment outlined
above was applicable to this particular case, and
hence to deduce the number of electrons in the
atoms of the various elements experimented upon.

The matter is, perhaps, hardly so simple as we
have described it. We have neglected so far the
effect of the positive electrification which we know
must be present in the atom if the latter is to be
electrically neutral.  This will exert a certain
attraction on the flying electrons.

At the time the experiments were made very
little was known as to the nature and distribution of
the positive charge in the atom. The most popular
conception (adopted first by Lord Kelvin and accepted
in the main probably because it lent itself most
readily to mathematical treatment) was that the
positive charge was distributed uniformly over a
sphere co-extensive with the atom itself.  On this
assumption the author’s results would indicate that
the number of electrons in an atom is almost exactly
three times its atomic weight.  That is to say the
hydrogen atom would contain just three. If, however,
we go to the other extreme and assume that the posi-
tive charge forms a sort of nucleus at the centre of
the atom, with the electrons revolving around it
like the rings of the planet Saturn, the number of
electrons in the hydrogen atom works out at unity,
while for other elements the results indicate that the
number of electrons per atom is even smaller than
the atomic weight.

As we shall see shortly, this nuclear or Saturnian
theory of the positive charge is almost certainly
correct, and we must admit that the number of elec-
trons in the atom of an element is. less than its
atomic weight. This result has been confirmed by later
experiments op the scattering of Rontgen rays in
their passage through matter. It can be shown that
when a Rontgen pulse passes across an electron. it
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causes the latter to emit sécondary waves which
radiate out in all directions round the electron. It
is obvious that the intensity of the secondary radia-
tion coming from a given piece of matter will be
proportional to the number of radiating systems,
that is of electrons, which it contains. A comparison
of the relative intensities of the original and the
scattered radiation will enable us, thetefore, to deter-
mine the number of electrons present. The experi-
ments are not particularly easy, but the results
indicate that, with the exception of the hydrogen
atom, which contains a single electron, the number
in the atom is approximately equal to one-half the
atomic weight of the element. These experiments
have the additional advantage that their result is
independent of the assumptions made as to the
nature of the positive part of the atom.

We may also attack the problem indirectly (and
it is one of such importance that we cannot have too
much evidence on the subject), by determining the
magnitude of the positive charge on the atom.
Since the atom as a whole is certainly neutral, it is
obvious that the charges on the electrons in the
atom must be equal and opposite to that on the
positive part of the system. Hence, if we can deter-
mine the latter, the number of electrons necessary
to neutralise it is at once known.

The positive portion of the atom can be in-
vestigated in much the same way as that employed
by the author for finding the number of negative
electrons, using as an exploring instrument not the
[3- but the «-particles from some radio-active sub-
stance. On account of their greater mass and
energy these a-particles will be practically unin-
fluenced by the comparatively light electrons, but
will be repelled by the positive mass of the atom,
and thus deflected from their original paths to an
extent which willjincrease with the magnitude of the
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charge upon it. In many ways the a-particle is
most suitable for experiments of this kind, since
owing to its greater energy it is possible to determine
the track of a single a-particle, while the [3-particles
can only be treated in mass. The method adopted
by Geiger, to whom the experiments are due, was to
allow a parallel pencil of the a-particles to pass nor-
mally through very thin sheets of metal foil, and
then to fall upon a fluorescent screen, in much the
same way as that used by Regener in his counting
experiments. Each a-particle registered itself upon
the screen by a single flash of fluorescence, and the
distance by which it had been deflected from its
original path in passing through the metal foil could
casily be determined. The experiments are very
tedious, involving the counting of many thousands
of scintillations, and the authors do not claim an
accuracy of more than 20 per cent.  Within these
limits, however, the results certainly indicate that
the number of atomic units of positive charge on the
positively charged part of the atom is approximately
equal to one-half the atomic weight of the clement.
Since the charges on the electrons exactly neutralise
this, the number of clectrons in the atom again
works out at about one-half the atomic weight.

The agreement of the results obtained in such
diverse ways is quite satisfactory, at any rate as to
the order of the number which we are seeking,
though in view of the great importance of the
subject determinations of greater accuracy are much
to be desired and will no doubt shortly be forth-
coming. In the meantime the results already ob-
tained are quite sufficient to dispose of any hope
which might have been entertained of accounting
for the mass of the atom by the properties of the
electrons which it contains. The mass of the elec-
trons must be, even at the highest estimate, a quite
inappreciable fraction of the total mass of the atom.
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There still remains, however, the possibility that
all mass is electrical in origin, but that it is con-
nected, not with the negative, but with the positive
portion of the atomic charge. If the formula for
the electrical mass of a charged particle be examined,
it will be seen that for a given charge the mass is
inversely proportional to the radius of the sphere
upon which it is concentrated. If we suppose that
the positive charge contained in the hydrogen atom
is concentrated upon a sphere having only 1/1770 of
the radius of the negative electron its mass would be
1770 times as great as that of the electron, that is to
say, it would be equal to that of the hydrogen atom,
and no other source of mass would be required. At
the time when this volume was first published
evidence for this view was sadly lacking, and the
belief expressed in the electro-magnetic origin of all
mass was but an unsupported declaration of the
scientific faith that all the varied phenomena with
which we have to deal are manifestations of some
single principle or essence which underlies them
all. In the case which we are now considering, of
the electro-magnetic origin of all mass, this declara-
tion of faith has received marked confirmation in
some ingenious experiments which have been carried
out in the laboratory of Sir Ernest Rutherford.

We have already seen what information can
be extracted from experiments on the passage of
a-particles through thin sheets of solid matter. In
this case the deflecting atoms in the sheet are bound
in their places by the strong forces of tenacity and
cohesion. They are therefore practically immovable,
and only the course of the a-particle is changed. Sup-
pose, however, that instead of passing the «a-particle
through a solid we-allow it to pass through some
gas such as hydrogen, for example. The a-particle,
as we have seen, consists of a doubly charged atom
of helium, and therefore has a mass of about four
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times that of the hydrogen atom. It is obvious that
if sych a particle collides with one of the atoms in
the hydrogen gas, the latter, being perfectly free to
move and not being bound in position by any of the
forces which keep the atoms in a solid fixed, will
be driven forward with a considerable velocity, in
much the same way that one billiard ball is set in
motion by the impact of another. The velocity with
which the hydrogen atom will begin to move depends
on its mass (which is known) and the force of the
impact. Now the force of repulsion between two
positive charges, such as those carried by the a-
particle and the positively charged portion of the
hydrogen atom, varies inversely as the square of the
distance between their centres. Thus, the nearer
the two particles approach during the collision
the greater will be the force and the greater the
velocity with which the hydrogen atom will move.
If this velocity can be measured, it becomes a mere
matter of calculation to determine how closely the
two positive charges must have approached during
their collision for the force between them to become
sufficiently large to produce the velocity actually
found.

On making the experiments it was found that
the velocity imparted to the hydrogen atoms by the
impact of the a-rays was sufficient to enable them to
cause a scintillation upon a fluorescent screen, and
their track could thus easily be determined. Their
velocity was deduced by comparing their penetrating
powers with that of a-particles of known velocity.

The velocity given to the hydrogen atoms by
the impact of the a-particles was found to be very
large. In fact some of the hydrogen atoms were
found to have acquired a speed ot more than 1°6
times that of the a-particles themselves. In order
that the repulsion between the positive charges on
the hydrogen and the helium atoms should be suffi-
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cient to produce such a velocity it is necessary that
their centres should approach to within a distancg of
1'7x 10~¥ cm. Since the two centres can approach
within this distance, the positive charges on the
atoms of hydrogen and helium must be concentrated
on nuclei the sum of the radii of which does not
exceed 17 x 1071 cm., a distance which is less than
the radius of a single negative electron. We thus
arrive at the surprising result that, small as isa nega-
tive electron, the positive charge on a hydrogen atom
1s concentrated on a nucleus which is smaller still.

The method of the experiment gives obviously
only a maximum estimate of the radius of the posi-
tive nucleus; the actual radius may, of course, be
much smaller than this. At any rate, the fact that
two atoms can approach within such a remarkably
small distance would seem to make it quite impossible
that there can be anything in the atomic structure
save the two elements of positive and negative eclec-
tricity which our experiments have revealed to
us. It may be noted in passing that as the mass
of the hydrogen atom has been proved to be
concentrated in a nucleus whose radius certainly
does not exceed 0'8 x 1071 cm., the density of this
nucleus must be of the order of 10" gm. per c.c. It
seems impossible to conceive that a density of this
magnitude can be due to anything save electro-
magnetic action.

Our ideas of the structure of the atom are now
becoming clear. An atom consists of a central
nucleus of small dimensions in which practically the
whole of the mass of the atom resides. This nucleus
is positively charged as a whole, and the mass
of the nucleus is most probably entirely due to
the charge which it carries. Outside this nucleus,
and probably at comparatively considergble distances
from it, are sufficient negative electrons to make the
system as a whole electrically neutral. These elec-
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trons occupy the space which we know as the
“volume ” of the atom, not by filling it with their
bulk, but either by moving about in it, in somewhat
the same way as the molecules of a gas occupy the
space in which they are confined, or by the electrical
forces which they exert. Our different probings of
the atom have revealed the presence of nothing apart
from these two sets of particles. We must there-
fore picture the atom as a sort of void in which a
comparatively few, minute, negatively charged planets
circulate around a small positively charged sun.

The number of the electrons which make up the
planetary system of the atom of a given element is,
as we have seen, not yet determined with the cer-
tainty which 1s desxrable but is, at any rate, approxi-
mately one-half the atomic welght except in the
case of hydrogen, which almost certainly contains
only one. If a table of the elements is consulted in
which the elements are arranged in order of their
ascending atomic weights, and if the elements are
numbered consecutively, beginning with hydrogen as
number one, it will be noticed that the number of
the element on the list, the ‘“atomic number,” as it is
called, is very approximately equal to one-half of
its chemical atomic weight. Van der Broek has
made the ingenious suggestion, which is almost
certainly correct, that the number of electrons sur-
rounding the nucleus of a given atom is exactly
equal to its atomic number, and that consequently
the positive charge on the central nucleus is also
equal to the atomic number multiplied by the atomic
unit of charge. Thus a hydrogen atom would con-
sist of a single electron and a single positive charge.
The atom of helium would have two electrons, and
a doubly charged nucleus, while lithium would have
three electrons, beryllium four, and so on. Thus
each elemen¥ would differ from the one immediately
preceding it in the table by containing one more
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electron in its planetary system and one more unit
of charge on its central nucleus. The atoms of e2ch
element would differ from those of the element
immediately preceding it in the table in the simplest
possible way, the electrons and the central charge
each increasing by unitary steps. It would focllow.
from this that, at any rate in the earlier part of the
table, all the elements possible, on the system which
we are discussing, actually exist and have been dis-
covered. The facts of the periodic classitication of
the elements certainly warrant this assumption.
Before passing on to consider the structure and
arrangement of such systems, and endeavouring to
discover how the known physical and chemical pro-
perties of the elements can be deduced from such a
structure, we may say one further word about the
central nucleus itself. The nucleus in the hydrogen
atom contains, as we have seen, a unit of positive
charge the radius of which is certainly less than
107 ¥ cm. In all probabxllty this hydrogen nucleus
is the long-sought-for positive electron, in which case
the hydrogen atom would consist simply of one
negative and one positive electron forming a sort of
unitary electrical doublet. The nucleus of the next
element, helium, as a whole, carries twice the charge
of the hydrogen nucleus. On the other hand, it has
very nearly four times the mass. The simplest
explanation of this discrepancy is that the helium
nucleus is complex, containing four positive electrons,
which would give it the necessary mass, but that, as
far as its external field is concerned, two of these
units of positive charge are neutralised by the
presence in the nucleus of two negative electrons.
Such nuclear electrons, if they exist, will of course
be additional to those which we have described as
the planetary electrons and whose number is equal
to the atomic number of the atom. The size of the
nucleus is too small for it to act otherwise than as a
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single particle in the experiments which.we have
beon describing. The presence of negative electrons
within the central nucleus seems to be demanded by
the phenomena of radio-activity. Itseemsimpossible
to conceive how the enormous velocities with which
the electrons which make up the 3-rays are ejected
from the atoms of radio-active substances could be
generated by the comparatively weak forces between
the positive nucleus and its outer sphere of electrons.
They are much more readily accounted for if we
suppose them to be due to the very tense forces
which must exist in a central nucleus containing such
comparatively numerous charges in such an in-
finitesimal space.

The fact that the material particles ejected by
radio-active substances (the a-rays) invariably consist
of atoms of helium would certainly suggest that the
helium nucleus is present as such in the nuclet of
elements of higher atomic weight, and various
arrangements of helium nuclei, or of helium and
hydrogen nuclei combined, have been proposed and
have met with some support on spectroscopic
grounds. The problem is one for the future. In any
case the nucleus is so small in dimensions that its
internal arrangements can make but little difference
to the properties of the atom as a whole. Its func-
tions appear to be firstly to provide the mass of the
structure, and secondly, by its electrical attraction,
to hold together within the atom the swarm of elec-
trons which form its outer or planetary system.

Electrically speaking the positive nucleus is so
small that it may almost be regarded as acting as a
point charge. It is therefore the arrangement of the
negative electrons which surround it which will
determine the electrical forces exerted by the atom
and therefore, its chemical and physical properties.
Moreover, the ngative electron is very mobile. It is
in fact entirely owing to its modbility that we know
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so much about it, and, as we shall see, this mobility
has very important and far-reaching effects in deer-
mining the characteristics of the atom.

The problem of the arrangement of a number of
electrons around a central positively charged nucleus
presents mathematical difficulties of a very grave
kind, which at present seem to be insoluble by the
accepted principles of classical mechanics and electro-
magnetic theory. By introducing new assumptions
and fresh mechanical conceptions Bohr has succeeded
in constructing simple atoms and molecules out of
positive and negative nuclei with a certain amount
of success, but his assumptions are at present so
unsupported and would seem to involve such exten-
sive changes in the basic principles of science that
they have not yet received general acceptance, and
his results must be regarded as interesting sugges-
tions rather than as actual physical facts.

The problem becomes much simpler if we assume
that the positive electrification occupies the whole
volume of a sphere co-extensive with the atom, and
that the electrons are embedded in it like raisins in
a pudding. An atom of this kind was suggested by
Lord Kelvin, and has been worked out in detail by
Sir J. J. Thomson. The two problems are sufficiently
akin to afford us some confidence that the solutions
in the two cases will be similar in form, though of
course differing numerically, while the results them-
selves are sufficiently suggestive to repay the closest
study.

The grouping of a number of electrons in a
sphere of positive electrification which is just suffi-

_clent to neutralise their charges at points outside the
sphere has been investigated theoretically by Pro-
fessor Sir J. J. Thomson. A single electron if at rest
will place itself at the centre of the sphere, or if in
motion will describe a circle around that point with
a radius depending on its velocity. Two electrons
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would occupy the opposite ends of the diameter of a
circle whose radius 1s equal to half the radius of the
positive sphere, while three electrons would arrange
themselves at the points of an equilateral triangle.
The arrangement of four electrons at the corners of
a square is, however, not a stable grouping if the
ring of electrons is at rest, but becomes possible if
they are revolving round the centre with a speed
which exceeds a certain critical value. If their
velocity falls below this the system collapses into a
tetrahedron with an evolution of energy.

The determination of the arrangement of any
number of electrons in a space of three dimensions
becomes at first difficult and finally impossible. A
few cases have, however, been worked out. Thus
six electrons would arrange themselves at the corners
of a regular octahedron, but, on the other hand, the
arrangement of eight at the corners of a cube is not
stable, and will collapse into two tetrahedra, one
inside the other, unless we station at least one other
electron within it. We are thus brought face to face
with one of the most important generalisations in
electron grouping, namely, that it is quite impossible
for any system to make a large display of electrons
near its surface without a corresponding stock
within. The presence of a given number of electrons
near the outside of the atom demands that there
shall be a certain definite number of electrons within
in order that the system may be stable. To usea
commercial metaphor, an atom cannot have all its
goods in the shop window. Otherwise there will be
inevitable collapse into some less pretentious system.

The analysis becomes simpler, and leads to the
same general results, if we consider the electrons as
confined to a single plane—a supposition which is
not altogether, without justification on experimental
grounds. This case has the further advantage that
it can be studied experimentally in a variety of ways.
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Of these the very beautiful experiments of Mayer,
though designed for quite other purposes, are perhaps
the simplest to reproduce.

A large number of needles are magnetised
together in a solenoid, and are floated vertically in
a basin of water by pushing all their (say) north
poles into small corks, their south poles being at the
same depth below the water. These latter repel
each other, just as do the electrons, according to an
inverse square law. To represent the action of the
positive sphere we may place a strong electro-magnet
beneath the bowl with its north pole upwards. It
can be shown that the attraction of this magnet for
the tiny south poles is (for the horizontal plane in
which alone they are able to move) approximately
proportional to their distance from a point imme-
diately above the pole. Fig. 20 is a photograph
showing ten of these small magnets. It will be seen
that they are arranged in two rings of seven and
three respectively. The attracting electro-magnet is
concealed below the board.

On making the experiment .it is found that the
greatest number of magnets which we can have in
an empty ring is five. If a sixth is added the ring
breaks up, the magnets gradually settling down into
an arrangement of five on the outside with one in
the middle. The number which must be placed in
the middle rapidly increases with the number in the
outer ring. Thus an outer ring of twelve requires
at least eight inside, and one of thirty no less than
one hundred and one for stability to be possible. As
these inner magnets are subject to exactly the same
laws as the outer ones, the whole system, whether
of magnets or electrons, splits up into a series of
concentric rings, with a perfectly definite number of
particles in each.

A complete mathematical solution has been
obtained by Professor Thomson. Table VI. contains
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his results for the model atoms in which the number
of electrons is not more than fifty-two. I would
point out very emphatically at this point that no
stress must be laid on the exact numbers given in
this Table. The simplifications we have made are
too many to render it even possible that these

Fie 20—A “MobeL’” Arowm.

arrangements represent actual atoms of any real
substance. Neither does the weight of the argu-
ment rest on any numerical relations between the
numbers of electrons in the different rings. The
general law of electron grouping enunciated above
when discussing three dimensional systems is amply
sufficient for all that follows, and is all we have at
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present any right to make. It is, however, of the
greatest assistance in following the arguments to
clothe our abstract principles in concrete form, and
to consider some definite case where the relationships
can be expressed in numerical form. The system
chosen is the simplest for the purpose.

The first row in Table VI. contains, with these
limitations, the “atoms” for which there is only one
ring of electrons, the second those with two, and so
on, the upper number being in each case that con-
tained in the outer ring. Thus 11, 5, 1, which com-
mences sertes-C, imphes that this atom contains an
outermost ring of eleven electrons with an inner ring
of five and a single electron at the centre. Remem-
bering that the number of electrons in the atom is
proportional to the atomic number, it will be seen
that this Table represents a series of model ele-
ments arranged according to their ascending atomic
weight.

A very cursory glance at this Table at once
reveals a very striking similarity to Mendeleef's
periodic classification of the elements (see page 111).
Thus, for example, if we assign any chemical or
physical property to the existence in the atom of an
arrangement of electrons such as (5, 1) this property
will disappear as we pass along the series to atoms
with different groupings, and consequently different
properties. Proceeding still further, however, we
come to a place where the original grouping (5, 1) is
restored with the addition of an extra outer ring of
eleven electrons (11, 5, 1).

This grouping again disappears as we pass along
series C, to reappear again with an extra ring of
fifteen at the beginning .of series D, and with a
further ring of seventeen in series E.

Thus any property associated with a given
grouping of electrons will recur again and again at
intervals, as the number of electrons in the model
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atom is increased. It can hardly be necessary to
point out how closely this resembles the arrangement
of the elements according to atomic weight where
the properties of the element sodium, for example,
disappear as we proceed to elements of higher
atomic weight, only to make their appearance again
with slight modifications when we arrive at the
element potassium.

There are many other resemblances which may
be pointed out between the periodic table and our
scheme of electrons. In the first place it will be
seen that in the same group the atoms of series D
and E have four rings in’common with each other,
while those in series B and C have only two. The
elements of higher atomic weight will resemble
each other more closely than the elements of lower
atomic weight. This, again, is a commonplace of
the periodic classification. Further, it will be seen
that at certain places in the table the groupings are
in rapid change, while at others the configuration
alters much more slowly. This again corresponds
very closely with what actually occurs n the
arrangement of the elements, where, starting, for
example, at sodium, the alkaline properties gradually
disappear as we pass through magnesium and
alunmnium, to be replaced by acid ones at sulphur
and chlorine. Aswe proceed further, however, there
is a sudden recurrence of the alkaline properties at
the next element, potassium.

It may be asked, what properties can be asso-
ciated with a grouping of electrons in a sphere of
positive electrification? If we are on the right
track, we must expect sooner or later to be able to
interpret every phenomenon associated with the
atom in terms of such a system. But thisisa far '
cry, and it must be confessed that our present
knowledge does not extend very far in this direction.
We can, however, suggest several important pro-
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perties which may, and one or two which can be
ptoved to be the result of causes of this kind.

In the first place, we may almost certainly
include all those forces of cohesion, adhesion, and
the like which go by the name of molecular—those
attractions which, quite insensible at any appreciable
distance, are yet at distances comparable with the
diameter of a molecule strong enough to rivet together
the atoms and molecules in a solid so firmly that
In some cases it requires stresses of many tons to
the square inch to drag them asunder. Since these
molecular forces determine tenacity, clasticity, and
melting point for solids, and surface tension and
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vapour pressure for liquids, it will be seen that a
very considerable and important set of properties
are thus brought within the scope of our hypothesis.

The most probable, and, indeed, at present, the
only explanation of these molecular attractions, 1s
that they represent the resultant force between the
different parts of the two electrical systems which
make up the atoms. Let us take as an illustration
a very simple concrete case. Suppose the black
dots in Fig. 21 represent the outer rings of electrons
in two adjacent atoms, and that the effect of the
positive electricity may, for the sake of simplicity,
be regarded as concentrated in the white circles
between them.

Since each of the atoms, as a whole, is electrically
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neutral, the attractions and repulsions between
the different parts at any distance which at all
greatly exceeds the diameter of the atom will be
vanishingly small. If, however, as in the illustra-
tion, the two atoms are brought so close together
that their distance is only a fraction of this diameter,
this is no longer the case. It can readily be shown
that the atoms will turn so that a negative electron
in the one is faced by the positive portion of the
other. There would thus be an attraction between
them which would increase with great rapidity as
the distance between the atoms was diminished.
The law of force would thus be similar to that
actually found for these molecular forces.

The magnitude of the forces obviously depcnds
on the number and arrangement of the electrons in
the atom. A complete theory of cohesion is not
possible in the present state of our knowledge.
There is little doubt that it will be found to proceed
on lines not very different from the explanation
suggested above.

Although our methods of analysis do not enable
us to pursue this problem further,.another very
important characteristic of the atom, namely, its
emission spectrum, has proved more amenable to
investigation. The evidence obtainable from a
study of spectral lines is so important that we shall
deal with it more fully in a later chapter. For the
present it may be noted that, before the electron
had been isolated and its properties determined by
direct experiment, it had been shown by Lorentz
that the systems emitting the vibrations which con-
stitute ordinary light were negatively charged
particles, and further, that the ratio of the charge
to the mass was of the order of 17 x 107. It was
also shown that these same electrons were the
cause of the absorption of light and its dispersion 1n
transparent media.. Thus, practically the whole range
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of optical phenomena of the atoms are due to the
electrons which they contain. This point i so impor-
tant that we shall return to it in a separate chapter.

The results which we have been using to illustrate
the nature and results of electron grouping were
deduced on the assumption that the positive electri-
fication is spread over the whole of the atom, and
the actual numbers therefore have no significance.
The main principles of grouping, however, in all
probability hold equally well for the atom with a
central nucleus. So far as they have gone, Bohr’s
results would indicate that in this case also the
electrons arrange themselves in certain stable ring
systems or groups, and that to make these groups
stable a certain number of electrons must be con-
tained within them, exactly as in the atomic systems
of Sir J. J. Thomson. We may therefore accept
these as the two main principles governing electron
grouping. |

Now it is an immediate consequence of these
principles that the electrons in the atom are not all
held in the same way or with the same retaining
force. The tendency is, as we have seen, for the
electrons to arrange themselves in a series of stable
rings around the central nucleus, making the atom
appear like a model of the planet Saturn on an
infinitesimal scale. These rings of electrons together
with the nucleus itself form the framework of the
atom, the disruption of which would mean the dis-
integration of the whole atom into some other and
simpler kind of structure.

The formation of a ring, howcver, requires the
fulfilment of certain very definite conditions. There
must, for example, be a certain definite number of
electrons within the ring to ensure its stability.
Thus it will happen in general that there will be a
certain number of electrons in the atom.in excess
of those which can be combined. into stable ring
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systems, and ‘which will therefore be a far less
integral part of the atom than those which are so
combined. Being held only by the attraction of the
central nucleus, and having no permanent ties with
the rest of the structure, they will at once be more
free to move about in the atom, and less strongly
united to it, while their removal from the atom
altogether might be effected without any serious
derangement of the atomic structure. The existence
of such comparatively free electrons is not a mere
theoretical postulate or deduction. It is required by
phenomena as diverse as the ionisation of gases, the
conductivity of metals, and the dispersion of light.
Experiments on optical dispersion have shown that
the number of these comparatively mobile electrons
in a given quantity of matter is not many times
greater than the number of atoms present, and that
they thus form only a fraction of the whole number
of atomic electrons ; similar results are obtained from
a consideration of the number of free electrons in a
metallic conductor. We shall see later that these
mobile electrons determine the chemical praperties
of the atom. They are therefore usually spoken of as
valency electrons, or occasionally, from their action
on light, as the dispersional electrons.

Let us suppose, to put the matter in its most
general terms, that for an outer ring of A electrons
we require a electrons within for stability, while a
ring of A + 1 requires ¢ electrons. Consider an atom
with an outer ring of 4 electrons having n other
electrons within it where 7 is some number greater
than a but less than . By suitable means we may
extract from this atom a number of electrons equal
to n — a without destroying the equilibrium-of the
outerring A. If, however, we succeeded in extracting
one further electron the system would become un-
stable and the atom would collapse.

Now we know that any real atom is a very stable
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structure indeed. Certain atoms, it is true, owing
to circumstances which we shall have to consider
later, spontaneously break up into simpler substances,
but there is no known agency by which we can bring
about the dissolution of an atom of ordinary matter.
The phenomena of radio-activity have furnished the
clue to our failure: the energy required is too great.
On the other hand, the energy required to extract
single electrons from a neutral atom has been deter-
mined experimentally and is triflingly small. A
single a-particle, for example, has sufficient energy to
produce many thousands of ions. Thus the .work
required to reduce the number of electrons in the
atom below the critical value a would be out of all
proportion greater than that necessary to extract the
electrons above this number. In effect, the value a
would be a barrier which we could not overstep. .

Similarly, we could add to the atom sufficient
electrons to make up its number to b, without in-
ducing any change in the atomic structure. Beyond
that point a further electron would necessitate an
outer ring of A + 1 electrons, with a ¢onsequent
rearrangement of the whole atomic structure.

The two critical values a and b thus constitute,
as it were, barriers which we cannot pass. We may
extract 7 — a electrons at most, that is to say, the
atom possesses 1 — a free or valency clectrons, or,
on the other hand, we might conceivably add b — n
clectrons to the system. More than this we cannot
achieve. The sum of these two quantities, which is
b—a,is a constant for all the elements having a ring
of 4 electrons. This is an important point to which
we shall return.

We can now apply these results immediately to
the known series of the elements. It is obvious that
an atom in which all the electrons were combined
into stable systems would present very marked and
peculiar characteristics. In the first place, since it
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contains no free or dispersional electrons its optical
dispersion would be very small, while for the same
reason it would possess no electrical conductivity.
Again, since all the electrons are combined into
closed rings it would exert practically no electric
force outside its own radius, and would therefore
exert little or no attraction on surrounding atoms.
Thus it would form no chemical compounds, not
even combining with other atoms of its own kind to
form molecules, and for the same reason all the
intermolecular forces which bind together the mole-
cules of solids and liquids would be so small that
we might safely prophesy that it would be a gas of
very low boiling point. All these properties are
exhibited by the elements helium, neon, argon, etc.,
which form the group of inert gases. We may
therefore say with some certainty that the ¢lements
constituting this group are those in which all the
electrons are fixed.

The elements which immediately follow them in
the list form what is known as the alkali group and
are placed in the first group of the periodic classifica-
tion of the elements (see page 111). Byour hypothesis
they contain one more electron than the elements of
the argon group which immediately precede them in
the list. They have thus one free or valency electron.
Moreover, as the system is only just stable the
attraction of the central nucleus for this single
valency electron may be expected to be very small.
It will thus readily part with it under the action of
slight external forces, leaving the atom itself posi-
tively charged. The element will thus-be strongly
electropositive in character, and a good conductor of
electricity. These are, in fact, the characteristic
properties of alkali metals in Group I.

Similarly the elements contained in Group II.,
immediately succeeding these, will have two valency
electrons, those in Group III. three, and so on. In
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other words the number of free or valency electrons
increases uniformly from one to seven as we pass
from Group I. to Group VII. of the periodic classifi-
cation. Thus sodium has one, magnesium two,
aluminium three, sulphur six, and chlorine seven of
these mobile electrons. Direct experimental con-
firmation of these results is afforded by experiments
on the dispersion of light. We have.already men-
tioned that the dispersion of light is due to these

Tasue VIL.—-NUMBER OF FREE ELECTRONs IN THE ATOM
DEDUCED FROM THE DISPERSION OF LIGHT.

B |
i Calculated i Number

l
Substance | number ot deduced
| dispersional on theory
‘ electrons. ot grouping.
Hydrogen ! 14 1
Calcium 15 2
Carbon | 37 4
Silicon . 39 4
Oxygen ! 4'4 0
62 7

Chlorine . . . . |

mobile or valency electrons, and by some rather
abstruse and approximate calculations Drude has
succeeded in deducing entirely from optical con-
siderations the number of these electrons contained
in the atoms of some of the different elements. His
results are contained in Table VII. Remembering
that the number of electrons must in any case be
a whole number, and that the calculations are some-
what approximate in nature, his calculated values
would seem to fully bear out the results to which we
have been led by our theory of atomic structure.

~ On the other hand, the force with which these
electrons are retained in the atom increases with the
charge on the central nucleus. The two free elec-
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trons in the magnesium atom, for example, will be
more firmly attached than the single one in the
sodium atom, while those in the atom of aluminium
will be still less easily detached. The elements
will thus become less and less electro-positive, and,
on the whole, worse conductors of electricity as we
pass along a series from Group I. towards Group
VII. Further, we have seen that in general an
atom may not only lose electrons, it may also ac-
quire them, if circumstances are favourable. Now
the chlorine atom, with its seven uncombined elec-
trons, needs only one clectron to make its electron
system completely stable. On general principles
we may easily see that, other conditions being the
same, 1t is much more likely to stabilise itself by
attracting an additional electron into its system than
by the drastic process of parting with seven. The
chlorine atom, in other words, would have a strong
attraction for the electrons in neighbouring atoms,
tending to become itself negatively charged. Thus
chlorine should behave as a strongly electro-negative
element, as 1n fact it does. Thus we should expect
the elements immediately preceding one of the
inert gases to be strongly electro-negative, while
those immediately following them in the list would
be equally strongly electro-positive, the character of
the elements gradually changing from the one to the
other as we pass along from Group I. to Group VII.
A glance at the periodic table of the elements (page
r11) will show that this is precisely what occurs.
The position of the metals in Group VIII. of the
Periodic table is somewhat anomalous. While the
properties of the preceding elements suggest that
the electron grouping is tending towards complete
stability at these points, the elements themselves
exhibit a rather complex set of positive valencies,
showing that they certainly contain mobile electrons.
The propertics of the elements immediately succeed-
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ing them in Group I. are also different, as might be
expected, from those of the members of that group
which follow the inert gases. The facts suggest that
at the-e points the more usual rings of eight electrons
give place, or tend to give place, to one of perhaps
sixteen ; but it must frankly be confessed that our
present knowledge of the actual groupings of the
electrons in the case of these more complex atoms
is not sufficient to make our speculations on the
point of much value. The same may be said of the
case of the series of what are known as the metals
of the rare earths, which, with atomic weights
which differ but little from each other, and chemical
properties which differ less, have not yet been defi-
nitely fitted into the periodic scheme. In this case it
is also possible that differences in the structure of the
positive nucleus may not be without some influence.

One further point may be referred to in this con-
nection. It can be shown that when two atoms of
different sizes come into contact, the attraction of
the smaller atom for the electrons contained in the
larger exceeds that of the larger atom for the elec-
trons in the smaller. There is thus a resultant force
tending to drive electrons from the larger to the
smaller atom. Thus, ecven among atoms of the same
type, those with a smaller volume will tend to acquire,
‘those with a larger volume will tend to lose, elec-
trons. In the same group, therefore, the elements of
greater atomic volume will therefore be more electro-
positive (or less electro-negative, as the case may be)
than the elements with the smaller atomic volume.
Now in any one group of clements the atomic volume
increases with increasing atomic weight. Hence we
arrive at the general result that the electro-positive-
ness of the elements in any one group increases with
increasing atomic weight. This relation has often
been pointed out. A very striking example of it is
seen in Group V. of the periodic classification, where
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the lightest element, nitrogen, is usually electro-
negative, while the heaviest, bismuth, is almost
invariably electro-positive.

Thus in spite of some gaps, the accuracy with
which our deductions from the theory of atomic
structure to which our experiments have led us
reproduce at any rate the grand outlines of the
periodic classification of the elements is, indeed,
most remarkable. This great generalisation, no
longer tantalising and inscrutable, is seen to be the
direct result of the laws of electron grouping which
we have arrived at from our study of the constitution
of the atom While it is much to be regretted that
the failure of mathematical analysis to keep pace
with the outburst of experimental activity does not
permit us in most cases to apply numerical tests, the
accuracy with which our theory reproduces the main
outlines of this great generalisation of descriptive
chemistry affords us considerable hope that eventually
we shall be able to explain all the manifold physicul
and chemical properties of matter in terms of the
electrical forces exerted between the positive and
negative particles, which, on our view, constitute the
atom.
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CHAPTER VII.
THE ELEcCTRON THEORY OfF VALENCY.

THERE is one property of the chemical elements
which we have not yet considered, though it is
perhaps the most important, namely, their power of
combining together to form molecules of compound
substances. Of chemical affinity, that elusive and
mysterious force, our theory of atomic structure
must give some adequate explanation, as, after all,
there is no property of an element more characteristic
than its power to form compounds with other ele-
ments. Ever since the time of Berzelius the view
has been held, more or less tenaciously, that the
forces binding together the different atoms within
the molecule were electrical in their origin; that, for
example, the molecule Na.Cl of sodium chloride was
formed by the mutual "attraction of a positively
charged sodium atom for a negatively charged atom
of chlorine. This view was, of course, based on the
phenomena of electrolysis. When an electric current
1s passed through a solution of sodium chloride in
water it is found that the sodium makes its way to
the negative electrode, the chlorine to the positive.
The salt thus behaves as if the sodium atoms bore a
positive and the chlorine a negative charge. It is an
obvious assumption that the atoms in the molecule
of sodium chloride bear the same charges as they are
actually found to possess when in an aqueous solu-
tion, and that the electrical attraction between these
equal and opposite charges is the bond which unites
the two atoms together in the compound molecule.
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In the case we have been considering both the
elements are monovalent, and it can be shown from
the laws of electrolysis that they carry equal and
opposite charges. From a consideration of the
electrolysis of such compounds as magnesium
chloside, Mg.Cl,, in which a divalent atom is com-
bined with two monovalent atoms, it is easy to show
that the charge on a divalent atom is twice that
carried by the atom of a monovalent element, and
that in general there is a direct proportionality
between the ionic charge and the chemical valency.
This result is a logical and necessary result of the
laws of electrolysis.

So long, however, as the ionic charge was
regarded as something apart and distinct from the
atom itself, something of a different nature super-
added to it by mysterious external agency, the elec-
trical theory—except in so far as it explained the
phenomena of electrolysis in which it had its rise—
was no more fundamental and distinctly less work-
able than the chemical theory of bonds of affinity.
As we shall see later, it is possible to assign a real
physical significance to the idea of a bond of affinity.

With the electron theory of matter the situation
is quite changed. The electric charge is no mere
addendum to the atom. It is a vital part of its
structure, and the question whether a given atom
will tend to lose or gain electrons, and, if so, how
many, will depend entirely on the number and
arrangement of the electrons within it and the forces
with which they are retained.

To return to the case of sodium and chlorine.
We saw at the end of the previous chapter that
sodiuth contains a single mobile or valency electron
as we have called it, with which it will readily part
under the action of external forces. Chlorine, as we
observed, had seven such, but owing to the fact that
this number-is very close to thdt required to form a
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stable ring system, we deduced that chlorine would
in general be much more likely to absorb the one
electron necessary to achieve this result, and would
thus tend to acquire a single negative charge

Thus, when sodium and chlorine are brought
together—the former with a strong tendency te lose
an electron, the latter with an equally strong ten-
dency to gain one—it is evident that the mobile
electron will pass from the sodium atom to the
chlorine, leaving the former with a unit positive
charge, and giving the latter a unit negative charge.
It may be noted in passing that we have shown in
an earlier chapter that the charge carried by a mono-
valent ion in electrolysis is exactly equal to the
charge on an electron. The attraction between
these two charges will then be the force which binds
the two together in chemical union. As the sodium
has now lost its only free electron, while the chlorine
atom has acquired the one needed to complete a stable
ring system, it is obvious from what we have said of
the principles of electron grouping that no further
action can take place. The compound is completely
saturated.

To come now to the case of magnesium chloride.
Magnesium, having, as we have seen, one more
electron than sodium, has two mobile, or valency
electrons as we have called them, which it can give
up under suitable circumstances. But a single
chlorine atom can only absorb one. Hence two
chlorine atoms are required to denude the atom of
magnesium of its stock of mobile electrons, and the
compound molecule will consist of one atom of mag-
nesium and two of chlorine, the magnesium having
two unit positive charges, and each of the chlorine
atoms a single negative charge; in other words, the
magnesium atom is electro-positive and divalent.
Similarly aluminium with three valency electrons
will be trivalent, and so on. The positive valency
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of an element is therefore equal to the number of
valency electrons which it contains. ‘

Now we have seen that the number of valency
electrons is fixed by the position of the element in
the Periodic classification, the number increasing uni-
formly from one in Group I. to seven in Group VII.
Thus we should expect that the positive valency of
the elements would increase uniformly from one in
Group I. to seven in Group VII. This is found to
be the case, though owing to their extremely electro-
negative character the positive valencies of the ele-
ments - in the latter group are very infrequently
exerted.

To pass now to the negative valencies, we have
already seen that the negative valency is determined
by the number of electrons which the atom can
absorb. In the case of chlorine this is unity, and
chlorine is thus a monovalent electro-negative ele-
ment. Sulphur, immediately preceding it in the
table and therefore containing one electron fewer,
will require, and can absorb, two electrons to make
up a stable ring. It will therefore have a negative
valency of two; in other words, the negative valency
of the elements will increase from unity to seven as
we pass backwards along a series from Group VII.
to Group I.

Each element therefore on our scheme of atomic
structure will possess two valencies—the one positive
and equal to the number of valency electrons which
it contains, and the other negative and equal to the
number of electrons which it requires to make up,
together with those which it already possesses—a
ﬁxed electronic system. Thus, phosphorus with five
valency electrons would have a positive valency of
five, as, for example, in the compound P.Cl;, or a
negative valency of three, as in the case of P.Hj.
Which of these valencies will be exerted will depend
largely on the nature of the atom with which it is
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brought in contact. In general, however, we should
expect that the forces acting would tend to make the
number of electrons in the atom equal to that stable
number to which it was nearest to begin with. Thus
elements possessing fewer than four valency electrons
would be electro-positive, those with more than four
electro-negative; the elements of Group IV. with four
valency electrons being indifferently positive or nega-
tive. Our complete theoretical scheme of valency
is thus represented by Table VIII., where the Roman

TABLE VIII.—TABLE OF VALENCIES OF THE PERIODIC

GROUPS.
Group. L. IL 1 n.ooav. ‘ V. VI | VI,
IS S
Normal valency +1 4+ 2| + 3 |- 3 —2. —1
. | *+4 ‘
Additional or ; |
contra-valency) -7 =6 =5
! [

numerals indicate the group in the Periodic classi-
fication. It is most interesting to note that Professor
Abegg in an illuminating paper on valency arrived
at a precisely similar scheme from a careful study of
the chemical cecmpounds of the elements. He sug-
gested that every element had two valencies—a
normal and a contra-valency—the normal being
supposed to be the stronger. The positive valencies
were normal for elements of Groups I. to III., the
negative for Groups V. to VII., Group IV. being
indifferently positive or negative. In every case the
sum of the two valencies was found to be eight. It
will be seen that these observations of Professor
Abegg are exactly embodied in our theoretical table.

The phenomena of unsaturated xompounds pre-
sent no difficulties. It is not necessary, or indeed
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to be expected, that the whole of the available elec-
trons should be extracted from the atom in a single
stage. It is evident that the work done in extracting
the second clectron will be greater than that for the
first, and it is easy to imagine cases in which the
attraction of the combining atom might 'be sufficient
to produce the expulsion of one but not of ‘two
electrons. Since, however, the atomm of higher
valency would still contain some displaceable elec-
trons, it would still exert an appreciable force on
atoms in its neighbourhood, which, under suitable
circumstances, would lead to the addition of further
atoms to the molecule. The compound would thus
be unsaturated.

The theory of valency, which we have now des-
cribed at some length, gives such a successful and
adequate explanation of the main facts of valency
that there can be no doubt that in the main we have
becn proceeding along right lines, and that in many
cases we have arrived at a very close approximation
to the facts. The interchange of an electron between,
say, the atom of sodium and that of chlorine in the
case of sodium chloride 1s proved by the charges
which these atoms are found to bear when the com-
pound is dissolved. The resultant electrical attrac-
tion between the charged atoms is an adequate
explanation of the bond of affinity which links them
together to form a compound molecule df sait. In
other cases, however, the theory in its simple form
presents obvious difficulties. Take as a very simple
instance the molecule H, of hydrogen gas. The
system, consisting as it does of two hydrogen atoms,
is a very stable one, requiring a very high tempera-
ture for its dissociation. The bond between the two
atoms in the molecule of hydrogen is stronger than
that between the atoms in the molecules of many
compounds. It is impossible to suppose that the bond
in this case is radically different from that between
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the atoms, say, in a molecule of carbon monoxide. On
the other hand, since the two hydrogen atoms are
exactly similar, it is equally impossible to suppose
that there can be any tendency for an electron to
pass from one to the other,

Light has again been thrown upon the subject by
the researches of Sir J. J. Thompson. His work on
the positive particles in the discharge tube, which
we have described in a previous chapter, has led him
to recognise the existence of two great classes of
molecules, namely those in which the individual atoms
are charged as we have assumed on the previous
theory, and a second class in which the individual
atoms are uncharged. If we suppose, for example,
that the atoms in the molecule of carbon monoxide
are charged, the carbon positively and the oxygen
negatively, we should expect that when the com-
pound was broken down by the stresses in the tube
they would retain these charges, just as in the case
of an electrolyte in solution to which we have
already referred. We should expect, therefore, that
there would be an excess of negatively charged
oxygen atoms and an excess of positively charged
carbon atoms in the resulting stream of particles.
As a matter of fact this is not the case. We
must conclude therefore that the atom leaves the
molecule in an uncharged condition, and is thus
presumably uncharged when in the molecule itself.
On the other hand, the evidence of the positive ray
tube is equally clear that in some cases, such as that
of water vapour or ammonia gas, the individual
atoms do carry a charge away with them when the
partnership is dissolved, and are therefore presum-
ably in a charged state in the molecule. .

We are thus led to. divide chemical compounds
into two great classes: those in which the forces
between the atoms have not been sufficient to bring
about the passage of an electron from the one to the
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other, and those in which such an exchange has
taken place. Molecules of the second class may
conveniently be termed *ionised,” and the process
may be spoken of as intra-molecular ionisation. In
the former class we should naturally place molecules
such as H,, O,, CO, NO, etc., the constituent atoms
of which do not differ very widely in their electro-
chemical character; to the second or ionised class
we should assign compounds of the more violently
opposed elements, such as H,0O, H.Cl, N Hj, together
with the whole class of electrolytes. These results
are borne out by the experiments with the discharge
tube.

We should also expect to be able to differentiate
between the two classes of compounds by their
physical properties. We have seen that the inter-
molecular forces which give rise to the phenomena
of cohesion, rigidity, surface tension and the like are
due to the action of the charged systems in the
atoms and molecules. Now the force exerted by a
system of charges depends not only upon the magni-
tude of the charges, but also on the distance by
which they are separated, the strength of an elec-
trical doublet, for example, being measured, like the
moment of a magnet, by the product of the strength
of either of the charges into the distance between
them. Now it is evident that this distance will be
greater when the poles of the doublet are situated
on different atoms than when both the charges are
confined within the same atom. The electrical field
will therefore be abnormally large in molecules
which are ionised, and the physical characters which
depend on this field will be especially well developed.
Compounds in which this intra-molecular ionisation
occurs should thus be characterised by high surface
tension and large latent heats, if liquid, and by great
tenacity and rigidity if solid.

A still more valuable criterion is furnished by the
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specific inductive capacity of the compound. We
have seen that, electrically speaking, we may regard
the positive charges on the nucleus and its sur-
rounding electrons as forming a set of electrical
doublets. Now, if an electric potential difference is
applied to the substance, the electrical doublets will
tend to set themselves in such a way that their fields
will be opposed, and will thus tend .to diminish the
applied field, in exactly the same way that a number
of small magnets set themselves in a magnetic field.
The result of this will be that the strength of the
field produced by a given electric charge will be
appreciably less than it would have been in the
absence of any material substance. This phenomenon
is known as specific electric induction. Now the
greater the strength of these doublets the greater
the effect, and hence the greater the specitic induc-
tive capacity. Thus compounds in which the charges
are attached to separate atoms will be characterised
by a high specific inductive capacity.

Again, before the external potential difference is
applied, the doublets will be arranged indifferently
with their axes in every direction. They are turned
into line by the action of the external field itself.
Now there will be a great difference in the time
taken by the two kinds of compounds to adjust
themselves to the external field. The valency elec-
trons, as we have seen, are very light and very
mobile. We know from optical phenomena that
their natural frequency is comparable with that of
ultra-violet light. They will therefore have no diffi-
culty in adjusting themselves to variations in the
external field even when they are as rapid as those
which occur in the light waves of the visible
spectrum.

On the other hand, if the two charges of the
doublet are situated on different atoms, the setting
of the doublet will necessitate the rotation of the
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whole massive molecule—obviously a much slower
process. Now in the case of ordinary electrical
experiments, where the field is usually applied to
the substance in the same direction for at least an
appreciable fraction of a second, there will be ample
time for these heavy doublets to adjust themselves
to the field, and they will thus add their full value to
the spec1ﬁc inductive capacity of the substance. In
the case of such very rapid oscillation$ of the field as
are known to occur in waves of light this adjustment
will obviously be impossible, and the specitic induc-
tive capacity as deduced from optical experiments
will be much less than that obtained from electrical
experiments of the usual kind.

Now, Maxwell has shown that on the electro-
magnetic theory of light there is a simple relation
between K, the specific inductive capacity of a
substance, and #, its refractive index, which may be
expressed by the equation K = n®. It is well known
that in many cases the value of K deduced from this
expression is identical with that obtained by direct
electrical measurement, but that in others the rela-
tion does not hold even appro‘mnately IFor example
in the case of water, electrical measurements of the
specific inductive capacity give a value of about 79,
while that deduced from its refractive index by Max-
well’s law is only 1°78. This discrepancy between
experiment and theory has always been felt to be
distinctly unsatisfactory, and science is indebted to
Sir J. J. Thomson for this simple, adequate, and
élegant explanation. Itisan interesting confirmation
of the theory that these discrepancies are always to be
found in the case of compounds in which we know
from independentevidence thatthe atoms are charged.

We may therefore use the law of Maxwell as a
means of determining to which of our two great
classes of compounds any given substance belongs.
If Maxwell’s law holds, as in the case of hydrogen,
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oxygen, nitrogen, carbon monoxide, carbon dioxide,
and nitrous oxide, to mention only a few, the atoms
in the molecule are uncharged. If; on the other
hand, Maxwell’s law does not hold, as is the case for
water, the alcohols, ammonia, hydrochloric acid, etc.,
the compounds belong to the second class, and have
intra-molecular ionisation. It is obvious that the
recognition of these facts will have important bear-
ings in many directions. At present, however, we are
only concerned with their application to the subject
of valency and the nature of chemical affinity.

We have already seen that an atom, being a
system of negative and positive charges, will exert an
electric field which extends for some appreciable
distance beyond the boundaries of the atom, these
forces giving rise to the phenomena of cohesion,
rigidity, surface tension, and so on. Now consider a
molecule made up of two atoms. The atoms will
attract each other, on account of these electrical
forces; they will also be attracted by other atoms and
molecules in their neighbourhood. If their attraction
for each other is greater than the attraction of the sur-
rounding atoms and molecules, it is evident that they
will remain attached to each other, that is to say the
molecule will be stable. If, however, the attraction
of the external atoms and molecules is comparable
with the mutual attraction between the two atoms
their union will be dissolved and the molecule will
be unstable. From this point of view chemical
affinity differs from cohesion and the other molecular
forces not in kind but merely in intensity. We may
say, then, that from an electrical standpoint a given
molecule will be stable if its component atoms do
not exert on neighbouring atoms or molecules attrac-
tions comparable with those between the individual
atoms in the molecule itself, We have now to con-
sider how this condition can be satisfied, '

Let. us return to the case of a simple doublet,
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such as we have supposed the hydrogen atom to be.
Since one pole is positive and the other negative, the
forces exerted at the two ends of the axis will be
opposite in character. The immediate force exerted
by one atom upon another will thus depend on the
orientation of the two when brought together, just
as one magnet will either attract or repel another
according as we bring opposite or similar poles into
contact. As the atoms will come into contact in all
sorts of ways the force will on the average be as
often repulsive as attractive. If, however, the systems
are free to move, they will, by the ordinary laws of
mechanics, always arrange themselves so as to attract
each other, but this will require a time the length of
which will depend on the rapidity with which the
doublets can move. Now the valency electrons are
characterised by their great mobility, and will thus
adjust themselves very rapidly to fresh conditions.
In the case of the fixed electrons in the ring systems
the adjustment will require the rotation of the com-
paratively heavy atomic system. This would neces-
sitate a greater force and a more prolonged connection
between the two atoms for its completion. It is
therefore unlikely to occur, as the atoms, even in the
solid state, are in comparatively rapid motion.

It follows, therefore, that an atom in which all
the electrons are fixed will in general be unable to
exert any great force on the atoms around it. From
an electrical point of view, therefore, a molecule
made up of such atoms would be stable, or, in
chemical terms, it would be saturated. Our new
criterion of saturation is, therefore, simply this, that
all the electrons in the atom shall be held fixed by
the forces acting upon them. Since only the valency
electrons are free to move, the number of electrons
requiring to be fixed to ensure saturation is obviously
equal to the number of valency electrons which the
atom contains.
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It remains to be seen now how the electrons can
be fixed. It is evident, in the first place, that this
can be effected by the passage of the requisite number
of electrons from the one atom to the other. Thus
when an electron passes from the atom of sodium to
that of chlorine, the sodium atom is left without any
mobile electrons, while the addition of the single
electron to the seven already present in the chlorine
atom fixes them automatically by enabling them to
fornt a stable system. THus in the case of*molecules
possessing intra-molecular ionisation, the valency
conditions which satisfy the earlier theory will also
automatically satisfy the conditions of the new. For
such compounds, therefore, no fresh hypothesis is
required. The case of the molecules in which the
individual atoms are uncharged, however, requires
further consideration. The simplest way is to con-
sider the question from the point of view of the
Faraday tubes of electric force, which have thrown
so much light on electrical phenomena in general

Let us suppose that a single tube of force com-
mences on each electron and ends on some positive
charge. If the tube of force starting on a valency
electron terminates on the nucleus of the same atom
it will leave the electron free to rotate about the
nucleus, and thus at liberty to move about within the
atom. If, however, the tube of force is anchored to
something outside the atom, say to the nucleus of
another atom, the electron will be fixed by the
tension in the tube, and its mobility will be thus
destroyed. Thus if a given atom contains, say, four
valency electrons, it will be completely saturated
when each of them is linked by its tube of force to
the nucleus of some other atom. This condition
cannot require more than four other atoms to satisfy
it: as two or more of the tubes may go to the same
atom it may require less. The element will thus
have a maximum positive valency of four. Thatisto
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say, the positive valency of an atom will be equal to
the number of valency electrons which it contains,
exactly as in the case of the ionised compounds.

On the other hand, since the atom is neutral as a
whole in the compounds which we are now consider-
ing, a tube of force must enter it from without for
each tube which leaves it. This is necessary in order
to neutralise the positive charge which will be set
free by the transference of the attraction of the
electron from its own nucleus to that of some other
atom. The bond between the atoms is thus a double
one, consisting of one inwardly and one outwardly
directed tube of force. To take a concrete case, two
atoms of hydrogen will attract each other because
each contains a mobile electron, and the two systems
will therefore be able to adjust themselves so as to
make the force between them one of attraction. If,
however, the free electron in each atom transfers its
tube of force to the nucleus of the other, both will
be rendered immobile, and the molecule will be
saturated. The union can be represented by the
symbol HZZH, where the arrows indicate the direc-
tion of the tubes of force. It will be seen that this
connection is perfectly symmetrical, the two atoms
functioning, as we should expect, in exactly the same
way. The theory thus accounts for the undoubted
fact that precisely similar atoms do exhibit for each
other a very marked chemical attraction.

On the other hand, the new view opens the way
to the possibility of valency compounds, which
would be quite impossible on the older and more .
orthodox ideas of valency. It is not necessary, as
far as we can see at present, that the tubes of force
which enter and leavea given atom should connect
it to the same atom. Thus, a molecule such as H,
would be a possible valency compound on this
theory, being represented. by the diagram in Fig.
22. This particular allotropic form of hydrogen has
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been detected by Sir J. J. Thomson among the
particles in his positive ray tubes. In general, as
far as the present theory goes, a closed ring of any
number of atoms of the same valency would satisfy
the conditions laid down, and thus form a possible
valency compound, providing that all the atoms
were uncharged. It may be noticed that in the case
of the elements there seems to be a tendency to
form molecules, which, especially in the solid state,
contain a considerable number of atoms, and it is very
likely that such molecules have the ring structure
which we have suggested. In the case of compounds,
however, such an arrangement is certainly very rare,

H

FiG. 22. —STRUCTURAL ForRMULA oF Hj.

and there must be other factors which make such a
ring compound unstable in the majority of cases.
The theory needs here some little restriction, the
nature of which will perhaps become obvious when
the actual arrangement of the electrons in the atom
is better understood. The difficulty only arises in
the case of compounds in which the individual atoms
are uncharged. In the case of compounds possess-
ing intra-molecular ionisation the conditions of the
newer theory lead, as we have seen, to exactly the
same results as those of the original hypothesis.
The theory has the advantage of allowing us to
assign symmetrical formulae not only to the mole-
cules of diatomic elements, but also to the much-dis-
cussed benzene ring. It may be remembered that
while the ordinary structural formule for benzene
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exhibit a certain want of symmetry, the properties
of the substance itself afford no evidence of any dis-
tinction between the various carbon atoms in the
ring. The simplest formula for benzene on the new
theory is represented by the diagram on Fig. 23. It
will be seen that the linkages between the carbon
atoms in the ring are exactly the same for each, while
it differs, as we should expect, from the ethane,
ethylene and acetylene linkages. The theory has

FiG. 23.—STRUCTURAL FORMULA OF BENZENE.

evidently important applications in the study of
organic chemistry.

So far we have only been considering the valency
due to the existence in the atom of mobile or valency
electrons—that is to say, the positive valency—and
as we have seen in the case of hydrogen, and in the
much more complicated case of benzene, there is no
reason, on the newer view, why a molecule should
not be formed from atoms all of which are exercising
their positive valencies. It is no longer necessary
that the atoms should differ electro-chemically for
them to unite. On the other hand, it is certainly
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the fact that an atom like that of chlorine, which
contains a large number of valency electrons, be-
haves in its most characteristic reactions as a mono-
valent negative element. In the majority of cases in
which the negative valency is exercised—for example,
in the case of the metallic chlorides—the compound
possesses intra-molecular ionisation, and is formed
with the interchange of an electron. In this case,
as we have already pointed out, the new and the
older theories become identical, and no difficulty
arises. Negative valencies are, however, undoubtedly
exercised in compounds such as C.Cl,, which shows
no signs of intra-molecular ionisation. The passage
of an electron is therefore not essential to the exist-
ence of negative valency.

Assuming that a ring of eight electrons is auto-
matically stable, Sir J. J. Thomson suggests that we
may perhaps regard a cluster of seven electrons, like
the valency electrons of chlorine, as being equi-
valent to a ring of eight together with a single
positive charge. The ring of eight will be self
saturated, while the positive charge would require
only a smgle inwardly directed tube of force to fix it.
The atom would thus exercise a single negative
valency, or alternately a positive valency of seven.
It would obviously not be able to exercise both
these valencies simultaneously. While this supposi-
tion satisfies the chemical and electrical require-
ments, it must be confessed that it is a little difficult
to visualise in our present state of knowledge as to
the constitution of the atom, and seems more of the
n;ature of a statement cf the problem than a solution
ot 1t.

On the other hand, the existence of unsaturated
compounds presents no great difficulty. Thus, for
example, in the case of carbon monoxide, which we
may represent by the formula C=0, the oxygen
atom is saturated but the carbon atom is not.
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On the other hand, although the oxygen atom is
saturated and all its electrons fixed it will still
exert a field of force in its neighbourhood. In the
case of other atoms outside its own molecule this
field will, as we have seen, on the average be as
often repulsive as attractive, since it will depend
on their orientation at the moment of approach.
The carbon atom is, however, actually linked to the
oxygen atom, and thus, as far as the carbon atom
is concerned, the field of force of the latter will be
constant and always in the same direction. The
mobility of the two remaining valency electrons will
obviously be impaired by the action of this residual
field, and the attraction of the carbon atom for other
atoms wlll thus be decreased. ‘The question as to
whether the decrease will be sufficient to allow the
compound to exist in a free state will depend on the
strength of the residual field. Thus, in the case of
carbon monoxide the residual field of the oxygen
atom is sufficient to render the compound stable. In
the corresponding case of C.H,, which does not
exist under ordinary circumstances (it has been
identified in the positive ray tube) the residual field
of the two hydrogen atoms is insufficient to prevent
the union of two neighbouring molecules to form
C.H,.

Every electronic theory of valency must be of a
tentative nature until the question of the actual
magnitude of the forces exerted by the atomic
systems has yielded to mathematical analysis. There
seems no immediate probability of this. In the
meantime the hypotheses which we have been dis-
cussing certainly afford a reasonable explanation of
the main outlines of the problem of chemical affinity,
and may be expected to throw much light on some
of the more complicated cases of chemical action.



CHAPTER VIII
THE AToM IN VIBRATION.

IT can easily be shown that when a moving
electric charge is accelerated or retarded in any way,
a wave of electro-magnetic disturbance radiates out
through the surrounding space. Consider an electron
with its Faraday tubes moving along in the direction
AB (Fig. 24). If the electronis moving with uniform

FiG. 24 —FRODUCTION OF ELECTRO-MAGNETIC DISTURBANCES
BY THE STOPPAGE OF AN ELECTRON.

velocity these tubes will travel along with the
electron as if they were rigidly attached to it.
Suppose, however, that this electron on reaching a
point C is suddenly stopped in its career. The ends
of the Faraday tubes attached to the electron are
suddenly brought to rest.

Now a Faraday tube is in some respects very
like a stretched rope. For instance, it has a tension
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along its length, and possesses, as we have seen in a.
previous chapter, mass. Thus, just as when one
end of a rope is jerked, a certain definite time
elapses before the displacement reaches the other
end, so a displacement in a Faraday tube does not
reach all points of it simultaneously, but is propagated
along it with a definite velocity. In the case of the

stretched rope the velocity is equal to M?,where

m
T is the tension on the rope and . its mass per unit
length. On similar principles it can be shown that
the velocity of a disturbance along a Faraday tube

is equal to ~ 1 where p 1s the magnetic per-
vV uK

meability and K the specific inductive capacity of

the medium through which the disturbance is

travelling. We will call this velocity V.

Now, during the time it has taken for the jerk
to travel from the electron O to a point P, the
portion of the tube beyond P, not having received
the signal that the electron has been stopped, has
been travelling on with its original velocity and is
now in the position P’, where PP’ is the distance
which the electron would have gone in the time
taken for the disturbance to travel along the tube
from O to P. Thus a kink is developed in the tube
which travels outward along it with the velocity V.

The bent portion of the tube PP’ is moving
perpendicular to its length and will thus, by the
principles we have already developed, produce a
magnetic field in the medium, which will also travel
out with the kink. If we consider all the tubes
surrounding the particle, it will be seen that these
bent portions will form a kind of sheet of disturbance
travelling outwards as an expanding spherical shell
or wave.

If we can determine for any medium the values
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of u and K in the same system of units, we can
calculate the velocity V with which the disturbance
is propagated in that medium. It will be remem-
bered that the electrostatic system of units was
obtained by defining K the specific inductive
capacity of air as unity. The electro-magnetic
system, on the other hand, assigns this value to u the
magnetic permeability of air. The comparison of
the two systems can best be performed by measuring
the capacity of the same condenser according to both
systems of units. This operation is described in
most text-books of electricity, and its details are
outside the scope of our present work. The results
obtained are, however, most striking and important.
The result of a long series of experiments at the
American Bureau of Standards extending over
several years has given a value for V of 2:997 x 10!
cm. per second. This is, within the limits of
experimental error, identical with the best deter-
minations of the velocity of light, which have given
a mean value of 2'998 x 10!° cm. per second. The
agreement between the values obtained for the two
velocities is too close to be accidental. It affords
a convincing proof of the electro-magnetic nature of
light.

In the case we have considered where the particle
is suddenly brought to rest a single pulse is formed
the thickness of which is equal to the distance
through which the disturbance can travel in the
time taken to stop the particle. Such pulses are
given out when cathode rays in a discharge tube
impinge on a solid anticathode. They give rise to
the well-known phenomena of Réntgen or X-rays.

If, instead of stopping the particle dead, we cause
it to oscillate about a mean position, a series of un-
dulations will be set up in the Faraday tubes attached
to it, such, for example, as are seen when one end
of a long rope is shaken regularly to and fro. Thus
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a series of electro-magnetic waves move out from the.
vibrating electron, their frequency being equal to
the number of vibrations made by the particle per
second. Their wave length is equal to the distance
travelled by the disturbance during the time of one
complete vibration. If this lies between ‘0004 and
‘0008 mm. these waves will produce on our eyes the
impression of light. This, in its crudest form, is
lth(-i:1 Faraday-Maxwell electro-magnetic theory of
ight.

Not only may light originate in the vibration
of electrons; all our experiments drive us to the
conclusion that such vibration is the only way in
which light can be produced Uncharged matter
is apparently quite incapable of setting up any kind
of disturbance in the xther. Itis the electric charge
which serves as the only link between the two.

We can, however, proceed further than this.
Modern research has enabled us to identify with
certainty the vibrating systems which emit the
myriad lines in the spectra of the clements with the
electrons, with the properties of which we are now
growing familiar.

Michael Faraday, with almost uncanny prescience,
seems to have felt that the relation between mag-
netism and light must be of the closest, and sought
for it with unremitting diligence. It is one of the
little ironies of life that the only effect which he
did discover (the magnetic rotation of the plane of
polarisation) was one of the very few phenomena
which theory even now is hardly adequate to explain.
The effect he sought for was not discovered until,
more than thirty years later, his experiments were
repeated with stronger magnetic fields and far more
powerful methods of spectrum analysis by Zeeman.

He found that if a source of light was placed
between the poles of a strong electro-magnet and
the light emitted was examined spectroscopically, a
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curious change took place in the appearance of the
different lines in the spectrum, each being split up or
decomposed into two components when the light
was viewed along the lines of force in the magnetic
field, or three when viewed at right angles to this
direction.

Let us consider briefly the effect of applying a
magnetic field to the charged particles emitting the
vibrations as they oscillate about their mean
positions. In general the path described by a particle
will be somewhat complicated. We can, however,
resolve its motion in the usual way into vibrations

. % o

C

Fi1G. 25.—ILLUSTRATING THE DECOMPOSITION OF A HARMONIC
MotioN INTO TWO CIRCULAR VIBRATIONS.

parallel to and at right angles to the lines of force
in the magnetic field.

The vibrations performed along the lines of the
field will be unaltered by the application of the field
since the latter produces no mechanical effect on a
particle moving in its own direction. It will be
quite different with those vibrations which are
executed in directions at right angles to this. It is
shown in works on mechanics that any harmonic
vibration can be regarded as the sum of two circular
motions of properly chosen amplitude and phase.
For example, the harmonic motion of a particle A
vibrating along the straight line BC (Fig. 25) is
exactly equivalent to the motions of two equal
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particles P and Q describing the circles shown in the
diagram with equal velocities, but in opposite
directions.

It will be sufficient, therefore, and will lead to
no loss of generality, if we consider the charged
particles as describing circles at right angles to the
magnetic field, under the action of forces directed
towards the centre of the circles. Since the motion
of the charged particles is now everywhere at right
angles to the magnetic field there will be a mechanical
force acting on the particles which will be everywhere
at right angles to the magnetic field, and to the
direction of motion of the particles. A little
consideration will show that it must always act in
the line joining the position of the particle at any
moment to the centre of the circle.

Particles such as P and  are, however,
describing their circles in opposite directions. Thus
the magnetic force will be in one case directed
towards, in the other away from the centre of the
circle. In the first case the total force dragging the
particle towards the centre is increased ; the circle
i1s contracted and the time of vibration becomes
more rapid. In the latter the effective force is
diminished, with the result that the orbit expands
and the vibrations become slower.

An apple whirling round at the end of a string
will furnish a very useful analogy. If the tension
of the string is increased the apple is drawn in and
its revolutions become more rapid. If, on the other
hand, the tension is relaxed, the apple takes a
wider sweep, while the time it takes to complete a
singlé revolution becomes longer.

Thus, instead of all the particles describing their
orbits in exactly the same time and thus producing
light of one frequency only, one set have been
accelerated, the other retarded by the magnetic
field, so that instead of a single line the spectrostope
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will reveal two, one on each side of the original
position of the line. DBy optical means we can
distinguish between clockwise and counter clockwise
rotations, and can thus determine which of the two
has been accelerated and which retarded by the
magnetic field. Since the effect on a positive
particle would be exactly the reverse of that on a
negative, we can thus dectermine the sign of the
charge carried by the vibrating particle. In every

Fi16. 26.-—ILLUSTR\TING THE ZEEMAN EFFECT N, S Are PoLks
oF ELKCIRO-MAGNET. A, B REPRESENT THE APPEARANCE OF
A SINGLE LINE EMIITED BY THE FLAME AS SEEN THROUGH
A SPECTROSCOPE PLACED IN THE TWO POSITIONS.

case so far examined it has been found to be
negative.

If we view the flame along the lines of force,
these two new lines are the only ones seen, as the
vibrations taking place in the line of sight produce
no effect on the eye. If, however, we look across
the field, the vibrations executed along the lines
of the field will also produce their effect in the
spectroscope, and since their period is unaltered by
the field they will give a line in the position of the
original undecomposed line. Since all the circular
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paths are being now viewed end on, all three lines
will appear to be plane polarised. These results are
shown diagrammatically in Fig. 26.

This in its simplest form 1s exactly the effect
discovered by Zeeman in 1896. He found that if
a source emitting a line spectrum were placed
between the poles of a very powerful electro-magnet
and viewed with an interference spectrometer of

Fic. 27 —Tur Zeeman Errecr. (a) UNDECOMPOSED LNk,
(6) SAME LINE VIEWED ALONG rHE LINES OF FORCE or A
MaGNEeTIC FieLp. (¢) LINE viewED ar RIGHT ANGLES TO
LiINES oF FoRcE.

high resolving power, the line was seen to be split
up into three components when viewed at right
angles to the magnetic ficld and into two when
seen along the lines through a hole in the pole
piecce. This is very well shown in the photograph
reproduced in Fig. 27.  When, at the suggestion of
Lorentz, who at once saw the correct explanation,
the polarisation of the different components was
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examined, it was found to agree exactly with that
described above.

We have seen that these observations have shown
that the vibrating system is negatively charged.
We can, however, go further than this. Following
up the argument given above it can easily be
shown* that if A, and A, are the wave lengths of
the two outer components into which a single line
of wave length A, is split up

¢ T Au .
H . A 27V

where ¢/m is the ratio of the charge to the mass for
the particles and V is the velocity of light. Now
Runge and Paschen found that for a certain series
A,, - Aa

of mercury lines, for example, the value of 2
(¢}

efm =

was 2'T4 for a magnetic field of 24,600 units, while
V is, of course, 3 x 10 cms. per second. Sub-
stituting these values in the equation we have

2'14 X 27w X 3 X 10"
24,600

Considering- that the displacement produced by
even the strongest fields amounts generally to some-
where about one-fifth of the distance separating the
two D lines of sodium, it will be seen that this result
agrees cven better than might have been expected
with the value of the same ratio 1°77 x 107 deduced
for the negative electron from experiments on
cathode rays. Thé identity of the light-emitting
systems with the cathode ray particles must be
regarded as established beyond all challenge.

Many spectral lines show the Zeeman effect in
this simple form. Others, however, give more com-
plicated effects, some of the lines of Molybdenum,

efm = or 165 x 10,

* See Appendix C.
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for example, splitting up into seventeen and even
nineteen components. We have, in assuming that
the vibrating electron executed harmonic vibrations,
neglected the possibility of its motion being dis-
turbed by the forces due to neighbouring electrons
in the same atom. If these ate not negligible
complications ensue, and the time of vibration is
no longer independent of the direction in which it
takes place. The matter has been discussed  at
length for certain simple systems of electrons by
Professor Sir J. J. Thomson, and his paper may
be found in the Proceedings of the Cambridge
Philosophical Society, Vol. 39, by any who are
interested in pursuing the matter more deeply.

The lines in the spectra of an element thus
represent the different modes of vibration of the
electrons connected with it. It might seem that
with a complete knowledge of these periods at our
disposal it should be possible to reconstruct the
atom with certainty. Theoretically, no doubt, this
should be so. The mathematical difficulties are,
however, appalling, and only in the case of a few
very simple systems is the analysis at all possible.
Thus the results to be looked for from spectroscopy
are at present qualitative rather than quantitative.

Even so, however, a study of spectra is most
luminously suggestive. A careful analysis of the
innumerable lines which are dotted apparently at
random through the spectra of the elements has
shown that they are by no means the confused
jumble of periods which at first sight they appear
to be. It has been found that in very many cases
they can be grouped into definite series, every line
of which can be obtained by substituting particular
whole numbers for a variable quantity “m” in a
general equation the form of which is the same for
all elements.

This was first pointed out by Balmer for the
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hydrogen spectrum, but it was afterwards shown
by Rydberg that Balmer's equation was merely a
particular case of a very general law which could
be stated so as to apply to all the elements giving
series spectra. He showed that if 7 is the frequency
of the vibrations corresponding to a given line (the
frequency is the number of vibrations made per
second by the particle emitting the light), then the
frequency of all the lines in a given serles can be
represented by the equation—

N
(m + w)®

the different lines composing the series being
obtained by putting m equal successively to the
whole numbers, 1, 2, 3, . . . while N is a constant
so universal in its character that it applies not
merely to all the series of a given element but to
all the series of all elements giving series of spectra
at all. The constants #, and u differ for different
elements and are characteristic of the particular series.

That this method of classifying a spectrum is no
mere mathematical fiction is very clearly brought
out when the character of the lines making up a
single series is closely observed. It is found that
all the lines of a single series are exactly similar in
appearance. Thus all of them appear sharp and
distinct with definite clear-cut boundaries, or else
they are all indistinct and diffuse. The two types
of lines are never associated in the same series.
Again, any physical change which we bring about
in one of the lines of a series is reproduced
simultaneously in all the athers. Thus, all the
lines split up in the same way under the action of
a magnetic field. If one of the lines is broadened
by the application of pressure to the gas emitting
the spectrum, all the others are broadened to a
similar degree, and when the method of producing

n=mn, —
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the spectrum is altered, all the lines have their
brightness either enhanced or diminished at the
same time. We can hardly avoid the conclusion
that they are all different modes of vibration of
the same system.

An analogy may make this clearer. It is well
known that when an organ pipe is sounded it gives
out in addition to its fundamental note a series of
overtones, the fulness and richness of the organ
notes being due to the presence of these extra tones.
In such a simple system the overtones are always
harmonics, that is to say, their frequencies are
always exact multiples of the lowest mode of
vibration. In mathematical language we can say
that the different frequencies are obtainable by
substituting various whole numbers for the quantity
m in the equation, n = m . n,.

In more complicated vibrators the relationship
becomes more complicated while at the same time
the importance of the overtones becomes even more
pronounced. In the case of a sounding bell the
relation between the different modes of vibration
is so complicated that it has not yet been completely
worked out. °

This is not all, however. Not only do the
spectra of a single element show these close
numerical relationships. They are also found to
exist between the spectra of different elements
belonging to the same group of the periodic table.
The spectra of the different elements of the alkali
metals, for example, are so closely connected that it
is actually possible to calculate the whole spectrum
of, say, rubidium or casium, from that of potassium,
and a knowledge of the'relative atomic weights of
the three elements. The spectrum of caesium is
practically the same as that of potassium but is
shifted bodily towards the violet end of the spectrum,
We are thus driven to the conclusion that the
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very small thickness of material the light is robbed
of all the constituents which have frequencies corre-
sponding to those of the radiating systems within it.
Conversely all the electronic systems which have
natural periods falling within the limits of the visible
spectrum must produce a dark band when white
light is passed through them.

Now, it is remarkable that such absorption lines

. A fl X B 1l Mo —
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F1G. 28.—LADENBURG’S EXPERIMENT,

A, discharge tube containing hydrogen at high pressure. B,
discharge tube containing hydrogen at low pressure. C, in-
duction coil working both tubes. = Sp, spectrometer for viewing
the light transmitted. The inset shows the appearance seen
in spectrometer when the tubes are working. a a, broadened
band due to hydrogen in A. & &. spectrum due to the tube
B alone. The dark line where the two bands cross shows
the reversal of the line by the systems formed in B by the
discharge.

we not seen when white light is passed through a
solumn of hydrogen, or indeed of most other simple
rases. There are, for example, no dark lines to be
ieen in the spectrum of light which has passed
hrough a long tube of hydrogen gas, corresponding
o, say, the brilliant lines of the hydrogen spectrum
n the red or in the blue. Indeed, the laws of the
ibsorption and dispersion of light in hydrogen are so
imple that they can be explained on tﬁe assumption
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of a single absorption band far away beyond the
violet end of the spectrum. This is, of course, what
we should expect from the simple nature of the
hydrogen atom. There is thus no escape from the
conclusion that the vibrating systems which emit
the hydrogen spectrum are not present in the gas in
its normal condition.

A very interesting experiment made not long ago
by Ladenburg has shown, however, that they can be
manufactured in the gas under suitable conditions.
He passed the light from a very bright discharge in
hydrogen at fairly high pressure through a long tube
of hydrogen at much lower pressure, fitted with ter-
minals for the passage of a discharge, and examined
the light transmitted with a spectroscope. His
apparatus Is indicated very diagrammatically in
Fig. 28. The effect of the high pressure on the dis-
charge is to widen out all the lines in the spectrum
so that, instead of a narrow line, a broad band of
light is seen overlapping the original line on each
side. When there was no discharge passing through
the long tube of hydrogen there was no trace of any
absorption of any part of this broadened band.

If, however, a feeble discharge was sent through
this long tube of gas it was seen that the centre
portion of the broad line corresponding to the
original line and hence having the period of the light
emitted by the tube at low pressure became distinctly
less bright than the outer portions, showing that the
long column of feebly glowing gas was now absorb-
ing from the light emitted by the brighter hydrogen
tube those wave-lengths corresponding in period to
the light it was itself giving out. There are some
difficulties in the experiment, and a certain syn-
chronism of the two discharges seems to be necessary
for its success. -On the whole, the conclusion seems
irresistible. The hydrogen line spectrum is emitted
by systems of electrons which are not present in the

10
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zas in its normal condition, but which are formed
when the gas is thrown into a luminous state.

Let us consider for a moment the ways in which
in atom can be made to emit luminous vibrations.
Experiments have shown that for an atom to emit
ts characteristic spectrum it is necessary that it
should be in a region of intense ionisation or recom-
ination. It seems that nothing short of driving an
slectron into or out of the atom will suffice to set in
ribration the light-emitting systems of electrons. It
s obvious that this condition is fulfilled when the
jpectrum is excited electrically, either by sparking
>etween terminals 'of the substance or by a low
rressure discharge through a gas. It is interesting
n this connection to note in the latter case that
:xperiments have shown that, in the dark portions
»f the discharge the ionisation is very feeble, while
t is most intense in the brightest portions of the
»ositive column. The ordinary method of producing
. spectrum by placing the substance in a Bunsen
lame is also merely a rough-and-ready way of pro-
lucing ionisation in the substance, Professor H. A.
Vilson having shown that a Bunsen flame, especially
f it contains salt vapours, is the seat of very intense
onisation.

Consider an atom placed within this ionised
pace. It meets the ionising agent and an electron
s ejected, leaving the atom with a positive charge.
Che loss of this electron will alter the forces within
he atom and the remaining electrons will oscillate
bout their new positions of equilibrium before finally
ettling down. These vibrations, if of suitable
reriods, will set up luminous radiations and give
ise to a set of lines in the spectrum. The positively
harged atom is now surrounded by a cloud of nega-
ive electrons which fill the surrounding space. It
ttracts them and, normally, one would enter to take
he place of the lost member. If, however, the
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mutual kinetic energy of the two is sufficient, the
electron will revplve round the attracting atom
without falling into it in exactly the same way as
the earth revolves around the sun. The revolutions
of this electron, being isochronous, will give rise to a
single line in the spectrum with a period equal to
the time taken by the electron to describe tte circle.

If the law of force between the atom and the
electron were the simple one of the inverse squares,
an orbit of any size would be possible under suitable
conditions. Taking into account the fact that the
electron is losing speed owing to the fact that it is
all the time radiating away its energy in the form of
light-waves, it will be gradually drawn nearer and
nearer the atom so that its path would be a sort of
spiral ending up in collapse into the atom. Since
slightly different times would be occupied in describ-
ing each part of the curve the spectrumn thus pro-
duced would be continuous.

The neighbourhood of the electrons within the
atom and their repulsion of the external one would
complicate the simple law of force, and in general
the attraction of the atom for its satellite would
depend not only on the distance but also on the
direction of the line joining the satellite to the atom.
The actual law of force would thus depend upon the
number and arrangement of the electrons within the
atom, just as much as if the electron were revolving
nside it.

Sir George Darwin, in his monumental work on
Periodic Orbits, has shown that, if the single system
f a satellite revolving round its planet is disturbed
>y the presence of a third body, the number of
rbits which the satellite may describe is no longer
nfinite, but that there are certain regions through
vhich the particle must not pass if it is to continue
o revolve as a satellite ‘around the planet. In
he simple case considered by Darwin this space
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did not quite enclose the planet, but in more compli-
cated cases such as we have to deal with when we.
come to a consideration of the atom, he was of the
opinion that it might very well take the form of
a series of closed rings surrounding the atom.
In this case there would be a series of separate rings
in which alone the electron could revolve, and
each of which it would describe in a definite time
peculiar to that ring. Each of these rings would
thus give rise to a separate line in the spectrum.
Since the atom would only attract one electron at
a time each atom would at one time be only
emitting one of these extra lines.

These systems would, of course, not be permanent,
as the electron would constantly be losing energy
by radiation. After a time its energy would fall
below that necessary to keep it in rotation in the
ring it was describing, and it would collapse through
ring after ring, until finally it was reabsorbed into
the atom. Fresh systems would, however, be
constantly being formed in the ionised gas, and the
supply would be kept up as long as the exciting
conditions were maintained.

The return of the lost electron into the atomic
fold would obviously stir up fresh vibrations among
the electrons already present. Since the atom is
now neutral and not positively charged as it was
when the electron left it these vibrations would not
have the same periods as those set up when the
electron was expelled. There is some evidence for
the suggestion that the vibrations corresponding to
the return of the electron form the band spectrum of
the element, while those set up on its expulsion,
together with those due to the special systems, make
up the different series of line spectra. ,

Very recently an ingenious Danish mathe-
matician, Dr. Bohr, has worked out mathematically
a theory of spectra very much on the lines described
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above, and has in this way obtained a formula for
the spectral series identical in form with the
empirical formula of Rydberg which we have already
discussed. He has from his theory deduced an
expression for the universal constant N of Rydberg's
equation in terms of the mass and charge on an
electron and other known physical quantities, which
gives a numerical value for that quantity within
about 5°/, of the value obtained from direct spectro-
scopic observations. His assumptions will require
further consideration before they can be unreservedly
adopted. They appear to involve the abandonment
not merely of Newtonian mechanics, but also of the
ordinary Faraday-Maxwell electro-magnetic theory.
The closeness of the agreement between the results
of the theory and of experiment is, however, at
least remarkable, and seems to show that, at any
rate in its general outlines, the theory of the origin
of spectra which we have propounded above is a
step in the right direction.

We have, however, wandered far from the solid
certainties of the Zeeman effect and its consequences,
with which we commenced this chapter, into the
dark and mysterious hinterland where science is in
the making. In a few more years we may hope that
this will be transformed into plain and open ground.
At present we must pause here, lest we lose ourselves
altogether in a quagmire of fascinating but ground-
less speculations.



_CHAPTER IX.
THE MOLECULAR THEORY OF MATTER.

WE have now surveyed very briefly what is
known and surmised of the nature and properties of
the atom and molecule. In the brief space of the
present chapter let us indicate one or two of the many
points of interest which arise when we come to con-
sider the molecule, not as standing by itself, but as
massed together in myriads to form a fragment of
what we know as matter.

In solids, we must regard the molecules as
fixed relatively to each other, and we have in an
earlier chapter considered briefly the nature of the
molecular forces, cohesion, adhesion and the like,
which bring about this result. But though the
molecules are fixed, in the sense that they are not
free to move about in the solid, we cannot consider
them as being altogether motionless. Every body,
unless it is at the absolute zero of temperature (a
temperature which has not yet been reached in
any experiment, although the brilliant researches
of Kamerlingh Onnes have brought us within 4°
of it), contains a certain definite amount of heat.
Now heat is merely energy in a molecular form.
The work which we do in raising the temperature
of a substance is in reality spent in increasing the
energy of the individual molecules of the substance,
and thus in every body which is not at the absolute
zero, the molecules must be in some sort of motion,
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the rapidity of which increases as the temperature
is raised.

The molecules of the solid are not free to move
from their positions, but two forms of motion are
possible to them. They may either spin round
like a top, or oscillate backwards and forwards
about their mean position, like the bob of a pen-
dulum, or like a heavy weight suspended by an
elastic cord.

In the case where the molecule is a system made
up of two or more atoms, both these kinds of motion
take place. The atoms spin round their common
centre at a rate which increases as the body gets
hotter, while at the same time the molecule as a
whole oscillates backwards and forwards about its
mean position with ever-increasing amplitude. If,
however, the molecule consists of a single atom,
only the latter form of motion seems to be possible,
all the evidence going to show that thermal energy
is unable to set a single atom spinning about its
own centre.

For the sake of simplicity we will consider the
case of the mon-atomic molecule, where the thermal
energy is all used in the second kind of motion.
As the body gets hotter and hotter, the molecule
moves faster and faster, and the swmgs which it takes
on each side of its normal position get larger and
larger. The molecular forces which keep it in
position, however, fall off very rapidly as the dis-
tance between the neighbouring molecules is
increased, while at the same time the force required
to retain the molecule in position increases with
every increase in velocity. Hence, sooner or later,
a point is reached when the molecular forces are
no longer able to retain the atoms in position. The
solid loses its cohesion and its rigidity. * In other
words it melts.

It is obvious that melting sets in when the tem-
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perature is just sufficient to give the molecules the
necessary minimum of velocity to overcome the
molecular forces retaining them in position—that is
to say, it will be a constant for any definite substance.
Also as work must be done to break down these
inter-molecular bonds it is evident that energy
must be supplied to the body in the form of heat
to enable it'to melt. This is the latent heat of
liquefaction.

Though the molecule has broken its old bonds,
it is still within the range of molecular attraction
of many of its neighbours, and has hardly escaped
from one cluster before it is attracted into another.
Its rate of progress is thus comparatively slow.
In time, however, any given group of molecules
will be found dispersed throughout the whole of
the liquid and thus diffusion is brought about.

Consider now the state of affairs at the surface
of the liquid. Every molecule as we know attracts
every other molecule which may happen to be
within a certain distance from it which we denote
as the sphere of molecular attraction. In the
body of the liquid, this attractive force is more or
less neutralised by the fact that the molecule we
are considering is surrounded on all sides by others,
all pulling in different directions. Hence the com-
bined effect is practically zero. At the surface,
however, all the molecules are below it, and there
are none above to neutralise the force which they
exert. There 1s thus a strong downward force
tending to drag the molecule into the surface.
This force makes itself manifest in the phenomenon
known as surface tension or capillarity.

A molecule will thus require a definite and in
most cases a considerable velocity to succeed in
escaping from the surface of the liquid. Now the
mean velocity of the molecules depends only on
the temperature, and is fixed for any given sub-
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stance when the temperature is known. The actual
velocity of any given molecule at a given instant
may, however, differ very considerably from this
average speed. The molecules in the liquid are
constantly bumping against each other, and at
every collision one of the molecules will probably
gain speed, and the other lose it, and a difference
in velocity is thus set up. The law of the distribu-
tion of speeds among an infinite number of colliding
molecules has been worked out by Maxwell, for the
simpler case of a gas, and is known as Maxwell’s
law. He showed that at any given instant the
great majority of the molecules would have velo-
cities not widely removed from the average, but
that there would always be a few which, owing to
special circumstances, would have velocities very
much greater, and others with velocities very much
less, than the normal value.

Thus for oxygen at 0° C., in which the mean
velocity of the molecules is 425 metres per second,
out of every 1,000 molecules of the gas, about half
have velocities between 300 and 500 metres per
second, but there are 77 with a velocity greater
than 700 metres per second, and 30 with a velocity
greater than goo metres per second.

The case of a liquid is much more complicated
than that of a gas, but there is no doubt that a
similar state of affairs prevails in the liquid state
also. Hence, even at temperatures far below the
boiling point of the liquid, there will be a few
molecules which have temporarily sufficient speed
to escape from the attraction of the mass of liquid
below them.

Thus, even at low temperatures, a certain number
of molecules escape every second from the free
surface of the liquid. If the space above the
liquid is free there will thus be a constant evaporation
going on until all the liquid dlqappears into vapour.
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If, however, the liquid is contained in a closed
vessel, the escaping molecules are unable to get
away altogether, and after perhaps many reflections
at the enclosing walls will sooner or later strike
the: surface of the liquid and be reabsorbed. The
number so returned to the liquid will depend on
the number of molecules present in the vaporous
state above the liquid. Evaporation will go on
until the number of molecules in unit volume of the
vapour is so great that the number returned per
second is exactly equal to the number which escape
per second owing to their high velocity. Thus for
every temperature there will be a corresponding
vapour pressure which will be constant for that
temperature and that pressure. If the temperature
is raised, the average speed of the molecules is
increased, and more of them will attain a velocity
sufficient to enable them to escape from the surface.
The vapour pressure thus rises. ~When the vapour
pressure reaches that of the atmosphere the liquid
will begin to boil, and if the supply of heat is main-
tained, will all pass into the state of a gas.

The difference between a liquid and a gas is
that in the latter all the molecules are moving
with sufficient speed to escape completely from the
attraction of their neighbours, and are thus able
to avoid those molecular aggregations which take
place in the liquid state. On this account the
behaviour of a molecule in a gas lends itself much
more readily to mathematical analysis than the
more complicated phenomena of the liquid and
solid states. The kinetic theory of gases has been
very completely worked out by Maxwell, Clausius,
and their successors. Unfortunately, even with the
simplifications thus introduced, the theory needs
considerable mathematical ability for its elucida-
tion, and does not lend itself at all readily to non-
mathematical treatment.
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The pressure which a gas exerts on its boundaries
is made up of the innumerable shocks given
to the bounding walls by the many impacts upon
them of the molecules of the gas, which are moving
as we have seen with considerable speeds. It will
obviously depend on the number of molecules
present per unit volume, and the speed with which
they are moving. The higher the temperature, the
faster the molecules move, and the greater, there-
fore, will be the pressure they exert. It can be
shown that this pressure is simply proportional to
the temperature, if we begin to measure the latter
not from the freezing point of water, but from the
absolute zero of temperature, that is, the tempera-
ture at which the molecules would all be reduced to
rest. Thistemperature is about 273° below the zero
on the Centigrade scale.

Again, if we halve the volume occupied by the
gas, we double the number of molecules present in
every cubic centimetre, and hence double the
pressure which they exert on the enclosing walls.
The pressure is thus inversely proportional to the
-volume occupied by the gas and directly propor-
tional to its absolute temperature; thus, if P is
the pressure, V the volume and T the temperature,
of a given mass of substance in the gaseous form,
P.V/T is a constant. This is the well-known gas
equation embodying the laws of Boyle and Charles.

These laws are obeyed approximately by all
gases, but perfectly by none. We have assumed
in calculating the formula that the molecules exert
no attraction upon each other in the gaseous state.
This is of course only approximately true. Hence
the velocity with which the molecules strike the
boundary is always a little smaller than the normal
velocity at that temperature, owing to the attraction
of the molecules behind it. This effect will obviously
be greater if the molecules are closely packed together
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than if they occupy a large volume. It has been
shown that to get the true pressure we must add
to the observed pressure an amount equal to a/V?,
where a is constant for a given gas.

Again the actual space in which the molecules
are free to move is less than the whole space of
the .vessel, owing to the fact that the molecules
are not mere mathematical points, but have a
definite volume of their own. Thus if & is the
whole volume occupied by all the molecules in a
gas, the actual free space in which they are free to
move is not V the volume of the vessel, but V — b.

To be accurate, therefore, we should write our
gas equation in the form—

(p+\%) (V— b) = R.T,

where R is a constant for the gas.

This equation was first given by Van der Waals,
and is found to represent the behaviour of real
gases with a considerable degree of accuracy. In
fact it is even capable of representing with some
degree of success the transition state from liquid
to gas. It has the further advantage, that it offers
us a simple method for determining the one mole-
cular dimension with which we are still unacquainted,
namely, the radius of the molecule.

By accurate experiments on the behaviour o1
the gas under varying conditions, we can determine
the value of the constant b in any given case. Since
one molecule cannot pass between two others if the
space between them is less than the diameter of a
molecule, the volume & occupied by the molecules
in the gas will be somewhat greater than the sum
of their individual volumes. If » is the radius of
each molecule, and N the total number of molecules
present in te gas, a number which we have already
determined, it can be shown that—

b=3§(.mr.%)N,
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assuming that the molecules are spheres. In com-
pound gases where there are several atoms in the
molecule this can hardly be the case, but in the case
of mon-atomic gases where the atom is also the
molecule, it seems a probable assumption. Hence
knowing N, we can calculate the value of » the
radius of the molecule of the gas we are considering.
A few of the values so obtained are given in
Table IX. It will be seen that they are of the
order of 107® or one hundred millionth of a centi-
metre. The radius of an electron is 10~ cms., or
about one ten thousandth part of this. The size of

TABLE [X.

THE RADIUS OF THE MOLECULLE.

From the thermal

Substance. conductivity.

From the viscosity.

|
From Van der Waals’|
equation. 1

Hydrogen. | 116 x 1078 cm. | 1'23 x 10™%cm. | 1'20 X 10~*cm.

Helium .| 1°15 ’ { 1'09 ” —
Nitrogen .| 176 ’ 175 " 1'66 ’
Oxygen . - ! 1’70 ”» I'55 )
Argon L1143 ’ 1'68 ’ —
Carbon ‘ g

dioxide . | 1'70 ” [ 2'09 ” ;2716 ’

an electron thus bears to the size of the molecule
in which it moves very much the same relation-
ship that the diamcter of our earth bears to the
diameter of its orbit round the sun. A molecule
is therefore a system very similar in its relative
dimensions to the solar system but on an infinitesimal
scale.

The kinetic theory affords other methods of
estimating the dimensions of a molecule, but their
theory is too complicated to be attempted in the
space that remains. The results obtained are in-
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cluded for the sake of comparison in Table IX.
The second column of figures gives the value of the
radius deduced from considerations of the viscosity
of the gas; the last column the value deduced from
its thermal conductivity. The three values agree
among themselves as well as could be expected.

Let us return now for a brief space to our solid
again. Solids may be divided into two classes,
according as they do or do not conduct electricity.
It is also found that conductors of electricity
are also good conductors of heat, while electrical
insulators are generally very poor conductors of
heat. We have by now come to connect electricity
with electrons, and hence an electric current is a
flow of electrons from a place of high to a place
of low potential. We may regard a conductor, then,
as a substance containing electrons which are free
to move under the action of an electric field, while
in non-conductors the electrons are fixed and unable
to follow the impulse of the field.

How are these electrons set free? In the first
place it may be noticed that the only good con-
ductors of electricity are metallic, that is to say,
electro-positive in character, substances which we
know from other phenomena readily part with an
electron under the slightest provocation. Now in
a solid such provocation may well be supplied by
the close propinquity of the neighbouring molecules.
It is well known that a charged body will attract
light uncharged substances. The attraction of a
well-rubbed stick of sealing-wax for small pieces
of paper is generally our first introduction to the
science of electricity. The attraction is, of course,
mutual, the force on the charged body being equal
to that on the uncharged paper. Hence an electron
in one atom is attracted by a neighbouring uncharged
atom, and under favourable circumstances, and
especially in the case of an atom only too ready to
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part with its electrons, the attraction may well be
sufficient to enable it to make its escape.

That some such assistance is necessary and is
so given is shown by the fact that a metallic vapour
is no better a conductor than any other gas at the
same temperature. Thus while metallic mercury
at its boiling point is an excellent eonductor of
electricity, the mercury vapour above it conducts
little better than the air it displaces—that is, practi-
cally not at all.

The evolution of electrons by the molecules of
a metal is very similar to the evaporation of a liquid
into a closed space—a phenomenon we have already
described. It will go on until the number of
electrons which are attracted by the positively
charged residues and so recombine, is equal to the
number of electrons which are given off by the
neutral molecules in the same time. Thus for a
given temperature there will be a definite pressure
of electrons per unit volume in the metal, and we
may in fact look upon the electrons as a kind of
tenuous gas filling up the interspaces between the
molecules of the solid. We must regard them as
moving about in all directions in the solid with
considerable velocities. The principles of thermo-
dynamics would lead us to imagine that when
equilibrium is established each of these electrons
will have the same average energy as the molecules
around it—that is to say, the energy corresponding
to the temperature of the body at the time. This
is an important point to which we shall return later.

These electrons, if no electric force be acting,
will be moving in all directions, so that if we
take any cross section of the metal the number of
electrons crossing it in one direction will be the
same as the number crossing in the opposite direc-
tion, and so the total transference of electricity across
the section will be zero.
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If, however, we apply an electric field to the body
there will be a force on each electron urging it in
the direction of the field. Thus in addition to the
irregular motion due to the heat energy of the body,
there will be a steady drift of the electrons as a
whole in the direction of the electric force.

Let us consider for the sake of simplicity a
regular conductor such as a uniform wire. Let us
apply an electric field X to the wire along its length.
Then the force]on ‘every electron is equal to Xe,
'where ¢ is the charge on an electron, and it can be
shown that the average velocity v of the electron
due to the electric field is K.Xe, where K is some
constant which for the moment we will leave
.undetermined.

In one second all the electrons which are less
than v cms. from a given cross section of the con-
ductor will be forced across it under the action of the
field. The volume of this space is vA if A is the
area of cross section, and thus if there are N elec-
trons per unit volume, each carrying a charge ¢ the
total charge passing through the given cross section
will be NewA units per second. But this is by
definition the current along the conductor. Hence
remembering that the velocity v is K.Xe¢ we have the
current ¢ is equal to K.e?N.A.X.

If d is the length of the wire and E the difference
of potential between its ends, the field X in the wire
is equal to E/d. Hence finally

= (K.eQN)g .E

The current through a given conductor is thus
directly proportional to the difference of potential
between its ends which is the well-known law of
Ohm. We see that it is also proportional to the
cross section of the conductor, and inversely pro-
portional to its length We may thus write it—

o.(AJd).E,
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where o is written for the quantity in the bracket.
This is a well-known expression for the current
through a wire. The quantity ¢ which is a constant
for a given substance at a given temperature, is
kpown as its specific electrical conductivity. Com-
paring the equations we see that the conductivity ¢
1s equal to K.e?N.

Now the constant K can be evaluated on certain
probable assumptions and has been shown to be
equal to V A/6 RT, where V is the velocity of the
turbulent motion of the eclectrons, A is the average
distance traversed by the electron between one
collision with a molecule and the next, Ris the well-
known constant from the gas equation, and T is the
temperature of the conductor on the absolute scale.
Hence finally the electrical conductivity of a sub-
stance is gived by the expression

Ne2AV
6.RT °

This relation contains several quantities which
are at present unknown to us, and so we cannot put
it directly to the test. Let us proceed, however, a
little further.

Suppose now that instead of applyving an electric
field to the metal, we begin to heat one end of it.
We have seen that the turbulent velocity of the
electrons depends only on the temperature, and
hence the electrons in contact with the heated area
will begin to move with a greater speed than those
in the colder parts of the substance. These elec-
trons are moving in all directions, and so in course
of time, some will move away into the colder
regions, carrying their increased velocity with them.
Their places near the hot end will of course be
taken by electrons from the colder parts, which in
turn will have their motion accelerated by contact

with the hot face.
11
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Thus there will be a constant stream of quickly
moving electrons from the hot end into the cold
parts of the body, sharing their energy with, and
thus increasing the velocity of, the molecules there.
But the temperature at any point in the body
depends only on the speed with which the particles
are moving. Thus to translate the process from
molecular to molar physics, heat has been conducted
from the hot to the cold parts of the body, and the
rate at which this process takes place measures
what is called the thermal conductivity of the
substance.

Since then the free electrons play the principal
réle both in the conduction of electricity and the
conduction of heat, we should expect to find some
sort of relation between the conductivity of a sub-
stance for heat and its conductivity for electricity.

It has long been known that good conductors of
the one are also good conductors of the other, and
as long ago as the middle of last century, Wiede-
mann and Franz, by comparing the experimental
results for a number of metals, discovered that the
ratio of the thermal to the electrical conductivity
had the same value for all metallic elements. Some-
what later Lorentz, by making the comparison at
different temperatures, found that the magnitude of
this ratio was simply proportional to the temperature
at which the comparison was made, reckoned from
the absolute zero of temperature. These results are
well brought out in Table X. The second column
gives the ratio of the thermal to the electrical con-
ductivities at 18° C. for the metals given in the first
column of the table. The last column gives the
observed temperature coefficient of the ratio. If
Lorentz’ law is true, this coefficient should have the
value *00366.

For many years this empirical law of Wiedemann
and Franz remained without explanation. The
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electron theory of conduction would, however, as
we have seen, lead us to expect with confidence
some such relationship. We can, however, go further
than this. We have already seen how to calculate
the electrical conductivity of a metal. Its thermal
conductivity can also be calculated if we assume that
the heat is all carried by electrons. This assumption
cannot be strictly true, because substances which are
non-conductors of electricity still conduct heat to a
small but finite degree. In this case the transference
of heat is carried on by the molecules themselves, the

.

fABI}:. X.
’\ Ratio of thermal Temperature
Metal ' to electrical coefficient of

| conductivity. the ratio.

|
Copper . I 671 X 10" | ‘0039
Silver . . . 686 x 10" | ‘0037
Gold . . . 709 X 10% ‘ ‘0037
Nickel . . . 699 X 10 ‘ ‘0039
Zinc . . . . 672 X 10 , ‘0038
Cadmium . . . 706 X 10" I ‘0037
Lead . . . 7°15 X 10" ‘ ‘0040
Tin . . . 735 X 100 | 0034
Platinum . . . 753 X 100 | 0040

heated molecules tr'msfcrrmg their increased velocity
to their immediate neighbours by the somewhat
tedious process of repeatedly bumping against them.
This method is necessarily slow compared to that of
the freely moving electrons, and the very small
thermal conductivities possessed by electrical insu-
lators leads us confidently to suppose that the
amount of heat transmitted in this way in a metal
conductor is very small compared with that carried
by the electrons.

The free electrons in a metal behave, as we have
seen, like a rarefied gas. We can therefore apply the
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results obtained for gases to them. The thermal
conductivity of a gas has been worked out by
Maxwell and others. The mathematical analysis of
the problem would lead us too far. It is contained
in all treatises on the dynamical theory of gases.
It is found that the thermal conductivity of a gas
is represented by
4N A VR

where N, A, V, and R have the same meaning as in
the equation for electrical conductivity.
Hence comparing the two equations we have—

Thermal conductivity _ | . Ne2AV
Electrical conductivity — 2 (NAVR) =+ 6 R.T
_ . Kt
=35 T

This is a very simple relation indeed. All the
quantities with which we are unfamiliar have gone
out, leaving only R the constant of the gas
equation, ¢ the ubiquitous electronic charge, and T
the temperature on the absolute scale at which our
comparison is made. Let us substitute for these
symbols their numerical values, and so bring our
theory to a critical numerical test. R in absolute
units is equal to 1'40 x 107!, while ¢ in electro-
magnetic units is 1°57 x 107, If the comparison
is made at 18° C,, as in Table X., T is (18° + 273°
or 291° on the absolute scale.

Hence, the ratio of the two conductivities should
be equal to—

(40 x 107192
(1'57 x 107%)2
or 6'95 % 10

The agreement with the experimental values
given in Table X. is satisfactory beyond the bounds

of expectation. Since R and ¢ are both independent
of the temperature, it is evident from our equation

3 X X 29I,
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that the ratio varies directly as the absolute tempera-
ture, as was discovered experimentally by Lorentz.

The electron theory of conduction has many
other triumphs and at present also not a few
unsolved difficulties, which would need a treatise
rather than a chapter to expound. Let us, therefore,
leave the subject here, and take a final and farewell
glance at our atom, this time in the throes of
dissolution.



CHAPTER X.
THE ATOoM IN DISSOLUTION.

Ir the ideas which have been developed in the
preceding chapters have any sort of foundation in
fact, the title of the present chapter will hardly
come as a shock to any reader. It may seem at
first sight much more surprising that a system so
complex as the one we have described, and in such
constant motion, when subjected to all the shocks
mechanical, chemical, and electrical, which an atom
must undergo, should continue to exist in such a
persistent and unchangeable way as is actually found
to be the case.

The cause is probably to be found in the rela-
tively enormous amount of energy associated with
an atom, an amount which is quite out of proportion
to the energy liberated by chemical reactions. It
has been shown that the heat liberated by the
transformation of one gram of radium into its final
products is about 4 x 10° gram calories, or roughly
speaking it is equal to the heat generated by the
combustion of half a ton of coal. Compared with
this enormous quantity the heat liberated in the
most energetic of chemical reactions fades into
insignificance. The formation of a gram of water,
for example, is attended by the emission of about
4 x 10® gram calories. And yet this enormous
quantity must only be a small fraction of the total
energy in the radium atom. Radium, as we shall
see, has an atomic weight of 226°5 ; the final product
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of its decomposition one of about 206. This atom,
whatever it may be (modern speculation points to
lead, but the proof is not complete), is stable, and
must possess a very large amount of energy of its
own. The total energy in an atom must therefore
be enormous, and it is for this reason that all efforts
to transmute one element into another have failed.

The main outlines of the new science of radio-
activity are perhaps familiar to all readers. The
subject is one of profound interest, but it lies almost
wholly outside the scope of such a work as this.
We will, however, summarise such of the main facts
of that science as bear on our immediate subject,
leaving the proof of the various statements and the
description of the often very beautiful experiments
from which they were deduced to other hands.

The metal uranium and its compounds were
found by Becquerel to give off continuously particles
capable of affecting a photographic plate at a con-
siderable distance. These are the (3-rays which, as
was mentioned in an earlier chapter, are identical
except in speed with the cathode rays.

If the uranium salt is subjected to certain
chemical processes it is possible to separate the
uranium compound into two fractions. In one
fraction, an almost imperceptible part of the whole,
all the power of emitting (3-rays is concentrated.
The other, containing practically all the original
salt, is completely inactive. For example, if we
follow Sir William Crookes and shake up crystals of
uranium nitrate in ether, the water of crystallisation,
which settles out beneath the ethereal solution and
can be separated from it by a separating funnel, is
found to contain by far the greater part of the @3-ray
activity of the whole, the great mass of the salt
now dissolved in the ether being comparatively
inactive.

Let us take these two solutions and keep them
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under observation for some time.
that the watery solution is gradually losing its (3-ray
producing powers, the rate of emission of these rays
falling in fact to half its original value in about
twenty-five days.
solution which we had rendered inactive gradually

It will be noticed

At the same timethe ethereal -
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begins to radiate again, so that at the end of twenty-
five days it has recovered one-half of its original
activity. Fig. 29 shows in a graphic way the exact
correlation between the loss of radio-activity by the
active fraction and the growth of activity in the
inactive mass. It will be seen that the total activity
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is constant throughout the experiment. From these
results we may draw the following conclusions.

In the first place, the property of ejecting these
electrons with enormous speeds resides not in the
wranium itself, but in some substance which is mixed
with it but which can be separated from it by suit-
able chemical processes. Secondly, this substance is
not a stable substance but loses its activity with
time. Lastly, this substance 1s not of the nature of
an impurity in the uranium, but is so vitally bound
up with it that when the latter is completely freed
from its presence it can reproduce this strange sub-
stance again at a steady and perfectly definite rate.
The conclusion seems irresistible. Some new sub-
stance is being produced out of uranium itself, and
in turn is decomposing with considerable celerity into
some other substance which for the moment we are
unable to pursue.

I have discussed the case of uranium because
that metal is a recognised element belonging to a
well-known and respectable family, and might have
been expected to behave in a rational and orthodox
manner. The case of radium (which is actually a
decomposition product of uranium) is still more
striking.  Rutherford discovered that radium and
its salts are constantly giving off a heavy, chemlcally
inert gas known as the ‘‘emanation,” a non-
committal name bestowed upon it before its nature
had been determined. This emanation collects in
the radium, but can be extracted from it by heating
under reduced pressure, or better still, by dissolving
the salt in water and boiling the solution. In either
way the radium can be completely freed from this
new gas. On allowing the gas and the radium to
stand, however, it is found that fresh emanation
makes its appearance in the radium, while the
collected emanation gradually disappears, the rela-
tion between the growth and decay of the emanation
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being precisely similar to that of uranium and its
[3-ray producing product. It isimpossible to escape
the conclusion that the element radium is evolving
out of its own substance the heavy gas known as the

emanation. . .
TABLE XI.

Element. Average life. Rays emitted.
(Uranium), 238'5 | 5 X 10° years a
Uranium X, (234'3) 24°6 days none
Uranium X, (234°5) 1'15 minutes B,y
(Uranium), (234'5) | 2 X 10° ycars a
lonium 230'5 | 200,000 years a
Radium 2265 1730 years a
Emanaltion 223 3'85 days a
Radiunil A E;?ggg 3 minutes a
Radiunll B (214°5) 26'8 minutes none
Radiunl C (214'5) 19°5 minutes a, B,y
Radium D (210°5) 165 years none
Radiurr|x E (210°) 5'8 days B
Poloniulm (210°5) 136 days a
? Lead | (206°5) — —

The properties of both radium and its emanation
are now quite well known. Radium is a metal of
the calcium group, with an atomic weight of 2265.
It has been prepared in a metallic state, and its
properties are found to agree with the place we have
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assigned to it in the periodic table. The emanation
on the other hand is, as we have said, a chemically
inert gas resembling the members of the helium
group. It can be liquefied at — 150°C. Sir William
Ramsay has even succeeded in .determining its
density, an achievement which as a triumph of skill
and refinement of experimental method is beyond all
praise. The difficulties of the work will be realised
when it is mentioned that the total volume of
emanation available for the determination was less
than one-tenth of a cubic millimetre.

The molecular weight of the emanation deduced
from this determination is 223. Assuming the gas
to be mon-atomic like the gases it most resembles, this
is also its atomic weight.

What happens to that fragment of the radium
atom which represents the difference between 2263,
the atomic weight of radium, and 223, that of its
2manation ? The answer is not far to seek. It will
e remembered that radium is constantly giving off
wvhat are known as a-rays, which, as we saw in an
:arlier chapter, have been proved to be helium atoms
with a high velocity and an electric charge. The
itomic weight of helium is 40. Within the limits
>f experimental error this is the difference between
‘he weight of an atom of radium and that of the
*manation.

The break-up of the radium atom therefore takes
slace as follows: For some reason or other, perhaps
>wing to loss of energy, the nucleus of the radium
itom becomes unstable, this instability resulting in
he violent expulsion of a helium nucleus from the
system. The huge velocity of the a-particles at first
ead to the suggestion that the atom was in rapid
‘otation, and that the process resulting in the pro-
ection of the a-particle resembled the bursting of a
lywheel. This is unnecessary. The mere electrical
orces between charged particles so closely packed
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as those within an atomic nucleus would be quite
sufficient to produce the velocities observed, as
indeed we have seen in the case of the collision
between the a-particle and the hydrogen atom. The
€jection of the helium nucleus, and consequerfi
decrease in atomic weight of four units enables the
residual system to attain a temporary stability, the
new element thus formed happening in this particular
instance to be gaseous

The emanation itself is very far from being stable.
It is half decomposed in a little less than four days,
the new decomposition product being in this case a
solid. 'We cannot follow here the changes undergone
by the atom in its attempts to reach a stable state.
They are, however, summarised in Table XI., which
gives at a glance the whole of the interesting but
pitiful story from the break-up of the original
uranium atom to that of polonium, the last member
of the chain to be definitely identified.

The first column gives the name of the element,
and its probable atomic weight. Those enclosed in
brackets have not been actually determined, but are
deduced on the assumption that each emission of an
a-particle involves a loss of atomic weight of four
units. The second column gives the time taken for
the element to lose one-half of its mass, or in other
words for one-half of its atoms to decompose. It
may be called the average life of the atoms of the
element. The third column indicates the nature of the
rays emitted by the substance on its decomposition.

Polonium 1tself is radio-active, but its decom-
position product has not yet been identified. The
worn-out atom has probably'found peace at last, and
hence no longer emits those radiations which in
most cases afford our only means of following its
changes. It will be seen from the table that five
a-particles are given out in the passage from radium
to this final product. If each of these is a helium
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itom the atomic weight of the final element should
be 226'5 — (5 x 4) or 206'5. This is very approxi-
nately the atomic weight of lead, and it has been
sonjectured with some degree of probablhty that lead
s the final stable product of this great series of
‘hanges. At present, however, the evidence can
1ardly be said to amount to a proof.

Most of these radio-active changes, as they are
salled, result in the expulsion of an a-particle, and
“onsequent change in atomic weight. Others, how-
sver, for example uranium X, give off only (-
sarticles, and hence differ 1napprec1'1bly in atomic
wveight from their immediate successor, though
liffering sufficiently in their chemical properties to
:nable us to separate them by chemical means. It
is found that the loss of a (-particle increases the
valency of the atom by unity. On the other hand,
the expulsion of an a-particle reduces the valency by
two. This is very well seen in the case of radium
and its emanation, radium being a divalent metal
of the calcium group, while its emanation is a heavy,
chemically inert gas belonging obviously to the
helium family. The y-rays which always accompany
B-radiation are merely electro-magnetic pulses due
to the sudden ejection of the negatively charged
particles, and do not concern us here. Insome cases
there is apparently no emission of any kind of radia-
tion by the atom, the change in this case consisting
of a mere rearrangement of the electrons within the
atom itself.

So far we have been treading on safe ground.
There can be no doubt that the scheme we have
outlined so briefly above represents the true relation
between the various radio-active substances. The
disintegration theory which is due to the genius of
Professor Rutherford, as much of the work embodied
in the table is due to his experimental skill and
energy, is the only theory which can in any way
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explain this novel series of facts. It is now univer-
sally accepted. It is when we come to consider the
mechanism of the change that difficulties arise.

Of actual knowledge we can hardly be said to
have any, but something may be conjectured. In
the first place it may be regarded as practically
certain that the instability which leads to the
dissolution of the atom arises within the nucleus of
the atom. We know hardly anything of the con-
stitution of the nucleus except the magnitude of the
resultant charge which it carries. In the case of
uranium, it amounts to approximately 100 times
the charge on an electron, which, in itself, if we are
to regard the charge as built up of positive electrons,
would make the nucleus sufficiently complex. In
addition, however, we have, as explained in Chapter
VI, strong grounds for supposing that the nucleus
also contains negative electrons, probably in fairly
‘considerable number. At any rate, we may regard
it as almost certain that the (3-particles, moving as
they do with velocities approaching within a few
per cent. of the velocity of light, are ejected, like the
a-particles, from the nucleus, as such enormous
velocities could hardly be produced by the com-
paratively weak forces existing between the nucleus
and its external electrons.

A study of the series of radio-active changes,
indeed, suggests that it is these nuclear electrons,
as we may call them, which are the real disturbers"
of the atomic peace. It may be noticed that, whereas
the expulsion of an a-particle seems to afford little
relief to the disturbed atomic system, the ‘expulsion
of a (3-particle is in every case accompanied by a
marked increase in the stability of the system, the
change immediately succeeding the ejection of a (3-
particle occupying a much longer time than those
immediately preceding it. ’

We have seen in Chapter VIII. that an electron
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revolving in a circle is a source of radiation. The
rate of radiation depends on several factors. A
single electron moving in a closed orbit of any shape
is a very efficient radiator, and would quickly drain
any atom of its stock of energy. On the other hand,
a large number of electrons moving in the same
circle would radiate comparatively feebly.

If we may hazard a guess—and it is nothing more
—we may suggest that some of the nuclear electrons,
at any rate in the atoms of very high atomic weight,
form systems which are only stable so long as the
system is rotating at more than a certain speed, in
much the same way that the earth is kept from
falling into the sun by the speed with which it
describes its orbit. This system would, however,
necessarily radiate some energy, so that in course of
time the speed would fall below that necessary for
stability and the system would break up into some-
thing simpler—perhaps a ring containing one fewer
electron. The electron cast out from the ring would
obviously disturb the cquilibrium of the remainder
of the nucleus, and one or more a-particles are ejected
from the nucleus by the forces set up at longer or
shorter intervals. At last the emission of these
positively charged portions enables the atomic forces
to expel the disturbing B-particle, this expulsion
being followed by a more or less prolonged lull in
the proceedings. Thus in the case of the break- up
of the radium atom, four a-particles are ejected in
quick succession, one of the stages lasting only three
minutes, until finally radium C expels the disturb-
ing electron, and the succeeding element, radium D,
enjoys an average life of sixteen years.

The subject is one full of difficulties, but where
so much has been done we may well expect still
more. We are marching with a triumphant army,
and are not inclined to set any bounds on the extent
of our possible conquests in the future.
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In addition to the radium-uranium series, two
other elements, thorium and actinium, are strongly
radio-active, giving rise to series of decomposition
products, similar to the chain we have already
considered. The question now arises, are all tht
elements suffering from this slow decay, or are these
few heavy elements alone in their spontaneous
decomposition ?

Extensive researches have been made to answer
this question, but the results are perhaps not quite
as definite as might be desired. Potassium has been
found to give off appreciable quantities of (3-radia-
tion, its activity in this respect being about 1°/, of
that of uranium. Its radio-activity, if such it is,
seems to be of a peculiar kind, as in spite of very
prolonged and drastic experiments, both by Campbell,
who discovered the phenomenon, and by others, it
has not been found possible to separate from the
potassium any substance bearing the same relation
to the potassium as uranium X bears to uranium.
Rubidium and possibly casium show similar effects.

With all other elements the effect, if it exists,
is very small. There is, however, considerable
evidence for the radio-activity of all kinds of matter,
although it hardly amounts to a formal proof.

If we examine a quantity of air enclosed in a
metal vessel we find that, even in the absence of
any specific ionising agent, a certain number of ions
are always being formed in the air, which enable
us to send 4 small but measurable current through
it. It has been shown that a great part of this
ionisation is due to radium, which, disseminated
through the atmosphere as emanation, or present
in solid form in the soil, seems to be quite ubiquitous.
It is found, however, that the amount of this
ionisation depends on the substance of which the
walls of the vessel are made: it is, for example,
greater in a lead than in a copper vessel. This



the walls themselves of an ionising radiation of
some sort, which is greater in amount for lead than
for copper. .

The matter is complicated by the fact that a
certain ‘amount of secondary radiation is set up
when radium rays impinge on various metals, and
these might very well depend for their intensity on
the nature of the metal used. Dr. N. R. Campbell,
who has made this subject his own, decides against
this explanation. I cannot do better than'quote his
deliberate conclusions :

“It has been proved beyond doubt that the
emission of ionising radiation is an inherent property
of all the metals investigated. It is not of course
necessary that this ray emission should be identified
at once with radio-activity—if that word is taken
to mean a process of ray emission accompanied by
atomic decomposition. But the constant intensity
of the rays, and the probability that the larger
portion of them are a-rays, afford considerable
support for that hypothesis: while I know of no
other process which affords any analogy.”

The process is not proceeding at such a rate as
to give cause for legitimate alarm. As we have
seen, the average life of a uranium atom is about
five thousand million years; from a comparison of
the relative intensities of the radiation from uranium
and from ordinary materials we may conclude that
the average existence of the latter cannot be less
than ten thousand times longer still. If, however,
we accept Dr. Campbell’s conclusion that all sub-
stances are emitting a-particles, then, whether quickly
or slowly, all matter is in the process of gradual
dissolution into helium, and perhaps hydrogen.

It is curious that in this case the conclusions to
be drawn from a sister science, that of astronomical
physics, diametrically contradict those which we

12
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have arrived at from a consideration of radio-
activity. It is a well-known fact that the very
hottest and therefore presumably the newest stars,
when examined by the spectroscope, are seen to
consist of very little else than hydrogen, helium,
and two other elements, the spectra of which have
not yet been identified on the, earth. Coming to
some of the slightly cooler stars fresh elements all
of low atomic weight gradually make their appear-
ance, the list increasing, and elements of higher and
higher atomic weight coming into existence as cooler
and cooler stars are examined. As we have no
reason whatever to suppose that the universe was
anything save homogeneous in the beginning, we
are led to the conclusion that all the elements
as we have them on this earth are in reality aggre-
gates of hydrogen, helium, and these two unknown
elements.

In these stars progress is obviously from the
simple to the complex. Little by little new elements
are created by the gradual aggregation of the lighter
atoms. On earth, so far as we can follow it, the
change is in the opposite direction, the heavier atoms
such as uranium and thorium spontaneously breaking
down into simpler and simpler systems. It must be
remembered that so far as we know the decomposi-
tion of the radio-active elements is quite uninfluenced
by any change of conditions which can be applied
to them. The substance can be heated up in the
electric furnace or cooled to the temperature of
liquid hydrogen without in any way altering its slow
but steady rate of decomposition. It is true that
the highest temperatures which we can attain are
small compared with those of the hotter stars, but
it is difficult to conceive that a rise in temperature
should assist aggregation, its tendency being always
in the direction of disintegration.

The question suggests itself, are the elements
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as we know them merely a part of a great cycle of
growth and decay? Is the atom born, to grow old,
decay, and die? Are new atoms being formed in
the secret places of the universe to take the place
of those that have passed away? The facts have
been briefly stated above, but of explanation there
appears at present to be none. We are brought
not for the first time to one of those mysteries
which science has so far failed to illuminate.

We have weighed and measured the atom; we
have analysed it and learned something of the
stuff of which it is made and a little of its inner
structure, and the way in which it behaves. We
have watched its dissolution and attended its obse-
quies. Whether it will ever be granted to us to sit
as spectators at a new birth time alone can show.
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1ave watched its dissolution and attended its obse-
juies. Whether it will ever be granted to us to sit
1s spectators at a new birth time alone can show.



APPENDICES

APPENDIX A.
(See page 48.)

DEFLECTION oF THE PosITIVE Rays By ELECTRO-
STATIC AND MAGNETIC FIELDS.

(1) Electrostatic Deflection.

Let d be the length of the path of the particles
over which the field is applied, and D the distance
of the photographic plate Z (Fig. g9) from the centre
of the field MN. In the apparatus used d is small
compared with D. '

Since the field is uniform the particle is acted
upon by a force X.E, and acquires an acceleration
XE/m in a direction perpendicular to its initial
velocity. This acts for the time ¢ taken by the
particle to describe the path d, that is for a time d/v.
Hence velocity v* acquired under the action of the
field— :

_XE XE d

TmtT T m v
The particle describes the remainder of its path
from the field to the plate under these two velocities.
Hence the deflection x is to the horizontal distance
travelled D as the acquired velocity v’ is to the initial
velocity v of the particle. Thus—
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XE

T mo®

(2) Magnetic Deflection.

The path of the rays in the field is bent into the
my_
H.E

On leaving the field the particles continue to
move along the tangent to this circle at the point
where the field ends. Hence the angular deflection
0 of the beam is the angle between the tangents to
this circle where the path enters and leaves the field
respectively. This is obviously the same as the
angle between the normals to the circle at those
points.

Hence, if d is small compared with », as is the
case in practice, we have—

x=D.d

arc of a circle of radius » where » =

HE
Cmy

tan0=£=d
r

But, if y is the deflection as measured on the
photographic plate—

y_ — 4 HE
D= tan 0 = d . P
Hence—
H.E
y=D.d. my
APPENDIX B.

(See page 69.)

ELECTRO-MAGNETIC MASs OoF AN ELECTRON.

With the electron as centre describe two spheres
of radius, » and » + dr, and draw two radii making
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angles 0 and 0 + 40 with the direction of motion.
If these radii are supposed rotated about the direc-
tion of motion of the electron, they will sweep out a
hollow cone, cutting from the sphere of radius 7 a
circular zone, the area of which is—

2wy sin 6 . 7d0.

The volume of the space included between the
two spheres and the hollow cone is thus—

2wr?sin 0 dﬂ. dr.

The magnetic field due to the moving electron
is obviously constant throughout the annular space
so defined and equal to—

ev sin 0
1,2

The energy of the magnetic field in the space is
thus—
¢*v? sin® 0

g 2wr*sin 0d0 . dr, or

¢*v* sin® 0 df . dr
47 '

Hence the total magnetic energy in the space
between the two spheres is—

g r;
S a0 = 2 f o

— I eevﬂ . - .
=3 dr . since J *sin® 0df =

WIN

. The total energy in the field is therefore the
integral of this quantity from the surface of the
electron of radius a to infinity.
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I.e., total magnetic energy associated with the
moving electron—

I o
= - e’v“f‘ﬁ'
3 7

?

— 3“'

APPENDIX C.
THE ZEEMAN EFFECT.

The mechanical force on the rotating electron P
(Fig. 25, p. 134) is H.c.v, where H is the magnetic
field supposed directed down through the paper,
e the charge, and v the velocity of the particle.
If P is positively charged, it will act towards
the centre O, thus increasing the force retaining
the particle; if negative, it will oppose it. The
mechanical force on Q will obviously be in the
opposite direction to that on P.

Let f be the retaining force in the absence of
any magnetic field. Then, since the motion is
simple harmonic, we may write—

f =k,
where 7 is the radius of the circle described by the
particle. Also, by the laws of mechanics,

mu?

f=- , . . . (1)
If T is the time taken to complete the circle once
v = -2-;-1?’ . . . (2)

_m (47 4mim
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Now, if 'f‘l, 7, v, are the values of T, 7», and v
for P when the field is applied, and T,, 7, v, the
corresponding values for Q, we have—

2
mo :
~—L = kr, + Hev, for P
"
2
my
- 2 = kry — Hev, for Q
2

where the charge ¢ is supposed to carry its own sign.
Substituting in these equations for the velocities

v1 and v, from (2), and for & from (3), and dividing

the equations by 7; and 7, respectively, we have—

g _ dqmim 2r
T = T + H(:.T1 . . (4)
quim _qmim gy, 2w
T, =~ T e'T2 . . (5
Subtracting (5) from (4)—
S SR SR {}_ I
4mm TR Ty T 2% . He T, + Tg}

(1 _ 1) _
zmnn,l Tz[ = H.e

e _zm To—T,
1—1—; - H ' ’I‘sz N
or writing T, for T,.T,, which is permissible since
the change in the periods produced by the magnetic
field is very small and T lies between T, and T,,
e_2n T, =T,
m~ H T@ -~
But if A is the wave-length of the light emitted,
and V is the velocity of light,

A=VT.

Thus, if A, is the original unaltered wave-length,
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that of the clockwise rotation, A, that of the
:ounter-clockwise rotation,

RN
e_z2zmr V_ V
T H A2
“\72

2w A — A,

Thus, if the particles are positively charged, the
slockwise rotation will have the greater wave-length;
f negative, the counter-clockwise, as viewed along
:he lines of magnetic force. The latter is found
2xperimentally to be the case.

TABLE OoF AToMmIic DATA.
(Calculated from the most recent observations.)

Mass of an electron 8'99 X 107% gm.

Charge on an electron ¢ or | 477 X 107" e.s. units,
monovalent ion - 1'59 X 10~ e.m. units.

Ratio of charge to mass e/m }1'774 X 1077 e.m. units
for an electron per gm.

Radius of an electron 1'87 X 1078 cm.

Radius of positive nucleus of

hydrogen atom less than } 08 X o7 c.m.

Electro-chemical equivalent of | 1'04 X 107™* e.m. units

hydrogen (mass/charge) ) per gm.
Mass of a hydrogen atom 1'66 X 107 gm.
Radius of hydr:)gen molecule 1’21 X 107% cm,

aseous molecules in 1 c.c. at
G 5§° ¢ 2'705 X 10™
0° C. and 760 mm. pressure

1'40 X 107" ergs. per

degree
Velocity of light, V 2'998 X 107 cm. per sec

* Gas constant,” R
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