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PREFACE TO SIXTH EDITION

I the preface to the first edition of Tons, Electrons, and Ionizing
Radiations the volume was described as a text-book from which
students who have been grounded in the more eclementary
portions of Physics might obtain a systematic knowledge of its
later developments. This purposc has been kept strictly in*view
in each of the succeeding editions, and it is the purpose of this
sixth edition. The extraordinary progress which has been made
in the past five years, not only on the experimental but also on
the theoretical side of Atomic Physics, has necessitated a very
complete revision of the text, if the book were to continue
adequately to serve its purposc.

A text-book, unhappily, cannot be brought up to date by a
process of simple accretion. The acquisition of new knowledge
inevitably alters the relative importance of the old, and a
balance between the two must be maintained. Moreover a text-
book should be written from a definite standpoint, and it is
desirable that this standpoint should not be too far removed
from that of current scientific thought. The reader will, in many
cases, pass on to more advanced treatises on some of the subjects
dealt with, and it is desirable that he should have as little as
possible to unlearn.

Accordingly, the text for the new edition has been very
drastically revised. Two new chapters have heen added, and
several have been rewritten. A considerable number of new
illustrations have been provided, both in the text and in the
form of Plates. Descriptions of the earlier work, however, have
generally been allowed to stand after careful revision, as they
appeared to have some of the freshness which is often associated
with contemporary accounts. Certain matters of relatively minor
importance have been deleted, as no longer appropriate to a first
course.

In making the revision, I have borne in mind the fact that
there is a growing tendency to introduce the study of Atomic
Physics at a comparatively early stage in the student’s university
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course, and I have tried to select and arrange my material so
that a student in the second year of a pass degree course should
have no difficulty in following the argument of the book.
Similarly T have simplified the mathematical treatment of the
subject wherever possible, and where it was not possible (as in
the case of the whole wave mechanical theory) I have contented
myself with quoting the necessary results without formal proof.
This, however, is not merely a concession to weakness. 1 have
found in practice that even with students who arc mathe-
matically reasonably well equipped, a real understanding of the
argument and of the underlying physical principles is more
readily attained if their attention is not distracted cither by the
beauties or the difficulties of complicated mathematical analysis.

In short, my aim has been to provide a firm outline of the
whole subject, its principles and its methods, and to make as
clear as possible the relation between its different parts. The
outline can be filled in from the special treatises mentioned in
the General References. A number of numerical examples are
appended to the volume, in the hope that they may give the
student some facility in finding his way about the realm of
Atomic Physics.

My thanks are due to the Council of the Royal Society for
permission to reproduce Figs. 88, 99 and 104; to Dr F. W. Aston
for Fig. 43; to Dr G. Shearer for Fig. 68; to Sir J. J. Thomson for
Fig. 41; to Professor C. T. R. Wilson for Figs. 16, 17, 18, 18a
and 59; to Sir William Bragg and Messrs Bell and Sons, Ltd. for
Fig. 61 from The Crystalline State; to Lord Rutherford, Dr J.
Chadwick and Dr C. D. Ellis and the Cambridge University
Press for Fig. 80 from Radiations from Radio-active Substances;
and to Professor G. P. Thomson and the Cambridge University
Press for Fig. 94 from Sir James Jeans’ The New Background of
Science. I also wish to express my thanks to Dr W. N. Bond,
who supplied some, and has verified the answers to all, of the
numerical examples, and to Dr Paul White for his assistance with
the proofs. . J. A C.

THE UNIVERSITY OF READING.
August 1934.
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CHAPTER I
INTRODUCTION

1. Electrons. Historically the subject dealt with in the
present text-book may be said to have taken its origin
in- experiments on the discharge of electricity through gases
at low pressure contained in some form of discharge tube.
When a high tension discharge is sent through a gas at low
pressure (say some fraction of a millimetre of mercury) the
gas becomes luminous shewing a series of glows and striae
(see Fig. 28), which are often very beautiful, but which, at the
time of their discovery, were very difficult to explain on the
current theories of the time. If the pressure is sufficiently low,
a series of streamers known as the cathode rays can be observed
proceeding in straight lines from the cathode and crossing the
other glows in the tube. The experiments of Sir William
Crookes led him to the conclusion that these rays were material
in nature, consisting of some new manifestation of matter to
which he gave the term radiant matter. On the other hand there
existed, especially in Germany, a large school of thought which
was inclined to assign the effects to some sort of wave motion
in the ether, probably of very short wave length, and thus
analogous to ultra-violet light.

The controversy raged hotly and somewhat inconclusively
for nearly twenty years. It was not until 1895 that Sir J. J.
Thomson following up the work of Perrin proved conclusively
that the cathode rays consisted of negatively charged particles.
These experiments may be said to mark a new epoch in physical
science. The method evolved enabled him to measure not only
the velocity of the particles but also the ratinof the mass of
an individual particle to the charge upon it. It was found that
the velocity of the particles was a function of the difference
of potential across the terminals of the discharge tube. In

ct b ¢



2 IONS, ELECTRONS, AND IONIZING RADIATIONS

general its value lay between 10° and 10 cm. per second, or
toughly between one-thirtieth and one-third of that of light.
The ratio of the mass of a cathode particle to the charge upon
it was, however, within the limits of experimental error,
perfectly constant and independent of all the circumstances of
the experiment. It was found to have the same value no matter
what the potentlal across the tube, no matter what the chemical
nature of the substance used as the cathode, and no matter
what the nature and pressure of the residual gas within the tube.
It was in fact a universal constant. These particles can be
produced from and thus are contained in all chemical sub-
stances.

It was later found possible to determine separately both
the mass and the charge on these particles or electrons as they
arc now called. 1t was found that the mass of an electron was
very small compared with that of the lightest known atom,
being only about 1/1839th of that of a hydrogen atom. The
mass of an electron has been found to be 9°0 x 10 ~® gm. and
its charge 4-77 x 10 ~° clectrostatic units or 1-59 x 1020 electro-
magnetic units of charge. The radius of the electron has been
estimated at approximately 1°9 x 10 "®cm. The radius of an
atom is about 108 cim. The radius of an electron is thus about
1/50,000th of that of the atom. Such electrons must. as we
have already seen, form a part of every known kind of matter.

No charge has yet been observed which is smaller than that
on the electron. Kvery charge observed, which is sufficiently
small to be directly compared with that of the electron, has
been found to be an exact integral multiple of it. We are thus

“led to the conclusion that electricity is atomic in structure; the

smallest possible unit of charge being that of the electron,
which thus constitutes our fundamental unit of electricity.
It is generally supposed that the “mass™ of the electron is
entirely an electrical effect, and is due solely to the charge
which it carries. The clectron therefore constitutes a real
atom of electricity.

Quite rvcvnﬂ? a positively charged counterpart to the negative
electron has been discovered, The term eleetron, however, has
been used for so long as signifyving a negative electron that it will
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be convenient to continue to use it in this sense, and to find a
new name for the positively charged particle. It is proposed to
call the latter a positron.

2. Conduction through gases. The investigation of the
electron and its properties was given a further stimulus by the
discovery, which followed hard upon it, jthat gases which
ordinarily are among our best insulators of electricity can be
rendered partially conducting by the action of certain agents
upon them. The discovery of X-rays by Rontgen in 1895 was
quickly followed by the observation that charged bodies
rapidly lost their charge when an X-ray bulb was worked in
their vicinity. This loss of charge was shewn to take place
through the surrounding air, which became temporarily con-
ducting. Tt was shewn that the conductivity of the gas was
due to the creation in it of positively and negatively charged
systems, which by analogy with the carriers in electrolytic con-
duction were termed gaseous ions. These ions must, on the
electron theory, consist of molecules of the gas which have
lost or gained one or more electrons. Further investigation
shewed that similar properties could be conferred upon a gas
by the action of cathode rays. Owing partly to the small
number of the carriers, partly to the great simplicity in the
structure of gases, a study of these carriers has thrown con-
siderable light on some ohscure parts of science.

The existence of these gaseous ions was controverted for
some little time, but no other explanation has been found
adequate to explain the phenomena. Their objective reality
was placed beyond all reasonable doubt by the experiments
of C. T. R. Wilson, who shewed that these ions could serve as
nuclei for the condensation of drops of water in a supersaturated
space. The ions were thus rendered visible by the deposition of
the water upon them, and could readily be observed, and even
photographed. Photographs such as that of Fig. 17, which
represents the track of a cathode particle throygh air, make
it certain that the production of conductivity in a gas by these
ionizing radiations is due to the formation in the gas of definite
charged systems.

1-2



4 I0NS, ELECTRONS, AND IONIZING RADIATIONS

3. Radio-active substances and their radiations. The
discovery of X-rays and the somewhat startling manner in
which these rays were able to penetrate considerable thicknesses
of materials which were opaque to ordinary light naturally
led to an exhaustive search among natural substances to see
if any of these emitted radiations having properties at all
resembling those of X-rays. The research was pursued with
vigour by Becquerel and afterwards by the Curies, and led to
the discovery that radiations possessing the properties of
penetrating opaque substances and of causing conductivity in
gases were emitted by the salts of uranium and thorium. The
subsequent observation that naturally occurring ores of uranium
were several times more active than the metal itself led to
the isolation of polonium, radium, and subsequently of other
gimilar substances which were found to possess these pro-
perties in a very remarkable degree. Substances which are
capable of emitting spontaneously these ionizing radiations are
classed together under the title radio-active substances.

It has been shewn that each radio-active substance is a definite
chemical element, and that its activity is due to a spontaneous
decomposition or disintegration as it is usually termed of the
radio-active atom into one of smaller weight, the process
taking place according to definite laws which have been deter-
mined. This naturally leads us to the view that the atoms of the
various chemical elements are not essentially different in kind
but represent complex systems built up out of one or two
elementary forms according to certain definite laws.

On further investigation it was found that the rays given
out by these radio-active substances were of three kinds, which
were denoted by the non-committal symbols a, £, and . All
three types possess in common with X-rays the properties of
converting a gas into a conductor, of affecting a photographic
plate, and of causing luminescence in & fluorescent screen.
In other respects however they differ very markedly in their
properties.

The a-rays were found to be positively charged and were
of the mass of atoms. They have been proved to consist of
helium atoms which have lost two electrons and thus possess
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a positive charge of 2 x (4-77 x 10-19) or 9-54 x 10~ e.s.u. They
are very easily absorbed in matter being completely stopped
by 1/10th mm. of aluminium or a few centimetres of air at
atmospheric pressure. They produce very intense ionization
in the gas through which they pass. Their velocity depends on
the substance from which they are ejected; their nature is
always the same.

The B-rays on the other hand carry a negative charge. They
can penetrate much greater thicknesses of matter than the
a-rays, producing measurable effects through a thickness of
even a centimetre of aluminium. The ionization they produce
in a gas is however small compared with that of the e-rays.
Their nature is found to be identical with that of the cathode
rays. They consist of electrons, carrying the universal electronic
charge, and differ from the cathode rays only in velocity.
Whereas it is difficult to obtain cathode rays with a velocity
much greater than one-half that of light, the B-rays from
radium possess velocities which range up to within one or
two per cent. of that of light itself.

The ~y-rays are exceedingly penetrating, those from radium
producing quite measurable eflects through a thickness of
20 or 30 cms. of iron. Their ionizing power is small, as the
fraction of their energy which can be absorbed by any reasonable
thickness of gas is minute. They are now known to be pulses
in the ether of very short wave length (less than 10-? cm.).
X-rays are also ether pulses but of longer wave length; those
most commonly employed ranging between 10-°cm. and
10-8cm. With modern improvements in X-ray production,
the X-ray spectrum now overlaps that of the y-rays. The y-rays
and X-rays thus represent the extreme short wave length end
of the electromagnetic wave scale; they are, in fact, ultra-violet
rays of extremely short wave length. The shortest ultra-violet
waves produced and investigated by optical methods have a
wave length of about 10-3 cm. Radiations of intermediate wave
lengths have, however, been produced in high vacua, and the
gap between ordinary X-rays and the ultra-violet has now been
completely covered. We shall see later that ordinary ultra-
violet rays have many properties in common with X-rays.



CHAPTER II1
PASSAGE OF A CURRENT THROUGH AN IONIZED GAS

4. Conductivity of gases in the normal state. A gas
in its normal state is one of the best insulators of electricity
known. It was indeed for a long time a moot point whether
gases conducted electricity at all, and whether the gradual
loss of charge which always occurs with charged bodies might
not be due to slight defects in the insulating qualities of the

solid materials used to support
E

the body. The matter was
settled by C. T. R. Wilson
using the ingenious apparatus
shewn in Fig. 1. The gas is
enclosed in a large spherical
vessel which is silvered inside
to make it conducting. The
charged system takes the form
of a brass rod carrying a pair
of thin gold leaves. In this
way the charged body is
made to serve as its own
electroscope. Since the elec-
trical capacity of a system
such as this is very small,
a very small loss of charge will be sufficient to produce a large
fall of potential, and hence a considerable movement of the
gold leaves, which were closely observed with a long focus
microscope having a micrometer scale in the eye-piece. The
apparatus was thus exceedingly sensitive.

The end of The rod carrying the gold leaves was fused into a
block of sulphur S; sulphur when carefully prepared being an
exceedingly good insulator. The sulphur block was supported

l

ik

Fig. 1
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by another brass rod E passing through an ebonite cork in the
neck of the vessel.

The rod E is charged to some suitable potential (about 400
volts) and is maintained at this potential throughout the
experiment, most conveniently by connecting it to one end of
a cabinet of small accumulator cells, the other terminal of
which is connected to the silver coating of fhe vessel. Contact
between E and the gold leaves can be made, when required,
by means of the fine iron wire W which can be attracted by a
magnet so as to touch the gold leaf system, and then allowed
to fly back leaving the latter perfectly insulated. The gold
leaves are then at the potential of E.

Since the latter remains at the same potential throughout,
any leak across the sulphur plug will only tend to keep the
deflection of the leaves at their original value. Any loss of
charge must take place therefore across the gas. Even under
these circumstances it was found that the leaves gradually
became discharged, the loss of charge per second being about
10-8 V electrostatic units of charge where V is the volume of
the vessel.

We see therefore that even in its normal state a gas allows
the passage of a small current of electricity. Under certain
circumstances, however, the gas acquires a conductivity many
times greater than the normal, and these currents have acquired
considerable importance in the development of modern electrical
theory.

If, for example, a quantity of radium is brought near the
electroscope of Fig. 1, the leaves collapse with considerable
rapidity and similar effects are observed if an X-ray tube is
worked in the vicinity. Gases drawn from a Bunsen flame
also possess temporarily the power to discharge a conductor,
and this capacity is enormously increased if the flame is fed
with a volatile salt such as sodium or potassium chloride.

The power to discharge a conductor persists in the gas for
some little time after the active agent has been removed, and
is transferred from place to place with the air. Thus if air
from a Bunsen flame (Fig. 2) is drawn in a continuous
current into an electroscope, the latter will be discharged.
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If, however, the gas is filtered through tightly packed glass
wool or passed through water the effect disappears, and
it can also be removed
by subjecting the gas
to a strong electric field.
It disappears spontan-
eously if the ggs is

allowed to stand for a ——— P
few minutes. \ \

5. Ionization theorx

of ga

The phenomena of the
passage of electricity
through gases can best
be explained by assuming that charged systems are set up in
the gas by the action of the various agencies, and that these
charged systems or gaseous ions, as they are called, convey
the current across the gas by moving in opposite directions
through the gas under the action of the electrostatic field set
up by the charged body, in much the same way that a current
is conveyed through the solution of an electrolyte by the
motion of the positively and negatively charged electrolytic
ions.

Thus if the body has a positive charge and is surrounded
by a gas containing gaseous ions the negative ions will be
attracted to the body, and giving up their charges to it will
gradually bring about its discharge. The difference between
electrolytic and gaseous conduction which experimentally is
very marked is due to two principal causes. In the first place
the electrolytic ions are formed by the mere process of solution
and persist so long as the salt remains dissolved, while the
gaseous ions are only formed by the action of an external
agency, which we may call the sonizing agent, and gradually
disappear wher the latter is removed. In the second place the
number of charged systems present in a gas under the most
intense ionizing agent is only a very small fraction of those
present even in very dilute electrolytic solutions.

Fig. 2
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6. Methods of measuring the current through a gas.
Before proceeding to describe the phenomena attending the
passage of an electric current through gases it will be convenient
to explain briefly the methods available for measuring such
currents. The discharge through a normal gas is as we have
seen about 10-8 electrostatic units (e.s.u.) per unit volume.
If the volume of gas is one litre this, corresponds to a
current of 10-5 e.s.u., since current is the rate of flow of elec-
tricity. The current through the gas is thus equal to
10-%/3 x 10" in absolute electromagnetic units (e.m.u.), that is
4 X 10-¥ e.m.u. or about 3:3 x 10~ amperes. This is about
one ten thousandth of the smallest current which could be
detected on our most sensitive galvanometers. Thus even if
the conductivity of the gas is increased a thousand fold by
the ionizing agent the current will still be beyond the range
of a galvanometer.

Let @ be the charge at any instant on an electrical conductor
of capacity C. The potential ¥V of the conductor is given by the
equation Q=C."V.

The current ¢ through the gas at any instant is given by the
rate of loss of charge of the conductor. Thus

i=dQdt=C.dV/de . . . . (1)

since the capacity C is constant.

Thus if the rate of loss of potential can be measured, as for
example by measuring the rate of collapse of the leaves of an
electroscope, the current through the gas can be calculated
when the capacity of the charged system is known. This
method was employed by Wilson in his measurements on the
conductivity of a normal gas already described.

In this form of measurement the potential across the gas must
be adjusted to suit the instrument used. Thus if the gold leaf
electroscope requires a potential difference of, say, 100 volts
to produce a sensible deflection of the leaves we cannot work
with potential differences of less than this amount. It is often,
therefore, more convenient to measure the rate at which an
insulated conductor receives electric charge from the gas under
the action of a field supplied by another electrode immersed



10 IONS, ELECTRONS, AND IONIZING RADIATIONS

in the gas. The current will clearly be measured by « = C . dV/dt
as before, where C' is the combined capacity of the receiving
electrode and the measuring instrument, and dV/dt the rate
at which the potential of the latter increases.

7. Measuring instruments. The instruments used in
practice are either the electrometer or some form of

electroscope. The Dolezalek electrometer (see Fig. 3) is
an improved form of the quadrant electrometer described
in the text-books on electrostatics, in which special atten-
tion is paid to gbtaining not only a high degree of sensitive-
ness but also a small capacity. The quadrants are small and
are carefully insulated on amber supports. The needle is made
as light as possible and supported by a fine strip of phosphor
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bronze. The instrument is used heterostatically, the needle
being kept at a constant potential of about 120 volts by means
of a high tension battery. One pair of quadrants of the
electrometer is connected to the electrode at which the current
is to be measured, the other pair being permanently earthed.
If the collecting electrode is initially earthed, the rate of increase
of deflection of the needle is proportional fo the rate of rise of
potential of the insulated quadrants, that is, to dV/dt.

Fig. 4

If the deflection is measured by a reflected beam of light
in the usual way, a deflection of 1000 mm. per volt can be
obtained on a scale placed one metre from the instrument.
The capacity of the electrometer is generally of the order of
50 e.su. An improved form of this instrument, introduced
by Compton, with a still smaller capacity gives a sensitivity
under similar conditions of 10,000 mm. per volt.

The gold leaf electroscope. One form of electroscope
has already been described and is still largely employed for
certain classes of measurement. A more sensitive form, also
due to C. T. R. Wilson, is the tilted electroscope (Fig. 4). In
this instrument the gold leaf which is initially at zero potential
is attracted outward from the vertical position by a plate
which is charged to some constant potential, usually about
160 volts, by a cabinet of cells. If the plate is positively charged
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a small negative potential on the leaf will cause it to be attracted
still further towards the plate, while a small positive potential
will cause it to move towards the vertical position. The position
of the gold leaf is read by a microscope with micrometer eye-
piece. For certain potentials of the plate, and for & certain
position of tilt of the instrument, generally about 30° as in
the figure, the leaf hecomes almost unstable and in this state
is very sensitive to slight changes in potential. A sensitivity of
500 divisions per volt can be obtained, and the capacity can be
made very small; it need not exceed one or two electrostatic
units. The instrument can be still further improved by sub-
stituting a gilded quartz filament for the gold leaf.

The Lindemann elecirometer combines some of the merits of
both instruments. It consists of a vertical gilded quartz fibre nn
(Fig. 5), which is supported by stretched horizontal quartz fibres,
8o that it lies symmetrically between four parallel brass plates,
ABCD. The plates are charged oppositely, in pairs, as shewn in
the diagrams, to a potential of approxi-
mately + 30 volts. The small potential to
be measured is applied to the quartz
necdle. As the potentials of its plates are
gradually raised a position of instability

is reached, just as in the case of the 4| *le
tilted electroscope, and just below this + -
point the instrument is very sensitive. s
The quartz needle makes an ideal object
. o e . D B

for a high power magnification, and owing _ +
to the mode of suspension the instrument n
is insensitive both to vibrations and
tilt. Fig. 5

Comparison of the relative sensitiveness of the elec-
trometer and electroscope. A comparison of the two instru-

ments affords a useful exercise in the principles of the method
of measuremenf, Let us assume that the electrometer gives
a deflection of 1000 divisions per volt, and the electroscope
200, and that in each case a rate of deflection of one division
in 10 seconds can be measured. In the case of the electrometer
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this corresponds to a value of dV/dt of 104 volts per second.
The capacity of the instrument is, say, 50 e.s.u., or since one

tarad or practical unit of capacity is equal to 9 x 10" e.s.u.

the capacity of our electrometer is 9.><5OW11 or approximately

6 x 10" farads. The smallest current which can be measured with
accuracy is therefore 6 x 10~ x 10—4, that js 6 x 10~5 amperes.

For the electroscope the rate of change of potential is on the
same assumptions 1/2000 volt per sec., while the capacity is,
say, 2 e.s.u., or about 2-2 x 1072 farads. The smallest measure-
able current is thus 2-2 x 1012 X 54+ or 1-1 x 105 amperes.
Thus, although the electrometer is more sensitive as regards
potential, the electroscope is more sensitive to current, owing to
its smaller electrostatic capacity.

Ii'al'ﬂw[

8. The ionization chamber. The actual form of the vessel
used for containing, and applying a field to, the gas varies very
much with the nature of the effect to be observed. A suitable
form for investigating the variation of current with potential,
and for many other experiments in which the field needs to
be definite, is shewn in Fig. 6.

The gas under investigation is contained in a metal box
which is connected to earth, thus serving to shield the electrodes
4 and B from any stray electrostatic field. For a similar reason
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the wire leading from the insulated electrode 4 to the electro-
meter should also be surrounded by an earthed metal tube
(not shewn in the diagram). The electrodes are placed parallel
to each other a few centimetres apart; 4 is connected to one
pair of quadrants of an electrometer, or to the leaf of a tilted
electroscope, and B is raised to any required potential by means
of a high tension batfery. The system 4 can be placed at zero
pofential by means of a key K, which can- be earth-connected.
When the key K is raised the system 4 is completely insulated.
If K is connected to a potentiometer, instead of directly to
earth, the system 4 with its attached quadrants can be raised
to a suitable known potential, and thus the electrometer can be
calibrated.

The ionizing agent may be enclosed in the box, but it is
generally more convenient to have it outside, in which case
a window W of some substance transparent to the ionizing
rays, and generally consisting of a very thin sheet of aluminium
foil, must be made in the side of the box. The electrodes are
insulated from the box by insulating stoppers S, S. The
insulation of 4 is very important, and should be of amber,
sulphur, or quartz. The box and its electrodes forms what is
known as an donization chamber.

Suppose B is now raised to some constant potential, say,
200 volts positive, while 4 is earthed by the key K, and the
gas exposed to the action of the ionizing agent. The ions in
the gas begin to move under the action of the field between
the plates, the positive towards 4, the negative towards B.
As long as the wire K remains in the mercury cup, the potential
of 4 remains zero. As soon as it is withdrawn 4 begins to
charge up positively, and the needle of the electrometer begins
to move. Let ¢t be the time taken for the needle to reach the
deflection corresponding to a potential V. Then if C is the
capacity of 4 and its connected quadrants, etc., the average

current through the gas is given by
v

- i=0.?‘

The actual potential corresponding to a given deflection can
easily be found by lowering the key K again into the mercury
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cup, and sliding the end of the wire connected to K along
the potentiometer wire until the deflection reaches the given
value. The corresponding potential can then be read off on the
potentiometer. For very accurate work, particularly with
electroscopes, it is generally desirable to repeat this calibration
after every reading.

9. Variation of the cprrent with thé potential acrogs
the gag. Suppose now the potential of B is gradually increased
from some small initial value. For simplicity we will suppose
that the maximum voltage acquired by 4 in charging up is

i

T

S

/

/

0 10 20 30 a0 X
Fig. 7

not allowed to rise sufficiently to affect materially the potential
difference between the plates. We can then study the magnitude
of the current through the ionized gas for ‘different potential
differences between the plates. In the case of a metallic con-
ductor or of an electrolyte with non-polarizable electrodes,
the relation is expressed by Ohm’s law, that is, the current is
simply proportional to the potential difference. The relation
for a gas is, however, more complex, and is represented by
a curve such as that of Fig. 7 which is plotted from an actual
set of readings.

For very small voltages, say, less than one volt, the current
is approximately proportional to the applied potential difference;
that is at this stage the gas obeys Ohm’s law, though not with
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the same degree of accuracy as a metallic conductor. As,
however, the potential of B is raised, a stage is reached when
the current falls appreciably below the value which would be
given by Ohm’s law.

If the potential is increased still further a point is reached at
which further increase in the potential of B produces no further
increase in the curgent through the gas. After this point the
current is independent of the voltage. This maximum current is
called the saturation currept through the gas, and the potential
necessary to produce this current is known as the saturation
voltage. The actual value of the saturation voltage depends
upon the distance apart of the electrodes, the pressure, and the
intensity of the ionization in the gas. Except in cases of very
intense ionization, a field of from 20 to 30 volts per cm. between
the electrodes is sufficient to produce the saturation current.

10. Variation of the saturation current with the distance

between the s, and the pressure of the gas. If
one of the electrodes is made movable the variation of the
saturation current with the distance apart of the electrodes
can be studied. In the case of a metallic conductor the current
for a given potential difference is inversely proportional to
the length of the conductor, and a similar result holds for
electrolytes. For gases however, if we arrange that the effect
of the ionizing agent is the same in all parts of the gas,
the saturation current through the gas is directly propor-
tional to the distance apart of the electrodes. It can also be
shewn, by using electrodes of different sizes, to be directly
proportional to the area of the electrodes. If the pressure of
the gas is varied it is found that the saturation current is
directly proportional to the pressure of the gas. In other
words the saturation current through a gas is directly propor-
tional to the mass of gas between the electrodes.

The effects when the current is not saturated are in general
very complex, and need not concern us here.

11. Theory of conduction through gases. . Let usassume

that the ionizing agent is producing ions uniformly throughout
the gas and at a constant rate, so that ¢ pairs of ions are formed
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per c.c. per second in the gas. These ions are charged positively
and negatively, and since the gas as a whole is uncharged, the
number of positive and negative systems must be equal, sup-
posing that each carries a charge of the same magnitude e.

In general ions may be lost by the gas in three ways. In the
first place since the ions are oppositely charged they attract
each other according to the ordinary lawy of electrostatics.
On collision their charges may neutralise each other, and the
ions return to their ordinary uncharged-state. The chances of
a given positively charged ion meeting a negative ion in a given
time is obviously proportional to the number, n,, of negative -ions-
present per c.c., while the number of positive ions finding
partners in a given time is proportional to the number, n,, of
positive ions actually present per c.c. of the gas. The rate
at which combination goes on is thus proportional to nyn,. It
can, therefore, be written an,n, where « is a constant under given
conditions and is known as the coefficient of recombination. If,

ions are cqual, this reduces to on?.

Ions are also withdrawn by the action of the electric field,
and by diffusion to the clectrodes or to the walls of the chamber.
In general the effect of diffusion is small and may be neglected.
In special circumstances it may become appreciable, and in
these cases it can be measured.

Let us assume for a moment that there is no electric field
across the gas and that the diffusion is negligible. Then the
rate of increase in the number of ions per unit volume of the
gas is equal to the number formed per second by the action
of the ionizing agent less the number lost by recombination.

Hence dn ,

=1
The ionization reaches a steady state when dn/dt is equal to
Zero or g=an®: . . . . . . . (2

If the ionizing agent is then withdrawn ¢ becomes zero, and
the ionization in the gas decreases-according to the-equation

CcI 2
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1 1
or ———=—af, . . . . . . (3
where n, is the value of the ionization at the moment when the

agent was removed, and ¢ the time which has elapsed.

12. Motion of the ions under a _uniform electric
field. If X is the strength of the electric field across the gas

the force acting on any ion is equal to Xe. If the ion were
perfectly free to move this would produce a constant accelera-
tion of Xe/m where m is the mass of the ion. The ion is, however,
moving through other uncharged gas molecules; its path
therefore is made up of a series of short runs, each terminating
in & collision in which all the accumulated encrgy of the ion is
lost. Under these circumstances it is easy to shew that the ion
will move not with a uniform accecleration but with a constant
velocity which is proportional to the field applied.

For let A be the mean free path of the ion in the gas, and
7 the time taken by the ion to describe its mean free path under
the action of the field. We may suppose that the whole of the
velocity added by the field is removed at each collision and that
the ion thus starts its course again with zero velocity. Between
two collisions the ion moves freely under the action of the
field. If X is the intensity of the field and e the charge on the
ion, the mechanical force is Xe and the velocity »' of the ion
on reaching the end of its path is therefore given by Xer = mv’,

, Xer
v =—,.

m

or

The average velocity with which the ion describes its path is
thus $v’, and if we assume that the time occupied by a collision
is small compared with 7, this is also the mean velocity of the
ion through the gas. The velocity of the ion is therefore given by

1Xer
57,.......(4)
and is thus directly proportional to the applied field X, since

e, m and 7 are constants under given conditions.
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Thus if » and v are the actual velocities of the positive and
negative ions respectively in a field of strength X, we have

u=55X, v="1r5X,

where %, and %, will be constants for a given gas under given
conditions of temperature and pressure. They are known as
the mobilities of the vons.

13. Theoretjcal relation between current and potential.
Let us now consider the current through the gas due to

an applied potential difference V between the electrodes. Con-
sidering any plane in the gas normal to the direction of the
field, then in one second all the positive ions which are situated
at a distance of less than % cm. from it will be driven across
the plane, while similarly all the negative ions distant less
than v cm. from the plane will be driven across it in the opposite
direction. The total transference of electricity across the plane
in unit time will be the sum of the charges carried by the two
sets of ions. If the magnitude of the charge e carried by an ion
is the same for all ions the total transference is thus ne (u + v)
units per sq. cm. per sec. or if 4 is the area of the plane the
total current across it will be

1= Ane (u + v)
=dne(ky+ k) X.. . . . . (B

Now the passage of a current implies the withdrawal of a certain
number of ions from the gas to the electrodes. The greater
the current, the faster the ions will be removed, and hence the
fewer will be the number of carriers left in the gas. Hence it
is obvious that n,the number of ions present in unit volume of
the gas, is a function of the current 5. The problem is thus far
from simple. We may however distinguish two limiting cases.

(1) The current is so small that the number of tons withdrawn
18 megligible compared with the number present per c.c. In
this case the loss of ions is due solely to recombination and n
is a constant, its value being given by (2).

If the electrodes are arranged so that the field is uniform, as
for example in the case of two parallel plates, the field is equal

2-2
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to V/d, where V is the potential difference between the electrodes
and d their distance apart. In this case equation (5) becomes

i=Ane(k1+k2)X=Ane(k]+kz)g, . . (6)
where A is the area of either electrode. This equation is of
the same form as that for conduction through an electrolyte,
if » is a constant. I’nder these circumstances the current through
the gas obeys Ohm’s law, and this case corresponds to the
first straight portion of our experimental curve.

(2) The field s so large that the ions are conveyed to the electrodes
without appreciable recombination.

If the field is large the velocities of the ions become so great
that the number recombining in the small time taken to reach
the electrodes becomes negligible. In this case it is obvious
that all the ions formed in the gas by the ionizing agent will
be conveyed to one or other of the electrodes. If B is the volume
of the gas between the electrodes the number of ions formed per
second is Bg and the total charge conveyed to either electrode
in one second is therefore Bge. This is the maximum current
through the gas, and, provided that the voltage is sufficient to
produce saturation, is obviously independent of the difference
of potential between the plates. This case therefore corresponds
to the saturation current through the gas. It will be seen that
the saturation current should be directly proportional to the
volume of the gas, a result which we have already found
experimentally.

Since the time taken for the ions to reach the electrodes is
proportional to the distance which they have to travel, that is,
to the distance apart of the electrodes, while the field for a
given potential difference is inversely proportional to the distance
between the electrodes, it follows that the potential necessary
to produce the saturation current through the gas is directly
proportional to the square of the distance apart of the electrodes.
It has also been shewn to be proportional to the square root
of the intensity of ionization.

Since the saturation current is found to be proportional to
the pressure, it follows that ¢, the rate of ionization for a given
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strength of the ionizing radiation, is directly proportional to
the pressure; that is to say, the number of ions formed is
proportional to the number of molecules present.

(3) The general case has been considered by Sir J. J. Thomson,
who found that on certain assumptions the current through
the gas could be represented by an expression of the form

V=di+Ba2 . ! . . . . (7

where 4 and B are complicated constants and V is the p.p.
across the gas. This expression is found to express the inter-
mediate portion of the experimental curve (Fig. 7) reasonably
well. This part of the curve is of no practical importance except
in the case of the currents through flames where the ionization
is 8o intense that the maximum fields which we can apply are
insufficient to produce saturation.



CHAPTER III

THE PROPERTIES OF THE GASEOUS IONS

14. Measurement of ionic mobilities. The mobility of
an ion is defined as its velocity in cm. per sec. under the action
of an electric field of one volt per cm. Ionic mobilities may be
measured in various ways, the most direct of which is one due
to Rutherford.

Rutherford’s method (1). Two large metal plates were placed
parallel to each other and 16 cm. apart on insulating blocks.
.D
E

& ¢

Fig. 8

One of these, B, was connected to a battery so that any suitable
field could be applied across the gas, the other, 4, was connected
through an insulated lever to an electrometer E.

A heavy pendulum, not shewn in the diagram (Fig. 8), was
arranged so that at one point of its swing it made the circuit
of the primary of an induction coil the secondary of which was
connected to the X-ray tube used for ionizing the gas. Rays
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were therefore generated and the gas became ionized. After
a given interval (which could be calculated from the time of
swing of the pendulum and the distance apart of the switches)
the pendulum swung against the lever L and so disconnected
the plate 4 from the electrometer.

Owing to the screen C only the portion of the gas to the right
of the plane CD is ionized. Hence to reach 4 the ions must
travel through a distance equal at least to that between 4 and
the plane CD. Hence unless the time taken by the ions to
travel this distance is less than the time which elapses between
the switching on of the rays, and the breaking of the electro-
meter circuit at L, the electrometer will shew no charge. If
the time is gradually increased a point is reached when the
electrometer begins to shew a deflection, that is when the ions
from CD are just able to reach the plate 4 before the connection
at L is severed. This critical time is evidently the time taken
for the ions to travel under the action of the field from CD to
A. In Rutherford’s experiment the critical time was 0-36 sec.,
when the potential of the plate B was 220 volts and the distance
to be travelled was 8 cm. The velocity of the ion was therefore
8/0-36 cm. per sec., with a potential gradient of 220/16 volts
- . 8 220
per cm. The mobility of the ions was therefore 036~ 16
or about 1-6 cm. per sec. per volt per cm.

The method just described, though admirably direct, is not
susceptible of great accuracy. A more promising procedure, also
first used by Rutherford, is to employ an alternating field. Let
AB,CD,be a pair of parallel plates, the plate 4 B being connected
to an clectrometer, and CD to a source of alternating potential.
We will suppose that the ionization is confined to a very
thin layer of the gas at the surface CD, and that the ions
are all of the same sign. This can be effected in practice by
making the plate CD of some metal such as zinc and illuminating
it with ultraviolet light (Chap. 1x).

Since the potential applied to the plate CD is alternating, the
ions will, during one half of the complete cycle, be acted on by
an electric field urging them towards the plate 4B. If the dis-
tance they can travel during this half cycle is greater than the
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distance d between the plates some of them will reach the elec-
trode AB and the electrometer will shew a charge which is
added to at each alternate half cycle. If, however, the ions fail to
reach 4B before the ficld reverses they will be dragged back to
CD by the reverse field which exists during the following half
cycle, and thus the electrometer will receive no charge.

If the applied pefential is represented by a sin pt, the field is
Zsin pt and the velocity of the ions = 3—7 = ]\; sin pt where k
is the mobility, and = is the distance of the ion from the plane
CD. Since z == 0 when ¢ — 0, the solution of this equation is

ka
T = Pl (1 —cospt).
To electrometer %
A l B S T
F F Time
c 5D 0
N L.
@ To Z;’l"”w -
@ ! (b

Fig. 9

Thus the greatest distance thaff an ion can travel from C'D is
2ka/pd. T the distance between the plates is gradually reduced
until the electrometer begins to colleet a charge we thus have for
this critical distance d,
Qka . pdy?

pd, o e

This method, though accurate, is somewhat limited in its
application. An elegant and accurate modification of the method
has been devised by Tyndall and Grindley 2). Their alternating
field was of the type shown in Fig. 9 (b), that is to say the ions
under experiment are driven towards the collecting electrode by
a field which is constant in magnitude while it lasts, but which,
after acting for a suitable short interval is instantancously
reversed. The reverse field is somewhat less intense than the
direct field, but acts for a sufficiently long time to ensure that all
the ions which do not reach the collecting electrode are cleared

Wy =
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out from the space between the plates. An alternating field of
this type can be produced conveniently by a rotating cemmutator
which connects the plate CD of the apparatus first to the nega-
tive, and then to the positive pole of a high tension battery which
is earthed at a point somewhat nearer one end than the other.

The ionization is produced by a speck of polonium S which is
mounted on the shaft driving the commutdtor. Once in cach
revolution the polonium is brought directly under a small hole
in the plate CD, and a flash of « particles from the polonium,
passing through the hole, produces intense ionization in the gas
which, owing to the very small penetrating power of these par-
ticles is confined to the immediate neighbourhood of the hole.
This flash is timed to occur at a point F in the cycle, that is just
before the reverse field gives place to the direct ficld. Since the
polonium is carried on the commutator shaft it is evident that
the flash will occur at the same point in cach cycle.

Let T be the time of one complete revolution of the shaft.
The interval between the ionizing flash and the reversal of the
field, and the time for which the direct field is applied are both
proportional to 7', and may thus be represented by p7' and ¢T
respectively. Let d be the distance between the plates, and &
the small depth of the ionized layer.

The ionized layer contains ions of both signs. If we wish to
measure the mobility of the negative ions, say, the direct field
18 selected so as to drive the negative ions to the plate AB.
The reverse will thus attract them to €D, and if the interval
between the flash and the reversal of the field is sufficiently long,
that is to say if the shaft is revolving slowly, all the negative ions
will be absorbed by the plate CD, before the field changes, and
thus no negative ions will remain in the gas to be driven to the
plate 4B. Thus the electrometer will collect no negative charge
(it would actually collect a positive charge if the interval was so
long that the positive ions could pass from the ionized layer to
4). If X, is the reverse field the time taken by the ions to travel
a distance A is h/kX,. If pT is greater than this no negative
charge can reach the electrometer. For more rapid rotations the
number of negative ions left in the gas will increase as the
interval during which they are attracted to CD becomes shorter,
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On the other hand, the minimum time necessary for a negative
ion to pass from CD to AB is d[kX,, where X, is the field driving
the ions to A. If ¢T is less than this the negative ions will be
unable to reach A4 before the field is again reversed, and the
electrometer will again shew no charge. Since the negative
charge collected has been steadily increasing with increasing
speed of the shaft 3p to this point, it is clear that the maximum
charge will be collected when the ions left in the gas can just pass
from CD to AB between one reversal and the next; that is when
¢T = d/kX,. Thus a determination of the time of revolution of
the shaft at which the maximum charge is collected will enable
us to determine the mobility of the ions.

Current

% o0 300 406 500
Frequency.(r p.m.)

Fig. 10

An experimental curve shewing how the charge collected varies
with the speed of the shaft (1/7) is shewn in Fig. 10. Tt will be
scen that it corresponds closely with the theoretical predictions
given above. That the curves do not drop immediately to zero
after passing the maximum is due mainly to the fact that the
ions occupy a small but finite volume above CD, and hence have
not all precisely the same distance to travel in order to reach 4 B.
Positive ions can be measured in exactly the same way, merely
by reversing the signs of the direct and inverse ficlds.

The mobility of an ion depends on the nature of the gas, and
on the sign of the charge. In general the megative ion has a
greater mobility than the positive. The mobilities of both kinds
of ions are reduced by the presence of water vapour in the gas.
A few representative values are given in Table 1. They refer to
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gases at normal temperature and pressure, and at the ordinary
degree of purity and dryness. As we shall see later some of the
values are very considerably altered when the measurements
are made in gases of exceptional purity.

TaBLE I

Ionic Mobilities in cm./sec. per 'Jolt/cm.

SUBSTANCE ky (+) ko (—)
Hydrogen 59 86
Nitrogen 1-27 1-84
Oxygen 1-31 1-80
Argon 1-37 1-70
Carbon monoxido 1-10 1-14
Carbon dioxide 0-84 0-98
Sulphur dioxide 0-41 041
Methyl iodide 0-21 0-22

15. Approximate calculation of the mobility of an ion.
We have seen, (4), p. 18, that assuming that the ion retains
none of the velocity produced in it by the field after collision
with another atom, that its velocity through the gas is given

by v= ;—%r where 7 is the time which elapses between

two collisions. Now since the ion forms part of the gas it will
participate in the thermal agitations of the gas molecules,
and the kinetic theory shews that the kinetic energy of the
ions for this motion must be equal to that of the molecules
of the gas in which it is formed. This velocity will, therefore,
vary as the square root of the mass of the ion. At ordinary
temperatures these thermal velocities are very large. In the
case of air for example the mean molecular speed at atmospheric
pressure and 0°C. is 48,500 cm. per second. Since these
velocities are distributed equally in all directions the number
of ions carried by the thermal agitations across any plane in
the gas in one direction will be equal to the number carried
across it in the opposite direction, and hence the total trans-
ference of electric charge across the plane will be zero. Thus
the thermal agitation causes no transference of electricity,
and hence no current in the gas. We may, therefore, neglect it
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in considering the transference of electricity through the gas.
On the other hand it will be the controlling factor in determining
the number of collisions made by the ion. IfAis the mean free
path of the ion in the gas, and V, the velocity of the ion, then
7 the time occupied in describing the mean free path will be
equal to A/V;. But since the velocity of the thermal agitation
is very large compared with the velocity added by the field
(which in the case of a field as great as 100 volts per cm. would
only amount to about 160 cm. per sec.), the value of V; will
be practically equal to ¥ the velocity of the thermal agitation.
Hence we have, on substituting for 7 in (4),

leA .
C= oV (12)
- L 1 e
or the mobility of the ion is equal to om V"

This formula should enable us to calculate the mobility of
an ion if the size of the ions is known, or conversely to deduce
the size of the ion from its mobility. 1f we assume that the ion
formed in, say, oxygen is simply a charged molecule of the gas,
then V is the ordinary velocity of the oxygen molecule, or 461
metres per second: the value of e/m for a hydrogen atom, as
we shall see later (§20), is 10* e.m.u. per gm., and for the
oxygen molecule therefore, assuming that all ions carry the
same charge, it is 3, X 104 The mean free path A, of an un-
charged molecule of oxygen at normal temperature and pressure
is 105 cm.. Substituting these values we have the mobility
in oxygen equal to 3-2 x 10~% cm. per sec. per absolute e.m.u.
of field or 3-2 cm. per sec. per volt per cm. since a volt is 108
absolute e.m.u. of potential. This is rather more than twice
the measured mobility of the positive ion in oxygen.

16. Effect of pressure on the mobility of the ions.
A

The mobility of the ion is represented by %7%7' But the
mean free path A is, by the kinetic theory of gases, inversely
proportional to the pressure p of the gas. Hence if the nature
of the ion does not change the mobility & of the ion should be
inversely proportional to the pressure of the gas, or the product
pk should be constant,.
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The experimental results obtained are represented by the
curves in Fig. 11, where the mobility is plotted against the
reciprocal of the corresponding pressure. The lower curve, which
is straight, refers to positive ions, and the upper one to the
negative. It will be seen that the product pk, for the positive
ions remains practically independent of the pressure down to
the lowest pressures used. With the negﬁtlve ions however
at pressures less than about one-tenth of an atmosphere the
product pk, increases rapidly as the pressure is reduced, thus
indicating that the mobility of the negative ion is increasing
more rapidly than would be due merely to the alteration of the

500,

k /

250 /
A

/
T

0-01 002 003 Ip
Fig. 11

free path with pressure. In other words the negative ion is
becoming smaller as the pressure is reduced. If the ion at
atmospheric pressure consists of a single molecule it is clear that
at low pressures the negative carriers must be smaller than
the molecule.

We have already seen (§ 1) that the atoms of all substances
contain negatively charged particles, or electrons as they are
usually called, of a mass equal to about 1/1839 of that of a
hydrogen atom, and that under certain circumstances these
electrons may be ejected from the atom and appear in a free
state. We must therefore regard the mechanism of gaseous
ionization in the following way. The action of the ionizing
agent brings about the expulsion of an electron from the molecule
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of the gas, leaving the latter with an excess of positive electri-
fication. This positively charged molecule forms the positive
ion. The negative electron is now, for a moment, in the free
state, but being strongly charged it readily attaches itself to
one of the neutral molecules by which it is surrounded, thus
forming a negative ion of the same size as the positive.

It may be notell that whereas the positive ion is formed
directly from a molecule, the negative carrier begins life in
the form of an electron. Since the electron is very small its
velocity under the action of an electric field will be very much
larger in the free state than when attached to a molecule. Thus
if the negative carriers pass any appreciable fraction of their
time in the free state the velocity with which negative electricity
passes across the gas will be materially increased, and thus
the mobility of the negative ions which measures the average
rate at which they are moving will be considerably increased.
In many gascs, such as air for example, the cficct is quite
appreciable even at ordinary pressures as shewn by the fact
that the measured mobility of the negative ion is greater than
that of the positive. As the pressure is reduced the time spent
by the charge in the free state is considerably increased
and the mobility becomes rapidly greater. Increase of
temperature causes a similar effect on the mobility of the
negative ion.

More recently Locb @) has found extremely high mobilities for
the negative ion, even at atmospheric pressure, for electro-
positive gases such as nitrogen, hydrogen, and helium when the
gases arc purificd with the utmost care. Thus mobilities up to
30,500 cm. /sec. per volt/em. have been recorded in very carefully
purified nitrogen, 22,000 in helium, and 7800 in hydrogen. In
such cases the negative ion must spend most of its life in the
electronic state, and it scems very probable that molecules of
these gases arc incapable of attaching an electron to their
structure. These abnormal values at once drop to those given
in Table I if the gas is allowed to be contaminated by a minute
trace of oxygen, chlorine, or other more electronegative gas. Thus
the carriers of negative electricity in ordinary nitrogen whose
mobility is recorded in Table I are almost certainly not
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molecules of nitrogen itself, but of some impurity, probably
oxygen.

Even for electronegative molecules, however, the attachment
of an electron is not instantanecous. Loeb has calculated that in
chlorine, or oxygen, an clectron will on an average make some
3000 collisions before becoming permanently attached to a
molecule. It is this difficulty of attachment that gives to the
negative ion its apparent greater mobility.

17. The nature of gaseous ions. We have seen that the
measured mobility of an ion is appreciably smaller than that
calculated on the approximate theory given in § 15. To account
for this difference we may remember, in the first place, that since
the ion bears a charge it will be attracted by neighbouring un-
charged molecules, and will thus make collisions which an un-
charged molecule would escape. Its mean free path will thus be
less than that of an uncharged molecule, and this will result in
a decrease in mobility. Unfortunately it does not seem possible
to estimate the magnitude of this effect with any exactness.

A second possibility, which is clearly indicated by Loeb’s
experiments on nitrogen, is that the ion whose mobility is
measured may be a molecule, not of the gas itself, but of some
impurity of higher molecular weight. The number of ions present
In a gas, even when the ionization is intense, is a very minute
fraction of the number of molecules, of the order perhaps of one
lon to 10° uncharged molecules. The amount of impurity
necessary to carry the charges would thus be quite imperceptible
to any ordinary test. A further possibility is that the actual ion
may be surrounded by a loose cluster of uncharged molecules
which are attracted to it by the charge which it carries. These
possibilities are not mutually exclusive.

Some information on the problem may be gained from experi-
ments in which the mobilities of ions formed in one gas are
measured while passing through gas of a different kind. The
mobility of an ion of mass m moving through a gas consisting of
molecules of mass M should be proportional to its coefficient of

diffusion in the second gas, that is proportional to (;1—‘ + ‘Tli)i
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Tyndall@) has recently tested this point by introducing positive
ions of the various alkali metals into exceptionally pure nitrogen,
and exceptionally pure helium. The mobilities of the various
metallic ions measured in this way are found to be in exact
agreement, with the theoretical relation if the ions are assumed
to be single atoms of the metals concerned. On the other hand
if a minute trace%f hydrogen is present in the nitrogen and
sodium ions are introduced into the gas, not only do we get a
mobility corresponding to that of sodium as measured in the pure
gas, but also smaller mobilities corresponding to the value we
should expect from a sodium atom loaded with one or more
molecules of ammonia. Clustering is, therefore, a real possi-
bility, and no doubt the reduced mobilities of ions in moist gases
is due to a clustering of molecules of water vapour round the
actual ion.

Owing to the form of the relation we have just been considering
an increase in the mass of an ion does not produce very much
change in its mobility. Thus the ratio of the mobility of an ion of
infinite mass to that of an ion consisting of a single molecule of
the gas through which it is moving would be only 1/3/2. It is
probably significant that Erikson has found that the mobilities
of ions measured within a fraction of a second of their production
have a mobility which is almost exactly 4/2, the value obtained
if they are allowed to age by remaining in the gas for a few
seconds before their mobility is measured. The interval seems to
be used either in handing over the charge to some molecule of
high molecular weight, or in building up a cluster of molecules
round the original ion.

We shall probably not be far wrong if we suppose that in the
case of an ordinary gas the ion is sometimes a molecule of the
gas, sometimes a cluster of varying numbers of molecules, and
that sometimes its actual nature changes as the charge is trans-
ferred to a molecule of some heavy impurity. The actual mea-
sured mobility is only an average taken over all these changes.
It is only when very special precautions are taken, as in Tyn-
dall’s experiments, that its nature remains constant and
definite.
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18. Measurement of the coefficient of recombination.
The coefficient of recombination of the ions can be measured
directly by a method due to Rutherford. A steady stream of
gas is passed down a long tube (Fig. 12) at the entrance to which
is placed a layer of uranium oxide. This supplies a constant
source of ionizing rays so that the gas is all ignized to the same
extent. At various points along the tube are placed electrodes
which can be connected to an electrometer. These electrodes
may conveniently take the form of thin rods of equal length
paralle] to the axis of the tube, while the tube itself, raised
to a sufficiently high potential to produce the saturation
current through the gas, forms the other electrode.

Fig. 12

The saturation current is measured successively at each
of the electrodes. Since the electrodes are all equal and
similar the saturation currents will obviously be proportional
to the number of ions present in the gas per unit volume, at
the given electrode. If the distance apart of the electrodes is
known, and the rate of flow of the gas along the tube, the time
taken for the gas to flow from one electrode to the next can be
calculated, and thus the number of ions left in the gas after
various intervals of time is obtained. In this way Rutherford
was able to verify experimentally the equation (3) for the rate
of decay of ionization in the gas. In one of his experiments,
for example, he found that the ionization amounted to as much
as 10 per cent. of its maximum value as long as four seconds
after removal from the ionizing rays, while in another ex-
periment where the initial ionization was less intense the
gas even after 16 seconds retained 10 per cent. of its initial
conductivity.

This method though simple, and direct, is not capable of
any great accuracy, and has been replaced by one due to

(3] 3
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Langevin (5), whichhowever requiresa knowledge of the mobilities

ST e tohs under the conditions of
the experiment. The gas to be
experimented upon is contained c D
between two parallel plates, 4 and
B (Fig. 13), and a layer CD of it
parallel to the pla}es is ionized by A Bl __
a single powerful flash of X-rays.
An electric field is applied between
the plates by connecting one of
them to a suitable number of cells,
the other being connected to an
electrometer in the usual way.

The ions begin to move under
the field towards the opposite plates.
All recombination must occur within the ionized layer. As
soon as the ion leaves this layer it is surrounded only by
ions of its own sign, and therefore cannot recombine. It is
obvious that the faster we can pull the ions out of the layer
the smaller the recombination will be, and the larger the charge
we shall collect on the insulated plate, 4.

Suppose that after an interval ¢ there are in the ionized layer
n positive and n negative ions per unit volume. The positive
ions are moving with a velocity k£, X and the negative with a
velocity k,X in the opposite direction. The walls of the slab
are therefore approaching each other with a velocity (k; + k;)X.
Thus in a small time d¢ the thickness of the layer is reduced by
(ky + ky) Xdt and the number of ions of each kind separated is

n (ky + ky) Xdt.
Since the ions so separated are no longer liable to be lost by
recombination, they will eventually reach the corresponding
electrode giving to it a charge
dQ = en (ky + kp) Xdt.

Ny
1+ nyat’
where n, is the number of ions of each kind originally present
in unit volume;

. dQ= (ky + ko) moe Xdt
1 14+ nyat

Fig. 13

But by equation (3) n=

(13)
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This process continues until the walls of the slab meet. If
the thickness of the slab is d this obviously occurs when
‘e d
Vot ) X
After this no recombination occurs. The total charge @ is
therefore obtained by integrating betweet the limits ¢ = 0
and t = t;.
Thus the total charge given to the plate

Q= (ky+ k) X"J dt
(lc1 + kz) Xe

(14)

N
1 + anyt

[log 1 + mpat)]

(ko P ) Xe nodes
=Gt e 0g<1+ (k,-:k,)X)' . (15)

But n,d is the total number of ions originally present and nyde
is thus the maximum charge ¢, obtainable when the saturation
voltage is applied between the plates. This can easily be
determined.

Thus Q= (ky+ Fy) = log( * ik f‘;:) Xe)
—rlog(1+Q°) R ¢ 1))
where r= (ky 4-—:-2) Xe .

Hence & can be calculated, if &, %, and ¢ are all known.
This method gives very accurate results. The determination
of e, the charge carried by an ion, is described in the next
chapter.

The values found for a vary very little in different gases.
Air, oxygen, and carbon dioxide all give values of @ of about
1:6 x 10-® at atmospheric pressure, and temperature. The
value for hydrogen is 1-4 x 10-8. The coefficient decreases as
the pressure is reduced, and has only one-quarter of its normal
value at a pressure of } atmosphere.

Assuming that every collision between a positive and a negative
ion produces recombination, the number of collisions per second
between n positive and » negative ions of oxygen is 1-6 x 10-8 n2.

3-2
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The number of collisions taking place per second in 2n uncharged
molecules of oxygen is known, from the kinetic theory of gases,
to be 4 x 101922, The number of collisions producing recom-
binations between the ions is thus about 4000 times the total
number of collisions which would occur in the same time between
uncharged molecules of the gas. This must be due to the strong
electrical attraction between the oppositely charged ions, which
draws them together when otherwise they would never have met.

19. The diffusion of ions. If the ions are not uniformly
distributed throughout the gas they will tend to become so by
the process of diffusion, just as a mixture of two gases becomes
uniform. In fact, since we can identify the ions by their charges,
we can regard them as a special kind of gas mixed with the main
mass of the gas which is uncharged, and the ordinary laws of
diffusion can be applied to them. If the gas is contained in a
metal box the ions which come in contact with the walls will
give up their charges, and cease to be ions. The concentration
of the ions will thus be zero at the walls and increase as we pass
out into the main volume of the gas. Weshall thus get a pressure
gradient set up for the ions, and there will be a steady diffusion
drift of the ions towards the walls. Tons can thus be lost by
diffusion. In an ordinary ionization chamber, however, the loss
by diffusion is quite negligible compared with that due to
recombination.

The problem is mathematically equivalent to that of the
diffusion of water vapour to a surface of strong sulphuric acid,
and the treatment follows similar lines. The coefficient of diffusion
of the ions in different gases was measured by Townsend, by
drawing a measured stream of ionized gas through a bundle of
narrow tubes and measuring the fraction of the total number
originally present in the gas, which survived the process. The
actual calculations required are lengthy and tedious, and need
not concern us here. The coefficient of diffusion of the positive
jons in air was 0-028, and that of the negative 0:043, as measured
at atmospheric pressure. These coefficients are small compared
with those for uncharged gases. The coefficient of diffusion of
air through carbon dioxide, for example, is 0-134. Since diffusion
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is mainly determined by the mean free path of the molecules
this would indicate that the mean free path of the ions is con-
siderably smaller than that of the uncharged molecule, a con-
clusion we have already drawn from the measured mobilities of
the ions.

20. Determination of the total charge an one gram-mole-
cule of ions. The interest of these diffusion measurements is
mainly theoretical. Let n be the number of ions per c.c. at a point
in the gas. The number per second crossing unit arca of a plane at
right angles to a given direction z in the gas is thus, by definition,
D.dn/dz, where D is the coefficient of diffusion. We can thus
regard the ions as drifting uniformly in the direction of z with
a velocity 71" .D :Zb Regarding the ions as a separate kind of
gas they will have a partial pressure p which is at any point
proportional to n, and we may write their velocity in the form
1

~-D. 33 . But dp/dz is the force acting on unit volume of the

ions owing to the pressure gradient. Assuming that the velocity
is proportional to the force we see that the velocity of the ions
under unit force is D/p.

Now let us suppose that an electric field of intensity X acts
on the ions. The force on each ion is Xe, and the total force on
all the ions in 1 c.c. of the gas is therefore nXe. Assuming that
the resultant velocity u is proportional to the applied force per
unit volume we have thus

U == D . Xen.
p
But » = kX, where k is the mobility of the ion. Thus
k=". De.
p

But n/p is a constant, which is practically the same for all gases
under the same conditions of pressure and temperature, and may
be written ny/m, where n, is the number of gas molecules in 1 c.c.
of gas at the temperature of the experiment, and at standard
atmospheric pressure 7. Thus, finally,

k  nge

Q)
D7r"
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nge is the total charge on 1 c.c. of ions at normal atmospheric
pressure, that is it is the total charge which would exist in one
c.c. of gas if all the molecules were ionized. Taking the mobility
of the positive ions in hydrogen as 5-3 em./sec. per volt/cm.,
atmospheric pressure as 10° dynes per sq. cm. and the coefficient
of diffusion of the, ions in hydrogen at 0°C. and atmospheric
pressure as 0-12 we have, converting the volts into absolute

e.m.u.,
5- -
Ny € == 9 30>_<1;0 ° x 10% c.m.u. = 0-44 e.m.u.

This is the total charge in 1 c.c. of charged ions at normal
temperature and pressure. 1f N is the number of molecules in
a gram-molecule, an important constant which is known as
Avogadro’s number, then, since the volume of a gram-molecule
of any substance when in the gaseous state is 2-22 x 104 c.c. at
normal temperature and pressure, the total charge on all the
molecules in a gram-molecule, if they were all ionized, would be
044 x 2:22 x 104, that is 9768 e.m.u. Townsend’s mean value,
for all his observations on different gases, was 9-8 x 108 e.m.u.

It is instructive to compare this estimate for gaseous ions
with that obtained from electrolysis experiments. The passage
of 1em.u. of electricity through acidulated water liberates
1-04 x 10—% gm. of hydrogen, or in other words 1 gm. of hydrogen
ions carries a charge of 1/1-04 x 104, or 9649 e.m.u. of charge.
If we regard the hydrogen ions as the molecules of a gas of
molecular weight unity, then 1 gm. constitutes a gram-molecule
of the hydrogen ions. Thus, if E is the charge on a monovalent
clectrolytic ion, and N is Avogadro’s number, the charge carried
by 1 gram-molecule of electrolytic ions is given by NE = 9649
e.m.u. This, however, is within the limits of experimental error
identical with Townsend’s value for the gaseous ions. Hence,
since N is a constant for all gases, the charge on a gaseous ion
is identical with that on a monovalent ion in solution. This was
by far the earliest and is still in many ways the most direct
proof of this very important fact.
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CHAPTER IV
THE CHARGE ON AN ION

21. Condensation of water drops on ions. By applying
a saturation voltage across a gas we can, as we have seen, sweep
all the ions in the gas to one or other of the electrodes. The
charge given to either electrode is then equal to the sum of the
charges on all the ions of one sign present in the gas, that is,
to ne where n is the total number of ions of either sign, and e
the charge carried by each. To determine e it is necessary to find
some method of counting the number of ions present in the gas.

A method of doing this was afforded by the discovery of
C. T. R. Wilson that charged ions can serve as nuclei for the
condensation of water vapour. It bad long been known from
the researches of Aitken that the water drops which form when
a space becomes supersaturated with water vapour always
collect about dust particles or similar nuclei present in the gas.
If all nuclei are removed (either by filtration through cotton
wool or better still by repeatedly forming clouds in the same
closed space and allowing the drops so formed to settle, thus
carrying the nuclei with them), a very considerable degree of
supersaturation may exist in the gas without the separation
of any drops. If, however, the pressure of the aqueous vapour
in the gas exceeds about eight times its saturation pressure
for the temperature of the experiment a fine drizzle sets in
even in the absence of all nuclei.

Wilson shewed that if the gas was ionized deposition could
take place in the absence of other nuclei, the ions themselves
serving as nuclei about which the drops could form. It was
found that deposition would take place on negative ions when
the pressure of the aqueous vapour was four times the saturation
value, and on the positive ions when it reached about six times
that amount.
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These effects are due to surface tension. It can be shewn
that the vapour pressure over a convex surface of liquid is

greater than that over a plane surface by ‘;{ - 2;T where o is

the density of the vapour, p that of the liquid, 7' the surface ten-
sion, and 7 the radius of curvature of the surface. 1f » becomes
indefinitely small as would be the case for a Jrop starting from
zero dimensions this excess of pressure would be infinite, and
the drop would immediately evaporate. The nuclei, by providing
surfaces of finite radius of curvature on which to condense,
enable the drops to commence at a finite size, and hence to
grow to visible dimensions even with a comparatively small
degree of supersaturation. The drizzle which sets in when the
supersaturation is eight-fold is probably due to deposition
round molecules of vapour or gas.

The effect of giving a charge to the drop can most easily
be discussed from the considerations of potential energy. The
potential energy of a drop due to its surface tension is equal
to its area multiplied by the surface tension, that is to 4mr2T,
and becomes smaller as the radius is decreased. Hence surface
tension will tend to reduce the size of the drop, that is, to assist
evaporation, since any system tends to reduce its potential
energy to a minimum. On the other hand the potential energy

2

of a drop due to a charge e upon it is ;i . This increases

as r becomes smaller, and hence the effect of the charge is to
tend to increase the size of the drop. The electric charge there-
fore acts in the opposite sense to the surface tension, and may
be regarded as producing a diminution in it. Thus a charged
drop will grow under conditions under which an uncharged
drop of the same radius would evaporate. It is obvious, there-
fore, that a drop will be formed around a charged molecule,
or ion, with a smaller degree of supersaturation than that
required when the molecule is uncharged.

22. C.T. R. Wilson’s cloud experiments. The method
adopted for producing supersaturation in the air is based on
the cooling of a gas by adiabatic expansion. The apparatus used
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is shewn in Fig. 14. The gas in the expansion chamber is shut
in by a movable piston P, which is made as light as possible
80 as to move with ease and rapidity. The joint is made
air-tight with water W, which also serves to keep the space
saturated with moisture. The air space inside the hollow piston
communicates by, means of a wide tube 7' with the barrel B,
and the piston can be raised to any required position in the
outer glass cylinder D by forcing a little air in through the tap

Fig. 14

A. Thus by suitably adjusting the initial position of the piston
an expansion of any desired amount can be made.

The expansion is made as follows. A wide tube H connects
B with a large vessel of several litres capacity which is kept
at a low pressure by the continuous action of a water pump.
H is normally closed by a valve V¥, but by smartly pulling
back the rod R the valve is opened allowing the space beneath
the piston to be exhausted very quickly through the tubes T
and H. The pressure below P being thus reduced, it falls with
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great rapidity, producing a nearly instantaneous expansion of
the gas in the expansion chamber.

The actual expansion can easily be deduced by reading the
pressure gauge G before and after the experiment. Let = be
the atmospheric pressure and p, the difference of pressure in
the two arms of the gauge before expansion. Then P, the
initial pressure of the gas in the chamber is (= — p, — o) where
o is the saturation pressure of aqueous vapour at the tempera-
ture of the experiment. The final pressure of the gas after the
apparatus has again attained the temperature of the laboratory
i8 (m — p, — o) where p, is the new reading of the gauge. Hence
by Boyle’s law

which gives the expansion.
Since the expansion of the gas is adiabatic, 80”1 is a constant

110, — p 11
and 010, = v,7-16,,

1og,,g_;= (y — l)logc:'—)f N ¢ )]
which gives 6, since y is known. The values of the saturation
pressure of aqueous vapour at the temperatures 6, and 6,
can be ascertained from tables and hence the degree of super-
saturation produced in the space by the expansion can be
obtained.

Working with this apparatus Wilson (1) found that, after freeing
the chamber from dust nuclei no cloud was formed for values
of v,/v; less than 1-375, which was the expansion necessary to
produce eight-fold supersaturation. 1f, however, the gas was pre-
viously ionized by passing X-rays into it through an aluminium
window, a dense cloud appeared when the expansion exceeded
1-26, shewing that fresh nuclei are formed in the gas by the
action of the rays. If these nuclei are gaseous ions they should
be removable by the action of an electric field. This was found
to be the case.

Later experiments shewed that for an expansion of 1-26 con-
densation took place only on the negative ions in the gas. If
positive ions alone are present a considerably greater expansion,
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1:30, corresponding to a six fold degree of supersaturation, is
necessary to produce any condensation in the gas. The negative
ions are thus more efficient in condensing drops of water than
the positive.

23. C. T. R. Wilson’s improved cloud apparatus@. In
the original form of cloud chamber the gas expanded through
a side tube, thus sctting up eddy currents in the chamber and
producing a thorough mixing of the gas. A simple but great
improvement in the apparatus consists in making the whole
floor of the apparatus act as the piston producing the expansion

C

\

==\ -

il

(RNEN]
]

| IR

Fig. 15

(Fig. 15). The gas, after expansion, is perfectly at rest. If now
one or two ionizing particles are fired through the chamber im-
mediately after expansion, ions are formed along the actual track
of the particles, and since the gas is alrcady supersaturated,
deposition takes place with these ions still in situ. The actual
track of the particle is thus made visible as a string of shining
beads of water, when the chamber is suitably illuminated from
the side. Permanent records can be made by focussing a camera
on the chamber through the upper face, which is made of plate
glass. In practice the camera shutter is opened before the ex-
pansion is made, and the tracks are illuminated by an intense
clectric spark, which is timed to take place immediately after the
passage of the ionizing particle.
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The photographs shewn in Plate I were taken by C. T. R.
Wilson in this way. Shimizu, Blackett, and others have, by
various ingenious devices, succeeded in making the whole cycle
of operations completely automatic, so that a long series of
successive expansions can be made with a minimum of delay,
the tracks obtained being photographed by a cinematic camera.
We shall see later that many important rescarches have been
made possible by this device. Fig. 16 (Plate 1) shews a photograph
of the track made by an e-particle from radium. The ionization
caused by the a-particle is so intense that the drops coalesce
into a single continuous streak. Fig. 17 in the :ame plate shews
the track left by a single B-particle. Here the ions formed per
cm. are far less numerous than in the case of the a-particle and
the individual ions can be clearly seen. Fig. 18 is a photograph
of the track left by a beam of X-rays passing from left to right.
We shall refer to this later.

24. Application of the condensation experiments to
the determination of e. Thomson’s method (4). Suppose a cloud
is formed in a cloud chamber of the form in Fig. 14, the expan-
sion being arranged so that the drops condense only on the
negative ions in the gas. These ions may be produced by any
convenient ionizing agent. Let W, be the weight of water
vapour required to saturate the space inside the chamber
completely at the initial temperature, and W, that required
to saturate it at the lowest temperature reached during
expansion. Then the weight of water deposited is given by
M = W, — W,, and is known since W, and W, can be calculated
from the volume of the chamber and the densities of the satu-
rated vapour at the two temperatures. It may be assumed that,
providing that drops are formed, the whole of the vapour over
and above that required to saturate the space will be deposited.

The small drops making up the cloud will fall under the action
of gravity with a uniform limiting velocity given by Stokes’
law. Thus if 7 is the radius of the drop, 5 the viscosity and o
the density of air, p the density of water, and g the acceleration
due to gravity, the drops will fall with a uniform velocity given by

_ 297
v—g-n(p—cr). e .. (18)
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This velocity can be measured by observing the rate at which
the surface of the cloud settles down by means of a catheto-
meter or reading microscope. Since all the constants are known
the observed value of v will enable us to calculate the radius
r of a single drop. It is found that the drops are all the same
size, as can be sgen from the fact that the cloud settles down
as a whole without separating into layers. The mass of each
drop is therefore w73 and if » is the total number of drops
in the cloud

gmon=M . . . . . . (19

which gives us » since M the mass of the cloud is known.
If the water surface is connected to an electrometer the
quantity @ of electricity brought down by the cloud can be

measured. The charge on a single ion is then equal to 3

Balancing method of determining e. The previous method was
first carried out by Sir J. J. Thomson. An interesting modifica-
tion is due to H. A. Wilson (5). In this the clouds were formed
and the radius of the drops determined by the application of
Stokes’ law as in the previous experiment. An electric field, X,
was then applied across the chamber so as to attract the drops
towards an upper plate which was positively charged, the
lower surface being earthed. The electric force Xe acting on
the drops was thus in the opposite direction to that of gravity,
and by suitably adjusting the strength of the field the two
forces could be made to neutralize each other exactly so that
the cloud remained stationary in the chamber, suspended in

air ‘S atomytrowiiee’”” When this state is reached we have
Xe=mg . . . . . . . (20

where X is the electric field and m the mass of the drop. But
m can be calculated, as before, from the velocity of the free
fall under gravity and hence e can be obtained. Assuming that
each drop forms round a single ion this is the charge on the
ion.

Both these experiments are subject to a serious error. The
gas after expansion begins to warm up again by conduction
and radiation from the room, and consequently the space
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around the drops soon ceases to be saturated. Hence the drops
begin to evaporate and their mass m is constantly decreasing
during the course of the experiment. This defect has been
overcome by a method due to Millikan.

25. Millikan’s experimental determination of e. The
question has been investigated very fully by Millikan (6) using a
method similar to that of Wilson but free from the uncertainties
caused by evaporation. Instead of condensing drops of liquid
on the ions Millikan forms his drops mechanically by some form
of sprayer in an atmosphere saturated with the liquid, and
leaves them to acquire charges from the surrounding ionized
air by collision with the ions. His apparatus is shewn very
diagrammatically in Fig. 19.

To Sprayer
To Cells ﬁ
C
P I
w e “w; X rays
Earth l l l B r
Fig. 19

It consists essentially of a pair of optically flat brass plates,
A and B, each 22 cm. in diameter held perfectly parallel to each
other by glass distance pieces optically worked to exactly the
same thickness, 14:9174 mm. The lower plate B is earthed, while
the upper plate 4 can be charged to a suitable positive or
negative potential, usually of the order of 6000 volts from a
large high tension battery. A constant and very accurately
measurable field can thus be applied across the central part of
the space between the plates. The whole apparatus is enclosed
in a large metal box, which itself is immersed in a thermostat
to avoid errors which might arise from convection currents in
the apparatus. Drops, usually of oil, but sometimes of mercury,
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were sprayed into the space above 4 through the tube D, and
some of them fell through a small hole C' into the space between
the plates. The drops were illuminated by a beam of light intro-
duced through a suitable window, W,, and were viewed, in a
direction nearly perpendicular to the light, by a microscope with
a micrometer eyg-piece. If required the air in the space between
the plates could be ionized by X-rays, introduced through another
window, W,.

The drops were sometimes found to be charged by friction in
passing through the sprayer. If not, they become charged by
collision with the ions in the space 4B. Since the diameter of
the drop is large compared with that of an ion, the potential of
the drop rises slowly, and it may accumulate a considerable
number of charges of the same sign before its potential becomes
sufficiently large to prevent other like charges from reaching it.
On the other hand if an ion of opposite sign strikes it, part of
the charge will be neutralized, and the total charge on the drop
decreased. Since a drop has no tendency to evaporate the same
drop may be kept under observation several hours, being kept
in the field of view of the microscope by adjusting the clectrical
field to balance the gravitational forces, as in H. A. Wilson's
experiments,

Suppose now that the plates are connected together so that
the field is zcro.

The drop will begin to {all under the force of gravity upon it,
that is, mg, where m is the effective mass of the drop. As it is
falling through a viscous fluid it will, by Stoke’s law, move with
a uniform terminal velocity »; which is directly proportional to
the force acting upon it. Thus mg == kv; where k is some constant
which depends on the viscosity of the air and the dimensions of
the drop, but will remain unaltercd as long as we confine our
attention to the same drop. If the plate 4 is now raised to a
sufliciently high potential of opposite sign to the charge on the
drop the electrical attraction will be greater than the gravitational
force and the drop will move upwards with a velocity v, given
by XE — mg= kv,, where X isthe field and £ the charge on the
drop. The velocities #;, v, are measured by timing the transit of
the drop between two fixed hair lines at a known distance apart
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in the micrometer eyepiece. Combining our two equations we
hawe B ;; (0 - 0y).

The same drop can be observed for many hours during which
its total charge will undergo many changes owing to collision
with either positive or negative ions. A large nwmber of different
values for & (in terms of the constant &) can thus be obtained with
the same drop. As a result of many experiments Millikan found
that when the drop changed its charge it did so always by exactly
the same amount, and further that the total charge on the drop
was always an exact integral multiple of this amount. This was
the case whether the whole charge was due to ionic collisions, or
whether it was derived from friction in the sprayer. Thus
all the charges measured by Millikan could be represented by
the relation K = ne, where £ was a constant, and » an integer
which generally lay between 3 and 20.

It would be impossible to imagine a more direct proof of the
fact that electricity, like matter, is not indefinitely indivisible.
It consists of units, or ‘““atoms” which cannot be further sub-
divided, and all these atoms have exactly the same charge. This
is the charge carried by a gaseous ion. A negative ion, however,
is merely an atom which has gained an electron. The electron
is thus the atom of clectricity, and we shall refer to this natural
unit of electricity as the electronic charge, and denote it by e.
The fact that the frictional charges on the drops were also found
to be integral multiples of e, shews that ordinary frictional
charges are also made up of electrons.

The proof of the atomicity of electricity requires no further
measurements than those of the two velocities of the drop, and
involves no assumptions except that the velocity of the drop is
proportional to the force acting upon it. To find the value of e
in absolute units it is necessary to determine the value of £.
According to Stokes' law k= 6mya, where « is the radius of
the drop, and 7 the viscosity of air. Since the mass m of the
drop is equal to impa® or allowing for the buoyancy of the air,
to 47 (p — o) a® where o is the density of the air and mg = key,
k can be calculated when the density p of the drop and the
viscosity of air are known.

cI 4
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On evaluating his results, however, Millikan found that the
value obtained for e varied with the size of the drop used, be-
coming progressively larger as the drop became smaller. When
the radius of a drop becomes comparable with the average dis-
tance between the molecules of the air it is no longer possible to
regard the air as g continuous homogeneous medium as required
in Stokes’ law. To put the matter somewhat crudely the small
drop finds occasional gaps between the air molecules through
which it can move freely under the action of the forces upon it,
and it thus acquires a rather larger average velocity than it
would if the medium were really homogeneous. It can be shewn
that the constant & in these circumstances is of the form

-1
6mna (1 4 ji—f) where Ais the mean free path of a molecule in

the gas, and 4 is a numerical constant. The value of 4 can be
deduced from the measurements of ¢ made with drops of very
different radii. Millikan found that on using this corrected form
of Stokes’ law, all his experimental data were completely con-
sistent, and the value of ¢ was exactly the same for drops of all
sizes.

Corrections were also made for the effect of the finite size of
his apparatus on the motion of the drops, and new determinations
were made of the viscosity of air, the accepted value having been

found to be in error by about 2 per cent. As a final 1willikam

found that the electronic charge had the value 4-77 C10 5.1,
with a probable error of about 0-1 per cent.

Millikan repeated his exp&iments using different gases, and
different sources of ionization, but with exactly the same result.
One point of interest may be mentioned. Whereas in nearly all
the experiments the charge carried by a gaseous ion was found
to be the single electronic charge e, when the experiments were,
done in helium gas, with a-particles as the source of ionization,
about 16 per cent. of the ionic encounters added not a single
charge e, but a double charge 2¢ to the drop.

Thus about 16 per cent. of the helium ions must be doubly
charged. We must suppose that in this case about }th of the
encounters between the a-particles and the helium atom result
in the ejection of two electrons from the atom. Apparently in
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all other cases ionization is produced by the ejection of a single
electron only.

26. Perrin’s determination of e from the Brownian
movement. We have already seen (§ 20) that the total charge
on a gram-molecule of charged ions is gived by N.e = 9649
e.m.u. where e is the charge on a single ion and N is Avogadro’s
number. Thus if we can determine N, we have an independent
method of determining e. An interesting method of determining
N is aflforded by Perrin’s(¥) experiments on the Brownian
movement.

Suppose a small particle, not too small to be visible with an
ultra-microscope yet not too large in comparison with the
size of the molecules to be affected by collision with them, is
suspended in water. This particle will, by the kinetic theory,
be bombarded on all sides by the molecules of the water
moving under their velocities of thermal agitation. On an
average the number striking the particle will be the same in
all directions and the average momentum communicated to
the particle in any direction will be zero. Since, however,
the collisions are governed by the law of probability there
will, if the interval of time considered be sufficiently small, be
an excess of momentum in one direction or the other, and if
the mal the particle is not too large compared with the
masse] e colliding molecules it will be given an irregular
kind of motion which may be @bserved under a microscope.
This motion has been known for many years as the Brownian
movement and is always to be observed in suspensions of fine
particles in a liquid.

The particles in Brownian movement are thus sharing the
thermal agitations of the molecules of the surrounding liquid
in exactly the same way that the molecules of a heavy vapour
share the motion of the molecules of a light gas in which they
may be placed. In other words, from the point of view of the
kinetic theory the particles in a suspension behave like the
molecules of a dilute gas of very high molecular weight, each
particle functioning as a single molecule. We can, therefore,
apply the gas laws to them, and from observations on these

42
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visible particles determine the various unknown constants in
the gas equations.

Distribution of the purticles in a suspension in a vertical
direction when in equilibrium under gravity. The most direct
method of applying this result is to determine the way in which the
particles of a susgension distribute themselves under the action
of gravity. The case is similar to that of a gas under gravity.

Consider two horizontal planes separated by a distance dh
in a vertical column of gas of unit cross section. If p and
p + dp are the pressures at the two planes, the diflerence dp
is equal to the weight of the gas enclosed between the two planes,
since the cross section is unity. Hence if p is the density of the

gas dp =mg = pg.dh
M

where M is the molecular weight of the gas in grams and V is
the volume of one gram-molecule. But V = RT/p where T is
the absolute temperature and R is the gas constant. Thus

Mgp
RT dh,

P _ Mg 9
log, » RTH' B 2 8
where H is the vertical distance between the two points in
the vertical column where the pressures are p, and p.
But the pressure is directly proportional to the number of
molecules per c.c. in the gas. Hence we may write (21) in the
form

dp =

ny MgH ]
log,;b=RT e e e (22
which gives the distribution of the molecules in a vertical
column of the gas.

We can now apply this result to the case of the suspension.
In this case if m is the mass of a single particle the ““molecular
weight in grams” will be equal to mN where N is the number
of molecules in one gram-molecule of a gas, which by hypothesis
is the same for all gases. The apparent mass of a particle
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suspended in a liquid is, however, less than its true mass m by
the weight of ‘the liquid it displaces; that is, it will be equal to

(25
D b4
where D is the density of the particle and d hat of the liquid.
Hence substituting in equation (22), we have

ng Nm d p
logaAh":RT (I—D)gH. .. (23)

I{ the mass of the particles and their density are known a
determination of the ratio of ng/n for different depths will
enable us to calculate N, the constant of Avogadro.

A suitable emulsion was found in gamboge, the particles
being obtained of uniform size by centrifugal fractionation.
The density could be determined by finding some solution in
which the particles would remain suspended without falling,
while the volume could be determined either by direct measure-
ment of the radius of the particle or by calculating the latter
from its rate of fall under gravity by Stokes’ law.

To find the vertical distribution of the particles when in
equilibrium a small drop of the emulsion was placed in a
hollow cut out in a micro-
scope slide (Fig. 20) and
covered with a thin cover
slip to prevent evaporation.

A high power microscope

was then focused on some [ T =
definite layer of the emul-

sion and the field of view
limited by a stop so that not more than five or six grains
were in the field of view at the same instant. Owing to the
Brownian movement the particles are constantly appearing and
disappearing but if not more than five or six are visible at the
same time a practised eye can immediately grasp the number
present at any given moment. Readings were made at equal
short intervals of time, and the average number present in view
is taken as proportional to » for that layer. Thus for some

Fig. 20



54 IONS, ELECTRONS, AND IONIZING RADIATIONS

particular layer 4 in one set of experiments the numbers visible
at ten successive moments were

2,2,0,3,22,5,3,1, 2,
giving an average of 2-2. At some higher level B the first ten
readings were o 2,1,0,0,1,1,3, 1,0, 0,

giving an average of 0-9. The ratio n,/n, for these two layers
was therefore 2:2/0-9. In this way the average number of
particles occurring at different depths in the liquid was deter-
mined and was found to agree very closely with the theoretical
distribution, as calculated above. Substituting the experi-
mental values in equation (23) N was found to be 68-2 x 10%2.
A second method based on the distribution after a definite
interval of time in a horizontal plane of a number of particles
introduced at a given point in the liquid gave a mean value
of N = 68-8 x 10%2. Substituting these results in the equation
NE = 9649 we find that the value of E the charge on a
monovalent ion in electrolysis is equal to 1-40 x 10-20 e.m.u. or
42 x 10-1% e.s.u.

27. Summary of results. Perrin’s experiments are im-
portant as providing an entirely independent method of deter-
mining Avogadro’s number, and thus, indirectly, of the electronic
charge. The method is clearly not capable of a very high order
of accuracy, although the discrepancy between the values ob-
tained by Perrin and Millikan is larger than would have been
expected. This gave rise to a suggestion that Stokes’s law might
not be applicable to bodies as small as the oil drops used by
Millikan. An alternative method of deducing Avogadro’s number
from experiments on the Brownian movements is to observe,
not the density distribution of the particles at different levels as
in Perrin’s experiments, but the actual excursions of individual
particles, or their rate of diffusion through the supporting
medium. Very minute oil drops shew Brownian movement very
markedly in air, and their displacements can very readily be
observed and measured by a micrometer microscope. A theory
of the effect has been worked out by Einstein which enables N
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to be calculated from the observations. Experiments made on
these lines by Fletcher(10) give a value for N of 60-3 x 10%, and
consequently a value for e of 4-79 x 10~ e.s.u. in close agreement
with that of Millikan. As, however, Fletcher used Stokes’s law
to determine the mass of his drops, his experiments hardly
provide independent confirmation of Millikan;s experiments.

On the other hand the value of ¢ can be determined from
entirely different considerations, such for example as the deter-
mination of the charge on an « particle (§ 98), the determination
of the wave length of X radiation (§94), and from Planck’s
theory of radiation. Values deduced in these ways, some of
which are collected in Table 1I, leave no doubt as to the sub-
stantial accuracy of Millikan’s method.

Tasre II
The charge on an electron

ORSERVER MeTROD ¢inesu
Begeman Water drops (original 467 x 10710
method of Thomson)

Millikan 0il and mercury drops 4774 x 10~10
Matteuch " ” 4-7H8 x 1010
Fletcher Brownian movements 479 x 1010
Rutherford Charge on a-particle 16H x 1010
Regener " v 479 x10~10
Wadlund X-ray measurements 1774 x 1010
Planck Theory of radiation 169 x 1o-10

The most probable value for ¢ appears to be
4770 % 10-? e.s.u. or 1:591 x 107 e.m.u.

Assuming this value for e the value of Avogadro’s constant
becomes 60-6 x 1022 molecules per gm. molecule. The Faraday
constant is 9649 e.m.u. per gm. cquivalent. The number of
monovalent atoms per gm. of a substance of unit atomic weight
would thus be 9649/1:591 x 10 , and the actual mass of an
atom of unit atomic weight would thus be 1-591 x 10-20 - 9649
or 1:649 x 10-2 gm. The masses of atoms of other elements can
be obtained by multiplying this number by the chemical atomic
weight (oxygen = 16). Thus the mass of a hydrogen atom is
1:0077 x 1649 x 10-* gm, or 1-661 x 10-#gm,
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CHAPTER V

I0ONIZATION BY COLLISION. THE SPARK DISCHARGE

28. Ionization currents with large voltages. We have
aiready seen (§ 9) that the current through an ionized gas
increases with increasing electric field up to a certain maximum
value known as the saturation current. There is then a consider-
able range of elcctric fields greater than this saturation value
for which increasing the field produces no appreciable increase
in the current. It is found, however, that if the field is increased
above a certain value the current again begins to increase,

S
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0 100 200 300 00 500
Volts per cm.
Fig. 21

at first slowly but soon with great rapidity (Fig. 21) until
finally a spark passes between the electrodes, accompanied by
a temporary but very considerable current. The field X required
to produce an appreciable increase in the current above its
saturation value depends on the distance apart of the electrodes,
and on the nature and pressure of the gas. For air at ordinary
pressures, and with distances of half a centimetre or more
between the electrodes it is very large. It diminishes, however,
as the pressure of the gas is reduced, and the phenomena are
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most conveniently investigated in gases at the comparatively
low pressures of from one to ten millimetres of mercury. With
such pressures it is possible to produce a considerable increase
in the current through the gas with potential differences of not
more than 50 volts.

The effect is o be ascribed to collision between the ions
generated in the gas and the molecules of the gas. We have
alrcady shewn (§ 15) that the velocity acquired by an ion of
mass m and charge ¢ moving under the action of a field of
strength X between two successive collisions is

where X is the length of the free path of the ion. Its velocity,
on striking another molecule of the gas, is thus, for a given
field, proportional to its free path.

The mechanism of ionization is a little obscure. Since however
it involves the complete separation of a negative from a positive
charge it is obvious that work must be done on the molecule
8o ionized, and the energy for this must be supplied by the
gource of ionization. In what follows we assume that this
energy is supplied by the kinetic energy of the colliding particle.
The kinetic energy of this particle must, therefore, reach a
certain minimum value if fresh ions are to be produced by it
in the gas by the process of collision. )

The mean free path of a particle in a gas can be calculated
from the kinetic theory of gases. The same theory, however,
shews that in a considerable number of cases collision will
not occur until the particle has described a free path consider-
ably longer than the mean, while in others collision takes place
before the mean free path has been described. Thus it can be
shewn that in 14 per cent. of the total number of collisions,
collision will not occur until the particle has described a path at
least twice as great as the mean, while in 10 per cent. of the cases
it takes place before one tenth of the mean path has been com-
pleted. Thus assuming that the particle must describe a path
A before it has sufficient kinetic energy to produce fresh ions,
ionization by collision will commence long before the mean
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path of the ions has reached this critical value, and will not
be even approximately complete until the conditions in the gas
correspond to a mean free path considerably greater than the
critical value.

Kinetic theory shews that, if A is the mean free path of a
molecule in a gas, a molecule will in a centimetr» of its path make

ie"”‘ collisions for which its actual free path has been greater

than z. The energy of an ion on collision, assuming it to be due
entirely to the electrical field X acting upon it, is Xex, where ¢
is the ionic charge. If we assume that ionization will occur if
this encrgy exceeds some constant value T, the number « of
fresh ions formed per cm. by the given ion will be equal to the
number of encounters terminating free paths greater than the
critical value = given by Xex = T, or z = T'/Xe. Substituting
this value of z in the equation, and remembering that the mean
free path is inversely proportional to the pressure we have
_¢Tp
a=Cpe Xe . . . . . . (24)

where C is a constant for the gas.

The value of « thus depends on the pressure and nature of the
gas and on the ficld. For the negative ion in air at a pressure of
4-1 mm. in a field of 200 volts per cm. Townsend found a value
for « of 0-50 per cm. In carbon dioxide at a pressure of 3-95 mm.
and with a field of 972 volts per cm. the value was as high as 4330.

29. Expression for the current through the gas when
ionization by collision occurs. Experiment shews that ioniza-
tion by collision occurs in much lower fields for negative than
for positive ions. Thus in circumstances where negative ions
were found to be producing fresh ions by collision with a poten-
tial of 100 volts between the electrodes, the potential had to be
raised to 350 volts before any appreciable increase in current was
observed when the ions originally present were all positive. When
the gas, as is usually the case, contains ions of both signs the
initial rise in the saturation current is thus due entircly to the
negative ions. Confining our attention for the moment to this
case, let us consider the current between two parallel plates



60 IONS, ERECTRONS, AND IONIZING RADIATIONS

separated by d cm. of gas. Let ngbe the number of ions generated
per cubic cm. of gas by the ionizing agent at a distance z from
the positive electrode. Let a be the number of ions which a single
negative ion produces by collision in 1 cm. of its path. « will
depend on the field and on the mean free path, but will be con-
stant under the cenditions of any one experiment. Then assuming
that the ions so formed will in turn produce fresh ions by their
collision the number of ions generated by collision in a distance
dz will be equal to andz, where n is the total number of nega-
tive ions present per unit volume at the point considered. Hence
the rate at which negative ions are increasing as the positive
electrode is approached is given by

iz~

Thus the number reaching the positive clectrode, which is equal
to the sum of all the ions generated, is given by

log n/ny = ax (on integrating),
n=mge"®. . . . . . . . (25)

In other words for every n,ions produced in a plane at a distance
zcm. from the positive electrode a number nye®® reach the
positive electrode, assuming that there is no recombination.
If the ionization is confined to a single plane at a definite
distance = from the positive electrode this expression will give
the current across the gas. 1f, however, the gas is uniformly
ionized throughout its volume, the number of ions formed
per c.c. per sec. being ng as before, we may proceed as follows.
Consider two planes distant z and z + dz from the positive
clectrode, the number of ions formed in this layer will be
nodx and the number reaching the positive electrode due to
this layer nye"*dx. The total number reaching the positive
electrode will thus be the integral of this from 2 =0 to z=d,

(d € — 1

or Nee*® dz = m, e - (26)

Jo
where d is the distance between the two electrodes. If there
were no ionization by collision the number reaching the electrode
in the same time would be n,d which is the number formed by
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she ionizing agent in the same time. Hence, since the currents
ire proportional to the number of ions, the actual current ¢
across the gas is given by
1=1, ef—1 27
e (27)
where 4, is the saturation current.
Similarly equation (25) can be written in the form

=1 . . . . . . (28)

The latter equation has been very carefully tested by Town-
send, to whom it is due, by measuring the eurrent between a
pair of parallel plates for different potential differences between
the plates, and for different distances between the plates. The
lonization can be confined to a layer of gas at the surface of the
negative electrode, by making the latter of some electropositive
metal such as zine, and illuminating it with ultra-violet light
from a quartz mercury lamp. Light from such a source does not
produce ionization in a gas, but liberates a copious supply of
negative electrons from the plate, which form negative ions by
attaching themselves to neutral gas molecules. If the plates are
enclosed in an air-tight container experiments can he made on
different gases at various pressures. The experimental values
obtained for « under different conditions substantiated the
theory given in the two preceding sections.

/ 30. Effect on the current of ionization by positive ions.
If the electric field across the gas increases beyond a certain
limit the effect of the ionization produced by the positive ions
becomes important. For simplicity we will limit our attention
to the case where initial ionization is confined to the negative
clectrode, as in Townsend’s experiments outlined above. The
negative ions moving out from the negative electrode produce
ions of both signs in the gas, and the positive ions so produced
give rise in turn to ions of both signs by collision during their
motion towards the negative electrode. Let 8 be the number of
pairs of ions produced per ¢m. of its path by the positive ion.
Consider a pair of planes 4B and CD parallel to the electrodes
at a distance dz apart and = cm. from the negative electrode.
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Let p be the number of pairs of ions generated by both positive
and negative ions between the negative electrode and 4B, and
q the number of pairs of ions generated between CD and the
positive electrode. The number of ions arriving at the positive
electrode per second is thus n=p + ¢+ no where n, is the number
generated per scgond at the negative electrode. The number dp
of pairs of ions generated between z and z + dz is

(ne+ p)edz+gBdz . . . . . (29)

since all the negative ions generated per second cross the
planes in one direction and all the positive ions in the space
below the planes cross them in the opposite direction, assuming
that there is no recombination. This is obviously true since
the saturation voltage is exceeded before ionization by collision
begins. Substituting for ¢ we have

d .
Pt p)a—P . . . (30)
The solution of this equation is of the form
a—B)x n o
ng+ p= A" ‘a_/-gp' ... (31

and 4 can be found from the condition that p = 0 when 2= 0.
Thus substituting for 4 and solving for » we have

(a-g)d
V n=n0(“'ﬁ)‘ C .. (32)

a— ﬁe(":ﬁ)d ’
where d is the distance between the electrodes.

This equation is due to Townsend and was carefully tested
by him with the apparatus already described (2). It was found
that an expression of this form represented the experimental
results with considerable accuracy over the whole range of
distances and fields.

The values of B are generally small compared with those of
«. For air the ratio of B/a is less than one per cent. and for
carbon dioxide less than 1/1000. This disparity is due to the
fact that the positive ions are molecules of the gas, while the
negative as we have seen are at the pressures used in these
experiments probably electrons.



THE SPARK DISCHARGE 63

/1. The spark discharge. The equation (32) just developed
suggests curious possibilities. It is evident that the current
will become infinite for some distance d such that

a=BP L L L L (33

This case corresponds to what is known as the spark discharge.
A considerable amount of experimental research has been
devoted to the spark discharge. If two electrodes are separated
by a gas at any pressure and the difference of potential between
them is gradually increased eventually a point is reached at
which a bright spark accompanied by the well-known crackling
noise will pass between them and the two conductors become
completely discharged. If the difference of potential is con-
tinuously restored by connecting the two electrodes to an
electrical machine a continuous torrent of sparks is obtained
which may pass into the form of an arc. In this case the current
may rice to many amperes.

The spark may also be made to pass by bringing the electrodes
nearer together as in the case of the discharge of a Leyden jar
by discharging tongs, or by reducing the pressure of the gas
between the electrodes. This latter is, however, only effective
down to a certain point. 1t is found that for any given distance
apart of the electrodes there is a critical pressure at which the
discharge passes most easily. Reducing the pressure below this
critical value causes a very rapid rise in the potential necessary
to produce a spark, so that the potential at very low pressures
may easily exceed by many times that which would suffice to
produce discharge at the same distance in air at atmospheric
pressure.

The critical potential difference between the electrodes
necessary to produce a spark is called the sparking potential.
If we assume that the spark takes place between two parallel
plate electrodes situated S cm. apart the value of the sparking
potential is equal to XS where X is the field between the plates.

Thus if ¢ and B are the two coefficients of ionization under
the conditions of the experiment, sparks should pass between
the electrodes when their distance apart is given by

D B 1)
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and the sparking potential should be equal to XS where X is
the field between the plates.

This equation was tested by Townsend. & and 8 were measured
for some definite ficld X and the value of S calculated from
equation (34). The plates were then set at this distance apart
and the potentigl diflerence between them gradually increased
until a spark passed. The minimum sparking potential as
thus obtained was found to agree in every case with the product
XS as previously determined, the divergence between the two
values being less than one per cent. This agreement is strong
proof of the substantial accuracy of the theory.

It will be seen that this theory requires the existence of a
certain number of free ions in the gas between the electrodes
if the spark is to pass. Under normal circumstances the air
generally contains a few ions especially if the electrodes are
illaminated by sunlight which contains a small proportion
of ultra-violet light. If, however, the ions present are very few,
as, for example, if the sparking experiments arc made in the
dark, a considerable time may elapsec before the few ions
originally present have increased sufficiently in number to give
rise to a spark discharge, and under these circumstances the
difference of potential may be increased considerably beyond
the critical sparking potential without a spark passing. This
phenomenon is well known and is called the retardation of
the spark. Under certain circumstances this retardation may
amount to several minutes. It is reduced to zero if the negative
electrode is exposed to a weak source of ultra-violet light.
Many early experiments were vitiated by the neglect of this
precaution.

/{2. Sparking potential for parallel plate electrodes. The
conditions are most easily interpreted when the electrodes
take the form of a pair of parallel platgs. Experiments of this
kind have been made by Carr ), using atus as shewn in
Fig. 22, If the discharge is taken between*two metallic plates
in the usual way it is found that the spark always passes between
rough points or small projections on the edges of the disks.
To avoid this the electrodes E, E were completely embedded
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in ebonite except for a portion near the centre which was
carefully planed and polished. The plates were separated by

E —

t

: f
Fig. 22

ebonite rings R of varying thickness so that spark lengths of
different values could be used. The gas to be experimented
on could be introduced by fine tubes ¢, ¢ running through the
ebonite, and the whole apparatus was made air-tight.
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Fig. 23

The experiments shewed that for a given gas there was a
minimum potential difference depending only on the nature
of the gas below which a spark would not pass. For any given
distance between the plates it was always possible to find

cI 3
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some pressure at which the spark passed at this minimum
potential. Either increasing or decreasing the pressure from
this critical value increased the sparking potential. These results
are shewn in Fig. 23 which represents some of Carr’s observations
on air at various pressures and for various distances between
the electrodes. « Similar results were obtained for other gases.
Within the limits of experimental error the product of the
sparking distance into the critical pressure is a constant for a
given gas. For different gases this product is approximately
proportional to the mean free path of the molecules of the gas.

"33. Paschen’s Law. As the result of a large number of
experiments Paschen (5) came to the conclusion that for a given
gas the sparking potential was a function only of the product
of the sparking distance into the pressure of the gas, that is to
say, of the mass of gas between unit area of the electrodes.
This result applies also to the case of the discharge between
two spheres if the distance between the spheres is appreciably
less than the radius of curvature. It can easily be shewn that
this result follows from the theory given above. Let V be the
sparking potential. Then V==8X, and if M represents the
product pS we have from (24),

=17 (3)="s 7 (ar)

Y _CTy
writingf(})) for Ce™ «X and similarly

B=(5) =5 #(3)-

Hence, substituting in the equation,
a = BE(“ ﬂ)s
we have (a—B)S = log, (;) .

.M [f (L)_¢(;)] ~ log Lf(;{[)/qS (]{;)J (35)

thus shewing that the sparking potential ¥ depends only on
M, that is, the product pS. Carr has shewn that this law is
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true for all pressures both above and below the critical pressure.
It is thus a result of great importance. It follows that if p and
S are varied in such a way that the product pS remains constant
the sparking potential will be unaltered. The sparking potential
is not affected by temperature provided that the mass of gas
between the electrodes remains constant.

34. Minimum energy required to produce ionization.
The determination of the energy necessary to produce an ion in
a given gas can bc made more conveniently
and more accurately if eclectrons are sub-
stituted for the ions of the gas itself as the
bombarding particles. The simplest arrange-
ment, due to Lenard, is shewn diagram-
matically, in Fig. 24. Z represents a metal
filament, which is heated to incandescence G
by the passage of an clectric current, and ~~ "
serves as the source of electrons (§56). -r'.] JV
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The electrons, which are emitted with very 7
small initial velocities, are accelerated in

an eleetric field applied between the
filament Z and a wire gauze, or grid, G which is at a positive
potential with respect to the filament. The distance between the
filament and the grid is small compared with the mean free path
of an clectron in the gas at the low pressure at which the experi-
ments are conducted, and the majority of the eclectrons pass
through the grid without having made a collision in the gas, and
thus with the full velocity » produced by a free fall through the
potential difference (V, — V,) existing between the filament
and the grid. They thus pass into the space above the grid with
a definite kinetic energy {mev? = (V4 — V,) ¢ where m is the
mass and ¢ the charge on the clectron.

If this energy is sufficient to produce ionization by collision
in the molecules of the gas, positive ions will be formed in the
large space between G and the collecting plate E, which is con-
nected to an clectrometer, and will be directed to the plate by
the field (V4 — Vj) acting from the grid to the plate. The
electrometer will thus charge up with positive electricity. The

5-2
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potentials are so ordered that (Vg — Vjz) is greater than
(Vg — V) so that any electrons which make no collisions in the
gas will be unable to penetrate to the plate, and will be returned,
together with any ncgative ions formed in the gas, to the grid.
The electrodes are, of course, enclosed in a suitable glass vessel,
so that the experiment can be carried out at a suitable low
pressure, usually of the order of a millimetre of mercury.

Critical Potentials
(Hydrogen)
«
S
g
S
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70 75 20
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Fig. 25

It will be seen that if the filament is heated and (V4 — V) is
gradually increased from zero no current should be registered
by the clectrometer until this potential difference reaches the
value necessary to give the electrons the kinetic energy required
to ionize the gas. This critical value is known as the ionization
potential of the gas. The actual energy is obtained by multi-
plying this potential by the electronic charge. In Fig. 25, which
represents a set of experiments carried out in this way in hy-
drogen, it will be seen that no current reaches the collecting plate
until the accelerating potential on the electrons reaches 10 volts.
A current then begins to flow which increases with increasing
voltage. It was natural to identify this critical potential with
the ionization potential of the gas, and this was the interpreta-
tion at first put upon it. Further work, however, threw doubt
on this interpretation.
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When the p.D. between ¢ and Z is still further increased
other critical points make themselves manifest on the current
voltage curve. The curve, in fact, instead of rising continuously,
shews a series of points (a, b, Fig. 25) at which the slope of
the curve changes abruptly, shewing that new sources of current
are coming into action. There is thus not one but a series of
critical potentials for the gas (as many as fourteen have been
recorded for mercury vapour) and it becomes necessary to
interpret these.

35. Radiation and Ionization Potentials. A closer in-
vestigation of what is going on in the gas shews that the lower
critical potentials are not ionization potentials; no ions are
formed in the gas by electrons with the corresponding energies.
The absence of ions in the gas can be demonstrated quite
simply by substituting a finc wire for the solid plate collector E
(Fig. 24). Since the ficld would be directed towards the wire, this
would collect ions from the gas as efficiently as the plate. It is
found, however, that the current collected by the wire at the
lower critical potentials is vanishingly small, it is, in fact, pro-
portional to the arca of the collector, and is due to some action
taking placc at its surface, leading to the emission of negative
electrons from it,

This emission of negative clectricity, which simulates the
collection of a positive charge, has been shewn to be due to
ultra-violet light (Chapter 1x) emitted by the gas in the tube
under the bombardment of the negative electrons from the
filament. The radiation can, in fact, be detected spectroscopic-
ally when the clectron stream is sufficiently intense. The light
emitted at the lowest potential is monochromatic and consists of
a single line from the normal spectrum of the gas in the tube.
Further lines appear at other perfectly definite higher critical
potentials. The complete spectrum is only evoked when true
ionization takes place in the gas.

Since the lower critical potentials correspond to the emission
of radiation, they are called radiation or, less happily, “‘reson-
ance” potentials. They are of great importance in the study of
spectra, and we shall return to them later. For the present we
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may say that the ionization potential measures the work which
must be done to remove an electron completely from the atom;
the radiation potential measures the encrgy necessary to transfer
an electron from its normal position in the atom to some other
possible position, where its energy is greater than normal. The
fact that the cmtical potentials are quite few shews that the
positions which the electron can occupy in the atomic structure
are strictly limited; they can most easily be specified by the
cnergy necessary to move the electron from its normal to its new
position, that is to say by the corresponding critical potential.

The atom which has been thrown into one of these “excited”
states, as we may call them, is unstable, as the excited electron
tends to return to its normal position. In so doing the extra
energy which the excited atom possesses is given out as we have
seen in the form of monochromatic radiation.

36. Accurate determinations of critical potentials.
The original Lenard method is not capable of much accuracy, as
it is very diflicult to fix with precision the position of a kink in
a rapidly rising experimental curve. Other sources of inaccuracy
are the Volta potential difference between the filament and the
grid, and the finite velocity of emission of the electrons from the
filament. A very accurate method, due to Franck and Hertz,
is available when the gas has no clectron aflinity (§16). The
grid G is removed from its position near the filament and placed
just in front of the collecting plate E (Fig. 26a), which is at a
potential about half a volt lower than that of the grid. Negative
electrons passing through the grid must therefore have sufficient
energy to enable them to travel against an adverse r.p. of this
amount if they are to be collected by the plate. An accelerating
field is applicd, as in the carlier form of apparatus, between the
filament and the grid.

The clectrons make numerous collisions in the space between
Z and @, but if the molecules have no electron affinity the colli-
sions are perfectly elastic, and cause no loss of energy in the
electron, some of which consequently ultimately reach G' with
energy corresponding to ¥V, the p.n. between the filament and
the grid. If this is greater than half a volt, or if the electrons are
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emitted from the filament with the corresponding energy, a
small negative current will flow into E, and can be measured by
an electrometer. This current steadily increases, as V, is in-
creased, until ¥, reaches a critical potential for the gas. Since
now the electrons have the energy necessary to throw the atom
into an excited state, the collisions become inelegtic, the electron
handing over the whole of this energy to the atom with which it
collides. The clectron is thus left immediately in front of ¢ with
practically zero cmergy. It is thus unable to penctrate the
adverse field between the plate and the grid, and the current
begins to fall. The value of ¥4 for which the current is a maxi-
mum thus corresponds to the critical potential of the gas.
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As V4 is further inercased the inelastic collisions occur nearer
the filament, and ultimately at such a distance from the grid that
the electrons in falling to the grid gain sufficient encergy to
reach . The current then rises again.

If, however, V4 is increased to about twice the eritical poten-
tial, the inclastic collisions ovcur half way between the filament
and the grid, and the acceleration of the electrons in the remain-
ing half of the field will be just sufficient to give them the neces-
sary critical energy again just before reaching ¢, and the
current will again fall. The graph relating the plate current with
the potential V, thus shews a series of peaks, as in Fig. 26b. It
is clear that the distance between two peaks gives the critical
potential. If the gas has a scries of critical potentials cach will
produce its own set of peaks.

It will be noticed that the distance of the first peak from the
origin is distinctly less than that between successive peaks.
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This is due to the finite velocity of emission of the electrons, and
to the Volta effect, and the differcnce between the two values
(0-8 volt in the diagram) gives the magnitude of these effects for
the given apparatus.

This method is not applicable to gases such as oxygen which
have a strong elgctron affinity. The critical potentials for such
gases are not known with great certainty.

A few values are given in Table ITI. Some gases give two
ionization potentials. The higher value corresponds to the
simultaneous ejection of two electrons from the atom.

Tasie I11
Some Critical Potentials (in volts)

Atom or | lonization . .
molocule potential Radiation potentials
H, 159 10-8
He 24-6 205
N, 16-7 81
0, 12:8 79
No 21-5 16-6
Na 513 2-1
Hg 10-4 49, 576, 613,
7-13, §-64, 8-86

The ionization potential measures, as we have seen, the
potential difference through which an electron must fall to
acquire sufficient energy to ionize the molecule. Since 1 volt is
1/300 e.s.u. and the electronic charge is 4:770 x 10-10 e.s.u.,
the energy of an electron which has fallen through a P.p. of
1 volt is 4-770 x 10-19/300 exrgs or 1-591 x 10-12 ergs. This forms
a very convenient unit of energy in atomic physics, and is now
very largely used. Thus we should say that the energy required
to ionize a molecule of hydrogen was 15-9 volts or, more} pre-
cisely, 159 electron-volts. This nomenclature causes no con-
fusion, when once its meaning has been clearly understood.
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CHAPTER VI

THE l’IIl*}NOMENA OF THE DISCHARGE TUBE

37. Phenomena of the discharge in a gas at low pressure.
If the discharge takes place between electrodes enclosed in
a glass tube containing gas at low pressure, say, from a
millimetre or so downwards, some very beautiful and interesting
effects are observed. If the potential difference across the
tube is not much more than the minimum necessary to main-
tain a current through the tube the luminosity is at first
tonfined to the region of the two electrodes, the rest of
the discharge being dark, as indicated in Fig. 27. As the

Tig. 27

pressure of the gas is reduced, say, to about one mm. or so of
mercury, the two glows extend outward especially that at the,
positive electrode which now occupies the major portion of
the tube. The potential necessary to maintain a current across
the tube has now its minimum value.

As the pressure is still further reduced it is seen that the
glow near the cathode consists of two parts separated by a
dark space. The glow nearest the cathode, covering its surface
with a velvety light, is called the cathode glow, the other which
is much more extensive stretching at low pressures some
considerable distance into the tube is known as the negative
glow. The space between them which is comparatively non-
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luminous is the Crookes dark space, while the similar region
between the negative glow and the positive column is known
as the Faraday dark space. At pressures of a millimetre or so
of mercury the positive column presents a uniform luminosity,
but as the pressure is reduced it generally breaks up into a
series of bright and dark strize. The typical dppearance of a

RNER

Fig. 28

discharge tube at this stage is represented in Fig. 28, which
corresponds to a pressure of about half a mm. in the case of air.

The length of the tube occupied by the phenomena near the
negative electrode depends principally upon the nature and
pressure of the gas and is independent of the length of the
discharge tube. The rest of the tube, however long, is filled
by the positive column.

@ l

Fig. 29

As the pressure is reduced still further the negative glow
and the Crookes dark space increase in length while the positive
column contracts towards the anode and at very low pressures
is represented only by a feeble glow on the surface of the anode
(Fig. 29); at this stage there is no region of constant intensity
in the tube. Finally if the exhaustion is pushed to extreme
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limits as in a X-ray bulb, the Crookes dark space expands until
it fills the whole of the discharge tube which is then entirely
dark. At this stage the walls of the glass vessel fluoresce brightly,
the fluorescence being bluish with soda glass, and greenish with
German glass. The greenish fluorescence is probably due to
traces of mangdnese. | -

38. Investigation of the intensity of the field in various
parts of the discharge. The electric intensity in various parts
of the discharge has been investigated by many observers.
The most usual way is to insert in the tube a small subsidiary
electrode consisting of a fine pointed platinum wire. If there
are free ions in the tube and the potential of the wire is
less than the potential of the space in its immediate neigh-
bourhood there will be a field in the gas tending to drive ions
of the appropriate sign up to the wire. For example if the
wire has a smaller potential than the surrounding gas the field
will drive up positive ions until the potential of the electrode
becomes equal to that of the gas.

The accuracy of the method obviously depends on there
being a plentiful supply of ions of both signs in the gas around
the wire. If ions of one sign only are present the results may be
very misleading. For example supposing only negative ions
are present which is practically the case at points in close prox-
imity to the anode, these negative ions will strike the surface of
the wire and continue to do so until its negative potential is so
high as to prevent by its electric repulsion any further ions from
reaching it. As there are no positive ions to neutralize it, it will
thus acquire a negative potential which may be considerably
higher than that in any part of the original space before the
introduction of the wire. Hence at points very near either
electrode the results obtained by the exploring wire are apt to
be misleading. In the main part of the discharge its results are
no doubt sufficiently near the truth.

The method has been applied by means of the apparatus
shewn in Fig. 30. The electrodes C and 4 were kept at a fixed
distance apart by means of the glass rod d to which they were
both attached. The glass tube containing the electrodes was
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much longer than the distance between the electrodes which
were connected to terminals passing through the ends of the
tube by long wire spirals. A piece of soft iron R attached to
one electrode enabled the electrodes to be moved about from
one end of the tube to the other by means of a magnet. Two
electrodes, e, f, were sealed into the tube, the ’ine joining them
being along the axis of the tube, and their distance apart about
1 mm. If the two electrodes are connected to opposite quadrants
of an electrometer the deflection indicates the difference of
potential between the two points: that is, since ¢f is constant,
it is proportional to the field in the gas in the region of e, f.
By sliding the electrodes along this region could be made to
coincide with any part of the discharge, and in this way the
field in any part of the discharge could be investigated.

-G

Fig. 30

An ingenious method which does not involve the uncertainties
of the previous method is due to Sir J. J. Thomson (1). In this
the fact that a beam of cathode rays is deflected by an electric
field is made use of. It will be shewn later (§ 44) that the
deflection of the rays is proportional to the field throngh which
they pass. The main discharge passes between C and 4 (Fig. 31),
the experimental devices for moving the discharge electrodes
being the same as in the apparatus just described. The cathode
rays are generated in a side tube I' at right angles to the dis-
charge, and pass acrosg the main discharge through a fine hole
in the metal ring G which serves as anode. The deflected beam
passes down a long tube S falling on a screen at the end of the
tube where the deflection of the beam is readily measured.
This method has been applied to investigate the field very near
the cathode.

The results obtained vary somewhat with the state of the
discharge, and are shewn in Figs. 27-29 immediately below the
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hich they refer. It will be seen
brtain constant features.
isna very strong field in the
8 with considerable rapidity
dary of the negative glow
o piminimum value for the tube. The
field in general Tises agaikjs r'1 htly in the negative glow and falls
again in the'Faraday dark spe rising gradually as the edge of
the positive column is approached.

If the positive column is uniform or unstriated the field has
a constant value until the neighbourhood of the anode is reached

-/
Fig. 31
when there is again a sharp increase in the field accompanied by
rapid increase of potential up to the anode. This anode fall of
potential is, however, always much less than that at the cathode.
If the column is striated the field shews variations super-
imposed upon the steady field, being a maximum where the
striation reaches its maximum brightness. This is shewn in
Fig. 28.

39. Number of ions in various parts of the discharge.
The apparatus of Fig. 30 can be modified so as to give the
relative number of ions in different parts of the discharge. If
the two points e, f are replaced by two small plates, their
planes being parallel to the discharge, the current between the
plates when some small constant difference of potential is
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maintained between them (say, for example, that of a Clark
cell), will by (5), § 13, be roughly proportional to the sum
of the ions of each kind present in the gas at the given
point. In this way by moving the discharge so that various
parts of it come between the plates the distribution of ions in the
discharge can be found. The results obtained by/H. A. Wilson (2)
are shewn in Fig. 32. 1t will be noticed that the number of
ions is very small near the anode and again in the Crookes
dark space. It rises to a maximum in the negative glow, falls
again in the Faraday dark space to rise again in the positive
column. If the column is striated the ions are most numerous;
in the luminous parts and less numerous in the dark parts. '

———— —p———e e — R, ——— = e

+ POSITIVE COLUMN  FARADAY DARK SPACE —_—

Fig. 32

Later, however, van der Pol 3) has investigated the matter again
by a method not involving the use of subsidiary electrodes, with
their attendant uncertainties. The discharge tube is placed be-
tween the plates of a small parallel plate condenser which forms
part of an oscillating circuit, the currentin which can be measured
by a Duddell galvanometer. If the medium between the plates
becomes slightly conducting the current in the circuit diminishes
as the conductivity increases. By bringing different parts of the
discharge tube successively between the condenser plates the
relative conductivities of the different portions of the discharge
can be estimated. It was found that if the positive column was
unstriated the conductivity along it was constant and somewhat
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higher than that in the dark space. If the column was striated
the conductivity was found to be a minimum at the bright edge
of the striation. This 1s exactly the reverse of Wilson's result.
It is, however, what might be expected from Sir J. J. Thomson’s
observation that the field is a maximum at this point. A large’
field would tend\to remove the ions from the space more rapidly
than a small field, and the ionization and hence the conductivity
should be smaller as found by van der Pol,

40. The cathode fall of potential. The potential differ-
ence between the cathode and the boundary of the negative
glow is called the cathode fall of potential. Owing to the very
large ficld in the Crookes dark space the cathode fall is usually
a large fraction of the whole potential difference across the
tube. For small currents the discharge passes only from a
small area of the cathode covered by the cathode glow. The
arca of this glow increases with increasing current so that the
current density at the cathode remains constant until the glow
covers the whole surface of the electrode. The cathode fall of-
potential remains constant until this stage is reached. If the
current is then still further increased the cathode fall increases
with the current.

The cathode fall varies with the nature of the clectrode and of
the residual gas. It is small for the electropositive metals such
as magnesium, sodium or potassium, but increases for the less
electropositive metals such as platinum or silver. The effect is
probably connected with the work which must be done to extract
an electron from the metal (§ 59). The cathode fall is smaller
for the inert gases, helium neon and argon, than for oxygen or
hydrogen.

If the current through the tube is not too large, so that the
whole of the cathode is not covered by the cathode glow, Aston
has shewn that the cathode fall is directly proportional to the
square of the length of the Crookes dark space.

The abrupt change of potential near the anode is much less
than that at the cathode and varies little either with the pres-
sure or nature of the gas or the nature of the electrodes. It lies
between 18 and 24 volts.
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41. Theory of the discharge. The phenomena of the dis-
charge tube can be grasped most readily if we suppose that a
steady discharge is already established in the tube, and consider
the conditions requisite for its maintenance. Since luminosity
in a gas results from the recombination of 1ons (§ 35) the
negative glow must contain a plentiful supply %t ions of both
signs. Let us take the positive ions first. Some of these will be
directed towards the cathode by the existing electric field and,
since the intensity in the Crookes dark space is very high will
strike the cathode with very high velocities, and with energy
corresponding in some instances to a free fall through the full
cathode fall of potential. The impact of these particles on the
cathode is sufficient to liberate electrons from the surface of the
cathode which, in turn, falling through the strong ficld in the
dark space acquire more than sufficient energy to produce fresh
ionization in the negative glow. Since the cathode fall of
potential is many times greater than the ionization potential of
a gas, they will, in fact, attain the necessary encrgy at quite a
short distance from the cathode. The Crookes dark space thus
represents the distance an electron travels before making a
collision with a gas molecule, that is to say it is the mean free
path of the clectrons at the pressure existing in the tube.

The negative electrons owing to their small mass, and conse-
quent high acceleration, are rapidly removed from the Crookes
dark space leaving a positive space charge due to the much more
slowly moving positive ions from the negative glow. This
accumulation of free positive charges in proximity to the
cathode, which is of course negatively charged, maintains the
high value of the electric field which is characteristic of this part
of the discharge.

The positive ion bombardment of the cathode can be verified
by using a perforated cathode. A stream of positive particles
then emerges from the hole into the space behind the cathode,
where it is visible, if the gas pressure is not too low, by the
luminosity it excites in the gas. The investigation of this positive
stream is described in a later section (§ 49).

The negative glow is produced by the recombination of the
ions produced by the electrons from the cathode. As, however,

c1 6
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the cathode is screened by the large positive space charge in the
Crookes dark space, the field in the negative glow is very small.
Thus when the initial energy of the electrons is spent they are no
longer able to gain tresh energy from the field to produce ioniza-
tion by collision. Ionization thus ceases, luminosity disappears,
and we have Yhe commencement of a new dark space, the
Faraday dark space.

The residual field is, however, sufficient to direct the clectrons
across the Faraday dark space, and these clectrons form a
negative space charge which increases the field between the dark
space and the anode. The field thus increases steadily through
the dark space and finally attains a sufficiently high value to
enable the negative ions again to ionize by collision. Hence
luminosity is restored and we have the beginnings of the positive
column. As the field in the positive column remains practically
uniform, ionization by collision of the negative ions will occur
along its whole length and we shall get a uniform column of
light. If, however, there happens to be an accumulation of posi-
tive ions at any point, this may produce a local fall of field and
the discharge will cease to be luminous at that point. Just as in
the case of the Faraday dark space this loss of ionizing power
will be attended with an accumulation of negative electricity
which will restore the field to its normal value. Thus a series
of striae may be set up in the positive column, as is often found
to be the case. The non-luminous parts of the striae on this
hypothesis are thus a repetition of the phenomena of the
Faraday dark space.

The theory outlined above accounts satisfactorily for the main
features of the low pressure discharge, but requires considerable
amplification when we come to details. We have, for example,
seen that the discharge is maintained by the large field in the
Crookes dark space, but this ficld is itself a consequence of the
discharge. One result of this is that a discharge when once
started can be maintained with a much smaller potential differ-
ence than that required to start the discharge. For a very
complete summary of the subject the reader may be referred to
Thomson's Conduction of Electricity through Gases.
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CHAPTER VII
CATHODE RAYS AND POSITIVE RAYS

42. Cathode rays. In addition to the glows described in
the previous chapter close observation of the discharge tube will
usually reveal another phenomenon, having the appearance of
a stream of faint blue light proceeding normally from the cathode
and passing along the axis of the tube. At moderate pressures
this ends in the negative glow, but if the pressure is reduced
until the Crookes dark space fills the whole tube, the stream
impinges on the opposite wall of the discharge tube, its point of
impact being marked by a greenish fluorescence on the surface of
the glass. The fluorescence can be much increased by coating the
glass with a layer of zinc blende, or willemite. The blueish light
which marks the track of the rays through the gas is also a
fluorescence effect and disappears when the gas pressure is
greatly reduced.

The cathode rays arc actually a stream of electrons proceeding
from the cathode, as alrcady described in § 41. The nature of the
rays was, however, the subject of a long controversy. Goldstein,
to whom the name is due, regarded them as some kind of dis-
turbance in the ether. Crookes suggested that they were
material in nature. As it was the rescarches made in connection
with this divergence of opinion which resulted in the discovery
of the electron, and the atomic nature of electricity, it will be
worth while to discuss the evidence in some detail.

(1) The rays travel in straight lines. This can readily be
shewn by constructing a discharge tube of the form of Fig. 33,
in which some obstacle, generally in the form of a mica cross, is
placed in the path of the rays. A shadow of the obstacle appears
in the centre of the fluorescence caused by the rays on the
further boundary of the tube.

(2) The rays emerge normally from the cathode. If a tube
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such as that just described is constructed with a large plane
cathode and a small obstacle such as a wire is placed near it
a sharp shadow of the wire appears on the further wall of the
tube without any sign of penumbra around it. If the rays
were given off in all directions from the cathode (as, for example,
light is emitted from a uniformly luminous dfsk) no shadow
of the wire would be seen. Similarly if the cathode is concave
the cathode rays come to a focus at some point along the axis.
Owing to the mutual repulsion of the rays the focus is generally
somewhat beyond the geometrical centre of the concave surface.
This property of the rays is made use of in the construction
of X-ray tubes.

+

Fig. 33

(3) The rays can penetrate small thicknesses of matter such as
sheets of aluminium foil or gold leaf without producing perfora-
tions in the metal. This discovery, which was due to Hertz,
can be demonstrated by constructing a “window” of thin
aluminium leaf in the end of the tube struck by the rays. The
passage of the rays through the foil is demonstrated by luminous
blue streamers in the air on the far side of the leaf. These are
sometimes known as Lenard rays.

(4) The cathode rays are deflected by a magnetic field. If an
ordinary bar magnet is held near a discharge tube the deflection
of the rays by the magnet is made evident by the movement
of the fluorescent spot which they produce on the further
boundary. We shall return to this important point later. The
direction of the deflection shews that the cathode rays experience
the same deflection as would be experienced by a flexible
conductor coinciding with the path of the rays and carrying
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an electric current, the direction of the current being towards
the cathode.

(6) The rays carry a negative charge. This was demonstrated
by Perrin (1) in 1895. A slight modification of Perrin’s original
experiment is shewn in Fig. 34.

The cathodeMd is contained in a small side tube which also
contains the anode B. The rays starting from the cathode
pass through a small slit in a brass plate C' across the larger
bulb D, where they manifest themselves by phosphorescence
of the walls of the bulb. Enclosed in this bulb but out of the
direct line of fire of the cathode stream is a small cylindrical
vessel £ having a small aperture facing the centre of the bulb.
This vessel is carefully insulated and connected by the electrode

Fig. 34

F to an electrometer. The vessel is screened from the powerful
electrostatic disturbances in the discharge tube by surrounding
it with a nearly closed metal vessel ¢ which is connected to
earth. This arrangement forms what is known as a Faraday
cylinder.

When the discharge was passed the inner cylinder received a
very small negative charge. If, however, the cathode rays were
deflected by a magnet so as to fall on the openings in the Faraday
cylinder a very large negative charge was recorded by the
electrometer. This charge increased for some little time but
finally became constant owing to the fact that the cathode rays
turned the residual gas in the discharge tube into a partial
conductor. The charge on the vessel increased until the loss
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by conduction through the ionized gas (which is roughly
proportional to the potential of the Faraday cylinder) was
equal to the gain from the cathode stream. This experiment
proves conclusively that a negative charge is a necessary
accompaniment of the cathode stream.

(6) The rays are deflected by an electrostatic fitld. This effect,
which was a necessary consequence of the theory that the
rays consist of charged particles, was for some time sought for
in vain. The results just described gave a clue to the cause of
the failure. We have seen that the cathode rays ionize the gas
through which they pass, thus making it a partial conductor.
In fact they move down the discharge tube through a sort of
conducting cylinder of their own construction, and are thus
screened from the action of any electric field applied to the tube.
By exhausting the tube very completely of the residual gas
J. J. Thomson(2) in 1897 succeeded in partially eliminating this
effect and demonstrated the direct deflection of the cathode
rays by an electrostatic field. The direction of the deflection
shewed that the particles in the rays were negatively charged.

(7) In addition to these effects the cathode rays can exert
mechanical pressure, and convey very considerable amounts
of kinetic energy. A metal obstacle placed in the path of the
rays quickly becomes incandescent, especially if the rays are
focused upon it by using a concave cathode in the way already
described. If the discharge is very powerful, portions of metal
may be actually torn out of a solid plate by the impact of the rays.

A consideration of these facts leaves no doubt that the cathode
rays consist of negatively charged particles. Determinations of
the mass of these particles (§ 45) shewed (i) that they were much
lighter than the lightest known atom and (ii) that all the
particles, from whatever source, had exactly the same mass.
They were given the name of “electrons.”

_A8. Motion of a charged particle under the action of
a magnetic field. Let us suppose that we have a stream of
electrified particles each carrying a charge e and moving with
velocity v along some line OX. Let us assume that the particles
follow each other along the track at equal short intervals ¢, so
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that they are separated by distances 0s given by 9s = v.0t. The
current ¢ along OX is, by definition, the charge conveyed per
second past any point on OX; that is it is equal to e/ot. By
Laplace’s equation the mechanical force on a length 0s of this cur-
rent when placed in a magnetic field of strength H is H.+.0ssin#,
where 0 is the algle between the direction of the field and that
of the current. This becomes Hev sin 8, on substituting for <.
But since a length 0s of the track contains only one particle, this
must be the mechanical force acting on that particle. Hence the
mechanical force on the particle due to the magnetic field H is

equal to Hevsin6.. . . . . . (36)

It acts at right angles to the planc containing the path of the
particle and the direction of the field. It should be noted that
both H and e are measured in the e.m. system of units.

The magnetic equivalence of a moving electric charge to a
current was demonstrated experimentally by Rowland. A large
insulating disk was furnished near its circumference with a
number of conducting studs which could be charged to a known
value by induction from a neighbouring charged plate. On
rotating this disk at a rapid rate a magnetic field was produced,
which was found to be, within the limits of experimental error,
the same as that which would have been produced by a current
of strength gn moving in a circuit coinciding with the path of
the studs where ¢ is the total charge on the studs, and n the
number of revolutions of the disk per second.

Suppose for simplicity that the particle is projected at right
angles to the magnetic field (the mechanical force in this tase
is equal to Hev). Since the mechanical force is always at right
angles to the path of the particle the speed will remain unaltered.
Let p be the radius of curvature of the path of the particle under
the action of the field, and m its mass. The centrifugal force

2
is equal to 7%’« and for equilibrium this must be balanced by

the mechanical force due to the field. Hence

2
my

- = Hev,
P

8

(37

v
P=cH"
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As v is constant the radius of curvature is constant, that is,
the particle describes a circle of radius ’—Z ;I in & plane at right
angles to the magnetic field.

If the velocity of the particle has a component parallel to
the magnetic field this component will remaintunaltered since
there is no mechanical force acting on the particle along this
direction, and the particle thus moves forward through equal
distances in equal times along this line, while at the same time
describing a curved path around it. Its path is thus a helix,
the axis of which is parallel to the field. If 6 is the angle
between the direction of projection of the particle and the field

we have mo?

- - = Hevsin§,
P
= _mv
P=¢Hsing" - ° " °
Since v and 6 are constant p is constant and the path of the

particle is a helix wound on a circular cylinder with its axis

parallel to the magnetic field and of radius r=psin26 =n_12£n o

(38)

T
2
already considered.

In the general case, when the field is not uniform, the particles
will describe helices of varying amplitudes about the lines of
the magnetic field.

When 6 =

this helix contracts into a circle, the case we have

44. Motion of a charged particle under the joint action
of electric and magnetic forces. If the particle is moving
in an electric field of intensity X it will experience a force
equal to Xe, and in the absence of any resisting medium,
as for example when it is freely moving through a vacuum, it
will have an acceleration of Xe/m in the direction of the electric
field.

If there is also a magnetic field it has, as we have seen, an
acceleration H (¢/m) v sin 6 due to the magnetic field H, and its
actual acceleration at any instant is the resultant of these
two. The path will evidently depend on the magnitudes of the
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velocity, the magnetic, and the electric fields, and on their
relative directions. The general solution has been obtained.
It will, however, be sufficient to consider the cases which are
of practical importance.

CasE 1. The magnetic and electric fields act in the same line
and the particle ¥s projected at right angles to them. In this case
since the acceleration due to the magnetic field is at right angles
to the field while that due to the electrostatic field is parallel
to the field the two accelerations are at right angles to each
other, and similarly the two deflections produced will also be at
right angles to each other and to the path of the particle. Hence
if the original velocity of the particle is so great that we may
neglect the small change in its speed produced by the action
of the electrostatic field on the particle, the deflection of the
particle produced by one of the fields in the direction in which
it acts will be independent of the action of the other. The final
displacement of the particle will thus be the resultant of the
two displacements which each would produce separately. For
example if the fields are arranged with their lines of force
vertical, the electric field if acting alone would produce a vertical
displacement of the particle of, say, ¥ cm., while the magnetic
field alone would produce a horizontal displacement of, say,
z cm. Then if they are both acting together the particle will
by their joint action be displaced to a position the co-ordinates
of which will be z, y. This is the arrangement most generally
employed in experimental work.

CasE 2. The electric and magnetic fields are at right angles
to each other, and the particle is projected at right angles to the
two fields. In this case the mechanical force due to the two fields
acts along the same line, and at right angles to the original
velocity v. Thus the resultant force on the particle is equal to

Hev — Xe,

assuming that the fields are so arranged that the forces are in
opposite directions, and acts along the direction of the lines of
force of the electric field. This force will be zero if

Hev — Xe=0
or v=X/H. . . . . . . (39
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The motion of the particle will in this case be unaltered by the
joint action of the electric and magnetic fields, an important
relation, which has often been used to determine v.

Case 3. A charged particle, initially at rest, is exposed to the
Joint action of electric and magnetic fields at right angles to each
other. Suppose the electric and magnetic fields coincide with
the axes of X and Z respectively. The particle being charged
will begin to move in the direction OX. As soon, however, as
it has acquired a velocity it will be acted upon by the magnetic
field, and its path will therefore be modified.

Suppose that at any instant the component of its velocity
parallel to the electric field is dz/dt. There is then a mechanical
force acting on the particle at right angles to the magnetic
field and to the electric field, that is, in the direction of OY,
and equal by (36) to Hedx/dt. Hence

m%:[le%. e e . (40)
The electric force along OX is equal to Xe, and there will
also be a mechanical force in this direction due to the magnetic
field equal to Hedy/dt, where dy/dt is the component of the

velocity of the particle along OY. Hence

dx d
md[2=Xe—Hed'g. .. .. (4D

The solution of equations (40) and (41) is

T = ‘%(l—coswt)
@ , . . . (42)

X .
y= (T)i[ (wt — 81n wt)

where w=—
m

These are the equations to a cycloid, the curve traced out
by a point on the circumference of a circle when the latter
rolls along a straight line. The path therefore consists of a
series of loops as shewn in Fig. 35, where the electrons are
supposed to be liberated from the surface of the plate CD.
It is obvious that the particle can never reach more than a
certain distance in the direction of the electric field, and cannot
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penetrate beyond the plane LL which is the common tangent

to the curves. Since the minimum value of cos wt is — 1 this
. . . 2X m

maximum distance is equal to N 252 —

Thus if AB and CD are two parallel plates, and an electric
field of strength % is established between them, while a uniform
magnetic field H is applied at right angles to the plane of the
paper, then if ions are formed on the surface of the negative plate
CD, either by the action of ultra-violet light, or by raising it to
incandescence or otherwise, no charge will be received by the
upper plate until it reaches the position LL in the diagram,
at a distance d from the lower plate given by

2X m

d = -H2 e . . . . . . . (43)
4 B +
L T TS T T L
’/ 4 \\
’ \'I J__
c D -
Fig. 35

At any smaller distance the whole of the ions will reach the
upper plate which will thus receive a charge.

The arrangement has been used to determine the ratio e/m for
photoelectrons (§ 64) and thermions (§ 57).

45. Thomson’s method (2) of determining e/m and v for
cathode rays. The apparatus used is shewn in Fig. 36. The
cathode Z is a small aluminium disk, the anode ¥ being placed
in a side tube. A brass disk pierced with a small slit along the
axis of the tube limits the rays to a narrow pencil, and to narrow
the pencil still further a second brass disk similarly pierced but
with a still finer slit is placed at B some distance from 4. A very
fine flat pencil of rays is thus obtained which in the absence of
any deflecting fields falls on a fluorescent screen of barium
platino-cyanide or powdered willemite at the far end of the
tube.
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The electric field is applied by two parallel plate electrodes
J, K, their planes being parallel to the path of the rays. The
lower plate is earthed while the upper is charged to a suitable
potential by means of a large number of small accumulator
cells. The field can thus be calculated if the distance between
the plates is known. The deflection produced by the field on
the negative particles of the rays is in the direction of the
field, that is, in the plane of the paper.

Fig. 36

The magnetic field is applied by a small electromagnet placed
with its poles at right angles to the plates J, K. Since the
magnetic deflection is at right angles to the magnetic field the
magnetic deflection is also in the plane of the paper.

Suppose now that both the magnetic and the electric fields
are uniform and coterminous being applied over a short length
LM of the path of the particles. The two fields produce deflec-
tions in the same straight line and by properly adjusting the
sign and intensity of the electric field these two deflections
may be made to neutralize each other, a condition the fulfilment
of which can be ascertained by the return of the spot of light
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on the fluorescent screen to its undeflected position. Under
these conditions we have by (39)

v=X/H.
To find e/m for the particles we must now measure the deflection
produced eitherdy the magnetic or the electric field acting alone.
Taking the former case the path of the particles while in the
uniform field is bent into the arc of a circle of radius p given by

1 He

o my
On emerging from the field at K the particles will continue to
move along the tangent to the circle at K. The angle PNO
through which the rays are deflected is by the geometry of the
figure equal to the angle LCM, that is, to LM[p. Thus
LM oOpP

p ~ON

and the dimensions of the apparatus are known. Since the
magnetic field and the velocity v are both known, e¢/m can
be calculated.

The electrostatic deflection can also be calculated. The
acceleration produced in this case is parallel to the field, that
is, perpendicular to LO and equal to Xe/m. If the time during
which the particle is in the field is ¢ this produces a velocity

X (e/m)t or )rine L;Jl! in a vertical direction. On leaving the

from which p can be determined when the deflection

field the particle moves with these two velocities. Hence
+if P’ is the deflected position of the rays OP'/OM is equal to
the ratio of the horizontal to the vertical velocity, that is, to
Xe LM
7" ",0'2' s (44)
which can be evaluated for e/m since the field X and the velocity
v are known.

It is obvious that under the conditions of the experiment
neither of the fields can be perfectly uniform owing to the
disturbances near the edges of the plates and the poles. A cor-
rection can be applied as follows.

Since the curvature of the path is small we have approxi-
mately, if z is the co-ordinate of the particle measured along
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the undisturbed path LO and y the co-ordinate at right angles

)
t01t,’—)--d~x—2. Hence

¢ ("1 Hiz) a 45
0P=;n:vJ.0 [IU $] To . . . (')
Similarly the electric deflection OP’
e [BP
=M.[o [ Xdzlde. . . . (46)

If these integrals are evaluated, which can be done when the
distribution of the two fields is known, we have two equations
for determining e/m and v.

46. Kaufmann’s method (3) of determining e/m. A some-
what different method was used by Kaufmann. In order to
obtain a very uniform magnetic field of calculable value he
enclosed the whole of the path of the cathode rays from the
limiting aperture to the screen
in a uniformly wound solenoid -

(Fig. 37). The magnetic ob-

servations could thus be made

with considerable accuracy. In- +
stead of measuring the electro-
static deflection of the rays he
assumed that the energy of the
cathode particles was that due
to a fall through the whole
difference of potential between
the cathode and the anode, that
18, to Ve where V is the difference
of potential between the elec-
trodes of the discharge tube.
V was measured by an electro-
static voltmeter. This assumption implies that the effect of
the collisions of the rays with the residual gas is negligible.
To test this point experiments were made for many different
pressures of the gas in the tube. These different experiments

Fig. 37
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were found to yield exactly the same results and hence, since the
collisions would be relatively more frequent at high pressures
than at low, Kaufmann’s assumption seems justifiable. Hence
we may write jmv? = Ve;

2_oy &
v—2Vm. S € )

A very careful investigation of the magnetic field was made
and the integral (45) evaluated. In this way Kaufmann obtained
a value for e/m of 1-77 x 107 absolute e.m.u. per gm.; a value
quite near the best recent observations.

47. Direct measurement of the velocity of cathode rays.
The velocity of the cathode rays has also been determined by
direct experiment by Wiechert (). The principle of the method

— 'ﬂ
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Fig. 38

is as follows. The cathode rays from a cathode C (Fig. 38)
fall normally on a hole in a screen 4, and through another hole
in a screen A’ on to a narrow fluorescent plate S. The rays are
then deflected by a permanent magnet M placed near the
cathode so that they all fall on the solid part of 4, the screen S
in consequence being dark. A circuit OPQR carrying a rapidly
alternating current such as that obtained by the discharge of
a condenser is brought near AC, thus producing a rapidly
alternating magnetic field. This will set the beam of rays
swinging like a pendulum at right angles to the field, and if
the force is sufficiently great the oscillations will be sufficiently
large to reach to the hole in 4. Thus rays will pass through
intermittently, and the screen S will again become bright.
A second circuit O'P'Q'R’ is now brought up near 4'S
carrying the same alternating current as that in the circuit
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OPQR. If the time taken by the rays to pass from 4 to S is
zero the two magnetic fields will produce at any instant fields
of the same sign and intensity; hence the rays between 4’
and S will suffer the same deflection as between C and 4 and
will be deflected off the screen which will thus be always dark.
If, however, the time taken by the rays to pass from 4 to S
is such that the current has changed its phase by one-quarter
of a period during that time there will be no current in O'P'Q'R’
when the rays reach 4’. Thus the rays will suffer no further
deflection and the screen will become bright.

Thus the screen will become bright if the time taken for the
rays to describe a distance A4S is equal to the time taken for
the current in the wires to change by one-quarter of a whole
period, that is, to. }L/c, where ¢ is the velocity of light and
L the wave length of the current vibrations. The latter can be
determined experimentally by any of the methods for deter-
mining wave lengths used in wireless telegraphy. Hence finally

4c
v=AS L

The values thus obtained were of the order 3 x 10° cm./sec.
or about one-tenth of the velocity of light. This result is of im-
portance as proving directly that the cathode rays do not travel
with the velocity of light and thus are not ether pulses. By
substituting the measured value of v, obtained in this way in
equation (47), the method can also be used to give a value for
e/m for the particles.

48. Numerical value of ¢/m. Expcriments by one or other
of the methods outlined above have been made using discharge
tubes with electrodes of many different metals, and containing
residual gases of many kinds and at different pressures. All give
substantially the same value for e/m, shewing that negatively
charged particles of this kind could be produced from any kind
of matter and were thus presumably a constituent part of all
kinds of matter. Experiments on the principles outlined above
have also been made on negative particles from other sources,
such for example as a hot wire (§ 57), the action of ultra-violet

cr y
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light on metals (§ 64), and from radioactive substances (§ 111).
These also gave identical values for ¢/m. Modern theory enables
us also to calculate values for this important ratio from ‘the
Zeeman effect (§ 151) and from the hydrogen and helium spectra
(§143). A few of these numerous determinations are collected in
Table IV. Thede results leave no doubt of the existence of the
electron as a universal particle common to all kinds of matter,
the mass and charge of which are independent of its mode of
origin.

Recent observations, made with the utmost refinements, seem
to agree in giving a value of ¢/m for the electron of 1-760 x 107
e.m.u. per gm. to an accuracy of about 1 in 1000. Taking e as
1-590 x 10~% e.m.u., the mass of the electron is 9-03 x 10-28 gm.

TasLE IV

¢/m for electrons from different sources

Observer Source of clectrons ¢/ ";) ; ;1 ;:ln“
Classen Cathode rays 1-775 x 107
Classen Heated Ca() 1-776 x 107
Dushman Tungsten filament (§ 61) 1-76 x 107
Alberti Ultra-violet light. (§ 63) 1-756 x 107
Bucherer Slow B rays (§ 113) 1-763 x 107
Perry and Chaffee Cathode rays 1-761 x 107
Kirchner Cathode rays 1-759 x 107
Babcock Zceman effect (§151) 1-761 x 107
Houston H and He spectrum (§ 143) 1-761 x 107

The ratio of the mass to the charge for a hydrogen ion (or
proton), i.c. the electrochemical equivalent of hydrogen is
1044 x 10~% gm. per e.m.u. The ratio of the mass of the proton
to that of the clectron is thus (1:044 x 10-4) x 1-760 x 107 or
1839. The electron thus has a mass which is very small compared
with that of the lightest known atom.

49. The positive rays. Thomson’s experiments. We have
already scen that if the cathode of a discharge tube is pierced
by a narrow hole, streamers appear behind the cathode. These
streamers are formed by particles which travel from the discharge
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towards the cathode, and which are, therefore, positively charged.
They consist of atoms and molecules of the various gases present
in the discharge tube, carrying positive charges which are either
numerically equal to, or some small integral multiple of, the
clectronic charge. .

The investigation of these particles proved to be a matter of
some difficulty. Positive rays, owing to their relatively large
mass, produce intense ionization in the residual gas in the tube.
By combination with the negative clectrons so liberated the
particles may lose some or all of their charge, or may even

Fig. 39

acquire a negative charge. Also in any collision between a
positive particle and a molecule of the residual gas it may easily
be that it is not the original particle but the molecule struck
which continues in the course of the rays. Should these effects
occur when the particle is alrcady in the deflecting ficlds, the
deflection obtained will correspond neither to one kind of
particle nor the other, and some very puzzling and misleading
results may be obtained. The effect could be reduced by working
at a very low gas pressure; on the other hand, if the pressure is
too low no discharge can pass at all.

The difficultics were overcome by J. J. Thomson () with an
apparatus, one form of which is shewn in Fig. 39.

7-2
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The discharge takes place in the bulb B of some 4 litres capa-
city as the discharge passes more readily in a large volume than
in a confined space. The cathode C' is an aluminium rod pierced
by an axial copper tube of 1/10th mm. or even 1/100 mm.
diameter. ,

The tube is surrounded by a soft iron cylinder D, to screen it
from stray magnetic fields which would deflect the rays and so
cause them to strike the sides of the tube. The main discharge is
similarly shielded by soft iron scrcens E, E. The anode is not
shewn; its position is immaterial. The cathode is water cooled,
to remove the large quantities of heat developed there by the
discharge, and so prescrve the numerous wax joints in this part
of the apparatus from being melted.

The fine copper tube serves a double purpose. In the first
place it produces a very fine peneil of rays, thus giving a minute
and well defined spot on the fluorescent screen or photographic
plate at . In the sccond place it acts as a fairly cfficient sepa-
rator of the discharge tube from the mecasuring apparatus or
camera. Diffusion takes place very slowly along a fine tube,
particularly at the low pressures employed in these experiments.
Thus by fceding the gas very slowly into the bulb, and removing
it as rapidly as possible from the camera through the tube L, it is
possible to have the camera at a really high vacuum, while the
pressure in the bulb is sufficiently large to enable the discharge
to pass. This device is essential to accurate measurement of
positive ray deflections, and is embodied in the apparatus of later
experimenters.

To measure the ratio of the mass to the charge for the mixed
beam of positive rays, the method of parallel fields (§ 44) was
cmployed. The pole pieces, N, S, of a small electromagnet are let
into the sides of the apparatus, and are insulated from the core
of the magnet by thin strips of mica m, m. The pole pieces can
thus be charged, by a battery of accumulators, to any required
potential difference, and can be used for applying the clectrostatic
as well as the magnetic field. The electrostatic deflection is in
the plane of the diagram, the magnetic deflection is at right
angles to it.

The deflections can be observed visually on a willemite screen,
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at P, or can be made to record themselves on a photographic
plate which can be let down, without breaking the vacuum, in
front of P. Positive particles, like cathode rays and X-rays, affect
a photographic emulsion in the same way as light, and a point
struck by the particles shews as a black dot aftey development.

50. Positive ray parabolas. The cquations for the deflec-
tion of a particle of charge £ and mass m in an electric or a
magnetic field have been developed in § 44. Taking either the
approximate calculations, or the more elaborate formulae of (45)
and (46) we have

E X]

Electrostatic deflection x=Fk, - ~,
m v

E H (y - (4‘8)
Magnetic deflection Y=k, o ]

where £; and k, are constants which depend only on the geometry
of the apparatus, and can be evaluated if its dimensions are
accurately known. Combining these equations we have

b H
s kX" (49)
yz—kz?HﬂE

o om0

1f the fields are kept at a constant value, and if E/m is constant,
then by (50) y?/x = constant, which is the equation to a para-
bola. Thus all particles, 110: matter what their velocity, which
have the same value of E/m will lie on a single parabola.

The maximum velocity which a particle can acquire in the
discharge is that corresponding to a free fall through the full
potential difference ¥ between the anode and cathode, and is
given by VE = }mev? Since the clectric deflection is given by

x="r, ;En ‘;—g we see that the minimum deflection w, is given by
X

1 7 ’

and is the same for particles of all kinds. If every particle entered

the fields with the maximum energy each set of particles in the
beam would be deflected to some definite spot on the ordinate

xry= 3k
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through z,. As, however, the particles do not all originate at the
anode, but in parts of the discharge nearer the cathode, many
will not have fallen through the full potential difference ¥, and
will thus have less than the maximum velocity; others will have
lost energy in cpllisions with the residual gas molecules. The spots
will thus be drawn out into a series of parabolic arcs, terminating
on the ordinate through z,.

Owing to the large number of particles which lose their
charges before entering the deflecting fields, there is always
intense blackening and diffusion round the point corresponding
to the undeflected beam, and it is impossible to determine its
position accurately. The magnetic field is, therefore, reversed
half way through the experiment. This reverses the magnetic
deflection, and gives a repetition of the parabolic arcs on the
lower half of the picture. On development the plate will present
the appearance shewn in Fig. 40, which represents the case of
two sets of particles. This theoretical diagram may be compared
with Fig. 41 (Plate 1I), which is reproduced from one of J. J.
Thomson’s plates.

51. Positive Ray Analysis. Hquations (48) shew that the
lightest particles will be the most deflected. Kvaluating the
constants k;, k, for the apparatus it was found that the value of
E/m for the most deflected parabola was 10* e.m.u. per gm. This
is practically identical with the value for a hydrogen ion in
solution. We may identify the corresponding particles as hy-
drogen atoms with a single electronic charge. Other particles
may be identified most conveniently by direct comparison with
this line. Draw any ordinate cutting the two parabolas (Fig. 40)
in p, p’, and g, ¢’. Then

(pp)?_ (2)*_yil

[ O AT
(since z is the same for both)
_Eyfm
Eyfmy’

Thus, if all the particles carry the same charge, we have

mg/my = (pp*/(g¢)? - - . - (B1)
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Matters arc not quite as simple as this. A particle may lose
more than one electron in the Y /
discharge and thus cnter the P
fields with more than one posi-
tive charge. A particle which
carries n times the normal
charge will behave in the same
way as a particle with a single
charge and 1/nth of the mass.
Thus a doubly charged carbon n X
monoxide molecule would give
a parabola identical with that
of a singly charged nitrogen
atom, and i1t is not always
possible to discriminate between
such cases. In other instances

the positive particles are not

merely neutralized in passing K
through the ionized gas in the
copper tube, but may even take
up an cxtra clectron, thus passing into the deflecting fields
with a negative charge. These give rise to parabolas on the
negative side of the Y axis. These negative parabolas are very
common with elements of an clectronegative character such as
oxygen, and the halogens. Strangely enough they are also
formed by hydrogen atoms. They have never been observed with
nitrogen or helium.

The positive rays are always made up of atoms or molecules
of the elements and compounds contained in the discharge tube.
The method can, therefore, be employed to make a qualitative
analysis of gases in the tube. The method is, for some gases, more
sensitive than the spectroscopic method; it is possible for ex-
ample to detect the helium present in 1 c.c. of air, an amount of
the order of four millionths of a cubic cm. Some substances,
however, seem to enter the positive rays only with difficulty.
The metals, with the exception of mercury, are noticeably
absent. On the other hand, owing to the fact that the particles
register themselves on the plate in considerably less than one

_—
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millionth of a second, temporary combinations of atoms of
extreme instability are often detected. Thus with methane (CH,)
in the tube parabolas are formed not only by methane itself, and
its constituents, carbon and hydrogen, but also by the unstable
compounds CH,. CH,, and CH, which are not otherwise known.

The uniqueness of the method, however, lies in the fact that
it measures directly the masses of individual atoms. Chemical
methods give only the average mass of the atoms of an element,
the assumption being made that all atoms of the same element
are identical. Thomson shewed that the neon line (atomic
weight 20) is always accompanied by a fainter line corre-
sponding to an atomic weight of 22. The substance forming
this line is inseparable from ncon by any chemical treatment.
Radio-active theory (§ 171) had already suggested the possibility
of the existence of substances identical in chemical properties, but
differing in atomic weight. Such substances are called isolopes.
Thomson’s experiments suggested strongly that the existence of
isotopes was not confined to the radio-active elements but that
neon consisted of a mixture of two isotopes having atomic weights
of 20 and 22.

Thomson’s method is not sufficiently sensitive to separate
atoms of higher atomic mass which differ by only one or two
units. An ingenious modification of the method, due to Aston (6),
enabled the necessary precision to be attained.

52. The mass-spectrograph. Aston’s experiments. In the
experiments already described the positive particles having the
same value of ¢/m but differing in velocity are scattered along a
parabolic curve of considerable length. The intensity at any
point on the curve is therefore small, and if the original beam
of rays is at all fine very prolonged exposures are required to
obtain a measurable trace on the plate. 1f the particles of
different velocity but the same mass could all be focused on
the same spot it is obvious that a much finer pencil of rays
could be employed, together with much greater dispersion,
without at the same time making the necessary exposure un-
duly long.

This was achieved by Aston in the following way. A narrow
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pencil of positive rays is passed first through the electric field
between a pair of parallel plates and is thus spread out into
what may be called an electric spectrum. The deflection 6 of a
given particle is given by equation (44), § 45. If the deflections
are sufficiently small we may write OP’'/OM = §,whence

b2=X.ILM.E—-Xx1. % LM =1
m m

The deflected rays then pass through a magnetic field, arranged
8o as to produce a deflection of the rays in the opposite direction
to that of the electrostatic field. The deflection ¢ produced is
obviously equal to L/p where L is the length of the path in the
magnetic field and p the resulting radius of curvature (see
Fig. 36). Hence by equation (37) we have

e
¢T)=L-HW;-

Now in a given experiment X, H, L and [ are constant. llence
for all particles which have the same value of ¢/m, we have, by
differentiating, since e/m is constant,

80  28v_ . 8¢
O + Yo,
. o6 0 .
8$_2¢ N )

Now 86 and 8¢ represent the difference in the deviations pro-
duced by the electric and magnetic fields respectively for
particles having the same e¢/m but differing in velocity by 8v.
These difierences will be equal if the mean electric deflection 8
is one-half the mean magnetic deflection ¢. Since 80 and 3¢
are equal and in opposite directions the rays will emerge parallel
to cach other. Owing to the dispersion produced by the electric
field, however, this beam will have a finite width. It can be
brought to a focus by increasing the magnetic deviation.

Let us suppose for simplicity that the electric field can be
supposed concentrated at a point Z (Fig. 42); the magnetic
field acting at O. Then ZOP will be the path of one ray and
ZO'P that of another of the same mass but of different velocity.
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Then since 6 and ¢ are both very small angles in practice, we

have 00" = 0Z .39 = OP. § (¢ — 0), )
_op_ & _ 20
" 0Z 8(¢—-6) $—26
by equation (52). Now in all cases the particles are most
numerous near the heads of the different parabolas. The mean
kinetic energies of the different kinds of particles will be there-
fore very much the same (§50) and the average value of the
electrostatic deflection will be the same for all kinds of particles.
Thus 6 is approximately constant and

OP (¢ — 26) = OZ . 20 = constant. . . (53)

P

Fig. 42

This gives the locus of the foci of rays of different masses. This
is approximately a straight line making an angle of 26 with the
direction ZO and passing through a point @ such that 0@ = 0Z
and the angle Q(A)Z equals 7 —- 46. A photographic plate placed
along this line will be in focus for a very fair range of diffcrent
masses. If a very fine slit is substituted for the circular tunnel
in the cathode of the earlier experiments the different sets of
particles will produce a corresponding set of fine lines on the
photographic plate. The fineness of the focusing and the disper-
sion obtainable are shewn in Fig. 43 (Plate 11) which is reproduced
from one of Aston’s plates.

53. The whole number rule. The first mass spectrograph
gave an accuracy of the order of 0-1 per cent. Aston found that,
to this order of accuracy, every particle registered on the photo-
graphie plates had a mass which could be represented by a whole
number, if the mass of the oxygen atom was taken as 16-00.
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Thus chlorine, which has a chemical atomic weight of 35-4
appears as a mixture of particles of atomic mass 35 and 37
respectively. Neon (20-2) is a mixture of particles with masses
20 and 22 respectively. Xcnon consists of a mixture of no less
than 9 different isotopes with masses ranging from 124 to 136.
All elements whose chemical atomic weights differ from whole
numbers are found to be mixtures of isotopes of integral masses,
and even elements whose atomic weights appear to be integral
are sometimes found to contain minute proportions of some
other isotope. Thus hydrogen contains about 0-003 per cent. of
an isotope of mass 2. This “heavy” hydrogen, or diplogen, has
recently been isolated in a comparatively pure state by the
fractional electrolysis of water. Oxygen (16) is accompanied by
0-03 per cent. of an isotope of mass 17, and by 0-16 per cent. of
an isotope of mass 18. Helium and fluorine so far appear to be
pure.

Since the positive rays may contain compound molecules, as
well as atoms, and since very small traces of impurities register
themselves on the plates, the mass spectra, as we may call them,
are usually very rich in lines, and often nearly every integral
position is occupied. Fig. 43 (Plate IT), which is reproduced, by
permission, from Aston’s Mass Spectra and Isolopes, is a typical
example. The gas in the tube was a mixture of bromine and
carbon dioxide. The doubly charged carbon dioxide molecule
(giving an effective mass of 22) appears at the top of the plate,
and the singly charged molecule (44) at the bottom. In the
middle we have the two chlorine isotopes 35 and 37, and their
corresponding hydrogen compounds HCI (35) and HCI (37) at 36
and 38 respectively. The oxygen molecule appears at 32, and
several other lines can also be identified on the plate.

Of the lines on the plate which are not represented by imtegers
39-5 and 26-3 are the doubly and trebly charged atoms of
bromine (79). The line 40-5 is the doubly charged atom of a
bromine isotope (81). Its triply charged atom is seen at 27. The
numbers on the right of the diagram refer to a second spectrum
taken on the same plate with rather less dispersion.

Results of this kind afford the strongest possible proof of the
unitary structure of matter. Prout’s suggestion that all the
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elements were built out of hydrogen atoms was negatived, for
the time, by the fact that the chemical atomic weights were not
whole numbers, and were thus not integral multiples of any
chemical unit. The possibility that the atoms of a given element
might not al| be alike was overlooked. These results have
cleared the way for a theory of matter in which the nuclei of the
different elements are regarded as being collections of an integral
number of hydrogen nuclei or protons.

54. The packing effect. The one exception to the whole
number rule was hydrogen itself. The experiments shewed
quite definitely that the mass of the hydrogen atom was 1-008,
if that of oxygen is taken as 16-:00. The unit brick of the whole
atomic structure is thus slightly, but definitely too large.

The discrepancy can be explained on the clectromagnetic
theory of mass, which is developed in a later chapter (§ 112). It
can be shewn that the electrical mass of a number of small
charged particles diminishes if the particles are brought together
in a very confined space. The nucleus of the helium atom (mass 4)
contains presumably four protons packed in a volume, the
radius of which is certainly less than 10-12 cm., so that it is not
surprising that its mass is somewhat less than four times that of
the hydrogen nucleus, or proton. The loss of mass which takes
place is known as the packing effect.

Einstein has suggested that under certain circumstances
matter and energy may be mutually convertible, the disappear-
ance of mass m being accompanied by the production of an
amount of energy W given by

W = mc?,
¢ being the velocity of light. The condensation of four protons
to form a helium atom involves a loss of mass of
(4 x 1-008 — 4-000) x 1:66 x 10~ gm. or 0-054 x 10~ gm.
and should be attended by an evolution of energy of
(0-054 x 10-24) x (9 x 10%0) ergs or 4-8 x 107° ergs.

The condensation of 4:032 gm. of hydrogen into 4 gm. of helium
should evolve 2-88 x 10 ergs or 2-88 x 10° Kilojoules of energy.
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To investigate the packing effect with greater accuracy Aston(7)
has constructed a new mass spectrograph with larger distances
between the fields and the photographic plate, which is capable
of giving an accuracy of 1 in 10,000. He finds that when mea-
sured to this degree of accuracy all the atoms shew slight depar-
tures from the whole number law, thus shewing, 4s might have
been expected, that the packing effect is not quite identical in
magnitude for all atoms. Thus if oxygen is taken as 16-0000,
helium has a mass 4-00216, nitrogen (14) a mass of 14008, and
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argon (40) a mass of 39-971. To express such numbers con-
veniently Aston has defined a ““packing fraction” which is the
divergence of the atom from the whole number rule divided by
the whole number which most nearly represents the mass of the
atom (on the scale O = 16-0000). It is usually expressed in parts
per 10,000. The relation between the packing fraction and the
mass number of the element is indicated in Fig. 44.

As will be seen from the diagram, the packing effect is a
maximum for elements in the neighbourhood of nickel. Thus
while elements of low atomic weight should give out energy if
condensed into atoms of higher atomic weight, elements of high
atomic weight should yield energy on disintegration. The energy
given out by radioactive substances (§ 174) is probably to be
ascribed to this cause.
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55. Relative abundance of isotopes. Electrical methods
of measurement. The relative abundance of the different
isotopes of a given element can be
estimated from the relative intensity AU
of the corresponding lines on the =
mass spectrofram. The method is B
only approximate, as the degree of %]F
blackening depends not only on the ——,
number but also on the naturc of the 7 3
particles. The hydrogen line, for ex- \
ample will often be the most intense
line on the plate when the hydrogen |
atoms form no more than 1 per cent. Fig. 45
of the whole beam. Since the isotopes of a single clement do
not differ, usually, by more than a few per cent. in mass the error
is probably not great.

A more certain method is to allow the positive particles to pass
through a fine slit into a small Faraday chamber, the inner
electrode of which is connected to an electroscope. The charge
collected by the eclectroscope is directly proportional to the
number of particles passing through the slit.

This method has been applied by Dempster ®). If an clectrically
heated wire 4 (Fig. 45) is coated with the salts of certain metals
positively charged atoms of the metals are emitted (sec § 57)
with negligible velocities. The emission is greatly increased if
the wire is bombarded by electrons from a heated platinum wire
P at a negative potential of about 100 volts. These particles are
accelerated in the known potential difference V between the
anode 4 and a perforated cathode B, so that they pass into the
deflecting magnetic field through the slit S with a definite known
energy. The magnetic field, applied perpendicular to the plane
of the diagram is arranged to bend the rays through exactly
180°, and the field is adjusted until the particles fall on the slit 7,
and are collected in the Faraday cylinder F. The radius of
curvature p of the path is thus 3S7. Thus e/m = v/Hp, and
3mev? = Ve, from which the ratio ¢/m can be determined since
V, H and p are known. The whole apparatus is, of course,
exhausted to the highest possible vacuum.
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The method has since been extended by Bainbridge (9) to the
particles from a gas discharge. The positive rays emerging
through a fine slit in the cathode of the dischBirge tube are passed
between a pair of parallel plates charged to a known potential
difference. A magnetic field H is applied at right angles to the
electric field. If the plates are close together, only particles which
are undeflected in the crossed fields can emerge on the further
side, as the rest will be deviated in one or other of the plates.
The velocity of the particles emerging is thus given by v = X/H
(39) for all particles. The value of E/m can be determined from
the magnetic deflection as in Dempster’s method. If the collect-
ing cylinder is replaced by a photographic plate with its plane
lying along T'S, the photographic method of registering the
deflections of the particles can be employed, and very accurate
measurements of the masses of the particles obtained.
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CHAPTER VIII
EMISSION OF ELECTRICITY BY HOT BODIES

56. Loss of charge from a hot body. The fact that heated
bodies are unable to retain electric charges has been known for
nearly two centuries. Thus it was found that a red-hot iron
ball was unable to retain a positive charge but would retain a
negative one, while at higher temperatures still it was unable
to retain a charge of either sign. The early experiments were
not made under very definite conditions and most of our know-
ledge of the phenomena is due to experiments made since 1900,
and very largely to the work of O. W. Richardson, who has
given the name thermionics to this branch of the subject. The
current from a heated body is thus known as the thermionic
current, while the carriers by which the discharge is carried are
known as thermions.

The phenomena are in general very complex, the current
depending on the nature and pressure of the surrounding gas,
and on the nature and previous treatment of the heated sub-
stance. To simplify matters as far as possible we will take the
case of a metallic wire which has been carefully treated to
remove impurities, heated in a high vacuum so as to elimin-
ate all effects due to the presence of gas. The effect can
be studied conveniently with the apparatus shewn in Fig. 46.
The wire 4B to be heated is surrounded by an outer metal
cylinder CC which remains cool during the experiment, the
whole being enclosed in a glass vessel which can be evacuated.
The wire is heated by a current from an insulated battery of
cells and the temperature of the wire can be estimated by
measuring its electrical resistance and thus making it serve as
its own resistance thermometer. If the wireisraised to a suitable
small potential a current flows from the hot wire to the cool
cylinder. This current can be measured either by the electro-
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meter method, or in many cases simply by allowing it to flow
to earth through a galvanometer.

Initially with a new wire the current will flow through the
tube whether the wire is negatively or positively charged
shewing that thermions of both signs are emitted.‘ If, however,
the wire is kept glowing for some time and the gases evolved
from the heated wire are continually removed by pumping, or
better still by sweeping them out with pure oxygen, it is found
that the positive current rapidly decrcases and finally becomes
negligibly small. The negative emission is also much reduced
by this process but finally settles down to a steady value. The
temperature to which the wire must be raised for an appreciable
current to flow depends on the nature of the substance. For
platinum a temperature of about 1000° C. is required ; for sodium

AN
N\ c /)

Fig. 46

on the other hand there is a very considerable thermionic emis-
sion at temperatures as low as 300° C.

Other conditions being constant, the thermionic current in-
creases, with increasing potential difference until a maximum,
or saturation value is reached. The potential difference required
to produce the saturation currents depends on the intensity of
emission of the heated wire. If the emission is large the satura-
tion potential difference may rise to several hundred volts.

57. Nature of the thermions. The nature of the thermions
can be determined by measuring the value of e¢/m for the par-
ticles by any of the methods described in the previous chapter.
The arrangement employed by Dempster, and described in § 55,
is convenient and accurate.

When a clean metal wire is heated in vacuo the positive emis-

cI 8



114 IONS, ELECTRONS, AND IONIZING RADIATIONS

sion consists initially of particles of mass 39, on the scale O = 186.
They are presumably atoms of potassium. After further heating
particles of mass 23 are obtained which are presumably sodium
atoms. The results seem to be independent of the nature of the
wire, and are due to minute traces of alkali impurity in the wire.
The emission fades away to zero with prolonged heating, but can
be restored again by exposing the wire to the atmosphere of the
laboratory for a few days. The emission of these particles can be
greatly increased by coating the wire with a salt of the corre-
sponding metal. The ions of other alkali metals can be obtained
in the same way, and the effect has been used for studying the
isotopes of these elements. Certain phosphates also give large
initial positive emissions; in this case the carriers appear to be
molecules of carbon monoxide, which is presumably occluded
in the salt.

If the residual gas in the tube has an appreciable pressure a
continuous positive emission is obtained, consisting of ionized
atoms and molecules of the gas. In high vacuo the positive
emission gradually ceases, and only negative carriers are emitted.
When this stage is reached current can only pass across the
apparatus when the hot wire is negatively charged, and the
system serves as a rectifier or valve. Thermionic rectifiers are
now employed for many purposes, and can be constructed to
carry currents of twenty amperes or more.

The negative thermions give values of e/m identical with those
obtained for cathode rays. Some of the results obtained are in-
cluded in Table IV. They are, therefore, simply negative elec-
trons. In the succeeding sections we shall confine our attention
to the m€gative, or electronic emission.

/58. Theory of thermionic emission. It can be shewn that
the conduction of electricity through metals is due to the motion
of electrons through the metal, and the fact that the current
is directly proportional to the applied E.M.F., however small,
shews that these electrons are free. If the electrons were bound
to the atoms an clectrical field of finite magnitude would be
required to remove them from the atom, and until this field was
reached no current could flow.
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i:The electrons, however, though moving freely through the
metal are retained within it by forces at the surface of the metal.
An electron escaping from the surface of a metal will, for ex-
ample, induce a positive charge immediately beneath it which
will tend to attract it back to the surface. There may also be
other intrinsic fields acting in the same direction. To separate
an electron from the surface, a certain amount of work w must
be done against these forces, and an clectron will only be able to
escape if its kinetic energy normal to the surface is greater than w.

If we could assume that the free electrons in the metal be-
haved like the molecules of a perfect gas at the temperature of
the surrounding metal, we could calculate the probability of an
electron reaching the surface with energy greater than w.
Richardson devcloped a theory of the effect on these assump-
tions, which agreed satisfactorily with the experimental results.

Meceasurements on the specific heats of metals are, however,
inconsistent with the assumption that a metal contains any
appreciable number of free electrons sharing the thermal
energies of the molecules. According to Sommerfeld, the electrons
must be regarded as forming a “degenerate system” (p. 289).
Fortunately we can evade these uncertainties by resorting to
thermodynamical considerations.

Suppose we have an evacuated enclosure at a constant tem-
peraturc containing a body emitting electrons. Electrons will
accumulate in the vacuous space, forming an electronic gas,
until the electron density becomes so great that the number of
clectrons returning to the metal from the electronic atmosphere
becomes equal to the rate of cmission of clectrons from the
metal. A state of dynamical equilibrium will thus be reached,
similar to that between a liquid and its saturated vapour.

The analogy holds in another respect. Since work is done
when an electron escapes from the surface heat will be absorbed
in the process. The absorption of heat from an incandescent
filament during thermionic emission has actually been measured
by Richardson (), as has also the reverse effect, the emission of
heat when thermions are reabsorbed. We can thus speak of the
latent heat of evaporation of the electrons, and apply the usual
latent heat equation to the problem.

8-2
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Thus, if p is the pressure of the clectron atmosphere when
equilibrium is established, ¥ and U the volume of one gram-
molecule of electrons in the free space and in the metal itself, and
L the energy absorbed during the evaporation of one gram-
molecule of clectrons,

@ o oP
L=§6 (V U)= d0 |4
approximately, since the volume of the electrons in the metal is
very minute compared with that outside.

Now the energy absorbed is used up in two ways: (a) in pro-
viding the work necessary to allow of the escape of the electrons
from the surface; this is equal to Nw where N is the number of
electrons in a gram-molecule, that is Avogadro’s number, (b) in
overcoming the pressure of the electronic atmosphere into which
the electrons evaporate. This is equal to pV where p is the
pressure. Since the electrons in the free space behave as a gas
pV = N.RO where R is the gas constant for one molecule, i.e.
Boltzmann’s constant. Thus

L=Nw+ NRO, . . . . . (b4)
dp _ n
VO p= = N (w + Rb),
or substituting for V from the relation pV = NR#,
Gdp _
NR"- pdf N (w + R0),
B dp _w+ RO a0,
P 62
p=Koclwe® . . . . . (55)

If » is the number of electrons per unit volume in the free space,
we can write p = Bnf where B is a constant, and thus

n=Celan® . . . . . (56)
where C is a constant.

The electrons in the free space will behave as molecules of a
rarefied gas, and the ordinary kinetic theory of gases can thus
be applied. It is true that as they are negatively charged they
will repel each other and thus possess a negative intrinsic
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pressure. The actual pressure of the electronic gas is, however,
so minute under ordinary conditions that the effect may be
neglected. The root mean square velocity of the free electron is
thus given by 4mv? = af, where 0 is the absolute temperature
and « is a constant which is the same for all gaseg, or

T N (510

If we make the usual elementary assumption that the electrons
may be regarded as travelling in six streams parallel to the six
faces of a cube, and that all the electrons possess the same
velocity v, the number n, striking unit area per second will be
all the electrons in the stream normal to the surface whose
distance from it is less than v, that is nv/6. The correct value,
allowing for the distribution of velocities among the electrons,

can be shewn to be \/ng} . Substituting for v its value as given
w
by (57) we have
n /28
= - —_—— = & 53
R Vor \/ m Cngz . . . . (b8)

where C is a constant.
If all the electrons which fall upon the metal surface are
.absorbed by it, n, is the number entering, and thus, when
equilibrium has been established, the number leaving the surface
per sq. cm. per second. Experiment shews that a certain number
(possibly 50 per cent.) of the returning electrons are reflected
back from the surface. The number emitted will thus be =,
multiplied by an appropriate fraction; e.g. one half, if the reflec-
tion is 50 per cent. This fraction can be included in the constant
C, so that the emission is still given by an equation of the form
of (58).
Substituting for » from (56) we have finally

o= Atelm® . . . (59

If we assume that the electrons within the metal have the
same energy of thermal agitation as when in the free space out-
side the metal we can regard w as independent of the tempera-
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ture, as it is unlikely that the electrical forces will vary with
temperature. Taking w as constant, equation (59) obviously
reduces to w

ng= Ak, . . . . . . (60)
which was the form first given by Richardson.

If, on the other hand, we assume that the electron has no
energy in the metal, then the total work done in extracting the
electron from the metal will include the work done in giving it
the energy 3R which it has in the space outside the metal, and
w will be of the form

w=w, + 3RO.
It can be shewn that this is equivalent to assuming that the
“specific heat of electricity” in the metal, i.c. the Thomson
effect, is zero. Substituting this value of w in (59) and integrating
we have
wo
ng— A,0% ®o. . . . . . . (61)

Since cach electron carries a charge ¢, the saturation current
i8 mge per squarc centimetre 25
of surface. The experimental
curve for platinum is shewn
in Fig. 47.

At first sight it might
appear to be an easy matter
to distinguish experimentally
between the relations (60)
and (61). In practice, how-
ever, the variation in the
exponential term produced
by small changes in 6 com- 5

1)
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-
S

Current x 10 Amperes
S
\

pletely overshadows any / f
variation due to changes in | A
6% or 62, and the experimental P57 Fiso" 20T 2307 T300°
results can be expressed empe :
Fig. 47

almost equally well, though
of course with different constants, by either relation. Recent
experiments are rather in favour of the second form of
Richardson’s law.
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469. The thermionic work function. The thermionic emis-
sion is very largely controlled by the value of w. This quantity,
which measures the work which must be done to extract an
electron from the metal, is known as the thermionic work func-
tion. Like other electron encrgies it is most, conveniently
measured in electron-volts. Its value can be deduced from the
experimental curve relating temperaturc and emission, since R,
the gas constant per molecule, or Boltzmann constant, is known.

Table V gives the values of w for a few commonly used wires.
The corresponding values of 4 are also given. The figures have
been calculated using the second form of Richardson’s law.

TaBLE V

Some thermionic constants

A in amp. w, in

per sq. cm. volts
Carbon 59 3-92
Molybdenum 60-2 4-59
Tantalum 60-2 4-51
Tungsten 60-5 4-52
Platinum 27-1 424
Mixture of BaO and SrO 3-2 1-79

Some of these values are very uncertain. The presence of
minute traces of an impurity which has a small work function
will increase the emission many fold. Thus the carbon filament
of an electric lamp gives a very large negative emission—the
well-known Edison effect adopted by Fleming to rectify wireless
signals. The effect is, however, mainly due to impurities, as pure
carbon does not differ very markedly from platinum in its
emissive power.

Owing to the very low value of the work function the emission
from wires coated with oxides of calcium, barium, strontium or
thorium, or mixtures of these oxides, may be many thousand
times greater than that from a bare tungsten wire at the same
temperature. Conversely, for the same emission the coated wire
may be run at a much lower temperature, with a corresponding
saving in electrical energy. Coated filaments are, therefore, now
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used almost exclusively in thermionic valves. The emission
follows Richardson’s law, the increased effect being due solely to
the low value of the work function.

Similarly a strip of platinum carrying a speck of barium oxide
(such as can easily be obtained by placing a speck of sealing wax
on the strip and burning off the lacquer) forms a convenient
point source of electrons, the emission from the platinum being
negligible in comparison with that from the oxide. The electrons
are emitted with small energies, of the order of a volt, and can
be speeded up to any desired velocity by applying a suitable
negative potential to the strip. The arrangement is known as a
Wehnelt cathode.

The thermionic emission is generally increased by the admis-
sion of gas at low pressures, or even by its previous absorption
in the wire. Hydrogen at a pressure of no more than 0-0006 mm.
was found to increase the emission from platinum at 1350° C. no
less than 2500 fold. The emission still follows Richardson’s law,
but with a smaller value for the work function.

The effect is probably due to the condensation on the platinum
of a layer of hydrogen. Hydrogen is a very electro-positive
element, and if we assume that the hydrogen atoms in the
condensed layer are positively charged their presence will
produce a field between the gas and the metal tending to assist
the escape of the electrons from the metal. Less work will
thus be required to extract an electron from the metal. Since
W, 18 a measure of this work the value of uy, will be decreased,
as 18 actually found to be the case.

60. Distribution of wvelocities among the thermions.
The distribution of velocities among the electrons emitted
from a hot wire has been investigated by Richardson ) by a
method based on the following principle. Let the cool electrode
be maintained at a definite negative potential V. The work
done by the negative electron in passing from the surface of the
hot strip to the negative electrode will thus be Ve, and the
electron will only succeed in reaching the electrode and im-
parting its charge to it if the kinetic energy $mu? is greater
than Ve.
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Thus the current reaching the electrode is a measure of the
number of thermions whose kinetic energy perpendicular to
the strip is greater than Ve. In this way the distribution of
normal velocities of the thermions can be studied. A slight
extension of the method can be used to measure the distribution
of the velocities of the thermions in a direction parallel to the
surface of the hot strip. In both cases the distribution found
agreed very closely with that given by the Maxwell-Boltzmann
law for the distribution of velocities among the molecules of a
perfect gas. The electrons thus escape from the metal not only
with the mean velocity but also with the velocity distribution of
gas molecules at the same temperature. These results are very
interesting as they supply a very direct experimental verification
of the Maxwell-Boltzmann distribution law.

61. The current through a thermionic valve. Langmuir’s
Law. Richardson’s law (61) gives the relation between the tem-
perature and the saturation current from a heated filament. In
the earlier experiments where the currents measured were small
saturation was easily obtained with potential differences of a
few volts only. This is by no means the case in a modern
thermionic valve. Langmuir(s) has shewn that if a constant
potential difference is maintained between the electrodes and
the temperature of the hot wire is gradually increased the current
at first increases in accordance with the law of Richardson. Soon
however the rate of increase with temperature becomes rapidly
smaller than that given by the law and eventually the current
reaches a maximum value which then remains constant however
much the temperature may be increased, as illustrated in Fig. 48.
This constant current, however, increases with the potential
difference employed. If V is this potential difference the value
of the constant current ¢ is given by

s=kVE .. ... (62

This is known as Langmuir’s law.

This limitation of the current is due to the presence between
the electrodes of the negative electrons which are carrying the
current. These negative charges will repel the negative electrons
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which are tending to emerge from the hot cathode and, as the
current grows bigger and hence the number of electrons in the
space becomes more numerous this repulsion increases until
finally it counterbalances the applied field, and the actual field
at the surface,of the cathode becomes zero or may even be re-
versed. At this point further emission from the hot wire ceases.
The maximum current which can pass for a given potential
difference is thus limited by the space charge due to the electrons
between the electrodes.
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We may take as a simple case a pair of parallel plates at a
distance d apart, the heated plate being at potential zero and
the cold plate at a positive potential. Then if p is the negative
space charge (charge per cubic cm.) at some point between the
electrodes, V the potential at that point, then by Poisson’s
equation

av

dx2
Also the current ¢ per sq. cm. at right angles to the direction
of the field is clearly equal to the charge per unit volume into
the velocity, v, with which the charges move, i.e.

= 4np.

i = pv,
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where v is given by the equation
Im? = Ve.

av ./ m
Hence d? = 4 «/ Ve

Now if we neglect the small intrinsic velocities with which the
electrons are emitted from a hot cathode (usually a fraction
of a volt), we have seen that the maximum current will be
attained when the field at the surface of the cathode has been
reduced to zero by the space charge eflect. Hence for the
maximum current we have dV/dz = 0 when z = 0, if we measure
our distances from the surface of the cathode; and integrating
our equation with this condition we have

<(¢liZ)2 =8 \/ me

Integrating again, and remembering that V is zero when z is
zero, i.e. at the surface of the cathode, we have finally

. V2 L£]
i=g ,inﬁ. C ... . (63)

1f v and V are measured and the distance apart of the plates
is known this equation can be used to determine the ratio e/m
for the thermionic carriers. This experiment has actually been
carried out(6), the result obtained being 1-76 x 107, a very
satisfactory agreement.

In the ordinary thermionic valve the filament is maintained
at a constant temperature, and owing to its high thermionic
emissivity saturation conditions are not approached with the
potentials normally applied to the valve. The current is thus
governed by the space charge effect and should thus vary with
the applied potential difference in accordance with (63). A cor-
rection, however, is required on account of the intrinsic velocity
of emission of the thermions. If the electrons were all emitted
with the same velocity » they would still escape from the filament
unless a reverse potential difference were applied greater than
some value V where Ve = 4mo% The current will thus com-
mence to flow when the collecting plate is at a small negative
potential, and will increase as this potential is decreased to zero.
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The velocities of the electrons are, however, not constant but
are distributed according to the Maxwell-Boltzmann relation.
As the retarding potential is decreased the emission will increase
rapidly as electrons with smaller
and smaller vglocities will be able
to emerge. The first portion of the
current-voltage curve (Fig. 49 (1))
will thus be complex, and will be
governed mainly by the Maxwell-
Boltzmann relation. As the applied

. . .. (% L
potential difference is increased, —== 20 Votts
however, and becomes large in
comparison with the retarding
voltage necessary to stop the emission of electrons, the pre-
liminary effects become comparatively negligible and the
curve merges into that given by Langmuir’s equation (Fig. 49 (2)).
Finally if the potential is sufficiently increased it may be
sufficient to produce saturation for the temperature at which
the filament is being run. The current then remains constant
with further increase in voltage (Fig. 49 (3)) and its value is
given by Richardson’s law.

3)
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Fig. 49

62. Conductivity of flames. If two platinum plates are
placed a few centimetres apart in a wide Bunsen flame and one
of them is raised to a moderately high potential by a battery of
accumulators a current passes between the plates through the
flame. The current is usually large enough to be measured by a
galvanometer, one terminal of the instrument being connected
to the insulated plate and the other to earth. The current is
maintained by the thermionic emission from the heated elec-
trodes. In these circumstances both positive and negative
thermions are produced. The relation between the current and
the applied potential difference is complicated by the presence
of the gas molecules, and if the potential is large ionization by
collision may also come into play. The current is approximately
proportional to the square root of the applied potential differ-
ence. The current is greatly increased if salts, particularly those
of the alkali metals, are vaporized in the flame, the effect being
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the greatest when the salt vapour comes into contact with the
negative electrode. A theory of the effect has been worked out
by J. J. Thomson (), but the effect is not of much practical
importance.
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CHAPTER IX
PHOTO-ELECTRICITY

63. The photo-electric effect. If a metal plate is illumin-
ated by the light from an arc or spark it emits negative electricity.
If the plate is carefully insulated the emission continues until
the plate has acquired a small positive potential, usually of the
order of a volt. When this potential is reached the emission
stops. If, however, the plate is connected to carth through a
sensitive galvanometer so that its potential is always less than
this critical value, a continuous negative current flows from the
plate to earth, which continues as long as the plate is illuminated.
The effect, which was discovered by Hallwachs in 1888, is known
as the photo-electric effect, or more rarely, as the Hallwachseffect.

For most metals the photo-electric emission is only excited by
ultra-violet light, and is stopped if a glass plate is interposed
between the source of light and the metal plate. The alkali
metals are, however, peculiarly sensitive and respond to rays
from the visible part of the spectrum. They can be excited even
by the light from a candle.

If the experiments are conducted in air, or other gases, the
rate at which clectricity escapes from the illuminated plate
depends on a large number of conditions, such as the pressure
and nature of the gas, the state of polish of the surface and even
on the time which has clapsed since the plate was last polished.
A very considerable amount of experimental work was expended
on the problem before it was finally realized that these variations
were mainly due to condensed gas films on the surface of the
metal which retarded the escape of the negative electricity. It
was only when experiments began to be made on surfaces not
only maintained but actually prepared in vacuo, and which had
never been exposed to gas at appreciable pressure that consistent
results were obtained.
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The photo-electric effect can be shewn to be due to the emis-
sion of comparatively slowly moving negative electrons, which
are often spoken of as photo-electrons, to indicate their mode of
production. The value of the ratio e¢/m for the photo-electrons
has been determined by Thomson, Lenard and o‘thers, the ex-
periment being most conveniently carried out by applying the
relations (42) and (43) of § 44. The value of the ratio e/m for the
photo-clectrons is the same as that for electrons produced in
other ways. The photo-clectric emission is, therefore, simply
an cmission of negative electrons under the stimulus of the
light.

It has been found that for cach substance there is a definite
wave length at which the photo-electric emission commences;
rays of wave length longer than the critical value producing
no effect. This critical wave length is greater according as the
element is more electro-positive and shorter as the element be-
comes more electro-negative. Thus for the alkali metals which
are extremely electro-positive, the maximum or (hreshold wave
length which will excite photo-electricity is actually in the
visible spectrum being greater for caesium than for potassium
and sodium; for other metals the critical wave length lies between
4000 x 108 and 2500 x 108 cm. For the non-metals light of
still shorter wave length is necessary.

64. Velocity of emission of the photo-electrons. It is
found that a plate illuminated by ultra-violet light gives
electrons of all velocities from a certain maximum downwards.
The velocity is most conveniently measured by measuring the
difference of potential necessary to prevent the escape of
electrons from the plate. Suppose the metal plate emitting
the electrons is at a positive potential V. The negative electron
will experience a force attracting it backwards to the plate
and by the time it reaches a place of zero potential it will have
lost energy equal to Ve, where e is its charge. If the original
energy with which it left the plate was £ it will now have energy
equal to E — Ve. If this is equal to or greater than zero the
electron will escape being dragged back to the plate. If its
initial energy is less than Ve its motion will be reversed and
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it will return to the plate again. Thus the minimum velocity
an electron can have to escape is given by

Imv? = Ve,
=275,
m

If the active plate is surrounded by conductors at zero potential
and carefully insulated it will gradually acquire a positive
potential owing to loss of negative electricity. This potential
will grow until it is just sufficient to prevent the escape of the
fastest electrons which the plate emits. Thus a measurement
of the potential acquired by a plate exposed under these circum-
stances to ultra-violet light will enable us to estimate the
velocity of the swiftest electrons emitted. Similarly the current
flowing from the plate when its potential is maintained at some
value V less than the maximum is a measure of the number of
electrons which leave the plate with initial energies greater than
Ve.

On this account the objectionable practice has grown up of
stating the velocity in terms of the voltage acquired by the
plate, and thus phrases like “a velocity of one volt” have be-
come common. As will be seen from the formula the velocity
is not proportional to the potential but to its square root. The
actual electronic velocity can readily be calculated from the
potential, since e/m is equal to 1:77 x 107 e.m.u. Thus a *“ velocity
of one volt” or 108 e.m.u. is equal to about 5-9 x 107 cm./sec.
The objection does not apply to the measurcment of energy in
volts, since the energy acquired by an electron is directly
proportional to the potential through which it has fallen, and
conversely, the minimum potential which will prevent its escape
is a measure of its energy.

Experiments on the maximum velocity of emission of electrons
from a metal under the action of light yielded unexpected results.
It was shewn, in the first place, that the maximum velocity was
absolutely independent of the intensity of the light, even when
the intensity varied in the ratio of 108 to 1. It varied with the
nature of the metal, and, in particular, it depended on the
frequency of the radiation. If V is the positive potential difference
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necessary to prevent the escape of electrons, and v the frequency
of the exciting radiation,

Velkv—Vy . . . . . . (64

where ¥, depends on the nature of the substance, but % has the
same value for all substances. Both &k and V, are’ independent
of the intensity of the light. This result was first stated by
Lenard. The most accurate proof of it has been provided by
Millikan).
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65. Millikan’s experiments on the photo-electric effect. In
order to be able to employ as wide a range of frequencies as pos-
sible Millikan worked with the alkali metals for which the photo-
electric effect begins in the visible spectrum, and his observations
extended over a range of frequencies of nearly three octaves.
The experiments were carried out in an exceedingly high vacuum,
and in order to obtain really clean surfaces, the surfaces were
actually turned up in the vacuum itself, by means of a tool which
could be operated from outside by an electromagnet.

The clean metal surface M (Fig. 50 ) was illuminated
in turn with various monochromatic beams of light, picked out
spectroscopically from among the lines in the spectrum of a

cr 9
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mercury arc. The escaping electrons were collected in a Faraday
cylinder C of oxidized copper; this material being chosen because
it does not itself emit photo-electrons for light of the frequency
employed. The current collected by the cylinder for different
values of the applied potential difference V between the cylinder
and the illuminated metal was measured by an electrometer, for
a series of different wave lengths, and a series of curves plotted
(Fig. 50 b) from which the value of V at which the emission
ceased could be determined with accuracy, for each frequency v
of the light employed. Plotting this critical value against the
corresponding frequency v, Millikan obtained a series of points
which lay accurately on a straight line. His results thus con-
firmed the relation (64) to an accuracy of at least one per cent.
The value of £ is given by the slope of the line, and was found
to be 4128 x 10-15, when V is measured in volts. If a second
metal was substituted for the first (e.g. potassium for sodium)
a second straight line was obtained parallel to the first. The value
of k is thus identical for both metals, while that of V, changes
from metal to metal.

It will be scen from Fig. 50 & that the maximum photo-
emission was only obtained when a negative, i.c. an accelerating
potential was applied to the metal. The actual potential difference
between the metal M and the collecting cylinder differs from the
potential difference applied. If the plates of a condenser are of
different metals and are joined by a wire of one of the metals
there will actually be a field across the space between the plates
owing to what is known as the contact potential difference. In
Millikan’s experiments it acts from the alkali metal to the copper
oxide, and thus tends to prevent the escape of electrons from the
former, even when the two are connected together and the applied
potential difference is zero.

The existence of this eflect does not change the form of the
relation (64), as the contact potential, unless corrected for, will
be included in V. By subsidiary experiments Millikan was able
to measure the contact potential difference, and so the actual
potential difference through which the electron escaped. The
effect of the correction is to move the zero from O to O’ (Fig. 50 b)
where OO’ is the contact p.n. It was found that the photo-
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emission was complete when the actual p.p. between the plate
and cylinder was zero. In the discussion which follows we shall
suppose that this correction has been applied and that ¥V measures
the real potential difference between the illuminated metal and
the collector. Vje is thus the work which mustebe done by
an electron in passing from the metal to the collector, and
is thus the energy with which the fastest electrons leave the
surface.

The significance of the experimental relation (64) can be made
clear by multiplying the equation throughout by the electronic
charge e, and transposing. Thus

Ve+ Voe=Fkev. . . . . . (6b)

Now Ve is the energy with which the fastest electron escapes
from the illuminated surface. V,e has also the dimensions of
energy and can only be interpreted as measuring work done by
the electron in escaping from the metal. This work may con-
ceivably take two forms, work done in escaping from the parent
atom, and work done in escaping through the surface. By
ingenious experiments and arguments Millikan was able to shew
that, for a metal, no energy is used in cxtracting the photo-
clectron from the atom. The electrons ejected are those which
are already in the free state in the metal. Ve should thus be
identical with the thermionic work function, w, (p. 115), and V,
should have the same value as w, if both are expressed in
volts. Comparison of recent determinations of the two
quantities are, in fact, in very good agreement. Thus for
tungsten V, = 4-52 volts, and w, = 4-52 volts; for platinum we
have 4-40 and 4-24; and for molybdenum, 4:33 and 4-30 volts
respectively.

Voe is thus the energy used up by the electron in escaping, and
thus the left-hand of equation (65) is the total energy with which
the electron starts its career. Thus if monochromatic light of
frequency v falls upon any substance the initial energy, W, im-
parted to the electrons is given by the relation

W=im?=h, . . . . . (66)

where 4 is a constant which is independent of the nature of the
9-2
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substance, and is equal to ke. Taking Millikan’s value for £ and
converting volts to electrostatic units, we have

4-128 x 10-15
300

It will be seén that equation (66) is merely an expression of well-
ascertained experimental facts.

Further, if v, is the minimum frequency which will stimulate
photo-electric emission in the metal (the threshold frequency as
it is called), it is found experimentally that Ve = kv, where % is
the same constant as before. The relation (64) can thus be
written

h=4-T70 x 10-10 x

= 6-56 x 1027 ergs sec.

Ve=bk(v—wy). . . . . . (67)

66. The quantum theory. In order to explain the laws
governing the thermal radiation from a perfect radiator Planck
had been led to formulate the hypothesis that an accelerated
electron did not radiate energy continuously, as demanded by
the classical electromagnetic theory of light (see § 75), but only
intermittently, each emission consisting of a definite burst or
quantum of energy (4). The energy, w, in one of these quanta was
supposed to be directly proportional to the frequency of the
radiation emitted. Thus if v is the frequency of the radiation the
energy associated with each quantum of it is given by

w=h, . . . . . . . (68)

where kb is a universal constant, known as Planck’s constant.
The value deduced for this constant from radiation data was

h = 6-55 x 10~%7 ergs sec.

It is therefore numerically identical with the % of the previous
section.

We can illustrate Planck’s law quite readily from phenomena
which we have already considered. We have seen (§ 35) that an
electron may be transferred from its normal position in the atom
to some other condition of greater energy by the impact upon
it of another electron if the latter has a certain minimum energy,
measured byj)Ve, where V is the radiation potential for the
atom. This*minimum energy is clearly the difference in energy of
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the atomic electron in its two conditions. Thus the potential
energy of the electron in its abnormal condition will be Ve units
greater than in its normal state, and Ve units of energy will be
set free when the electron falls back into its stable condition ().
This energy, as we mentioned, is radiated as monochromatic
light of definite frequency, only one line appearing in the
spectrum. The frequency of this radiation, by Planck’s law,
should be given by the relation

Ve=w=hv, or v= Velh.

If we take the case of mercury vapour the first radiation
potential is 4-9 volts or 1-63 x 10-2 e.s.u. and the radiation
emitted should thus be given by

_ 163 x 102 x 4-774 x 10710

- 6-55 x 10-27
The frequency of the light actually emitted is 1-18 x 10'5. The
agreement is perfect, considering the possible errors of the
measurement of resonance potentials.

In Planck’s original form of the theory only the emission
occurred in quanta, the atom or electron being supposed to
absorb radiation continuously until its energy reached that of
the quantum for the radiation concerned. In 1905 Einstein (6)
made the further assumption that the radiation actually
travelled in minute bundles each possessing the quantum
energy corresponding to its frequency, and that the atom ab-
sorbed either the whole of this quantum or none at all. This
assumption leads immediately to our experimental relation (67).
From monochromatic light of frequency v the atom will absorb
a whole quantum of energy %v, and this energy when transferred
to an electron will give it kinetic energy ime? = hv. At the time
the data for testing this equation did not exist, and the sugges-
tion was not well received, as the idea of a definite quantum of
radiation travelling through space as an entity appeared to be
completely irreconcilable with the wave theory of light (4).

So drastic an assumption is not absolutely necessitated by the
results of § 65. It is possible to conceive that the atom absorbs
energy from the radiation continuously until the quantum energy
is reached and then ejects this superfluous energy in the form

= 1-17 x 1015,
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of a photo-electron. This mode of escape is, however, made
impossible by the following considerations. However weak the
incident light may be the emission of photo-electricity com-
mences as soon as the light falls on the surface. The lag, if any,
is certainly less than 3 x 10~?sec. Now the photo-electric effect
for sodium can easily be detected with an ordinary candle at
a distance of 3 metres. This corresponds to an energy of 1 erg
per 8q. cm. per sec. falling on the surface of the metal, and of this
not more than one-third is of sufficiently short wave length to
excite the photo-electric effect. Now the area of cross section of
an atom is of the order of 10-1° sq. cm. and the maximum energy
which could be absorbed by the atom from the beam, if uniform,
would be therefore about 3 x 10-1% ergs per sec. But the energy
of the electron emitted is of the order of 5 x 10-22 ergs. To
accumulate this energy the atom would have to go on absorbing
for about 15,000 seconds or more than four hours. The suggestion
of a gradual absorption from a uniform beam is therefore incon-
sistent with the facts, and we are driven back on Einstein’s
assumption.

Again, we have seen that the photo-electric emission ceases
for a threshold frequency v, given by Av, == V,e. No matter how
intense the radiation may be an electron is only ejected if the
value of Ay, is greater than the work neccessary to eject an
electron. Absorption, therefore, can only take place in complete
quanta. If the energy in a single quantum is insufficient to
provide the work necessary for the escape of an electron, no
electron will escape.

The only possible conclusion from the facts outlined in this
section is that when energy is interchanged between matter and
radiation, the interchange is effected in definite units, the value
of which is expressed by Av. Planck’s relation (68), originally
derived in a highly speculative manner, is thus found to express
a highly important and well authenticated law in atomic
physics; the exchange of energy between matter and radiation
takes place in quanta. This is called the quantum theory.

The quantum theory in reality is not a theory: no theoretical
basis has yet been found for it. Itis a fundamental law governing
the exchange of energy between radiation and matter, and in all
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cases in which it has been tested it is found to express the
phenomena with great exactitude. We shall meet with further
examples in the following chapter. The question as to how the
quantum relation is to be reconciled with the electromagnetic
theory of light is an interesting problem. The forrgal reconcilia-
tion of the two ideas is however not beyond the reach of mathe-
matics, and is dealt with in what is known as Wave Mechanics.

67. Distribution of velocities among the photo-electrons.
So far we have considered only the maximum velocity with
which the electrons escape from the metal. If we maintain
a constant difference of potential ¥ between the radiator and
its surroundings less than the maximum positive potential
which would be acquired by the plate, the rate of loss of
electricity from the plate, that is, the negative current {rom it,
will be proportional to the number of electrons which leave
the plate with an initial energy greater than Ve. In this way the
proportion of the electrons which emerge with various velocities
less than the maximum can be measured.

We have scen that the maximum current is only reached when
the illuminated plate is at the potential of its surroundings, that
is when there is no retarding field. Electrons emerge with all
velocities from zero up to the maximum. It is indeed very im-
probable that they actually commence their course with different
velocities. Electrons will be projected at different depths in the
metal (since light can penetrate small thicknesses of metal) and
hence will have different thicknesses of metal to traverse before
escaping from the surface. Now in passing through matter
electrons lose velocity owing to collisions with the molecules
Thus those electrons which start at the surface, having no
matter to traverse, will escape with the actual velocity given
them by the radiation. Those starting deeper in the metal will
lose some of their velocity before reaching the surface, until at
last a layer is reached the electrons from which will be unable to
penetrate to the surface at all.

68. Magnitude of the photo-electric effect. The magni-
tude of the photo-electric effect may be defined as the total
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current from unit area of the illuminated surface when its
potential is favourable to the escape of negative electricity. Its
value is only definite for surfaces not only kept but also prepared
in the highest vacua obtainable and never exposed at any period
to the action ef a gas at a perceptible pressure.

An apparatus () suitable for the preparation and investigation

- | 4 , \ 4
P E
Electroscope

Fig. 51

of a metallic surface in vacuo is shewn in Fig. 51. The
thick lines represent the metallic part of the apparatus which
extends far enough on all sides to screen the plate P from
external electrostatic effects. When in the position shewn the
plate makes metallic contact with a Wilson electroscope E,
while the two potentiometers V, V can be adjusted so as to
maintain a constant measured difference of potential between
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the radiator and its surroundings. To obtain a film on the
radiator P it is lowered to the position P’ opposite the mouth
of a small quartz crucible F, which contains the metal under
investigation and can be electrically heated by the wires w, w
passing through the walls of the tube. The metallic vapours
condense on the cold plate forming a film which, as the whole
apparatus is maintained at a high vacuum, has never been in
contact with gas and so is free from the disturbing surface
layer. 1f the outer case is earthed the maximum potential
acquired by the plate P as measured by the electroscope gives
the maximum velocity of emission of the photo-electrons, as
already explained. By applying a small accelerating potential
sufficient to ensure the maximum emission, the total photo-
electric effect can be measured.

With films prepared and kept in vacuo, the total photo-
electric effect is found to be directly proportional to the in-
tensity of the light for intensities varying in a ratio of as
much as 1 to 105, On account of its importance with respect
to the quantum theory of radiation experiments with exceed-
ingly small intensities of illumination have been made, but even
when the energy was as small as 107 ergs per sq. cm. per sec.
no departure could be observed from the proportionality
between the intensity and the current. The current is also
independent of whether the light is continuous or is given out
in a series of brief flashes. As long as the average energy remains
constant the emission remains the same.

69. Variation of the photo-electric effect with wave
length and state of polarization. For the majority of metals
the photo-electric eflect increases as the wave length of
the exciting radiation diminishes. The alkali metals for a
certain part of the spectrum and with oblique incidence of the
light form an exception; the current rising to a fairly sharp
maximum at a definite wave length. In these metals the effect
also depends on the plane of polarization of the incident light.

Letlight be incident obliquely on a surface, say, of a liquid alloy
of sodium and potassium. These liquid alloys are convenient
since they give perfectly plane surfaces. The plane containing
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the ray and the normal to the surface is known as the plane of
incidence. According to the electromagnetic theory of light,
if the light is plane polarized in the plane of incidence the electric
field in the pulse will be perpendicular to this plane, that 1s,
parallel to the surface of the radiator. We will denote this
state as the E, plane to indicate that the electric force is
parallel to the radiating surface. On the other hand, if the
light is plane polarized at right angles to the plane of incidence
the electric field will be parallel to the plane of incidence and
thus will have a component if the ray is oblique, perpendicular
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Fig. 52
to the surface. The more oblique the incidence the greater this
component. We will denote this state of polarization by £, .

If now experimental curves are drawn between the photo-
electric intensity and the wave length of the incident light for
the two states of plane polarization the results shewn in Fig. 52
are obtained. It will be seen that when the electric field in
the light waves is parallel to the surface of the radiator the
emission decreases uniformly as the wave length is increased.
When, however, the light is polarized so that the electric field
in the radiation has a component perpendicular to the radiator,
the emission rises rapidly as the wave length decreases, reaches
a maximum for a certain definite wave length and then decreases
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until it joins the other curve. The maximum intensity increases
with the obliquity of the rays, but the corresponding wave
length is constant. The ratio of the maximum to the normal
effect differs widely for different surfaces even of the same alloy.
It is normally as much as 15 to 1, but has been oljserved as high
as 300 to 1, with an angle of incidence of 60°. The velocity of the
electrons emitted is the same in the two cases.

So far as is yet known this selective effect is confined to the
alkali and alkali earth metals and is only apparent over a
comparatively short part of the spectrum. In the diagram
(Fig. 52) which represents the case of a sodium-potassium
alloy the maximum eflect is reached at a wave length of
3900 x 10-8 cm.; for potassium the corresponding wave length
is 4490 and for rubidium about 5000, that is, in the yellow green
of the visible spectrum. If the light is incident normally on
the surface the effect, of course, disappears, since the light
has then no component normal to the surface.

70. Photo-electric cells. The photo-clectric effect is largely
employed both for the accurate measurement of light inten-
sities, and for the conversion of
light energy into electrical energy.
One form of photo-electric cell is
shewn in Fig. 53. The light enters
through a quartz window W and A\If

fa
W

QN

passing through the ring-shaped
anode 4 falls on the cathode C.
The sensitive surface is deposited
by cvaporation in vacuo on the surface of the cathode. If
the cell is required to respond to the visible part of the
spectrum the metal cmployed is usually potassium or rubi-
dium, and in this case the quartz window can be replaced by one
of glass. If the ultra-violet only is to be measured, cadmium is
often employed as the sensitive surface. The photo-electric
emission can be largely increased by treating the surface in
various ways, and notably by admitting hydrogen at low pres-
sure to the cell and passing an electric discharge for a short time.
This probably transforms the alkali metal into a hydride.

Fig. 53
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If the cell is to be used for accurate photometry it is evacuated
as completely as possible. The saturation current through the
cell is then, for light of given wave length, accurately propor-
tional to the intensity of the light. Unless the light is intense,
however, the qurrent is usually too small to be measured by a
galvanometer, and an electrometer method must be employed.

Much larger currents can be obtained by including an inert
gas at low pressure in the cell, and applying potentials not much
less than that necessary to produce an ordinary gas discharge
through the cell. The photo-electrons are thus accelerated so that
ionization by collision occurs, and the current can thus be multi-
plied many fold. Cells of this type are not suitable for accurate
measurements as their sensitivity is very variable, and they also
suffer from fatigue, owing to the condensation of the gas on the
sensitive surface. They are used largely in sound film projection.
Light is passed through the sound film on to the photo-electric
cell. Variations in the density of the filin produce corresponding
variations in the intensity of the transmitted light, which in turn
produces variations in the current through the cell. This current,
which may be of the order of several microamperes can be
amplified by a thermionic valve amplifier, and so transmitted
to the loud speaker where the electrical fluctuations are con-
verted into sound.

For fuller details the report on Photo-electric cells and their
Applications 8) published by the Physical Society may be
consulted.

71. Photo-electric effect in non-metals. The photo-electric
effect can also be detected in non-metals, but owing to their
more electro-negative character the frequency at which the
effect commences is greater than in the case of metals.
For carbon, for example, the emission of electrons begins when
the wave length is reduced to 2550 x 10~8cm. The observa-
tions are still more difficult to make if as usually happens the
pon-metal is also a non-conductor. In this case the charge on
the surface is not conducted to a wire leading to the electro-
meter, and the positive charge accumulates until its potential
is sufficient to stop the emissions of the photo-electrons. The
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accumulated charge can be measured by transferring the sub-
stance bodily into a Faraday cylinder connected with an electro-
meter. The charge measured by the electrometer is by the
ordinary laws of electrostatics equal to that on the substance.

The emission of electrons takes place throughqut the mass of
the substance as far as the light penetrates it. Owing to the
presence of these free electrons in the substance a certain con-
ductivity is imparted to those layers of it which actually come
under the action of the light which lasts so long as the illumina-
tion is continued. Thus if a sheet of sulphur is enclosed between
two electrodes and illuminated by the light from a quartz
mercury lamp a current passes which increases uniformly with
the voltage between the two electrodes. The conductivity is
independent of the applied field up to 400 volts per mm. With
a field of this intensity currents of the order of 2 x 10~ amps.
were observed when the sulphur was illuminated.

As there are no free electrons in non-conductors, the absorbed
quantum must have sufficient energy not merely to pass an
electron through the surface, but also to extract the electron
from its parent atom. Avyfe must, therefore, exceed the ioniza-
tion potential of the atom, and for this reason alone we should
expect the threshold frequency to be high. The same con-
siderations apply to metallic oxides, the conductivity of
which in the solid state is electrolytic. For oxides and non-
conductors ¥, (= hvyfe) is thus greater than the thermionic work
function, the difference being the ionization potential of the
substance.

72. Ionization of gases by ultra-violet light. The photo-
electric effect in the case of a gas would take the form of simple
ionization, the ejection of the photo-electron leaving the gaseous
molecule positively charged. As there is no surface effect to be
considered, we should expect that ionization would begin for a
frequency of the radiation v, given by kv, = Ve, where V, is
the ionization potential; that is for light of wave length A given

by kaé‘ These wave lengths, for most of the permanent gases,
0

are situated in the extreme ultra-violet. The value of A corre-
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sponding to an ionization potential of 15 volts is 820 x 10-8 cm.
The limit of transparency of quartz is 1450 x 10-8cm. Fluorspar
goes somewhat further, perhaps down to 1000 x 10-8 cm. for
very transparent specimens.

Great care iy necessary to avoid spurious effects due to stray
light falling on the walls of the ionization chamber. Traces of
dust or impurities in the gas may also give rise to spurious
effects. It is not surprising that the results obtained by different
experimenters are very conflicting.

Hughes obtained ionization in air, using the light transmitted
by an exceptionally transparent crystal of fluorspar, and of
estimated wave length 1250 x 10—8 cm. ; and ionization has been
detected in carbon dioxide and ammonia using light transmitted
through a quartz window. If these results may be regarded as
established, the effect must be regarded as connected with the
radiation potentials, rather than the ionization potentials of the
molecules. It is possible that if two molecules, cach of which has
passed into the excited state by the absorption of radiation,
come into collision, their joint energies may be given to a single
electron, which would then have sufficient energy to escape from
the atom. Kffects of this kind are known to occur among
molecules stimulated by electron bombardment.

73. Phosphorescence and the photo-electric effect. No
connection can be traced between photo-electricity and fluor-
escence, many fluorescent compounds being quite inactive.
On the other hand, phosphorescent substances always shew a
well-marked photo-electric effect. Thus calcium sulphide with
a trace of powdered bismuth and a flux of sodium borate
yields a very actively phosphorescent substance. On testing
this it was found to be exceedingly photo-electric also, giving
a photo-electric effect nearly as large as brightly polished
magnesium. The three substances taken separately and also
in pairs were found to be neither phosphorescent nor markedly
photo-electric. By using absorbing screens it could also be
shewn that light which did not produce phosphorescence did
not produce a photo-electric effect. The two effects, therefore,
seemed to run parallel to each other.
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It has been shewn that phosphorescence is due to certain
active centres in the “ phosphor.” In all probability these centres
under the action of light emit an electron which if the centre is
sufficiently near the surface escapes as a photo-electron. If
the centre is too deep for this the electron remaips embedded
in the substance, which is always a non-conductor. Eventually,
however, under the action of the attraction of the now positively
charged centre the electron finds its way back into the ““centre,”
producing disturbances there which cause the emission of the
phosphorescent light. The photo-electric effect is thus connected
with the excitation of phosphorescence, and not with the
phosphorescence itself. The photo-electric effect itself ceases
as soon as the exciting radiation is cut off.
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CHAPTER X
X-RAYS

. T4 Production of X-rays. Rontgen, in 1895, discovered
that if a discharge tube at low pressure was worked in the
neighbourhood of a cardboard screen covered with crystals of
barium platinocyanide the crystals glowed with their cha-
racteristic yellowish green fluorescence. The effect was traced to
radiation of some kind proceeding from those portions of the
walls & the discharge tube on which the cathode stream im-
pinge(i.&he luminosity was not appreciably diminished if the
tube wa3 completely enclosed in black paper, and it was there-
fore not due to ordinary light. This new type of radiation was
labelled X radiation, pending further enquiry as to its nature.
It is sometimes, but more rarely, called Rontgen radiation.

The radiation can be detected by the luminosity it excites in
certain fluorescent materials, by its action on a photographic
plate or by the ionization it produces in any gas through which
it passes. The latter effect is commonly employed to measure
the intensity of the radiation.

X-rays have the property of penetrating many substances
which are opaque to ordinary light. The absorbing power of a
substance for X-rays depends partly on the density, and partly
on the atomic weight of the elements contained in it. Light sub-
stances, and those containing only elements of low atomic
weight are comparatively transparent, while substances of high
atomic number, and great density are comparatively opaque.
Thus if an experimenter places his hand between the source of
X-rays and a fluorescent screen the shadows cast by the rela-
tively opaque bones are clearly visible, surrounded by the much
fainter shadow cast by the relatively transparent flesh. This
property of the rays renders them an extremely valuable asset in
medical diagnosis, and is also being widely applied in metal-
lurgical and other technical investigations.
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For medical and commercial purposes the original type
of X-ray tube, in which the cathode rays were produced by
means of a low pressure gas discharge have been replaced by a
design originally due to Coolidge, one form of which is shewn in
Fig. 54. The cathode C consists of a spiral of tungsten wire which
can be heated by passing a current through it either from an
insulated battery, as shewn in the diagram, or, more con-
veniently, from a specially designed transformer. The tungsten
wire, when raised to incandescence emits large numbers of
thermions, which can be projected towards the anode 4 with
any desired velocity by applying a suitable potential difference

- +

|y O MIIJ

Fig. 64

between the anode and the cathode. The cathode stream thus
produced can be focused to a fine spot by surrounding the
cathode with a molybdenum shield M.

The tube is exhausted as completely as possible, so that no
discharge passes when the wire is cold. As the p.D. across the tube
is always greatly in excess of the saturation potential, the cur-
rent through the tube depends only on the thermionic emission
of the filament, which in turn is governed by the temperature of
the filament. This can be controlled by a rheostat in the heating
circuit. The current through the tube can thus be regulated
independently of the p.. across it.

The anode 4 is a massive block of tungsten. The efficiency of

cI 10
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a target in converting the energy of the cathode rays into X-ray
energy increases with the atomic weight of the target, while the
hardness and high melting point of tungsten are also valuable
qualities. In modern practice currents of 30 m.a. at a P.n. of
100,000 volts are quite commonly employed in X-ray produc-
tion. Only a minute fraction of this energy, usually about
0-2 per cent., is converted into X-radiation. The remainder is
transformed into heat in the anode. As will be seen from the
figures quoted above this production of heat may amount to
700 calories per second, and in tubes designed for prolonged
running, special cooling devices have to be employed to remove
it from the tube.

The high potential supply for the tube is almost invariably
obtainced from a high tension transformer. The tube itself acts
as a rectifier, since current can only pass when C is negatively
charged. A practically constant unidirectional current can,
however, be obtained from the high tension transformer by the
use of thermionic rectifiers and high tension condensers, and the
larger X-ray plants generally adopt this plan.

75. Radiation emitted by the stoppage of a moving
electrified particle. Classical Theory. The fact that the X-rays
have their origin at the point struck by the cathode rays led Sir G.
Stokes to suggest that they are electromagnetic waves set up by
the sudden stoppage of the rapidly moving electrons which make
up the cathode stream. This view is now generally accepted.

The effect is most readily understood by a consideration
of the Faraday tubes of force. 1f a charged cathode particle
is moving with a speed which is small compared with that of
light, its electric field will be the same as that for a particle at
rest, and the tubes will be therefore distributed uniformly round
the particle. Assigning all the effects in the field round the
charge to the action of the Faraday tubes it can be shewn that
the motion of a single Faraday tube of force produces a magnetic
field in the medium which is perpendicular to the length of the
tube and to its direction of motion, and equal to 47rv, where v is
the velocity of motion of the tube in a direction perpendicular to
its length. (See J. J. Thomson, Elements of Electricity and
Magnetism, Chap. xi11.)
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Consider a single charged particle moving along a direction
OX with a velocity v. This particle will carry with it a number
of Faraday tubes of electric force, which when the motion has
become steady will travel along as if rigidly attached to the
particle. .

Suppose the particle is suddenly stopped by striking a solid
obstacle at the point A (Fig. 55 «), and let us suppose that
disturbances are propagated along the Faraday tubes with a
finite velocity c. It can be shewn that this velocity is the velocity
of light.

@
Fig. 55

Let ¢ be the time that has clapsed since the particle was
stopped. Describe round 4 a sphere of radius c¢t. Then all the
portions of the tubes inside this sphere will be radiating from
the stationary position of the particle at 4. Outside this sphere
however the disturbance produced in the Faraday tubes by
the stoppage of the particle will not have arrived. They will
thus be still moving in the direction OX with their original
velocity v, and will be radiating from the position which the
particle would have reached if it had not met the obstacle,
that is, from a position B along OA4 produced where AB is
equal to vt.

There will thus be a relative displacement between the two
portions of the tube of force, and as we must regard the tube as
continuous it is evident they must wrap themselves round the
surface of the sphere.

10-2
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This sphere is expanding with a velocity ¢, and we thus have
a sheet of electric force travelling out with a velocity ¢ from
the position of the particle. But the motion of the Faraday
tubes at right angles to their length produces a magnetic field
perpendicular to the Faraday tubes and to the direction in
which they are moving, that is to say, also in the surface
of the sphere. Thus a sheet of electromagnetic disturbance
spreads out from the particle. This, on Stokes’ theory, consti-
tutes an X-ray pulse.

Tt will not in gencral be possible to stop the particle abruptly.
If = is the time taken to reduce the particle to rest, the disturb-
ance will be enclosed by two spheres of radii ¢t and ¢ (¢ + 7)
(Fig. 55 ). The thickness of the disturbance or pulse will thus
be cr and will be smaller the more quickly the particle is stopped.

Let Fig. 55 represent this state of affairs. Then, since 4 B=1t,

tangential electric polarization o/ sin @
normal electric polarization’ = 5
where & is the thickness of the pulse and @ is the angle between
the direction of the tube and 4X. But the normal polarization
is e/4mrr? and thus since r = cf the tangential electric polarization
e wsind
T4ms ¢
Now since this is moving at right angles to its direction with
a velocity ¢ it will produce a magnetic force H, equal to 4=e
times the polarization, that is

(69)

ev sin 0
—s - O ()

Since these fall off inversely as the distance from the particle
while the normal polarization falls off as the inverse square
of the distance, the intensity in the pulse except for points
near the particle will be great, compared with the intensity
outside it. We shall thus get a pulse of electromagnetic disturb-
ance travelling out from the particle, and behaving in many
respects like ordinary light. The chief differences are that in
the first place the thickness of the pulse is found to be
small compared with the wave length of visible light, while
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in the second place the X-rays lack that regular periodic
character which occurs in a train of waves of constant wave
length.
The energy in a pulse of this kind being equally divided
2
between the electric and magnetic fields is equad to 2 x Esg
per unit volume, i.e. pev? sin? 0
" 4mr2s?
The energy radiated is thus zero along the direction of motion
of the particle, and rises to a maximum at right angles to this
direction. The volume of shell included between radii, making
angles 0 and 64 df with the axis AB, is 8. 277 sin 0.7d0, and the
total energy in the shell is therefore

Zy2 gin? 0
vl
2 pet?

378
on substituting for H from (70) and evaluating the integral.
The energy is thus inversely proportional to the thickness of
the pulse. Thus the more suddenly the particle is stopped the
greater the energy radiated.

The method can easily be extended to the case of the accelera-
tion of a charged particle which is not actually brought to
rest. 1f f is the acceleration then the time 7= which would be
taken for the particle to be brought to rest is given by

w

2 . e
2/ %rr? sin 08 F

0

.
LT

(1)

v = fT.

Substituting this value for 7, and the value ¢ for 8 in equations
(69) and (70) we have

tangential polarization D = 825229 Lo (@)
Magnetic field H= e:[_sg}“@ ... (1)
° re

The rate of flow of energy across unit area (by Poynting’s
Theorem) is ¢2DH. Hence
e*f* sin? 0

intensity of the radiation = -/ borr2e (74)
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Integrating over the area of the sphere of radius r we have

. L. 2 e2f?
total energy of the radiation = 3 5 ¢ (75)

76. The osca.ttering of X-rays by matter. Suppose the
radiation from one electron falls upon another. The second
electron while the pulse is passing over it will be subject to
an electric field X and will thus have an acceleration
e _4meD _e*fsinf

= ... (18)

=X—v
I m m mrc?

substituting for D from (72). This electron will, therefore, give
out radiation which, since f; is proportional to f, will have the
same wave form and thus the same quality as the radiation
exciting it.

Thus if a beam of primary X-rays falls on a material sub-
stance, since all matter contains electrons, secondary X-rays
will be given out in all directions which, since they are found
to be of the same quality as the rays exciting them, have been
called “scattered radiation,” in order to distinguish them from
another type of secondary radiation which may also be emitted,
the quality of which depends not on the prumary radiation
but on the chemical nature of the radiator. This latter type is
often called “ characleristic” radiation, since it is characteristic
of the radiator used for the experiment.

These effects can easily be observed by allowing a narrow
pencil of X-rays to fall on a thin sheet of aluminium, or paper.
An electroscope placed near the radiator, but out of the direct
line of the primary pencil, will lose its charge, shewing that
ionizing radiations are being given out by the radiator. 1f the
radiator is removed the rate of loss of charge becomes very
small. If, however, a sensitive electroscope is employed it is
possible to observe a residual effect due to the action of the
primary pencil on the molecules of the air.

The scattered radiation is not uniformly distributed about
the radiator. The simple theory already outlined leads to the
conclusion that I, the intensity of the radiation emerging from
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the radiator at an angle 6 with the primary rays should be ex-

pressed in the form
I,=Ig(1+cos20) P ()

where 1 . is the intensity of the scattered radiation at right angles

to the primary beam. The scattered radiation is th&s a minimum
in this direction, and approaches twice this value as the direction
of the primary beam is approached.

Careful experiments have shewn that this relation is not
strictly true. In every case the intensity of the radiation on
the side of the radiator from which the
primary rays emerge is greater than
that given out at a similar angle from (
the face by which the rays enter(1). The
distribution is thus unsymmetrical
about a plane through the radiator
at right angles to the primary beam.
This is shewn by the thick line curve
in Fig. 56, which represents the
author’s results for the actual distribu-
tion of the scattered radiation around
a thin aluminium radiator placed at R.
The dotted line gives the theoretical
distribution as determined by (77).

Fig. 56

v77. Polarization of the scattered radiation. Consider
a beam of cathode rays falling on an anti-cathode at O in the
direction DO (Fig. 57). If the first impact of the electrons
produced an X-ray the acceleration of the electrons would be
in the direction OD, and the electric force in the resultant
pulse at any point along the ray OP would be parallel to the
plane of the paper. Actually the fact that the distribution of the
primary rays round the anti-cathode is almost uniform, shews
that many of the cathode particles must experience considerable
deviations owing to collisions with the electrons in the anti-
cathode before producing an X-ray pulse, but at any rate we
may expect a preponderance of direct collisions and therefore
a maximum electric force parallel to the plane of the paper.
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Since there is an excess of electric field in the pulses in a definite
direction the emerging beam may be said to be partly polarized.

Suppose now that this partially polarized radiation falls on
a radiator at P. The electric force will cause the electrons
in the gas molecules to have an acceleration (§ 76), which if
the beam is completely polarized will be in the direction PQ
since the field must be in the plane of the paper and also per-
pendicular to the direction of the ray. Thus the electrons
will be set vibrating in the direction PQ, and will emit radiation
which as we have seen will be zero in the direction of motion
of the electron, and a maximum at richt angles to it. Thus if
the primary rays were completely polarized there would be no

\\
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Fig. 57

scattered radiation in the direction P while it would reach a
maximum in a direction PR through P perpendicular to the
plane containing OD and OP. In other words if we allow the
rays from an X-ray tube to fall on a radiator we should expect
that the scattered radiation would be a minimum in a line
through the radiator parallel to the incident cathode rays, and
a maximum in a direction at right angles to this. The experi-
ments were carried out by Barkla 2) in 1904 and shewed a very
marked effect, the polarization often reaching as much as
20 per cent. The actual amount depends on the hardness of
the rays and the nature of the anti-cathode.

The matter can, however, be pursued further. The electrons
in the radiator are all moving in the plane RPQ. Since the com-
ponent of motion parallel to PR produces no radiation in the
direction PR the scattered radiation proceeding along PR will
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clearly be completely polarized, the electric displacement being
parallel to the direction PQ. Thus if a second radiator of low
atomic weight is placed at R, no radiation should be scattered
from it in a direction parallel to PQ, the maximum scattering
being in a direction at right angles to this. The,relation will
only hold exactly if the different beams are infinitely narrow,
so that they can be regarded as lines. Compton, using very
narrow slits to limit the beams, was, however, able to shew that
the radiation scattered from R in a direction parallel to PQ was
less than 1 per cent. of that scattered at right angles to this
direction. The complete polarization of the beam scattered
along PR has thus been demonstrated.

78. Energy of the scattered radiation. The total energy
scattered by a single electron when a primary X-ray pulse passes
over it can casily be calculated. Let the electron be situated at
a distance r from the point of origin of the X-ray pulse and in a
dircction making an angle 6 with the direction of the acceleration
of the primary electron producing the pulse. The acceleration
of the scattering clectron is then given (76) by

e¥fsin 0
hi= e
and the total energy S radiated by it is, by (75), given by
2¢%( 4,  2¢%sin®0 [ .,
S= 35ij U= s ff I,

where the integration extends over the whole time that the
primary pulse is passing over the electron. But, by (74), I the
energy per unit area in the primary pulse at the scattering
electron is given by
e2sin2f | .
S e
from which we have immediately
S 8n et
17 3 met’ -
where e is measured in electrostatic units.
If there are N electrons in unit mass of the radiator, and if we
can assume that they scatter independently, so that there is no

(18)
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constant phase relation between the secondary wavelets from
the different electrons, the total energy of the scattered radiation
will be the sum of the intensities from the individual electrons.
Thus if S is the total intensity of the radiation scattered from
unit mass of a radiator when in a primary beam of intensity /

S 8x Net
T7 3 meet

This result is historically important as it forms the basis of
by far the earliest method of estimating the number of electrons
in the atom. Since the primary and scattered radiations have
the same pulse form it is legitimate to assume that their energies
are proportional to the ionization produced by them in unit
volume of air. The ratio S/I can thus be determined by making
suitable observations with an ionization chamber. Kxperiments
showed that for elements of low atomic weight and for radiation
of medium wave lengths, the mass coefficient of scattering was
approximately constant at a value of about 0-2.

If Z is the number of clectrons per atom, and W the atomic
weight of the radiator, the number of atoms per gm. of the
radiator is 1/Wm, and the number of electrons is Z/Wm, where
mg is the mass of an atom of unit atomic weight. Hence sub-
stituting in (79) we have

. 8r Z Y/
020 =5 g aa =040
on evaluating. The number of electrons per atom is thus ap-
proximately equal to half the atomic weight.

We can express this result in a more fundamental manner.
The existence of isotopes shews that the chemical atomic weight
of an element is not a fundamental property as different atoms
of the same clement differ in mass. If we arrange the elements
in the order of ascending atomic weights, and number them con-
secutively, beginning with hydrogen = 1, the number assigned
to any element is called its atomic number. All isotopes of the
same element have the same atomic number, though they differ
in atomic weight. Except in the case of hydrogen the atomic
number is not far removed from half its atomic weight. Hence
the result we have just arrived at may be stated in the form that

(79)
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the number of electrons in an atom is equal to its atomic number.
This suggestion is amply confirmed by phenomena with which
we shall deal later.

For primary radiation of long wave length, and for elements
of high atomic number the mass coefficient of scattering in-
creases above its classical value of 0-2. The effect may be ascribed
to the interaction of the scattered waves from the different
electrons. Suppose that the pulse thickness, or wave length, of
the primary pulse is large compared with the diameter of an
atom. The different electrons in the atom will as the pulse passes
over them be all moving simultancously in practically the same
phase, and the radiations they give out will also be in phase. In
this case ordinary optical theory shews that the amplitude of the
resulting wave is the sum of the separate amplitudes, the in-
tensity being the square of the resultant amplitude. The intensity
of the radiation scattered by the atom will thus vary as Z% not
as Z. We may call this “‘coherent” scattering, and we should
expect it to set in when the wave length of the radiation became
comparable with the average distance between the electrons in
the atom. Thus for long wave length radiation and for clements
of high atomic number, where the number of electrons per atom
is large, the scattering is greater than that given by the simple
theory.

1t is also found that for very short wave length radiation the
scattering per electron falls gradually far below the classical
value. This phenomenon is not explicable on the classical theory.

79. The Compton effect. The scattered radiation is found
to be somewhat less penctrating than the primary radiation
which produces it. In a brilliant series of experimental researches
Compton succeeded in analysing spectroscopically the scattered
radiation from a radiator illuminated by a beam of mono-
chromatic X-rays. The experiments were difficult partly owing
to the very small intensity of the scattered radiation, and
partly owing to the smallness of the difference in wave length to
be detected. He found that the scattered radiation consisted of
two components, the one of precisely the same wave length as
that of the primary beam; the second, known as the modified
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radiation, of somewhat greater wave length. The difference AA
in wave length between the two radiations was found to vary
with the direction in which the scattered radiation was viewed,
in fact AX was proportional to sin? 46, where 8 is the angle
between the directions of the primary and secondary beams.
The actual value of AA when measured in a direction at right
angles to the primary beam was 0-024 x 10~8 cm. (0-024 A.U.).
The value was independent of the nature of the radiator and of
the wave length of the primary beam.

The distribution of energy between the two wave lengths,
however, varies with the nature of the radiator. For elements
of low atomic number the scattered radiation is mainly of the
modified type. For elements of high atomic number it is nearly
all unmodified radiation.

To explain these cffects, Compton suggested that the un-
modified line represented the scattering of electrons which were
firmly bound in the atom; the modified line being due to the
scattering by “free” electrons. An electron may be regarded as
free if the energy binding it in the atom is much smaller than
that in the primary X-ray pulse. On the average, clectrons are
much more firmly bound in clements of high atomic number, and
it is thus the clements of low atomic number which would be ex-
pected to give the maximum proportion of the modified radiation.

80. Compton’s theory of scattering. To account for the ob-
served change in wave length Compton made a somewhat daring,
but very successful application of the quantum hypothesis. He
assumed that the quanta of energy in the primary X-ray beam
were so highly localized that they might be regarded as particles
of negligible size, and further, that the collision between one of
these quanta and an electron might be treated by the ordinary
laws of dynamics, in exactly the same way as the collision between
two perfectly elastic particles.

From the fact that radiation exerts a pressure it can easily be
shewn that it possesses momentum equal to its energy divided
by the velocity of light. The momentum of the “quant” as we
may call the localized quantum is, therefore, Zv/c. Consider a
quant travelling in the direction 4B (Fig. 58), and meeting an
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electron at B. After the collision the quant is scattered in some
direction BC, the electron itself moving in a direction BD. It
is assumed that the electron is free to move, and is not rigidly
attached to an atomic structure.

Since the electron has received energy the quapt must have
lost an equal amount. Its energy is no longer /v, but must be
written kv, where v, is less than v, since % is a universal constant.
In other words the frequency of the quantum is diminished by
collision with the electron, that is its wave length is increased.
This is, in essence, Compton’s theory of the (‘ompton effect.

A

Incident Quant

Fig. 58

We can easily put this in mathematical form. Let 6 (Fig. 58)
be the angle between the original and deflected directions of the
quant, and ¢ the angle between the original direction of the
quant and that of the electron; m the mass of the electron and
v its velocity. To obtain a solution we must express the kinetic
energy and momentum of the electron, not in their usual form,
but in the form given by the relativity principle. The kinetic

energy of the electron thus becomes mc? ( ‘/1.1_? - 1), and
mfe

its momentum TR 2 , where B=v/c. By the principle of the

conservation of energy we have

hv=hv1+m2( l_l__ﬁz——l). ... (80)



158 IONS, ELECTRONS, AND IONIZING RADIATIONS

From the conservation of momentum we have further

hv ~]w1 Be
c g cos f +\/ _‘Bz.cong
. mBe .
0=" 0——_"" sing,
Y, B2 ¢
from which we can readily deduce

Gl = () + (-2 fpmo

Combining (81) with (80) and eliminating 8 we have

vlzv/(l—{~—hv n230).

Since v = ¢/A, and v, = ¢/A,, where X is the wave length of
the primary radiation_and A, that of the radiation scattered in
the direction 6, the e(iuation, in terms of wave lengths instead

of frequencies, becomes
2h

/\——A— Bln2]0 ... (82)
The change in wave length thus depends on the angle 6, and
a factor involving only universal constants. Substituting the
accepted values of A, m and c,

Ay — A = AX = 0-0484 sin? 36,
which, for radiation scattered at right angles to the primary
beam, gives us AX = 0-0242 A.U.,

a value identical with that found by direct experiment.

If, instead of being free to move, the electron with which the
quant collides is rigidly attached to an atom, m becomes the
mass of the whole system, i.e. the atom, and AA thus becomes
vanishingly small. The quant is then scattered without loss of
energy, and without change in wave length. On Compton’s
theory this accounts for the unmodified radiation.

The scattering by free electrons involves a loss of energy from
the beam which is transferred to the electron with which the
quant collides, which is therefore projected with a definite
velocity. The short tadpole-shaped tracks seen along the line of
the X-ray track in Fig. 59 (Plate I) are those of the Compton
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recoil clectrons. The longer tracks are those of the photo-elec-
trons ejected when a quant is completely absorbed in the atom.

81. Interference phenomena with X-rays. The identi-
fication of X-rays with light of short wave length naturally
led to many attempts to detect diffraction or interference cffects.
Haga and Windt®) in 1901 made experiments with a V-shaped
slit, a few thousandths of a mm. wide at its narrowest end,
and obtained certain variations of intensity in the resultant
photograph which if really due to diffraction would indicate
a wave length of the order of 1-3 x 10-8 cm. The experiments
are difficult and have never been accepted as decisive, although
it is only just to say that the value obtained by these experi-
ments has been confirmed by the method of crystal reflection
which we are about to describe.

The difficulty in demonstrating diffraction for X-rays lies in
the shortness of their wave lengths. A beam of sodium light of
wave length 5-89 x 10-% cm. is deflected through an angle of some
19° by a grating with 5500 lines to the cm. To produce a similar
deviation in X-rays would require each of these spacings to be
divided into ten thousand spaces, a process mechanically and
physically inconceivable. It was not until 1912 that Prof. Laue4)
conceived the idea that the regular grouping of the atoms in a
crystal, as affirmed by modern crystallography, might provide
a natural grating of suitable spacing for the experiment. The
problem is of course more complicated than that of the ordinary
grating in which the spacings are all parallel and all in one plane.
Since the regularity of the crystal grating is in three dimensions
instead of only one Laue was able to shew that if a narrow
pencil of X-rays was made to pass symmetrically through a
crystal diffracted rays should emerge in various directions from
the crystal and would form a symmetrical pattern of spots on
a photographic plate placed perpendicular to the beam.

The theory was put to the test by Friedrich and Knipping in
1913. Their apparatus is indicated in Fig. 60. F is the anti-
cathode of a powerful focus tube, and the rays are limited to a
narrow pencil by passing through a series of slits in the lead
screens 4, B, C. They then pass along one of its axes of sym-
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metry through a small crystal X. A sighting screen S enables
the adjustment to be made. A photographic plate is then in-
serted at P and an exposure made lasting for some hours. On
developing the plate it was found that the very black central
patch made by the undeflected beam of rays was surrounded
by a symmetrical pattern of spots as indicated by the theory,
some of the spots being deviated by ncarly 40° from the direct
line of the primary beam. A Laue pattern for nickel sulphate
is reproduced in Fig. 61 (Plate 11I).

F
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Fig. 60

82. Theory of Laue’s experiment. Modern crystallo-
graphers, following Bravais, have been led to regard the atoms
in crystals as arranged with a definite spacial symmetry. All
the atoms of the same sort are regarded as forming a regular
system of points in space, the different systems belonging to
the different atoms of course interpenetrating. This net-like
arrangement is known as a space lattice.

In order that a set of points shall form one of these space
lattices they must satisfy certain geometrical conditions.
These conditions can be worked out irrespective of any definite
knowledge of crystalline structure merely from the general laws
to which all regular patterns in space must conform.

It has been shewn that the only method of dividing up space
which will satisfy the conditions is as follows. A series of three
sets of parallel planes is taken intcrsecting each other. All the
planes in each set are parallel and equally spaced, but the
spacings of the different sets need not be the same, and the
planes may intersect at any angle. The space is thus divided
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up into a series of parallelepipeds (Fig. 62) the corners of which
form a space lattice. The atoms are supposed to be placed at each
of these corners. The three directions parallel to the three edges
of the parallelepiped form the axes of the crystal. We have seen
that an atom under the action of a Rontgen pulse becomes the
centre of a secondary wave of disturbance which spreads out

=
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Fig. 62

through space. Consider a series of atoms 4, B, C, ... (Fig. 63)
all equally spaced along a line parallel to one of the axes of the
crystal. By the ordinary
theory of optical diffraction
a wave front EB travelling in
the direction EA4 will give rise
to a diffracted wave front
AF travelling in the direction
BF if the optical path dif-
ference BF — E 4 is an integral
number of wave lengths of the
radiation used, that is if 4B (cos ¢ — cos ¢,) = pA, where p is
an integer. Writing 4B = a, cos ¢y = oy and cos ¢ = a we have
for all the atoms along the line ABC to co-operate to form a
diffracted wave, a (@ — o) = pA

Exactly similar conditions apply to the atoms equally spaced
parallel to the other axes of the crystal. Thus if a, b, ¢ are the
distances apart of the atoms in the three dircctions parallel to the
axes &, By, o the cosines of the angles between the incident ray
and these three axes, and «, B, y the cosines of the angles made
by the diffracted ray and the axes, the conditions which must

Cc1 Ix

Fig. 63
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be simultaneously fulfilled in order that there may be a diffracted
ray are

@ (& — o) = pA
b (B~ By)=¢A N ()
¢y —vo)=1A

where p, ¢, and 7 are any integers.

If the radiation employed were strictly monochromatic so
that A is fixed, then since @, b, and ¢ are fixed by the crystal
structure it would not, in general, be possible to satisfy these
three equations with finite values of the integers, p, ¢, and 7.
The X-rays from an X-ray tube, however, form a continuous
spectrum and the crystal picks out, as it were, the particular
components of the radiation which are suitable for diffraction.
Thus the different diffracted rays differ in wave length, and the
exact interpretation of the pattern is not always easy. Fortu-
nately aslight modification of the experiment due to W. L. Bragg (5)
gives not only a much simpler method of regarding the phe-
nomena but also results capable of yielding more definite
information.

83. Reflection of X-rays by crystal planes. Experiments
of Bragg. Shortly after the publication of the work of Laue,
W. L. Bragg®) discovered that X-rays could be regularly
reflected by the cleavage planes of crystals when the rays were
incident on the surface at nearly glancing angles. If we return
to Fig. 62 it will be noticed that along certain planes drawn
in the crystal, the construction planes, for example, the
atoms are thickly studded, that is to say, these planes pass
through a considerable number of atoms. It is possible to
draw other planes in the crystal, such for cxample as those
drawn through opposite edges of the elementary parallelepipeds,
which contain somewhat smaller but still considerable numbers
of atoms. These planes are closely related to the surfaces of the
natural crystal. They represent lines along which the crystal
will cleave or split with comparative ease, and all are parallel
to possible faces on the crystal.

Consider now a parallel beam of X-rays falling on one of
these thickly studded planes represented in section by the dots
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in Fig. 64. As the wave front passes over each atom in turn,
it becomes the source of a secondary pulse similar in character
to the primary radiation. These secondary pulses will combine
to form a plane wave front inclined to the reflecting plane at an
angle equal to that of the incident wave. We haye, in fact, a
reproduction of Huygens’ construction for the reflection of a
planc wave at a plane surface, except that the reflecting
“elements” are now discontinuous.

There is, however, an important distinction between the
specular reflection of light, and the so called “reflection” of
X-rays by crystal planes. The fraction of the incident energy

Tig. 64

which is reflected from a single plane of atoms is infinitesimally
small. Most of the radiation is transmitted to be reflected again
at the series of parallel planes through which it passes while
penetrating into the crystal. If the waves reflected from these
successive plancs of atoms are in phase with each other when they
reach some point outside the crystal they will co-operate to form
a measurable reflected beam. If they are out of phase they will,
by the ordinary laws of interference simply cancel each other
and there will be no reflected beam. The effect, when it occurs, is
thus a volume not a surface reflection. It depends on the in-
ternal structure of the crystal, not on its surface, and will occur
even if the crystal exhibits no actual facet parallel to the planes
we are considering.

Let pp, qq, 77, ... (Fig. 66) be a series of parallel planes of
atoms and PP’ be a wave front advancing on the crystal in the

I1-2
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direction P@Q, making an angle 6 with the surface pp. The re-
flected ray must travel in a direction QR making the same angle
with the surface pp as the incident ray PQ. The waves reflected
from the surfaces pp, gg, will be in phase at a point R if their path
difference, B’Q’R — PQR, is an integral number of wave lengths
of the radiation. Draw QSN perpendicular to pp and @D
perpendicular to P'N. Then since PQ and QR make equal
angles with the line pp, and QN is perpendicular to pp, @'Q is
equal to @'N and the path difference between the two rays
under consideration is P'Q' + QQ' — PQ = P'Q' + QN — P'D
= DN = QN sin 6
=2dsin b, . ... (89

|

N

Fig. 65

where d is the perpendicular distance between the planes.
Hence the condition for maximum reflection at any crystal
face is that 2d sin 6 shall be an integral number of wave lengths
of the radiation used.

It will be noticed that the problem is exactly analogous
to that of the diffraction grating, the various parallel planes
acting as lines in the grating. Applying the usual optical
principles it can be shewn that a very small discrepancy from
exact agreement in phase between the separate elements such
as would be introduced by a very slight change in the angle 6,
will result in the almost complete extinction of the radiation by
interference. The angle at which reflection occurs is, therefore,
very sharply defined.
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If the incident X-radiation is homogeneous there will obviously
be a series of angles at which the radiation can be reflected,
these being obtained by making n successively equalto 1,2, 3,.. .
in the general equation

2dsinf=mnA, . . .°% . (89)

where A is the wave length. These will correspond to the spectra
of different orders produced by a grating, and may be alluded
to as the first, second, etc., order reflection spectra. These
spectral lines can be identified as belonging to the same
primary wave length by the fact that sin 6, : sin 6, : sin 6; : ete.
::1:2:3.. ..

The method obviously gives us a means of comparing the
wave lengths constituting our primary beam. For if we allow
two beams of wave length A and A" to fall on the same face of
the same crystal they will suffer reflection at angles 6 and ¢’
respectively, such that 2d sin 6 =nd, 2d sin 6’ = n)’. Hence
for the same crystal and the same order of reflection we have

A_ sginf
ey

Thus if our primary beam is made up of a number of definite
wave lengths, there will be a series of definite angles at which
we shall obtain sharp reflection of the rays, each angle corre-
sponding to some definite wave length. If on the other hand
the X-rays form a continuous series of wave lengths, there will
be a certain range of angles between which reflection will take
place. This corresponds to the case of the continuous spectrum
formed by a grating with white light, and the radiation may
conveniently be referred to as “white” X-radiation.

It is obvious that the phenomenon is confined to certain
definite small limits. Since the maximum value of sin 6§ is
unity, then nA/2d must be less than 1. Thus reflection will
only take place when n is sufficiently small and d sufficiently
large. In very favourable cases, using the principal planes of
the crystal ¢ may be as much as five times A, in which case as
many as ten spectra may be observed. The intensity however
as in the case of an ordinary grating decreases rapidly with
the order of the spectrum. It is found experimentally that the

(86)
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distance apart of the planes decreases rapidly as the planes
become less fundamental, and eventually becomes so small
that there are no values satisfying equation (85) for the wave
lengths generally present in a Rontgen beam.

It is evident that if we keep A constant and use different
planes as reflecting planes we can find the relative values of d
for the various crystal systems and thus obtain much light on
crystal structure.

84. The X-ray spectrometer. The different angles at
which reflection can occur may be investigated either by a
photographic or by an ionization method, and each has been

[

Fig. 66

used by different investigators. The apparatus needed for the
ionization method has been perfected by W. H. Bragg and is
indicated in Fig. 66. The rays from the anti-cathode of the
X-ray tube are limited to a narrow pencil by two adjustable
lead slits 4 and B. The arrangement may be compared to the
collimator of a spectroscope. The crystal is mounted on the table
of the spectrometer, as we may call it, at C, and its orientation
may be read by the vernier ¥V on the circular scale of the instru-
ment. The ionization chamber  is carried by an arm also pivoted
at the centre of the instrument, and the reflected beam can be
limited by a third lead slit D. The current through the ioniza-
tion chamber can be measured by an electroscope or electrometer
in the usual way. As the intensity of the reflected ray is usually
small the ionization chamber is generally filled with some heavy
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gas such as methyl iodide, in which the ionization produced by
a given beam of X-rays is more intense than it is in air.

In using the apparatus the crystal and the chamber are moved
together, the latter of course being always moved through twice
the angle of the former. As the glancing angle between the
crystal face and the incident beam is gradually increased a
point is reached where the electroscope shews a deflection, and
the ionization current can be plotted against the glancing angle.
If the rays are homogeneous the X-rays will only enter the

1

Ko Tungsten target
710,000 volts

lonization current

3rd. order

Ist. order

Glancing angle
Fig. 67

chamber and the current will only flow at certain definite angles
corresponding to the different order of spectra for that parti-
cular wave length, and the curve will be discontinuous.

This case is represented by the top curve of Fig. 67, which
shews the current through the chamber against the glancing
angle 6. It will be seen that the curve shews three peaks or
“lines,” and these three peaks can be identified as being due
to the same waves by the fact that sin 6, : sin 6, : sin 6; as
1:.2: 3. In general, however, if the radiation is that from an
ordinary X-ray tube, it will be made up of certain rays of
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definite wave lengths together with more or less ‘“white”
radiation or radiation of continuous wave length. The curve
will then be a continuous curve rising to various peaks or
maxima, the height of which affords a rough measure of the
intensity of, the corresponding wave length in the primary
beam. This is shewn in Fig. 67 the bottom curve of which gives
the spectrum of the radiation from a tungsten anti-cathode. It
will be seen that in this very important practical case we have
a series of peaks which are characteristic of tungsten, on a back-
ground of “white ’radiation. Atlarger angles peaks appear again
in the second order reflections, and again in the third order. It
will be noticed that the intensity decreases with the order of the
spectrum. These peaks are characteristic of the tungsten anti-
cathode. They appear whatever the nature of the crystal used
for the reflection; rock salt, calcite and fluorspar, all yield-
ing the same result. The curves are in fact exactly similar in
the three cases, only the scale of the curve depending, as might
be expected from the theory, on the nature of the crystal used.

85. X-ray spectrometry. Photographic methods. In
the photographic method of X-ray spectroscopy the ionization
chamber is replaced by a photographic tilm, which is usually bent
round a former into a circular arc concentric with the axis
carrying the crystal. The crystal itself is slowly rotated, by a
clockwork mechanism, throughout the exposure. When, in the
course of rotation, the reflecting planes in the crystal make with
the incident beam an angle which is the reflecting angle for one
of the constituent wave lengths in the incident radiation, a
reflected ray is momentarily produced which records itself on the
photographic film. The rotation of the crystal is continued
until the weak images so formed are sufficiently exposed.

A photograph of the L-spectrum of tungsten, taken by Dr
G. Shearer, is reproduced in Fig. 68 (Plate II). The central
bright band is due to radiation which has passed straight through
the crystal. The characteristic lines of the tungsten spectrum
show as bright lines standing out on a much fainter background
due to the general radiation from the tube. Since the photograph
was taken with the crystal describing complete revolutions, the
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spectrum appears symmetrically on each side of the central
bright band. The photographic method is generally employed
when measurements of wave length of the highest order of
accuracy are required.

An alternative method, due independently to Hull, and to
Debye and Scherrer, is to powder the crystal very finely, and to
use this powder enclosed in a thin walled tube in place of the single
crystal. Since the millions of minute fragments are orientated
entirely at random, the incident radiation is sure to meet some
of the crystal plancs at the critical angle for reflection. Since
only a few of the crystal grains are effective for any given radia-
tion the reflected beams are weak, but the difficulty can be
overcome by prolonging the exposure. The method is used with
homogeneous incident radiation, and has the advantage that this
radiation will be reflected during a single exposure from all the
possible reflecting planes in the crystal. A single photograph will
thus give a complete picture of the crystal structure, and the
method is chiefly employed for this purpose.

86. Determination of the wave length of X-rays. The
theory so far developed only enables us to compare wave
lengths. To determine them in absolute units we must know
the distance apart of the planes in our crystal grating. The
discussion involves some acquaintance with elements of crystallo-
graphy, but the argument is briefly as follows.

N
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Fig. 69

Taking the case of a simple cube (Fig. 69), the most
important faces are (1) the face of the cube itself, (2) the face
parallel to a plane through opposite edges of the cube, (3) the
face parallel to a plane including one corner of the cube and
passing through the diagonal of the opposite face. The develop-
ment of this face gives rise to regular octahedra and is exceedingly
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common on cubic crystals. The three sets of planes are denoted
in crystallography as {100}, {110}, and {111}, respectively.

Now crystallographers recognize three classes of cubic
symmetry,

(1) the gimple cube arising from a simple cube lattice such
as we have already described,

(2) a cube with a single particle at the centre, known as the
cube centred lattice,

(3) a simple cube with a particle at the centre of each face:
this is known as the face centred lattice.

Now the ratios of the distances between two successive planes
in the three sets of planes corresponding to the systems {100},
{110}, {111} will not be the same for the three kinds of lattices.
It can be shewn by simple geometry that

11 .1
dioo " 110 i

=1:v2:V3 for simple cube lattice

1 _
=1: \/*2- :4/3 for a cube centred lattice
V3

=1:V2: - for a face centred lattice. . (87)

Now by using the same homogeneous X-radiation for the
three faces {100}, {110}, {111} respectively we can by (85)
find the ratios of dygy: dyyo: diy- We can thus identify for any
given crystal, by applying the above results, the particular
order of cubic symmetry to which the crystal belongs.

Let us apply these results to the important sylvine group,
comprising rock salt (NaCl), sylvine (KCI) and the corre-
sponding bromides and jodides. These are chemically and
crystallographically similar and may reasonably be expected
to have the same structure. In the case of sylvine the measure-
ments would indicate that it has the simple cubic structure.
With rock salt, however, we meet a new phenomenon. The
reflections from the {100} and the {110} faces are similar to those
from sylvine. The reflections from the {111} faces give a weak
first order spectrum, a strong second, a weak third, a strong
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fourth, and so on. Judging only by the strong spectra we should
assign to rock salt the simple cube lattice. Judging by the
weak first order spectrum it would be a face centred lattice.
How are the two results to be reconciled with each other and
with the result for the crystallographically identical sylvine?

W. L. Bragg made the suggestion that the points making
up the crystal structure were not molecules of the salt but
atoms of its constituent elements. Since the intensity of the
radiation scattered is proportional to the atomic number, reflec-
tion from a plane of sodium atoms (Na = 11) would be appre-
ciably less than that from a plane of chlorine atoms (Cl = 17).
A sct of planes alternately made up of all sodium atoms, and all
chlorine atoms would thus resemble a grating in which every odd
ruling was somewhat wider than the even ones. Such a grating,
as is well known, gives in addition to its normal spectra a set of
weaker spectra with half the normal deviations. The experi-
mental observations will thus be explained if the {111} planes
are composed alternately of sodium atoms and chlorine atoms,
while the {100} and {110} planes arec cach composed of equal
numbers of the two kinds of atoms.

These conditions are satisfied if the atoms are arranged as in
Fig. 70. Here the black dots D
indicate the metallic atoms,
the circles the atoms of
chlorine. It is easy to shew
that the same structure will
serve for the sylvine crystal.
Potassium has an atomic ¢ 4
number 19, very close to that )
of chlorine. In fact, since the
compound KCI is formed by
the passage of an electron from ¢
the potassium atom to the {Fig. 70
chlorine atom, the number of electrons in each will be the same,
and their radiating powers will be identical. The structure of
Fig. 70 obviously reduces to a simple cubic lattice if the dots
and the circles become identical. The pattern of Fig. 70 must,
of course, be regarded as repeating in every direction.

aQ
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Accepting this structure for the rock salt crystal we see
(considering the adjacent cubes in all directions) that each
sodium atom is associated with eight of the small cubes into
which the figure can be divided, and assuming its mass to be
equally divided among the cubes, one-eighth of the mass is
included in each cube. There are four sodium atoms associated
with each small cube and thus each small cube includes the
mass of half an atom of sodium, and therefore half a molecule
of the compound sodium chloride. Thus the whole structure
of Fig. 70 represents four molecules.

The distance apart of the planes bounding the small cubes
is obviously d,q, all the planes being exactly similar. Hence
the volume of each small cube is (d;o0)®. The mass associated
with each small cube is one half that of the sodium chloride
molecule, that is 1 (23 + 35:5) x (the mass of an atom of unit
atomic weight), i.c. 1-65 x 10-2% gm.

Hence if p is the density of the rock salt crystal (= 2:17) the
mass of the cube = p (djpo)® = 29-3 X (165 x 10-2)

and dyoo = 2814 x 108 cm.

For the most pronounced radiation from platinum the glancing
angle for the first order spectrum using the dygo planes of rock
salt is 11-4°. Hence substituting in the equation A = 2d sin 6
the wave length of this particular X-radiation is given by
A=1-10 x 10-8 cm.

87. The X-ray spectra. The continuous background.
We have seen that the X-ray spectrum emitted when cathode
rays impinge on a target consists, to use optical phrascology, of a
series of bright lines superimposed on a continuous luminous
background. The lines are characteristic of the substance forming
the target and constitute its X-ray spectrum. The background is
independent of the nature of the target except for the fact that
its intensity is proportional to the atomic number of the element
of which the target is made. For a given target the intensity of
the radiation is proportional to the square of the p.n. across the
tube, and to the current passing through it. The energy in the
radiation is, however, only a minute fraction (about i747) of
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that of the incident cathode rays, the remaining portion of the
energy appearing in the target in the form of heat.

The distribution of intensity in the spectrum is indicated in
Fig. 716). The form of the curves is reminiscent of the dis-
tribution of energy in the spectrum of black-body radiation,
but there is still considerable doubt as to the equation to the
curves. The maximum of the curve moves in the direction of
shorter and shorter wave lengths as the p.p. across the tube is
increased.
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It will be noticed that the curve falls to zero at some definite
wave length, which depends on the p.D. used to excite the tube.
There is thus for each p.D. a minimum value for the wave length
of the radiation emitted, or in other words a maximum frequency,
which cannot be exceeded. Very careful investigation of this
end part of the spectrum by Hull(7) and others has shewn that
this frequency vis directly proportional to the applied p.n. If ¥
is the potential difference in volts it was found that over the
whole range of potentials employed (from 24,000 to 100,000
volts) the relation could be expressed by the formula

V = 4131 x 10718y,
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or converting volts to absolute e.s.u. and multiplying both sides
by e, we have

Ve= (1-377 x 10-17) x (4-774 x 10-19) p
= 6-565 x 1027y,

®
Thus the maximum frequency of the radiation emitted is related

to the maximum energy of a cathode particle in the tube by the
quantum relation, energy = Ve = hv, and the value of Planck’s
constant % obtained in this way agrees accurately with that
determined from photo-electric phenomena. It will be noted
that in the present case we arc dealing with the transference of
energy from an clectron to radiation; in the photo-clectric effect
we have the reverse phenomenon, but the same law governs both.

The fact that most of the radiation has a frequency less than
the maximum, is due to the exciting electrons losing cnergy
owing to collisions in the target, before making the type of
collision which results in X-radiation.

88. The X-ray spectra. The characteristic radiations.
The characteristic spectrum of an clement may be mapped by
making it the target in an X-ray tube. Special demountable
tubes, which can be rapidly opened up for changing the target
and then re-evacuated, are generally employed for the purpose.
The rotating crystal method described in § 85 gives the most
accurate results. 1f the position of the line to be investigated is
known approximately it is unnecessary to rotate the crystal
through 360°. 1t is sufficient to set the crystal at approximately
the correct angle, and to rock it backwards and forwards through
a few degrees on each side of the expected value. In this way the
relative wave lengths of the different lines can be compared to
an accuracy approaching one part in a million. The absolute
values, which depend on the determination of the lattice constant
for rock salt and hence ultimately on the value of the electronic
charge, are not known to an accuracy greater than 1 in 1000.

Experiments made prior to the development of X-ray spectro-
scopy had indicated that the characteristic radiations from an
X-ray tube fell into certain groups known as the K and L radia-
tions. Elements of high atomic number gave indications of a
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still more absorbable group known as the M radiation. A study
of the absorption of these radiations indicated that they were
approximately homogeneous.

When examined by the spectrometer it is found that neither
the K nor the L radiations are homogeneous. The K radiation
consists of four principal lines; the L radiation shews ten or
more. Thus the K spectrum of tungsten, the element most often
employed in the target of an X-ray tube, shews four K lines:

K, = 0-21345; K, = 0-20862; K, — 0-18422; K, = 0-17898;

all in Angstrom units, and an L spectrum (Fig. 68) of thirteen
distinet lines ranging from 1-6750 to 1-0963 A.u. Some lines of
an M series of wave length between 6-969 and 6-076 A.U. have also
been observed (11).

The outstanding feature of the X-ray spectra is their great
similarity to each other. In fact, with some minor exceptions,
the characteristic spectrum of one element differs from that of
another only in being displaced bodily in the spectral scale, the
wave length of the various lines becoming smaller as the atomic
number of the element becomes greater. Moseley (8), to whom the
first extensive series of observations is due, found that if v is the
frequency of some particular line in the spectrum, say the K,
line for example, then its value for any element can be expressed
by the equation
v=a(Z-02 . . . . . (88)

where Z is the atomic number of the element, and @ and b are
constants for that particular line. The value of a varies as we
pass from one line to another, say from the K, to the K, line.
The value of b is the same for all lines of the same series. For
the K series it has a value very nearly equal to unity; for the
L series its value is about 7-4. These relations are not quite
exact, but if v/» is plotted against Z a perfectly smooth line is
always obtained, which, however, shews a slight curvature for
large values of Z.

It is interesting to note that when plotting his original ob-
servations Moseley found that it was necessary (in order to avoid
definite breaks in the curves) to postulate that four elements, of
atomic number 43, 61, 72, and 75, remained to be discovered.
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These missing elements have since been discovered and identified
by their X-ray spectra.

89. The absorption of X-rays. If a sheet of any substance
is interposed in the path of a homogeneous beam of X-rays the
intensity of the beam is diminished, and falls off exponentially
with the thickness of the sheet. Thus if I, is the initial intensity
of the beam, I its intensity after passing through a thickness

d of material,
I=ILe*, . . . . . . (89)

where p is the coefficient of absorption of the radiation in the
particular absorbing substance. The value of u for radiation of
any wave length can be measured conveniently with Bragg’s
spectrometer. The instrument is adjusted so that radiation of
the desired wave length falls on the slit of the ionization chamber,
and the absorbing substance, in the form of thin sheets, is placed
in the path of the reflected ray, between the crystal and the
ionization chamber.

It is found experimentally that the absorption depends only
on the number of atoms of the substance in the thickness of the
absorbing layer, and is independent of their state of aggregation.
Thus p/p, where p is the density, is constant for a given substance
and independent of any changes in density due to its physical
condition. p/p is called the mass coefficient of absorption. The

absorption can obviously be expressed in the form I=I,e™» ™,
where m is the mass of unit area of the absorbing sheet.

It is necessary to distinguish carefully between the portion
of the energy of the incident beam which is actually absorbed or
transformed in the absorbing substance, and that portion which
is merely scattered in radiation of the same quality as that of
the incident beam. As the scattered radiation is dispersed in all
directions, only a fraction of it, depending on the angle sub-
tended at the absorbing sheet by the aperture of the ionization
chamber, will enter the latter, and the beam will thus suffer a
diminution in intensity from this cause alone. If the experiment
is arranged so that only an inappreciable fraction of the scattered
radiation enters the measuring chamber the coefficient 4 as thus
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measured is the sum of two distinct coefficients, the one =
measuring the actual absorption, the other o the scattering.

Thus p=o+m

For light elements we have already seen that o/p has a value of
about 0-2, and is independent of the wave length of the incident
radiation.

If we take some definite absorbing substance and a beam of
homogeneous radiation of large wave length, so large, in fact
that it does not excite the characteristic L radiation of the
absorbing substance, it is found that the coefficient of absorption
7 diminishes rapidly with diminishing wave length, the relation

being approximately of the form

%
T—own.
P

This is shewn by the portion M
of the curve in Fig. 72. At a
certain perfectly definite wave
length, however, there is a sharp .-
and very marked discontinuity | /.-
in the curve relating = and A and

the absorption rises abruptly to

a high value. At this identical wave length the absorbing sub-
stance begins to emit its characteristic I radiation. The energy
of this characteristic radiation must be abstracted from the
primary beam, and hence the sudden increase in the coefficient
of absorption. The particular frequency for which this pheno-
menon occurs is known as the critical absorption frequency
for the given substance. These absorption limits are so sharp
that their position can be determined with an accuracy equal to
that of the emission lines.

After passing the L discontinuity the absorption again de-
creases with the wave length, and again according to a third
power law, but with a different coefficient of proportionality,
until the wave length is reached at which the A radiation of the
absorber is excited. This gives rise to a K discontinuity, and the
phenomena described above repeat themselves. For elements of
very high atomic number an M discontinuity is observed in the

e
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long wave region corresponding to the excitation of the charac-
teristic M radiation. The absorption curve for varying wave
lengths thus has the appearance shewn in Fig. 72 and the
relation may be expressed by the formula

a

;=(0x+C’L+0M...)A3,. ... (90)

where Cg, Cp, and (', are constants for the given substance,
which come into action when the wave length of the incident
radiation is less than the corresponding K, L, M, ... absorption

limits.
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It may be mentioned, in passing, that the absorption limit
has a wave length slightly shorter than that of any of the lines
in the corresponding series. No line of the K series is excited
until the K limit is reached, but on reaching it all the lines are
produced simultaneously. Close investigation has shewn that
the L limit is, in fact, a triple one consisting of three peaks very
close together (Fig. 73), while the M discontinuity consists of
no less than five such peaks. The relation between the frequencies
of the same absorption limit for absorbing elements of different
atomic number is given by Moseley’s relation

v=a(Z-b2 . . . .. (9])
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90. Characteristic secondary radiation. As we have seen
in the last section the characteristic radiation of an element
may be excited not only by the impact of cathode rays in a
discharge tube but also by the action of a beam of X-rays,
providing that the latter is of suitable wave lengtln The rays
so excited may be described as characteristic secondary rays,
to distinguish them from the purely scattered secondary radiation
already described (§ 76).

Much work had already been done on these characteristic
secondary rays by Barkla(12) and others, before the phenomena of
crystal reflection gave us a means of actually measuring their
wave lengths. In order to identify the different radiations
their absorbability in a light substance such as aluminium, which
has no discontinuities within the range of wave lengths usually
employed, was used as a test both of their homogeneity and
of their wave length.

If the absorption of a beam of X-rays is measured using
different thicknesses of the absorbing substance we can get a
rough test of the homogeneity of the beam. If we have a primary
beam of rays containing both hard and soft rays the latter will
be absorbed by the first few thicknesses of material while the
former being more penetrating will be largely transmitted.
The beam will thus become relatively richer in the more pene-
trating components as it passes through greater thicknesses
of material, and hence its absorption will not follow an
exponential law.

It was found by Barkla that the absorption of the primary
rays from an ordinary focus tube was not exponential, and
the rays were thus presumably complex. It was found,
however, that the secondary radiation given out by a
copper radiator for example when illuminated by a beam
of primary X-rays was absorbed fairly accurately according
to an exponential law, and was, therefore, homogeneous.
For this reason the characteristic secondary radiation from
a radiator is often described as its ‘homogeneous radiation.”
As we have seen, neither series of characteristic radiations is
strictly homogeneous. As, however, the lines in the same series
do not differ very widely in wave length we should not expect

I12-2
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to disentangle them by the comparatively crude absorption
method.

Since the radiation is only excited when the primary beam has
a wave length shorter than the corresponding absorption limit,
and thus shorter than its own wave length, it is sometimes re-
ferred to as “fluorescent” radiation. Unlike the scattered radia-
tion, the fluorescent radiation is emitted uniformly in all direc-
tions round the radiator.

\/91. Conditions for the direct excitation of characteristic
radiation. As we should expect from the quantum relation the
characteristic radiation of a given element when used as an
anti-cathode is only excited if the incident cathode rays reach
a sufficiently high velocity. For cathode rays of smaller velocity
than this only the “general ” radiation is given out. The matter
was first investigated by Whiddington(13) and subsequently by
Wehster(14), who used a spectrographic method of determining
the presence of characteristic radiation. The experiments were
carried out with an X-ray tube having a rhodium target and
excited by means of a battery of a large number of accumulators.
The applied potential was thus constant and could be measured
with high accuracy. The maximum energy Ve of a cathode
particle in the discharge was thus accurately known. The radia-

. tion emitted by the rhodium target was analysed by a spectro-
meter. It was found that for a potential difference of 23-2
kilovolts no lines of the rhodium K spectrum were excited, but
that when the potential difference was raised to 23-3 kilovolts
all the lines of the series appeared simultaneously.

Now the wave length A for which Ve is the quantum of energy
is given by the relation Ve = hc/A. Substituting in this equation,
the value of A corresponding to a ».n. of 23-3 kilovolts is found
to be 0-533 x 10-% cm. which is the value found directly for the
K discontinuity of rhodium by absorption experiments. The
wave lengths of the A lines of rhodium range from 0-616 to
0-534 x 10~8 cm. Thus a given line in the spectrum is not excited:
when the energy in the cathode particle becomes the quantum
for the ray concerned, but only when it reaches that of the
critical absorption frequency.
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92. The theory of X-ray spectra. The application of the
quantum principle to the phenomena described in the preceding
sections leads at once to a very convincing explanation of the
characteristic X-ray spectra. The work which must be done to
extract an electron from the atom will depend on the forces
which hold it bound, and hence on its position within the atom.
Let us suppose that for the most firmly bound eleetrons, which
we will call the K electrons for short, this work is equal to wg.
The smallest frequency which the incident radiation may have for
it to be able to effect this removal is therefore vg = wg/h, where
h is Planck’s constant. We may assume that if the quantum of
energy is insufficient to produce this ionization the electron will
be unaffected by the radiation, and will absorb no energy from
it. Thus if the wave length of the incident radiation is greater
than that corresponding to a frequency vg, no energy will be
absorbed from it by the K clectrons. As soon, however, as the
frequency increases to the critical value, absorption by the
K electrons begins, and there is thus a sudden marked increase
in the coefficient of absorption at this critical frequency. Thus
the K absorption discontinuity marks the point at which the
K electrons are capable of abstracting energy from the incident
X-radiation. Similar considerations apply to the other absorp-
tion discontinuities.

Thus each discontinuity corresponds to some definite position,
or level, within the atom where electrons are to be found, the
“level” being characterized by the work which must be done
to extract an electron from it. This energy is calculable, without
ambiguity, from the critical absorption frequencies by the relation

W= hv,,

where v, is the critical frequency, and this calculation is con-
firmed by the direct measurements made with cathode particles
and described in the previous section (§ 91)\.( The comparatively
small number of discontinuities and their great sharpness in-
dicates that the levels which may be occupied by electrons
are comparatively few, and their position very sharply defined.
The existence of such levels is thus a necessary deduction from
the phenomena of X-ray absorption, and does not depend on
any theory of atomic structure.
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The expulsion of an electron from, say, the K level will leave
a vacancy which will be filled up by some electron, either from
outside the atom or more probably, and hence more frequently,
by an electron from one of the higher levels. Let us suppose, for
example, that the electron falls into the vacant space from the
L, level. Energy will thus be liberated, in amount equal to the
difference between the work necessary to extract an electron
from the K level, and that necessary to extract an clectron from
the I, level, that is to say, to wg — wy, . On the quantum theory
this will be radiated in the form of homogeneous radiation the
frequency of which will be given by y
Yo b = wg —wy, = hvg — by, .. (92)

s

v should thus be the frequency of a line in the K series of the
element. Now, as we have seen, all the quantities in this equa-
tion can be determined to an accuracy of at least one part in ten
thousand. 1t provides, therefore, a very searching test of the
validity of our reasoning.

The experimental data are most complete for tungsten, since
this metal is the usual target in an X-ray tube. The values of
the K and L, discontinuities are respectively 0-1785 x 10-8 and
1:2136 x 10-8. We can put equation (92) in the formj\ Al /\1

K AL
where A is the wave Iength of the radiation which should be

emitted. The value of is 4:792 x 108, and the value of
AK AL.

A should thus be the reciprocal of this, that is 0-2086 x 10-8.
The wave length of the K, line is found, by direct measure-
ment, to be

0-2086 x 10—% cm.

Equally satisfactory agreement is obtained for the other lines
of the K spectrum. Fig. 74 indicates the origin of the different
K lines, the levels being indicated diagrammatically by horizontal
lines. This theory, which is due to Bohr, has been applied
with equal success to the more complicated L radiations.
In the case of the L radiation we have three possible final
levels corresponding to the three L discontinuities.

The energy characterizing each level in the atom of a given
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relement can, as we have seen, be determined experimentally

either from the critical absorp- , Geq
tion frequencies, or from the N; T %3
critical energy which a cathode 115,5 T tas
il b 4 1T %

particle must possess to be able —dg,
to eject an electron from the &; ¥ g
given level. The results obtained il v R 4
by the two methods are in good ; | Mo e,
agreement. A third method, af ; ¥ iy
which promises equal accuracy, M : R 33,2
is provided by the ph U

provided by the phenomena 3 L REEE Mg
of corpuscular secondary radia- y, I 321',
tion described in the following i La,aByn '
section. The values for the | L i 2

. N T 2.2
different levels are thus experi- I, . 24,
mental data, and are indepen- L 1 230
dent of any particular theory b

K

of the structure of the atom. o;’%f'az
They provide in fact a series J'{* i
of tests which any such theory XK T

should be able to satisfy. Fig. 74

The energy associated with an atomic level is usually ex-
pressed in clectron-volts (p. 72). Similarly a homogeneous radia-
tion is often specified by its quantum cnergy, also cxpressed in
the same unit. Since 1 “volt” = 1-691 x 10-12 erg, the fre-
quency v of a one volt radiation is 1-591 x 10-12/6:55 x 1027
or 0-243 x 10 per sec. Its wave length ¢/v is 12-34 x 10-% cm.
Similarly the familiar yellow sodium line may be described as
2-1 volt radiation.

93. Secondary corpuscular radiation. In addition to the
scattered and homogeneous secondary radiations which are
themselves X-radiations, a beam of X-rays falling on a sub-
stance also gives rise to a very easily absorbable radiation
which can be deflected by a magnetic field, and can thus be shewn
to consist of negatively charged electrons. The velocity of these
electrons can be measured by the application of equation (37).
These corpuscular rays are all absorbed within a few centi-
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X-ray emission spectra and absorption edges

TasLE VI

The ¢neasurements are mainly due to Siegbahn(9)

Element K series x 108 cm. L series x 108 cm.
Ab- L4 ab-
Kao, Kg, sorption L, Ly, |sorption
limit limit
11. Na 11-88 11-59 - — - —
24. Cr 2-285 2-081 2:066 —_— — —_
26. Fe 1-932 1-753 1-739 — — —_
27. Co 1-785 1-617 1-604 — — —
28. Ni 1-6564 1-497 1-484 .- - —
29. Cu 1-537 1-389 1-377 13-31 - —
30. Zn 1-432 1-293 1-280 12-23 — —
42. Mo 07078 0-6310 0-6185 5-395 — 4-904
47. Ag 0-5583 0)-4960 )-4845 4-146 3:6156 3:691
50. Sn 0-4896 0-4343 0-4239 3-592 2-995 3-149
4. W 0-2086 0-1842 0-1782 1-473 1-096 1-:213
78. Pt 0-1822 0-1637 01577 1:310 0-956 1-071
92. U 0-1264 01119 0-1066 0-909 0-614 0-721
TasLE VII
Absorption of X-Rays.
Wave Mass absorption coeflicient 7/p
length
Ax 108 0 Al Cu Mo Ag b
01 - - 0-164 0-323 — 1-13 378
02 0-183 0-269 1-53 402 575 4-62
03 0-240 0-531 4-47 127 180 13-9
04 0-338 1-05 10-1 26-7 384 327
05 0-498 1-91 188 48-6 11-0 59-3
06 0-746 318 31-6 80-7 187 91
07 1:10 5:00 492 18-8 256 133
08 1:55 750 - 272 — -—
09 2-12 10-3 97 37-5 57 140
10 2-87 13-8 133 51 75 71
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metres of gas, and hence the ionization they produce is very
intense.

Taking the theory of X-rays already propounded, the electric
force in the primary pulse will be at right angles to its direction
of propagation. The electrons will, therefore, have an accelera-
tion in this direction, which if their attachment to the atom is
sufficiently weak will cause them to be projected in this direc-
tion, that is at right angles to the primary beam. This lateral
projection is extremely well shewn in photographs taken by
C. T. R. Wilson’s cloud chamber method and shewn in Figs. 18
and 59 (Plate I). The primary beam, which is invisible, passes
across the gas from left to right. The tracks of the electrons
ejected by the rays are revealed by the condensation of water

i P 3L P’

—_—w ;rrR

Fig. 75

upon them. It will be seen that each of these tracks begins nearly
normal to the line of the beam.

This secondary corpuscular radiation bears the same relation
to the incident X-radiation that the photo-electrons bear to
light, and it is now customary to refer to them also as photo-
electrons. Owing to their much higher speed, however, the
distribution of velocities among them can be determined more
directly and with greater certainty than for the ultra-violet
photo-electrons. The experiments were first carried out by
de Broglie(15), and have since been extended by Robinson(16)
and others.

The method employed is indicated in Fig. 75, which represents
the apparatus used by Robinson. The incident beam of X-rays
entering the chamber by an aluminium window w falls on
the radiator at B. The secondary corpuscular rays emerge from
R in all directions and some pass through a narrow slit S
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immediately above the radiator. The photographic plate PP’ is
placed film upwards to receive these radiations. The whole box
is evacuated to a high vacuum, and is placed in a uniform
magnetic field, the lines of which are perpendicular to the plane
of the paper. Each of the particles thus describes a circular path
%”c) It is easy to shew that if the radiator is not
too large all particles of the same velocity passing through the
slit will be brought to a line focus on the photographic plate, the
plane of which passes through the radiator. The clectrons describe
a semicircle in passing from S to L, and their velocity is therefore
given by }SL = anv The field H is supplied by a pair of large
Helmholtz coils, and is accurately calculable from the current
flowing in the coils.

If the radiator is illuminated with homogeneous X-radiation
the plate is found after development to be crossed by a number
of sharp lines, shewing the presence of groups of electrons of
identical velocity. The theory of X-ray spectra already described
provides a convincing explanation of these groups of electrons
and their existence provides additional support for the theory.

Suppose the frequency of the incident radiation to be v, where
v 18 greater than vy, the K absorption frequency. The K electron
will absorb a whole quantum Av of the radiation but of this an
amount wy (Where wy is the energy required to remove an elec-
tron from the K level) will be used in extracting the electron
from the atom. Thus its energy on emerging from the atom will
be hv — wg. Similar effects will occur at cach of the other ab-
sorption levels since the primary radiation may be absorbed in
any of the levels in the atom. Thus for incident radiation of
definite frequency v the corpuscular radiation will contain groups
of electrons the energies of which are kv —wg, bv —wy , and
so on. Thus if we measure these energies experimentally from
the observed magnetic deflections, the energy values for the
different levels in the radiating atom can be determined. The
values obtained in this way are in excellent agreement with those
determined by the methods already described. The method has
the advantage that it can be applied to determine the energy

of radius p=
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associated with levels for which the critical absorption wave
length is too great to be investigated by the absorption method,
such for example as the A level for oxygen and the M and N
levels for elements of medium and high atomic numbers.

The relations we have been discussing are very yividly illus-
trated by the* cloud ” photograph reproduced in Fig. 18 (Plate I),
anddue toC.T. R. Wilson. A very faint beam of X-raysis directed
against the thin copper plate which is to be seen in the centre of
the photo. The beam is so weak that during the exposure only a
single quantum has been absorbed by the copper. The track of
the ejected photo-electron is seen emerging from the copper plate.
An electron falling back into the vacant place in the K ring of the
atom causes the emission of a quantum of copper K radiation.
This after travelling outwards for a short distance is completely
absorbed in a molecule of gas, and the resultant photo-electron
forms the short track which is visible towards the lower left-
hand corner.

94. Reflection, refraction and diffraction of X-rays. On
the classical theory the refractive index p of a substance for
radiation of frequency v is given by

&N o,

pr=1+ (93)

am 'y v —1?)’
where n, is the number of clectrons per unit volume with a
natural frequency v,, the summation extending to all the clec-
trons present. The frequency of X-radiation is usually greater
than the natural frequency of the clectrons in the atom. The
second term is, therefore, negative and the refractive index of
any substance for X-rays is less than unity.

A pencil of X-rays falling on a polished glass surface is there-
fore passing into an optically less dense medium, and should be
totally reflected if the angle which it makes with the surface is
sufficiently small. This conclusion was verified by Compton, who
found that at glancing angles of the order of 10” or less as much
as 90 per cent. of the incident X-radiation was reflected from a
well polished glass surface. The value of p for the glass could be
determined by measuring the critical angle. It was found to be
(1 — 812 x 10-%) for radiation of wave length 1-54 a.u., and
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decreased with increasing wave length. The value calculated
from the formula is (1 — 8-14 x 107%).

By directing a very fine pencil of X-rays at the edge of a large
angle prism Siegbahn has obtained excellent dispersion spectra.
Using the radiation from a tube with an iron target, the four K
lines of the iron spectrum were quite clearly separated.

The fact that total reflection occurs, at small glancing angles,
has made it possible to determine
the wave length of X-radiation
by means of an ordinary optical
reflection grating. Let 4, B
(Fig. 76) be two adjacent rulings
of an optical grating, and AC Fig. 76
an incident wave front. A diffracted ray will exist in the direction
AD if CB — AD = nA, where n is an integer. Calling the angle
CBA ¢ and the angle DAB ¢ + a we have

nA=AB {cos ¢ —cos (¢ +a)} =d (dm—l—%z:),

if all the angles are small. Thus using a grating of only 500 lines
per em. and an angle of incidence of 10, then for Mo, radiation

of wave length 0-70 x 10-8 ¢m. the value of « for the first order
spectrum (n = 1) will be 3-5%, that is to say the angle between
the directly reflected ray and the first diffracted ray will be 3-5".
This, though small, is quite measurable.

Experiments on these lines were carricd out by Compton (17) and
byWadlund (18), and the method has subsequently been employed
with increasing refinements in measuring the small angles con-
cerned by Siegbahn and others. The radiation from the target X
of an X-ray tube (Fig. 77) after passing through the slit S; is
rendered approximately monochromatic by reflection at the
crystal C, the crystal being set so as to pick out one of the strong
emission lines of the target. It then passes through a second slit
S, on to a speculum grating G' about 5 mm. wide and having 500
lines to the centimetre, which it strikes at a glancing angle of a
few minutes only. The directly reflected radiation, for which the
angles of incidence and reflection are equal, makes an intense

band at O on the photographic plate PP, and is accompanied by
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diffracted rays corresponding both to positive and negative
values of n. The angles can be determined from the geometry of
the apparatus, and hence the wave length of the radiation.

In spite of the smallness of the angles, wave-length deter-
minations can be made to an accuracy approaching 0-91 per cent.,
and to this order agree precisely with the determinations made
by the crystal method. This coincidence affords very valuable

Fig. 77

confirmation of Bragg’s theory of crystal reflection and, in-
cidentally, provides a method of deducing the electronic charge
e which is not markedly less accurate than that of Millikan.
The value so obtained (4-774 x 10-8 ec.s.u.) is in satisfactory
agreement with Millikan’s value. Apart from this, the method is
proving useful in investigating the long wave length part of the
X-ray spectrum, where, owing to the great absorbability of the
radiation, it is difficult to get good crystal reflections.

95. Ionization by X-rays. The ionization produced by a
beam of X-rays in its passage through a gas is the property
generally employed to measure the intensity of the beam. X-rays,
however, ionize, not directly, but by means of the corpuscular
radiation excited in the gas. This is shewn very clearly by the
photographs reproduced in Figs. 18 and 59. The ions formed
along the tracks of the photo-electrons are clearly shewn, but
there are no ions marking the path of the radiation itself. The
corpuscular radiation is of two kinds. Photo-electrons are ejected
when a whole quantum is absorbed by an atom; these form the
long tracks shewn in Fig. 18. In addition recoil electrons are set in
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motion when a quantum is scattered (§ 80). Since the scattered
quant only transfers a small fraction of its energy to the recoil
electron its velocity is small and its track usually very short.
Some of these very short tracks can be seen along the centre
line of Fig. &9. For radiation of long or medium wave length the
absorption is much greater than the scattering so that most of
the ionization is due to the photo-electrons. For very hard
radiation, say 0-1 A.U., the reverse is the case, and the ioniza-
tion is mainly due to recoil electrons.

In either case the number of ions produced is directly pro-
portional to the energy absorbed in the gas from the radiation.
It thus depends on the coefficient of absorption in the gas as
well as on the energy of the radiation. Of two beams of
X-rays of equal intensity the one with the greater wave length
will produce the greater ionization, owing to its larger cocfficient
of absorption. The international unit of X-ray intensity, known
as the réntgen, has been defined as the intensity of a beam which
when passing through 1 c.c. of air at standard temperature and
pressure enables it to transmit 1 e.s.u. of charge per second. The
actual energy density corresponding to an intensity of 1 réntgen
will be much less for radiation of long wave length than for short
wave radiation. It is only when the beams are of the same
quality that the ionization currents are a measure of the energy.
Experiments secem to shew, however, that if the ionization
chamber could be made so long that the beam of X-rays was
completely absorbed in the chamber the total ionization pro-
duced by the beam would be independent of the quality.
Unfortunately this is usually impracticable.

Gases containing elements of high atomic number, and hence
of large absorptive power, are much more intensely ionized than
air, and can be substituted for the latter in the ionization cham-
ber when radiation of small intensity has to be measured.
Methyl iodide is commonly employed for this purpose.

The measurement of the ionization produced in a gas by a
beam of X-rays demands certain experimental precautions if
the results are to be of any value. The number of photo-electrons
produced in a gas is very small compared with the number
emitted from a metallic surface under the same conditions. It
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is very important therefore that the beam should pass through
the gas in the ionization chamber without touching the elec-
trodes. The windows through which the beam enters and leaves
the chamber should be so far from the electrodes that the
electrons emitted by them do not reach the gas hetween the
electrodes. The form of chamber shewn in Fig. 6 is suitable for
comparative measurements.

For absolute measurements it is necessary to surround the
insulated electrode with a guard ring so that the field across the
gas may be uniform, and the volume of gas from which the ions
are collected well defined. To reduce errors arising from the radia-
tion scattered in the gas which may fall on the electrodes and
give rise to secondary emission, the electrodes arc made of an
element of low atomic number, usually aluminium, though paper
covered with graphite is sometimes used. The distance between
the beam and the electrodes must be sufficiently long to allow
of the complete absorption of the photo-electrons in the gas
itself. Two or three centimetres is usually sufficient. The voltage
applied must be sufficient to ensure saturation.

Under these conditions very accurate measurements can be
obtained both of weak and of intense beams.
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CHAPTER XI

THE &-RAYS

96. Properties and nature of the a-rays. The a-rays
from radio-active substances are distinguishable from the other
radiations by their absorbability, being completely stopped
by less than 10 cm. of air or 1/10 mm. of aluminium. They
can be detected by their action on a photographic plate, which
is, however, very weak, by the ionization they produce in the
gases through which they pass which is very intense, or by the
fluorescence they produce on a fluorescent screen, the latter
method being extremely convenient especially when the radia-
tion is weak. On observing the fluorescence through a low power
microscope it is found to consist of a succession of scintillations
produced by the successive impact of the individual particles
in the rays. 1t has been shewn that each particle produces a
separate flash on the screen when it collides with it. The impact
of a single a-particle can thus be observed.

The tracks of a-particles can readily be observed by means of
a Wilson cloud chamber. Owing to the intense ionization pro-
duced the track of an a-particle appears as a thick white streak
in the chamber. Such a track is shewn in Fig. 16 (Plate I).

By passing a beam of the rays down a long exhausted tube
and applying electric and magnetic fields it can be shewn that
the a-rays consist of particles carrying a positive charge. The
velocity of the particles and the value of the ratio e/m
can be deduced from the deflections in the usual ways. The
value of e/m is the same for all the a-particles no matter
what their source and is equal to 4823. The initial velocity
depends on the radio-active substance from which they are
ejected. These velocities range from 145 X 10° to 2-2 x 10°cm.

per sec.
ci 13
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97. Nature of the a-particle. The ratio of charge to
mass for a hydrogen atom when carrying a single electronic
charge is 9649 e.m.u. per gm. The value for an e-particle is
4823 or half that of the hydrogen atom. If the charges were
the same ghe particle would thus be twice the mass of the
hydrogen atom, and hence probably a hydrogen molecule. It
will be shewn later that the particle carries double the charge
carried by an electron; its real mass is therefore four times
that of a hydrogen atom, and thus corresponds very closely
with that of the helium atom (atomic weight 4-0).

The proof of the identity of the particles with helium has
been rendered complete by an experiment due to Rutherford.
A very thin walled glass tube A4 (Fig. 78) was
sealed into an outer tube B which was highly C
exhausted and connected to a small discharge
tube C. To prove that there was no con-
nection between 4 and B the former was
filled with helium under pressure and left for B
some hours. No trace of the helium spectrum
was obtained in the discharge tube C. The
helium was carefully removed and radium
emanation was passed into 4, and allowed
to stand. The glass walls of 4 were suffi-
ciently thin to allow the a-particles from the Fig. 78
emanation to pass into B where they were stopped by the
outer walls. Under these circumstances the helium spectrum
became visible in C in a few hours, and became brighter as
the experiment was continued. As the a-rays were the only
particles entering B during the experiment it is clear that the
a-particles must be atoms of helium.

98. The counting of a-particles. Owing to its high speed
and comparatively large mass, a single a-particle possesses appre-
ciable kinetic energy. The kinetic energy of the a-particle from
radium ( for example is 1-2 X 10-5 erg or 7-7 million electron
volts. It produces rather more than 200,000 pairs of ions during
its absorption in air, and thus permits the passage across the
ionization chamber of about 104 e.s.u. This is quite measurable
with a sensitive electrometer.
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An electrometer sufficiently sensitive to detect such a charge
has necessarily a long period. For rapid counting it is desirable
to amplify the eflect. One method, employed by Rutherford as
early as 1908, is to adjust the pressure in the ionization chamber
until the field between the electrodes is suflicien$ to cause
ionization by collision whenever a supply of ions is provided
within the chamber. In this way the small primary ionization
produced by the entrance of an a-particle is increased many fold
by the sccondary ionization produced by the collisions of the
primary ions with the gas molecules in the chamber.
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Fig. 79

This method was used by Rutherford and Geiger to determine
the number of a-particles emitted per second per gram of radium,
using the apparatus sketched in Fig. 79. The radio-active sub-
stance is deposited on the metal cone @, and a beam of a-particles
passes, by way of a large bore tap, T, through a stop D, which
subtends a known solid angle Q at the source. They then enter
the ionization chamber L, the inner electrode M of which is
connected to an electrometer. The cntrance of each a-particle
into the chamber is marked by a kick of the electrometer needle.
To prevent the accumulation of the charges on the needle the
latter is earthed through a very high resistance, so that after each
kick the charge leaks away to earth. If » is the number of

13-2
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kicks recorded per second, the total number of a-particles emitted
per second by the source is 4mn/Q. A gram of radium, free from
its dissociation products, emits 3-72 x 10 «-particles per
second.

If the a-particles are collected in a Faraday cylinder, the total
charge conveyed by the particles can be determined. To avoid
loss of charge through ionization currents, the chamber 4 (Fig.
79) is enclosed in a high vacuum. It is shielded from electro-
static disturbances by an earthed aluminium leaf B. Surfaces
exposed to a-radiation give off large numbers of slow negative
electrons, known as 8-rays. 1f these were allowed to escape from
the Faraday cylinder, they would leave it with a spurious positive
charge. The apparatus is placed between the poles of a strong
magnet, NS, which, by coiling the 8-ray tracks into small
spirals, prevents them from leaving their place of origin.

If the angle subtended by 4 at the source R is measured, the
number of a-particles entering A is known. The charge on each
particle can thus be deduced. Rutherford obtained the value
9-3 x 10710 e.s.u.

The method of counting a-particles by the scintillations they
produce on a fluorescent screen has been extensively used. The
most suitable material is zinc sulphide in which has been in-
corporated about 0-01 per cent. of copper. The screen, covered
with the powdered sulphide, is viewed with a low-power micro-
scope of large aperture. The observations must be made in
complete darkness, as the scintillations are very faint. Under
good conditions a trained observer can count scintillations at the
rate of about 20 per minute, and will record about 95 per cent. of
the scintillations which actually occur.

Regener used the scintillation method to determine the num-
ber of a-particles emitted per second by a polonium source, and
by measuring also the charge conveyed by these particles to a
Faraday chamber, obtained a value for the charge on a single
a-particle of 9-58 x 10-1° ¢.s.u. It will be seen that the values
obtained both by Regener and by Rutherford are each very
close to twice the electronic charge. The agreement of the two
values was taken as evidence that every a-particle produces a
scintillation when it strikes a fluorescent screen. On account of
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the greater simplicity of the method the majority of the experi-
ments on a-particles have been made by the scintillation method.

Recently, however, experiments on the scattering of a-par-
ticles made in connection with the investigation of atomic nuclei
have necessitated the counting of many thousands of,a-particles,
a very tedious procedure by the scintillation method. At the
same time the development of the thermionic valve amplifier
has vastly increased the potentialities of the electrical method.
We have seen that a single a-particle permits the passage of
about 104 e.s.u. of charge. If this is applied to the grid of a
thermionic valve, and if the capacity of the ionization chamber
and grid is, say, 50 e.s.u., the resulting increase of grid potential
will be of the order of 6 x 104 volts. A signal of this strength
can be amplified in the usual way and can be made to furnish an
output current capable of working an electromagnetic counter
of the type used for recording telephone calls. Thus the entrance
of a single a-particle into the ionization chamber can be made to
record itself automatically on a dial.

Owing to its inertia a mechanical counter takes an appreciable
fraction of a sccond to reset itsclf. a-particles entering the
ionization chamber within, say, 1/20th of a second of each
other would probably be recorded as one only. The recording can
be speeded up by the use of a special type of valve relay known
as a thyratron, in place of the mechanical relay. Alternatively
the impulses from the amplifier can be passed through an oscillo-
graph of very small free period. Each «-particle will then produce
a deflection in the oscillograph which can be recorded on a
moving photographic film. This method has the advantage that
since the deflections are proportional to the output current, which
in turn is proportional to the strength of the input signal, the
deflections are proportional to the ionization produced by the
ionizing particle itself in the ionization chamber. This is some-
times useful in determining the type of particle entering the
chamber. The circuits used for automatic «-particle recording
are mainly duc to Wynn Williams(1), and the original papers
must be consulted for the details. With recent improvements in
the method it is possible to count 400 particles per second, with
an accuracy of 1 per cent.
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99. Passage of the a-particles through matter. If a narrow
pencil of a-particles is formed in air by placing a small diaphragm
in front of a thin layer of some radio-active material—so thin
that the absorbing effect of the layer itself on the a-particles it
emits is negligible—and the particles are viewed by a fluorescent
screen, which is gradually withdrawn farther and farther from
the source, it is found that the number of a-particles falling per
second on the screen remains constant until a certain critical
distance is reached. If this distance is exceeded, the number of
scintillations falls off with such rapidity that they entirely dis-
appear within the next few millimetres.

Similarly, if the screen is kept fixed close to the diaphragm
and very thin sheets of aluminium, mica or other substance are
placed successively in front of the diaphragm, the number of a-
particles reaching the screen remains constant until some definite
thickness of material has been placed in the path of the particles.
This critical distance is called the range of the a-particle in the
absorbing material.

The range of an a-particle depends on the particular radio-
active substance from which it is emitted, all a-particles from the
same substance having the same range. It also depends on the
nature of the absorbing material. For the same material the
range depends only on the mass of material traversed by the
rays. Thus for a given gas the range is inversely proportional to
the density of the gas. The range of an a-particle is usually
specified as the distance the particle will penetrate through air
at a pressure of 760 mm. and a temperaturc of 15° C. The range
of the a-particles emitted by radium is 3-4 ¢cm. and of those from
radium €’ 6:9 em. in air under standard conditions.

These results can be illustrated by experiments with a cloud
chamber. If a speck of radio-active material is enclosed in the
chamber, the tracks of the particles are clearly visible after ex-
posure and can be photographed and measured. Fig. 80 (Plate III)
shews the result obtained using a mixture of thorium C and
thorium (. The existence of two definite ranges and the
practical equality of the lengths of track of particles of the same
kind are very clearly brought out.

Since the number of «-particles in a beam remains constant up



THE @-RAYS 199

to the end of the range, the absorption of the rays is not due to
a gradual decrease in number, but to a gradual absorption of
encrgy, which ultimately leaves the particles with insufficient
energy to produce either scintillations or ionization. This
conclusion can be verified by measuring the velacity of the
particles after passing through various absorbing sheets of
matter. The rays from a wire R coated with a very thin layer of
radio-active material pass down a long air-tight glass tube T
(Fig. 81) and are formed into a narrow pencil by the lead
diaphragm D. This beam then continues between the poles of
an electromagnet NS, and falls on a fluorescent screen F. From
the geometry of the apparatus and a measurement of the shift
produced in the fluorescent spot when the magnetic field is

Fig. 81

applied, the radius of curvature of the rays in the magnetic
field can be calculated, and using the equation p = vmn/He (37)
v can be calculated since the ratio of e/m for the a-particles is
known. It was found that the velocity of the rays after passing
through a distance z of air could be expressed in the form

v=aR—-2z),. . . . . . (99

where R is the range of the particle in air. The cube of the
velocity is thus directly proportional to the distance the particle
has still to run. This conclusion has been further confirmed by
Kapitza, who has measured the actual energy of the rays at
different points along their course, by absorbing them in a silver
disk, and measuring the heat developed by a sensitive radio-
micrometer.

100. Ionization along the track of an a-particle. Much
of the energy absorbed from the a-particle in its passage through
matter is spent in producing ionization. The number of ions
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produced per centimetre along the track of the particle depends
on the velocity of the particle, and increases rapidly as the
velocity diminishes. It rises to a sharp maximum as the particle
reaches the end of its range, and then drops to zero as the particle
comes to r¢st. If we assume that the number of ions produced
is proportional to the energy absorbed from the a-particle, an
assumption which is at any rate approximately correct, the
intensity of the ionization I at any point will be proportional

d . .
to & (3 mv?) or since the mass is constant

d@) d
1 iz .;‘lx(R—z)
m(]{_w)—:‘l’
IP=d/R—a), . . . . . . . (9)

where a’ is a constant.
It will be noticed that combining equations (94) and (95) we
have
Iv = constant. S 1))

The amount of ionization produced in an atom by an e-particle
is thus proportional to the time which the particle takes to
pass across an atom, a very interesting result.

The matter can be investigated experimentally by a method
originally due to W. H. Bragg, and illustrated diagrammatically
in Fig. 82. The source of the radiation is deposited in the form of
a very thin film at R, and the emerging a-particles are limited to
a narrow pencil by a lead stop (. The rays are received in a
shallow ionization chamber 4B, consisting of two parallel plates
placed at a distance apart of 2 or 3 mm. The upper plate is con-
nected to the electrometer, and the lower plate, which is made
either of gauze or of very thin metal leaf so as to admit the pas-
sage of the a-rays is connected to a battery. The saturation
current between the electrodes measures the mean intensity of
ionization produced by the beam in the portion 4B of its path.
By altering the distance between 4B and R the intensity at
different parts of the path can be determined.

A more accurate and convenient design is shewn in Fig. 83.
The source R is placed at one end of a tube, some 10 cm. in
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length, the other end of which is closed with a stop C, covered
with thin metal leaf. 4B is a shallow ionization chamber. The
tube is air-tight and can either be completely evacuated, or filled
with gas at a known pressure. If the tube contains air at a pres-
sure p mm., the effective distance that the particlgs have tra-
versed before reaching the stop C is RC x p/760 cin. and can
thus be adjusted without moving the apparatus. The effect of
the foils at C and B can be measured and allowed for.

L IC

i P )
R — A
Fig. 82

Fig. 83

101. The straggling of the a-particles. The experimental
curves for the homogencous rays from polonium and {rom
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Fig. 84

radium (’, are shewn in Fig. 84. Their general form agrees quite
closely with the curve given by (95) except that the maximum
is not so sharp, and the fall to zero not so precipitous as the
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simple formula would lead us to expect. This is due to what may
be called the straggling of the a-particles. The absorption of
energy from the particle is due mainly to the ionization it
produces. This will depend on the number of molecules it strikes
along its pa¢h, and to the particular way in which it strikes them.
Since the molecules in a gas are widely scparated, some a-par-
ticles will strike rather more, others rather fewer than the
average number, in passing through a centimetre of air, and thus
the actual distance from the source at which their energy is
completely expended will be somewhat different for different
particles. This naturally causes a certain rounding off of the
maximum in the experimental curves, which, of course, give the
mean cffect for a large number of particles.

Owing to straggling the range of an a-particle is not quite
definite. To avoid this difficulty an extrapolated range is usually
employed. This is obtained by producing to zero the straight
descending portion of the curve indicated by the dotted line in
Fig. 84.

The ionization curve for a short range a-particle is almost
identical with the corresponding portion of the curve for a long
range particle. Thus the curve for polonium (range 4 cm.) is
practically identical with the last 4 em. of the curve for the
radium (" particles (range 7 cm.). The range of a beam of homo-
geneous a-particles thus depends only on V, the velocity of
projection. Putting z = 0 in (94) we have

V8=aR. . . . . . (97)

This is Geiger’s law, and while not quite exact, is sufficiently so
for many purposes.

102. The stopping power of substances. The range of
the a-particles In any gas can be determined accurately by the
method of Fig. 83. The stopping power of solid materials can be
determined with the same apparatus, the absorbing foils being
mserted between the stop € and the window B of the ionization
chamber. Thus if the insertion of a given sheet of mica is found
to reduce the range of the a-particles from radium C’ from 7 cm.
to b cm., the sheet would be said to have a stopping power of 2 cm.



THE &-RAYS 203

The ratio of the mass of a column of air of unit cross section
to the mass per unit area of the substance which produces the
same diminution in the speed of the a-particle is called the
stopping power of the substance.

It was found better to express the stopping power in terms
of the number of atoms traversed rather than in terms of the
mass. The transformation can easily be made. Thus the
stopping power of silver is 0-37; that is to say, in passing
through a given mass of silver the velocity of the a-particle is
only reduced by 0-37 of the decrease produced in passing
through an equal mass of air. But for equal masses of air and
silver the former contains 108/14-4 times the number of atoms,
108
144
as much as air. This is called the stopping power of the atom.
Experiment has shewn that except in the case of very light
elements the stopping power per atom is proportional to the square
root of the atomic weight, the mean value of the stopping power
over the root of the atomic weight being about 0-26.

The stopping power of an atom is independent of its state of
chemical combination, being the same in compounds as in the
free state. Thus the stopping power of a compound can be
calculated from that of its constituents.

hence atom for atom silver stops 037 x =2'8 times

103. Long range a-particles. The a-particles emitted by a
particular radio-active substance arc projected with identical
velocitics, and the range of the particles emitted serves to
identify the substance from which they come. In addition to the
normal a-particles, however, some radio-active substances also
cmit occasional a-particles of range appreciably longer than the
normal. The proportion of such particles is very small, and does
not exceed one long range particle to 50,000 normal particles.

The ranges of these particles have been determined by
Rutherford() and others using a modification of the apparatus of
Fig. 83, the insulated plate being connected to the grid of the first
valve of a valve amplifier. Sufficient absorbing material is used
to cut off completely the normal a-particles. The experimental
curve giving the relation between the distance from the source
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and the number of a-particles counted per second for radium C
was very complex (Fig. 85).
It shewed the presence of one
strong group of particles of
range 9 cre. in air, together
with at least cight other groups
of less intensity with ranges
varyingfrom 7-8cm. to 11-5cm.
Similar effects are obtained with
other mdio-act.ivo bodios. Oom T 5em.

The determination of the Distance from source
energy of emission of these long . 85
range a-particles is important in connection with the constitution
of atomic nuclei. An approximate value could be deduced by
Geiger's rule from the observed ranges. More accurate informa-
tion, however, was much to be desired. Rutherforde) has
recently constructed a powerful electromagnet capable of
bending the path of the a-rays into a semicircle, and thus made
it possible to use the focusing method already described in § 93.
The source of a-rays is placed at one end of a semicircular
channel, cut in the magnetic poles in a plane at right angles to
the magnetic field, and a small counting chamber is placed
diametrically opposite to it, at the other end of the channel.
The channel is completely exhausted of air, so that the particles
lose no velocity in passing round the channel.

I p is the radius of the semicircular canal, a particle will only
be able to traverse the canal, without hitting the sides and
being lost from the beam, if the radius of curvature of its path
in the magnetic ficld H is identical with that of the canal,
that is if the particle has a velocity V equal to HIpE/m, where
E/m is the ratio of the charge to the mass of an a-particle. By
gradually varying the magnetic field, successive groups of «-
particles can be brought in turn into the counter. The corre-
sponding value of H enables the velocity, and hence the kinetic
energy of the particles to be determined, the accuracy being of
the order of one in ten thousand. The results are contained in
Table XI, p. 259. These are, of course, in addition to the
normal groups of particles of range 6-9 cm.

& Number of particles
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104. The scattering of the a-particles. As is well shewn
in Fig. 80 (Plate III), the track of the average «-particle is approxi-
mately a straight line from beginning to end. A few a-particles,
however, suffer appreciable deflections. For cxample, the track
shewn in Fig. 16 shews two such deflections, the firstsabout two-
thirds of the way along, and the second near the end of its track.
The deflections are generally more numerous near the end of the
track, where the velocity is small.

The scattering of a-particles can be investigated by allowing
a narrow pencil of the rays to fall on a thin sheet of some
material, and investigating the number of a-particles emerging
at various angles to the incident pencil by means of a fluorescent
screen, Thus Geiger found that using a thin sheet of gold leaf
of stopping power 3-:68 cm. about one particle in about 8000
suffered a deflection greater than 90° and re-cmerged on the side
on which it entered. The average deflection was of the order of
7°, and increased proportionally with the thickness of the
scattering foil.

If we assume that the atomic radius is of the order of 10-* cm.
it is clear that an «-particle in traversing several centimetres of
air must pass through some thousands of atoms of the gas. Only
a minute proportion of such encounters, however, produce any
appreciable defleetion of the a-particle. It is difficult to avoid the
conclusion that the greater part of the atomic volume is occupied
only by electrons, which are too light to deflect the comparatively
massive a-particle, and that the main mass of the atom is con-
centrated in a particle, or nucleus, much smaller than the
atomic structure as a whole. The nuclear theory of the atom was
first propounded by Rutherford in 1911, and has revolutionized
our ideas of atomic structure.

105. Rutherford’s theory of scattering. Let us assume
that the mass of the atom is concentrated on a nucleus, the
dimensions of which are negligible in comparison with the radius
of the atom. We will assume that the positive charge in the atom
also resides in this nucleus, and is equal numerically to Ze.
Since the atom is neutral as a whole, there must be Z negative
electrons outside the nucleus, arranged in some manner to be
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discussed later. Z is thus the atomic number of the atom. The
atomic system thus resembles in many respects a planetary
system, the nucleus playing the part of the central sun. The «-
particle, since it has lost its two planetary electrons, will consist
of a nucleug only of atomic mass 4, and charge 2e.

The electrons, on account of their small mass, cannot appreci-
ably affect the motion of the a-particle. It also turns out that
during a collision the colliding nuclei come within such a minute
distance of each other that most of the deflection oceurs while
the a-particle is well within the innermost ring of electrons. The
electrical screening of the nuclear charge by the planetary
electrons is also negligible.

The a-particle and the nucleus, being hoth positively charged,
repel each other with a force which at distances which are large
compared with the radius of the nucleus, will vary inversely as
the square of the distance. 1t is assurned that the observed
deflections are due to this foree. The problem is thus one of two
gravitating Dodies, except that the foree involved is one of
repulsion, not attraction. If the
mass of the deflecting nucleus P
is large compared with that of
the o-particle, so that the motion
communicated to the nucleus
is negligible, the path of the
particle will be a hyperbola,
with the nucleus at one
focus.

Let § (Fig. 86) be the
nucleus, supposed fixed, PO
and OP’ the initial and final
directions of the a-particle, V Fig. 86
its initial velocity, and v its
velocity in passing through the apex A of its trajectory. Let p
be the length of the perpendicular SN let fall from S on the
initial direction of the a-particle.

By the principle of conservation of angular momentum

pV=84.» . . . . . (98)
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and by the conservation of energy

Ze .E
2 - IMe? 4 =2
MV = IM? + SA
M being the mass and E the charge of the a-particle.
b ]
2_yp2(1- 2
Hence =7 (1 SA)’
2Ze. . Ze.E
Whe]‘e b = M’-Vz’ = *1"“ 5 . . . . (99)

where T is the initial kinetic energy of the a-particle. Combining
this equation with (98) we have

PP=S84(S4-b). . . . . (100)

If we write SON = POA = 0, the eccentricity of the hyperbola
is sec 6, and by the geometry of the conic, SO = OA sec §. Thus
S84 = 80 + 04 =p cosecc 6 (1 + cos 6)

=pcotff2. . . . . (101)
Substituting in (100) we have
b=2pcot .

The resultant deflection ¢ of the a-particle is the angle POP’
between the two asymptotes, or = — 26, whence finally
¢ _2p
2 b

Thus to be deflected through an angle greater than ¢, the
initial direction of the a-particle must pass within a distance p
of the nucleus, given by (102).

Let ¢ be the thickness of the scattering foil, which we will sup-
pose so small that the probability of the same a-particle suffer-
ing more than onc deflection is negligibly small. Let n be the
number of atoms per unit volume of the material of the foil.
The number of atoms contained in a cylinder of length ¢, and
base #p? is mp?nt. This measures the probability that the a-par-
ticle will pass within a distance p of a nucleus, and thus suffer
a deflection greater than the corresponding value of ¢. The
probability p of a deflection exceeding ¢ is thus given by

cot (102)

p = lmntb? cot? :Zé
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If we are dealing with a sufficiently large number of particles
p is obviously also the fraction of the whole number which suffers
displacements greater than ¢.

Similarly the fraction dp of particles whose deflections lie
between ¢rand ¢ + de is given by

dp = 2mrpnt.dp
= }rntb® cot(—é cosec? (1; .de.

Hence the number ¢ of a-particles which will reach a screen
subtending a small solid angle w at the scattering foil, in a direc-
tion making an angle ¢ with the direction of the incident a-rays
can be shewn to be given by

=1 @nib%w cosect 34, . . . (103)

16
where @ is the number of incident a-particles.

106. Experimental verification of the theory of scattering.
A very clegant method of verifying the theory was devised by
Chadwick 4). The source of the a-particles was placed at 4 on
the axis of a brass plate in
which had been cut a narrow Pl{‘/‘/s;
circular zone PP. The scatter- e Ay
ing substance (very thin leaves - .
of copper, silver, or gold) S~ 7T TR
covered this clear zone, while e .-
the observing screen was i)lK\‘
placed, also on the axis of the
plate, at S. The apparatus
can be visualized from the section in Fig. 87 by imagining the
diagram to be rotated about the axis 48.

Thus all the particles which reach S must have been scattered
through the same mean angle ¢. The angle can be varied by
varying the distance AS. The variation of scattering with the
kinetic cnergy of the particles can be investigated by placing
absorbing screens of known stopping power in front of the
source 4. The apparatus is enclosed in a highly evacuated box
to eliminate absorption in the air.

Knowing the dimensions of the screen S, and of the other parts

Fig. 87
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of the apparatus it is easy to calculate, from (103), what fraction
of the particles incident on the foil should be scattered to the
screen. The predictions of the theory were fully borne out by the
experimental results.

If the number @ of a-particles falling on the scatteriag annulus
is found, the only unknown in equations (99) (103) is the factor Z,
the number of charges on the scattering nucleus. @ can ob-
viously be calculated if the number of particles per unit solid
angle emitted by 4 is known. This can be measured by removing
PP, and so allowing the incident beam to fall directly on the
screen 8. In this way Chadwick found for copper, silver and gold
values of Z equal respectively to 29-3, 46-3 and 77-4. The atomic
numbers of these elements are 29, 47, and 78. Moseley’s sugges-
tion that the charge on the nucleus of an element is equal to its
atomic number is thus confirmed.

The closest distance of approach between an a-particle and a
nucleus for a head-on collision is obviously given by b, or Ze . E/T.
It is thus directly proportional to the atomic number of the
scattering element, and inversely proportional to the energy of
the incident particle. For oblique collisions it is given by (101).
A swift o-particle will thus penetrate more closely to a nucleus
than a slow one, and more closely to a nucleus of low, than to
one of high atomic number. The closest distance of approach in
Chadwick’s experiment was of the order of 10~!2 cm. for the
copper foil. The accuracy with which the experimental results
agreed with the theoretical predictions shows that at distances
equal to or greater than 10-12 ¢cm. the nucleus behaves as a point
charge, and the law of force is that of the inverse square.

107. Scattering by light elements. Departure from the
inverse square law. For elements of small atomic mass it
is necessary to take into account the motion transmitted by the
collision to the deflecting nucleus itself. The necessary modifica-
tion in the theory has been made by Darwin ). The correction
is of the order of 2 (M/m)? where M is the mass of the a-particle
and m that of the nucleus. It amounts to about 4 per cent. for
aluminium, and is greater for elements of still lower atomic
number.

[} 14
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Using the annular ring method just described, Bieler(6) found
that for aluminium and magnesium the number of «-particles
scattered at any given angle was less than that predicted by the
theory, the effect being most marked for the faster particles and
for large argles of scattering where the particles have approached
more closely to the nucleus. The closest distance of approach of
an a-particle from radium C’ to an aluminium nucleus is of the
order of 5 x 10-13 cm.

At distances of this order of magnitude the clectrical force
between the particles is, therefore, less than that calculated from
the inverse square law. Bieler’s experiments suggest that the

. a b .
force between the two particles may vary as 2 where 7 is

the distance. A relation of this type would arise if the aluminium
nucleus became polarized in the ticld of the particle. The moment
M of the electrical doublet induced in the nucleus will be pro-
portional to the ficld of the o-particle, that is to 1/%, while the
attraction between the doublet and the a-particle will vary as
M/r3, that is as 1/r>. While this suggestion seems adequate to
account for the scattering of a-particles by aluminium and
magnesium, it fails to account for the results obtained in hydrogen
and helium, and it is possible that the true explanation is to be
found on other lines.

108. Scattering of a-particles in hydrogen and helium.
In the case of hydrogen we are dealing with the collision of an
a-particle with a nucleus less massive than itsclf. The effect of
the collision on the path of the «-particle is comparatively small;
the maximum deflection is, for example, only 14°. On the other
hand the hydrogen nucleus is projected forward by the impact
with considerable velocity. Assuming the ordinary laws of
elastic collision the velocity » with which a hydrogen particle
of mass m will be projected by the impact of an «-particle of
mass M and velocity V is given by

— M = 8
u—2Vmcosﬂ— Veos, . . (104)

where 0 is the angle between the direction of the hydrogen atom
and the initial direction of the a-particle. The velocity of pro-
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jection of the hydrogen particles may thus exceed that of an
a-particle, and they acquire the power to ionize the gas through
which they pass, and to produce scintillations on a fluorescent
screen. These H-particles may be observed by passing a beam of
a-particles down a tube containing hydrogen and having a
fluorescent screen at its further end. If absorbing sheets of
known stopping power are interposed in front of the screen it is
found that after sufficient material has been used to cut off all
the a-rays, occasional scintillations are obscrvable until the total
stopping power of the absorbing sheets is approximately four
times that required to stop the a-particles themselves. The
nature of the particles producing these scintillations can be
determined by measuring the ratio of the charge to the mass, in
the usual way. The value obtained, 10* e.m.u. per gm., identifies
them as hydrogen atoms carrying a single positive charge. They
thus consist simply of hydrogen nuclei, or protons.

It is known that the range of a proton is practically the same
as that of an a-particle of equal velocity. Hence, assuming
Geiger’s relation (97) the range R, of the proton projected by an
a-particle of range R, should be given by

R,=R, (g>3 cos? 0.

The maximum range of the proton or H-particle as it is sometimes
called should thus be (1-6)* or 4-1 times that of the a-particle.
This is in agreement with the observations just described.

Experimentally it is more convenient to study the distribution
of these H-particles than to mecasure the comparatively small
deflections of the a-particles themselves. Since the forces binding
the hydrogen atoms in a chemical compound are negligible in
comparison with those generated in a collision, the hydrogen
may be used in the form of paraffin wax, and experiments on the
distribution of the H-particles can be carried out by the method
of Chadwick and Bieler. The theoretical distribution can be
calculated from the general theory of scattering.

For very short range a-particles the proton distribution is that
given by the theory. For more energetic particles, however,
there is a large excess of H-particles making small angles with
the direction of the incident a-rays(7). An analysis of the results

142
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indicates that for head-on collisions the inverse square law
breaks down when the distance between the colliding particles
is less than 4 x 1013 cm. For very oblique collisions the law
ceases to hold at an even greater distance, about 8 x 10-13 cm.
The distrikution of the particles is inconsistent with any central
law of force, and resembles the distribution which would be
obtained if the H-particles were rebounding from an ellipsoid
of semi-major and -minor axes of about 8 x 10~ cm. and
4 x 1013 cm, respectively, with its minor axis in the direction
of motion. Observations of the band spectra of helium indicate
that the helium nucleus, and hence the a-particle, has full
spherical symmetry. It is possible, however, to suppose that the
o-particle becomes distorted and flattened by the very intense
forces called into play in close collision with a proton.

Very similar results are rcached when the collisions of par-
ticles in helium are studied. Here the forces called into play are
even greater, since the helium nucleus carries twice the charge of
the proton, and the resulting apparent distortion appears to be
even greater.

109. Atomic disintegration by a-particles. It was dis-
covered by Rutherford®) in 1919 that if a beam of swift a-
particles from radium C” was fired down a tube containing pure
nitrogen, occasional scintillations could be observed up to dis-
tances corresponding to a range in air of 40 cm. This is far beyond
the range (7 cm.) of the a-particles themsclves, and even beyond
the range (28 cm.) of the H-particles produced in hydrogen. An
examination of the particles by the magnetic deflection method
confirmed that they were protons or H-particles. Hydrogen, in
the form of water, is difficult to eliminate completely in any
experiment, but experiments made with oxygen, and with
carbon dioxide in place of the nitrogen did not yield any long
range particles, and it could safely be assumed that the particles
observed in nitrogen were produced from the nitrogen atoms by
the impact of the a-particles.

The type of collision which produces disintegration of the
nucleus is of very rare occurrence, the number of H-particles being
of the order of 1 for 10* a-particles. Nevertheless Blackett(9),
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using an automatic form of cloud chamber, was able to photo-
graph seven such collisions. One of these is reproduced in Fig. 88
(Plate II). It will be seen that only two tracks leave the fork,
a faint one due to the proton ejected from the nucleus and a
short dense track due to the new nucleus formed. Sigce there is
no third track, the original a-particle must have been absorbed
in the nitrogen nucleus from which the proton is ejected.

The new nucleus will thus have a mass of 14 + 4 — 1 or 17.
Since nitrogen has an atomic number, and hence a nuclear
charge of 7, the new nucleus will have a nuclear charge of
7+ 2 —1or8. Itisthus an isotope of oxygen of mass 17. The
reaction may conveniently be expressed in the form

N, + He,* = H,! + 0,7,
where the numbers above the letters indicate the atomic mass of
the corresponding particle, and those below the atomic number.

Further research shewed that II-particles could similarly be
obtained from other elements of low atomic weight. In general
the elements of odd atomic mass give long range protons re-
sembling those obtained from nitrogen. Elements of even atomic
mass (with the exception of nitrogen) yield protons of much
smaller range, and thus smaller kinetic energy. Elements of
atomic number of the form 4n, when n is an integer, as for
cxample carbon and oxygen, are not disintegrated by «-particles.
Measurement of the ranges of the particles concerned in the
collision indicates that the kinetic energy of the particles after
collision may be either greater or less than that of the colliding
a-particle.

REFERENCES

RurHerrorDp, CHADWIOK and Evvis. Radiations from Radio-active
Substances. 1930.

(1) Wy~N~N-WiLLiams. Proc. Roy. Soc. A, 131, p. 391. 1931.
—— Ibid. A, 132, p. 295. 1931.
—— 1bid. A, 136, p. 312. 1932.
(2) RuTHERFORD and others. Proc. Roy. Soc. A, 131, p. 684. 1931.
(8) —— Ibid. A, 139, p. 617. 1933.
Ibid. A, 142, p. 347. 1933.
(4) CHADWICK. Phil. Mag. 40, p. 734. 1920.
(5) DARWIN. Phil. Mag. 27, p. 499. 1914.
(6) Cuapwick and BIELER. Phil. Mag. 42, p. 923. 1921.
(7) CEADWICK. Proc. Roy. Soc. A, 128, p. 114. 1930.
(8) RUuTHERFORD. Phil. Mag. 37, p. 581. 1919.
(9) BrACKETT. Proc. Roy. Soc. A, 107, p. 349. 1925.




CHAPTER XII
THE B- AND y-RADIATIONS

110. Nature of the B-rays. The B-rays can be distin-
guished from the a-rays by their greater penetrating power, as
they are able to produce measurable effects after passing through
absorbing sheets of 100 times the thickness required to stop
the a-particles. Their nature was first investigated by Becquerel
who shewed that they consisted of charged particles by the
following simple experiment. A small quantity of uranium oxide
was placed in a small lead dish on the back of a photographic
Plate, the film side being downward. The whole was then placed
between the poles of an electromagnet in a dark room. After
some hours the plate was developed, and was found to be
blackened immediately below the lead dish, the paths of the
rays having been bent into circles by the action of the field.

A modification of the same experiment (Fig. 89) shewed that

the rays were heterogeneous. L ——m -~

The plate was placed film side ’,/;;: Z== \:\\ O
upwards between the poles of l/// \\\\\\\ \

the magnet and exposed to ’ Y \\ Vo

the rays for some time. On —H e )

developing the plate a diffuse Fig. 89

patch was found shewing that some of the rays had been bent
into smaller circles than others. By placing different thicknesses
of aluminium foil on the plate it was found that the part of the
patch nearest the source disappeared sooner than that further
away. The more deviable rays were thus more absorbable than
the others. Since
. p=mv[He

these rays are the slower ones, assuming that the ratio of e/m
fs constant.

The similarity of the B-rays to cathode rays was further
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established by Curie, who shewed that they carried a negative
charge. In performing this experiment it is necessary to avoid
the presence of air, as the latter becomes conducting under the
action of the rays and the charge is thus unable to accumulate.
In recent experiments this difficulty is overcome py working
in a high vacuum. Curie however surrounded his plate by a
solid dielectric instead. His apparatus is shewn in Fig. 90.

Fig. 90

The B-rays from the radio-active material in R penetrate the
thin aluminium leaf 4 and the thin layer of wax, but are stopped
by the lead plate B, giving up their charge to it. On performing
the experiment it was found that the clectrometer connected
to B shewed a gradual but steadily increasing deflection when
the source of radio-active substance was placed below 4. The
sign of the charge was negative.

111. Determination of e/m and v for the B-rays. Since
the B-rays are rapidly moving negatively charged particles we
can apply to them the methods of measuring the ratio of the
mass to the charge, and the velocity, which were employed for
the cathode rays. The first accurate experiments were made by
Kaufmann (1); they have been repeated by numerous observers.

The method adopted was the one where the electric and
magnetic fields are parallel, and the two deflections thus at
right angles to each other, the theory of which has already
been considered (§ 50) in connection with the positive rays.
The apparatus used is shewn in Fig. 91 (a).

The source of the rays was a small speck of radium compound
placed at R, while the rays were limited to a narrow pencil by
a slit 4 in a thick lead plate. Before reaching the hole 4 the
rays passed between two metal plates, which could be adjusted
by levelling screws to be perfectly parallel. The plates could
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be raised to different potentials by means of wires which were
fused through the walls of the containing glass vessel. The
photographic plate P was mounted at the top of the chamber,
and the whole was carefully exhausted to a very high vacuum.
The whole vessel was placed between the poles of a strong
electromagnet N, S.

On developing the plate the trace of the rays was a single
continuous curved line (Fig. 91 (b)). If the rays had differed only
in velocity this curve would by (50) have been a parabola. The
line, however, was not parabolic, shewing that the value of
e/m was not constant but varied with the velocity. The fact
that the line was single and unbroken shewed that this important

P Y
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X

R b=l 0

I ‘ »
+1 @ -
Fig. 91

ratio was a continuous fuuction of the velocity of the rays.
In other words for every value of the velocity there was a
single, definite value for the ratio e/m which depended on the
velocity alone.

The calculations necessary to evaluate the results are hardly
8o simple as those for Thomson’s experiments on the positive
particles. Allowance has to be made for the fact that the two
fields are not coterminous. Very careful experiments and
elaborate calculations were made to determine the end-
corrections for the two fields.
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Since the curve shewed no signs of breaks it was very
improbable that the rays consisted of sets of different particles.
It is equally improbable that the charge was gradually changing,
since the great accumulation of evidence has shewn that the
charge e is atomic. We are thus led to the conclusien that the
mass of a B-particle is a function of the velocity with which
it is moving. The value of ¢/m for the more slowly moving B-
particles is identical with the value obtained for the cathode rays.
The B-particles are thus simply swift electrons.

112. Electromagnetic mass. It can easily be shewn that
a moving charge will act as if it possessed mass from the mere
fact that it carries a charge. Consider a point charge moving
with a velocity v. This will be equivalent to a current element
coinciding with the path of the particle and equal to ev, where
¢ is the charge and v the velocity. The magnetic field due to
the moving charge at a distance r from it in a direction making
evsin 0

rz

2
The energy in a magnetic field of strength H is ’}'SIZ— per

an angle 6 with the direction of motion will thus be

unit volume. Hence if du is a small element of volume at the
point considered the magnetic energy in that element of volume
will be - (2520) gy,

8w r?

The whole magnetic energy in the space round the particle
will be the integral of this from the surface of the particle to
infinity. To evaluate this, with the electron as centre describe
two spheres of radii r and r + dr and draw two radii making
angles 6 and 6+ d@ with the direction of motion. If these
are supposed to rotate about the direction of motion of the
electron they will cut out from the spherical shell an annulus
the volume of which is

2nrsin 0. rd0 . dr.

But the magnetic field is obviously constant throughout the
space 80 obtained and hence the energy in the annulus is

1 (e*v?sin®f . ne2gin®0d0dr

87 (——"—) 27r?sin 0dfdr ="~ — T R



218 IONS, ELECTRONS, AND IONIZING RADIATIONS

The energy in the spherical shell is thus

g;fef_v_z sipf_adr _ pevidr [3 -
[P PR ap =T [2sino0dp
1 pe?w?
) T3 A
If the charge is carried by a small sphere of radius a the total
@® 292
magnetic energy in the space is f . g’ er:‘ dr
eZvZ
=’§7.. ... . . (105)

This energy must be given to the particle when it is set in
motion. Comparing this expression with that for kinetic energy
(3mv?) we see that the charge behaves as if it had a mass of

2
2 pe? due to its charge e; this is called its clectromagnetic mass.
If we assume that the whole mass of an electron is electrical in
origin the radius @ of the clectron can be deduced from this
equation. The value so obtained, 1-9 % 10-13 em., is of an order
of magnitude not inconsistent with our knowledge of the
dimensions of other fundamental particles.

113. Variation of the mass of an electron with velocity.
Bucherer's experiments. It can be shewn on the electro-
magnetic theory that the above analysis is only true if the
velocity of the particle is small compared with that of light
(practically if it is less than one-tenth that of light). If the
velocity of the particle approximates to that of light the distri-
bution of the electric field round the moving charge is altered
in such a way as to increase the electromagnetic energy of the
field, and thus the electromagnetic mass of the particle.

Lorenz has shewn that if m, is the clectromagnetic mass of a
particle when moving with a velocity small compared with that
of light (the rest-mass as it is called) its mass sn,, when moving
with a velocity v is given by

m,=my(1—p%% . . . . (106)

where f is the ratio of the velocity of the particle to that of light.
On the Principle of Relativity all mass, whether electrical in
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its origin or not, should vary with velocity in accordance with
(106). Since B-particles move with velocities approaching within
about 2 per cent. of the velocity of light, they afford a very
suitable means of testing the accuracy of the formula. An
experimental test has been carried out by Bucherer) using
a very ingenious method. The source of the B-radiation was
a small speck of radium fluoride R placed at the centre of two
parallel plates 4 and B (Fig. 92) which were very close together.
The plates were maintained at a considerable difference of
potential, and the apparatus was placed in a uniform magnetic
field at right angles to the plane of the paper. The B-particles
from the radium will obviously only be able to escape from
between the plates if the electric and magnetic forces upon them

F F
4 {7t
R
B 5 — \
Fig. 92

are exactly equal and opposite. Otherwise the particles will
be deflected by whichever of the two fields is the stronger, and
will strike one or other of the plates. The particles are projected
at all angles to the magnetic ficld. Those which emerge from
between the plates at an angle 6 with the magnetic field will
have a velocity given by
Xe = Hev sin 6,

Lo, X

t Hsin 0’
Thus for any given value of the angle 8 the rays which succeed
in escaping from between the plates have a definite and
calculable velocity.

On emerging from the plates the electrons are acted
upon only by the magnetic field, and their deviation is pro-
portional to e/m where m is the mass corresponding to the
velocity v. To measure the deviation the rays are allowed to



220 IONS, ELECTRONS, AND IONIZING RADIATIONS

fall upon a photographic film F, F, which is bent into a cylinder
coaxial with the plates. The field is reversed during the experi-
ment and the distance between the two traces on the film
gives twice the magnetic deviation corresponding to that
direction, from which e/m can be calculated. Hence v and e/m
are known for each point on the film.

The values of m,/m, given by the Lorentz formula are con-
tained in Table VIII. It will be noticed that the increase in
mass is inappreciable until v is at least one-tenth the velocity
of light. The discrepancy between the Lorentz formula and the
experimental results of Bucherer was less than one per cent.

TasLe VIII
B m,[mg
-01 1-000
-10 1-005
-30 1-048
-50 1115
-60 1-250
70 1-400
-80 1-667
-90 2-294
-95 3203
-98 5-025

114. Passage of the B-rays through matter. Kxperiments
on the absorption and scattering of B-rays are far more difficult
than those on a-rays. The cnergy of a S-particle is only of the
order of 400,000 volts, while that of the a-particle may be as
much as seven million volts. This in the first place makes it
difficult to detect single B-particles, and experiments of the type
made on the scattering of a-particles are not feasible. We are thus
compelled to work with pencils containing large numbers of B-
particles. Further, B-particles, owing to their small kinetic
energy, suffer many large collisions in their passage through
matter and in consequence the straggling of the beam, which is
appreciable even for a-rays, becomes so large that it is impossible
to fix a range for the B-particle by experiments of the kind which
are employed for a-rays. The actual length of track of a S-par-
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ticle in a foil sufficiently thick to stop the B-rays completely will
be many times greater than the thickness of the foil. Thus far
less is known of the behaviour of B-particles in matter, than of
a-particles.

Probably the most informative experiments on thesubject are
those made recently by White and Millington (), using the
focusing method described in § 93. The radiator R of Fig. 75 is
replaced by a wire coated with radium B and C. These substances
emit certain strong homogeneous groups of B-rays, each group
being characterized by a definite velocity of emission. Thus
when the apparatus is placed in a strong magnetic field several
strongly marked sharp lines appear on the photographic plate.

Il
B30 9I0 180 1830 1790 Hp
Fig. 93

If the source is covered with a thin sheet of mica each line is
displaced towards the source, shewing that the particles have
been retarded by passing through the absorbing screen, and at
the same time the line is very much broadened, owing to the
large straggling of the particles in the sheet. By placing
the mica so that it covers only part of the source, both sets
of lines can be recorded simultaneously on the same plate
and the displacement can thus be accurately measured. Since
the magnetic field is constant this displacement is, by (37),
proportional to the change in velocity in passing through the
sheet.

The relative intensity of the B-particles at a given point in the
broadened line can be estimated by measuring the density of the
photographic trace by a microphotometer. One set of such
results is shewn in Fig. 93, the curves I-III referring to three
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different thicknesses of mica. It will be seen that the actual re-
tardation suffered by a B-particle in passing through a given sheet
of matter varies within fairly wide limits, according to the
number and kind of collisions it has chanced to make in its
passage. If we take the highest point of each peak as a measure
of the most probable retardation, it is found that the most prob-
able retardation & is roughly proportional to the thickness of
the absorbing screen. The value of 8/o, where o is the thickness of
the sheet expressed as its mass per unit arca, is known as the
stopping power of the material. It is found that the stopping
power I of a given substance is roughly, but not accurately,
inversely proportional to the cube of the velocity of the B-
particles. Thus approximately

13 = constant, or T2 —T4=ke, . . (107)

where T, is the initial, and 7' the final kinetic cnergy of the
particle after passing through a thickness o.

The stopping power docs not appear to vary much with the
nature of the absorbing foil. It appears to be somewhat greater
for elements of low atomic number.

115. The scattering of S-rays. Rutherford’s theory of
scattering should apply to B-particles as well as to a-particles,
and it can be shewn that except for elements of low atomic num-
ber the scattering is due almost entirely to the central nuclear
charge, the effect of the extra nuclear clectrons being negligible.
Remembering that the charge on the B-particle is simply e,
the scattering formula (§ 105) becomes

=1’%2ficot292§.. ... (108)
Since the kinetic energy T is much less than for a-particles the
probability of large angle scattering is very high. Thus unless
the scattering foil is extremely thin the observations are com-
plicated by the fact that a single electron may be scattered
several times in the thickness of the foil. This is known as
multiple scattering, and leads to a formula of quite a different

type.
On the other hand, when the foil is very thin, the fraction of
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B-particles scattered out of the beam is so small that it cannot
be measured with any great accuracy. Experiments by the
author and others give results which are in general agrecment
with the theory.

116. Diffraction of electrons by crystals. We have seen
(§ 83) that if a pencil of X-rays is directed obliquely at the
surface of a crystal, reflection takes place for certain values of
the glancing angle, the crystal acting as a diffraction grating
for the radiation. Davisson and Germer(f) in 1922 shewed
that exactly similar results can be obtained if a pencil of fast
cathode rays is substituted for X-rays in the cxperiment.
Thus a pencil of electrons can be diffracted by a crystal
grating. The critical glancing angle depends on the velocity of
the particles, the angle becoming smaller as the velocity in-
creases. The beam of electrons thus behaves exactly in the same
way as a beam of light, the “ wave length” of the beam becoming
smaller as the velocity increases. These results are obviously of
very fundamental importance, and throw quite a new light on
the nature of the electron.

The results of Davisson and Germer were confirmed by
a somewhat different method by G. P. Thomson (5. Thomson
allowed a narrow pencil of fast cathode rays to fall normally on
very thin metallic films, the emergent rays falling on a photo-
graphic plate placed some distance on the further side of the
film. It was found that the central spot marking the position of
the undeflected beam was surrounded by a series of well-marked
diffraction haloes, exactly similar to those which would have been
obtained with a beam of homogeneous X-rays, but of smaller
diameter, shewing that the wave length concerned was rather
shorter than that of X-rays (see Fig. 94, Plate IV). If a magnetic
field is applied between the film and the plate the ring system
is deflected as a whole, shewing that the rings are formed by
electrons and not by any X- or y-radiation which might con-
ceivably be present in the tube.

X-ray measurements shew that a metal foil consists of a
large number of irregularly orientated crystals of the metal,
and Thomson’s arrangement thus corresponds to the “powder”
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method used in X-ray analysis (§ 85). Thus by measuring the
radii of the rings the corresponding wave length A can be deduced
since the lattice spacing of the crystals is known from X-ray
measurements. For cathode rays of velocity 101° cm. per sec.
the value of A was 7-8 x 10-1° ¢m. corresponding to that of a
hard y-ray. He was able to shew that the wave length A was
related to the velocity u of the electron by a relation of the

form 3
A=—, . . . . v . . (109

mu’
where m is the mass of the electron and A is Planck’s constant.
Klectron diffraction is now being extensively used as a means
of studying surface conditions, as owing to their small pene-
trating power electrons are diffracted mainly in the surface
layers.

117. The wave theory of matter. Before the publication
of Davisson and Germer’s final results de Broglie had already
advanced the suggestion that an electron might be regarded as a
group of waves, or “wave packet” as it is now called. The
velocity of a group of waves is not necessarily that of the waves
themselves: the two are, in fact only identical in a non-
dispersive medium. Observation of a group of waves formed
by dropping a pebble into a pond will shew that the group
is travelling more slowly than the waves themselves. It can
be seen that waves form at the back of the group, travel
through it, and finally disappear as they reach the group front.
It is, therefore, not necessary that the electrons should move
with the velocity of light; any velocity can be obtained for
them by assigning appropriate (though rather unusual) dis-
persive properties to the medium. De Broglie's theory has
been developed by Schrodinger and others with great success.
The quantum relationships emerge from it quite naturally,
and it leads to formulae identical with those of Bohr for the
structure of the hydrogen atom. The relation between the
velocity and the wave length is of the form of (109) which has
been verified by Thomson.

The theory is not confined to clectrons but is taken to apply
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to all small particles whether charged or uncharged, the wave
length being given by (109) in all cases. Thus a hydrogen
molecule at ordinary temperatures has, owing to its velocity of
thermal agitation, a wave length of about 10— cm. and Stern
and Esterman () have succeeded in demonstrating the diffraction
of a stream of hydrogen molecules by a crystal surface. An a-
particle from radium C” of mass 6-60 x 10~ gm. and velocity
1:92 x 10° cm. per sec. must be regarded as a wave packet of
wave length almost exactly 5 x 10713 ¢m. It is not without
significance that the ordinary laws of scattering begin to break
down at a distance from the nucleus of this order of magnitude.

It is probably impossible to form any mental image of an
entity which has some of the propertics of a particle and some of
the properties of a wave. The matter can, however, be dealt
with quite rigidly by mathematical reasoning, and wave
mechanics has now a very large and rapidly growing literature of
its own. It is entirely beyond the scope of this work, though we
shall have occasion to refer to some of its conclusions.

118. Nature and properties of the <y-rays. The y-rays
are distinguished from the a-rays and B-rays by their much
greater penetrating power. The y-rays from radio-active
substances can be detected through 30 cm. of iron. They are
not deviated by a magnetic field and, therefore, carry no charge.
Their behaviour corresponds with the assumption that they
are electromagnetic disturbances of extremely short wave
length, even shorter than that of the most penetrating X-rays
from a hard tube. The y-rays from radium C, for example, corre-
spond to X-rays having an excitation voltage ranging from
600,000 to 2 million volts.

If in sufficient intensity they produce luminosity in a
fluorescent screen, and affect a photographic plate. They also
produce ionization in gases, and are generally detected by
this action.

119. Determination of the wave length of <y-rays.
Direct determinations of the wave lengths of some of the less
penetrating y-radiations have been made by Rutherford (7).

c1 15
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The method adopted was an interesting modification of that of
the X-ray spectrometer already described. As the glancing
angle decreases with the wave length it is very small for y-rays,
and hence could not be measured with any precision. To over-
come the-difficulty a crystal S of rock salt was mounted with
cleavage planes parallel to the line RO (Fig. 95), the source of
y-radiation being placed at R and a photographic plate at O.
The y-rays strike the crystal at all angles but only those which
fall upon it in such a way that the angle between them and the
reflecting planes is the glancing angle for the particular wave
length will be reflected. The rays are thus left as it were to
pick out their own reflecting planes, and beams of reflected rays
AB and A4'B’ will emerge from the crystal and fall on the
photographic plate.

r
A
BI
R ]30
A
C’
Fig. 95

Neglecting the absorption of the crystal, which will be very
small, the energy transmitted plus the energy reflected must be
equal to the energy in the primary beam. Hence a ray such
as RA which is selectively reflected will suffer a much greater
loss of energy in going through the crystal than rays which
pass through without any loss by reflection. Thus in the
direction B4 produced the rays will be relatively enfeebled
and the effect on the photographic plate will be small. The
reflecting plane thus casts a shadow on the photographic
plate at a point C in the direction B4 produced. Similarly
the plane 4’ casts its shadow at C’. It is evident that the angle
CRC’ subtended by the distance between two corresponding
bright lines at the source R is equal to twice the glancing
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angle for the rays. In this way by measuring the distance CC’
on the plate and the distance of the plate from the source the
angle of selective reflection for the rays used can be accurately
determined.

The values of the glancing angle for the y-rays *from the
mixture of radium B and radium C used for the experiment
ranged from 44" to 4°. The corresponding wave lengths ranged
from 0-71 x 10~® to 4 x 10-? cm.

120. Production of 4/-radiation. Just as the stoppage of a
cathode particle produces an X-ray pulse of appropriate wave
length, so we should expect that the stoppage of a high energy
B-particle would produce a corresponding high energy y-ray.
This has been experimentally demonstrated. The number of
B-particles emitted even by a
powerfully radio-active substance is
quite insignificant in comparison
with the number of electrons in
the cathode rays of an ordinary
X-ray tube. As only a very small
fraction of the energy of the B-rays E
is transformed into y-radiation, the
effect has been somewhat difficult
to demonstrate. The method used
is indicated in Fig. 96. The measur-
ing apparatus was a simple gold leaf
electroscope, £. For measurements 1y
on the y-rays an electroscope of this
type is generally preferred to the use
of an electrometer with a separate Fig. 96
ionization chamber.

The electroscope is usually constructed with lead walls 2 mm.
in thickness, so as to cut off all secondary B-radiation from the
surrounding air, table, walls, etc. This thickness causes little
diminution in the intensity of the y-rays themselves.

A source of B-rays (radium E) was chosen which while rich
in B-rays was yet poor in ¢-radiation. This was spread on a
thin sheet of paper at 4, the paper being used to reduce as

15-2
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much as possible the y-radiation which might be excited by the
B-rays falling upon the support. The substance was placed
between the poles N, S of an electromagnet. The lower face of
the electroscope was closed by a thin sheet of aluminium leaf.
When the B-rays were deflected away from the electroscope
the current was due solely to the y-rays from the radium E,
and was therefore quite small.

If, however, a lead plate sufficiently thick to absorb all the
B-rays was placed at L, immediately below the electroscope,
and the field removed so that the B-rays fell upon L, the
ionization in £ at once increased. This could not be due to
the S-rays themsclves, as they were unable to penetrate the lead.
If, however, the field was again applied so as to prevent the
B-rays from reaching L the effect at once ceased. The increased
ionization must therefore be due to y-radiation set up in L
by the impact of the B-rays upon it.

Experiments of a similar kind, but using a-rays instead of B-
rays, have shewn that y-radiation can also be excited by the
stoppage of an a-particle.

The y-radiation coming directly from radio-active substances,
our main source of y-radiation, are found to contain groups of
homogencous radiations of an absorbable type, and hence of a
greater wave length. The cocfficient of absorption in aluminium
of the more penetrating of these groups is of the order of 0-17;
that of the more absorbable about 14-0. From Tables VI and
VII we see that these coefficients agree with those of the
characteristic K and L radiations for elements of atomic number
round about 84, that is of the radio-active clements themselves.
These soft radiations are, therefore, the characteristic K and L
radiations of the particular radio-active element emitting them,
and are excited by the passage through the atom of the y-radia-
tion from its own nucleus. The observations are interesting as
illustrating the continuity of the X-ray with the y-ray spectrum.
The characteristic X-ray spectrum of other clements can also
be excited by y-radiation.

121. The passage of <y-rays through matter. A narrow
pencil of y-radiation becomes enfeebled in its passage through
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matter, the intensity I after passing through a thickness
d of absorbing material being given for homogeneous radia-
tion by I = I, " The thickness d is usually expressed as
mass per unit area, and p is then the mass coefficient of ab-
sorption. .

The coefficient w may be regarded as being made up of three
terms. In the first place the y-ray may be absorbed as a whole
in an atom, with the consequent ejection of a high speed photo-
electron, or B-particle. The probability of the absorption of a
quantum of radiation in an atomic level decreases very rapidly
as the difference in energy between the photon and the level
increases, so that except for elements of very high atomic num-
ber the photo-clectric absorption is small, and for elements of
low atomic number such as aluminium, negligibly small.

The second, and generally the more important, factor is the
Compton scattering of the radiation. We have already seen that
the scattering of a photon by a free electron results in the pro-
duction of a recoil clectron, and thus in the absorption of encrgy
from the beam. The photon itsclf is also deflected or scattered
out of the beam, so that energy is withdrawn from the beam in
this way also, although it is not actually absorbed in the medium.
The cocfficient of absorption u may thus be written in the form

r =T 1 oq4 0Oy

where 7 is the cocflicient of photo-electric absorption, g4 the
Compton absorption cocfficient, and o, the cocflicient of scat-
tering.

The measurement of the scattering and absorption of y-
radiation is difficult for various reasons. In the first place all
sources of y-radiation give off complex radiations so that it is
impossible to obtain a homogeneous beam. The best that can be
done is gradually to decrease the mean wave length of the beam
by filtering out its more absorbable constituents. Again, owing
to the great penetration of the radiation, the diaphragms used
to limit the beam must be several centimetres in thickness. The
B-rays given off by conversion of the y-radiation in this material
can be prevented from reaching the measuring electroscope by
placing each diaphragm in a strong magnetic field. The y-rays,
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however, scattered from the mass of material cannot be so
removed, and since it is modified radiation it adds considerably
to the uncertainties of the experiment.

The Compton change of wave length on scattering has been
verified. Since the absolute change in wave length is independent
of the wave length of the radiation, its effect is relatively much
larger for y-rays of wave length 10~ to 10~ cm. than it is in the
longer wave length part of the spectrum. The distribution of
scattered y-rays round the radiator resembles that of scattered
X-rays (§ 76), but the eccentricity is much more pronounced.
The recoil clectrons can be studied in a Wilson cloud chamber.
Their energy is, of course, much greater than that of the recoil
electrons from X-rays.

Klein and Nishina have obtained, on quantum mechanical
considerations, a formula for _o, the total scattering per electron.
They find that

4 9

A KSR
14 3a

(0 s

where « = hv/mc?, hv being the cnergy of the y-ray, and m the

mass of the clectron. The experimental evidence is not wholly

inconsistent with this formula, but there are indications that, for

very short wave length y-radiation, some other effect possibly

due to the nucleus of the atom may have to be considered.

1
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4 9 log (1 + 2a) (110)

122. Characteristic y-ray spectra. Ellis’s experiments.
Although y-rays can be produced by the impact of «- or S-rays
on matter, our main source of y-radiation is that emitted by the
nuclei of radio-active elements during their disintegration. This
emission is found to contain a number, often quite large, of
homogeneous groups of waves, the wave lengths of which are
characteristic of the particular element from which they are
emitted.

Although it is possible, as we have seen, to determine the wave
length of y-radiation by crystal reflection, the method is incap-
able of great accuracy owing to the very small glancing angles
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involved. The most accurate method is to measure the energy of
the photoelectrons ejected when the y-ray is absorbed in some
suitable material. In the analogous case of X-rays we have seen
that the absorption of radiation of frequency v in an electron
level of energy wy, gives rise to a photoelectron the kingtic energy
E of which is given by E = hv — wg. In the X-ray part of the
spectrum the relation is used to determine the value of w, since
the direct measurement of v presents no difficulties. It is obvious,
however, that if the electron energy levels are known from X-ray
measurements, it is possible to use the relation to determine the
frequency v of the radiation employed.

The experimental arrangements ®) are essentially the same as
those adopted for the X-ray measurements. The source of y-

Fig. 97

radiation is usually a fine wire on which the appropriate radio-
active substance is deposited. This is wrapped round with a
sufficient thickness (about 3 mm.) of the absorbing material to
cut off completely any B-radiation due to the source itself. The
B-rays emerging are, therefore, all produced by the transforma-
tion of the y-radiation in the absorbing material. The source, in
its wrapping, is placed at S (Fig. 97) immediately below the
slit. The whole apparatus is then highly evacuated to prevent
scattering or absorption of the B-particles in their path to the
photographic plate PP. L is a block of lead used to screen the
photographic plate I’P from the direct action of the y-rays from
S, which would tend to produce a general fogging of the plate.
Since the energies of the photoelectrons range between about
300,000 and 3,000,000 volts, strong magnetic fields are required
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to produce the necessary deflection, and the apparatus is placed
between the poles of a strong electromagnet. For absolute
measurements the distribution of the magnetic field along the
path of the particle must be determined, as it is usually not quite
uniform. It is also necessary to take into account the variation
of the mass of the B-particle with velocity. The radius of curva-
ture p and the corresponding energy E of the particle are thus
given by the cquations

I]p=%£m—ﬂ_f_—ﬁ—2, N 510
B =mye? (T/Tll—js _ 1), (112)

where m, is the rest mass of the electron, and B the ratio of the
velocity of the particle to ¢, the velocity of light.

The applicability of the quantum relation to the y-ray part of
the spectrum was investigated in some preliminary experiments
by Ellis, to whom most of our knowledge of this part of the
subject is duc. The B-ray spectra produced by the absorption of
the y-radiation from a single source (radium B + C) in a number
of different clements of high atomic weight were measured. The
spectra obtained were identical except that they were shifted
more and more in the direction of lower energies, as the atomic
number, and hence the energy of the absorbing level increased.
If E is the energy of the B-particles forming some particular line
in the spectrum and w the energy of the absorption level of the
absorbing element, E -+ w should be constant and equal to the
energy of the correspondingy-ray. Thisis found to be the case as is
shewn in Table IX which is taken from one of Ellis’s carly papers.

TasLE 1X
Absorbing element Ba W Pt Pb U
E 253 220 2:12 2:03 1-74 x10° volts
w 37 69 78 -89 118 »
E +w 2:90 289 290 292 2:92 »

The accuracy of the method has been greatly increased by
careful technique, and measurements of the frequency of radia-
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tion are now made to an accuracy which is certainly better than
one part in a thousand. It may be mentioned that conversion
may also take place in the L or even the M levels of the absorbing
material. The probability of these conversions is much smaller
than for the K level, and the corresponding lines are usually
faint.

The lines in the y-ray spectrum of a given radio-active element
shew the same type of interrelation which we found between the
lines of the characteristic X-ray spectrum of an element, that is
to say, there are numerous lines which can be related by an ex-
pression of the type v, = v, — v,. It is reasonable to suppose
that the characteristic y-rays are emitted during transitions
between various energy levels existing in the nucleus of the radio-
active atom. We shall discuss this in more detail in a later
chapter (§ 139).

123. The f-ray spectra. The B-radiation from a radio-
active body comes partly from the nucleus. This nuclear B-
radiation forms a continuous spectrum, lying between certain
definite limits which are characteristic of the particular element

B-ray Specirum
ot' Ha B

Intensity

TVelocity
Fig. 98
from which it is emitted. The distribution of energy in the

spectrum can be investigated by a modification of the focusing
method. The photographic plate is replaced by a Faraday cylinder
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with a narrow aperture, and different parts of the spectrum are
focused in turn on this aperture by varying the magnetic
field.

In addition to this general radiation, the spectrum also con-
tains certaén groups of rays of definite velocity. This character-
istic B-ray spectrum can be photographed by Ellis’s method ),
by omitting the absorbing sheet covering the source. A com-
parison of the spectrum so obtained with that produced by the
conversion of the y-rays in a metal of neighbouring atomic
number shews that the characteristic groups of B-rays are due
to the conversion of the y-radiation in the extra-nuclear energy
levels of the radio-active element itself. Since the energies of
these levels are known, the energy and frequency of the corre-
sponding y-radiations can thus be determined. The lines in the
natural S-ray spectrum arc much sharper than those in the
secondary spectra excited in other metals, so that the measure-
ments can gencerally be carried out with greater precision, and
the method is often employed for investigating the characteristic
y-ray spectrum.

The natural spectrum is also found to contain lines which are
not shewn by the secondary spectra. These may be regarded as
being due to y-rays which are so strongly absorbed in the
electronic structure of the radio-active atom, that they never
emerge from it.

The continuous S-ray spectrum emitted by the nucleus itself
18 one of the outstanding problems of nuclear physics. Experi-
ment shews that in a B-ray disintegration only one B-particle is
emitted for each atom which disintegrates. Since some of these
particles are comparatively slow, and others very swift, the
atom emitting a slow B-particle should retain appreciably higher
cnergy than that giving out a swift particle. Hence the nuclei
formed in the two disintegrations should differ quite appreciably
in energy content. Thus the atoms of radium C (which is formed
from radium B with the emission of a B-particle) should differ
among themselves in energy over a range corresponding to the
range of energies in the continuous B-ray spectrum of radium B.
There is no evidence, however, that the atoms of radium C are
not all identical.
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CHAPTER XIII
NEUTRONS, POSITRONS, (COSMIC RADIATION

124. The existence of a neutron. It was discovered by
Bothe and Becker that some of the lighter clements, and in
particular boron and beryllium, emit a highly penctrating radia-
tion when bombarded by the a-particles from polonium. Polo-
nium is used in these experiments because it emits no y-radiation
to complicate the observations. The radiation cemitted from
beryllium had a cocfficient of absorption of 0-22 per cm. in lead,
and applying the Klein-Nishina formula (110) it was found that
its cnergy, assuming it to be y-radiation, must be about 7 x 108
volts. This was higher than any previously known y-radiation.

It was found by Curie-Joliot that if this radiation was allowed
to fall on paratlin wax, or any other material contaming hy-
drogen, protons were cjected with a maximum range of as much
as 26 cm. in air, and consequently a maximum cnergy of the
order of 5 x 108 volts. Since there can be no question of dis-
integration in the case of a hydrogen nucleus, the protons could
only be regarded as having been set in motion by the Compton
recoil from a dircct collision with the y-ray quant. The maximum
energy which can be so transferred from a quant of energy kv
to a particle of mass M is given by ﬂ:;g:gﬂw We can thus
estimate Ay for the beryllium radiation. It works out at 55 x 10®
volts; a result quite inconsistent with that deduced from its
coefficient of absorption.

Chadwick (1) investigated the effect of the radiation on other
elements, both in the solid and in the gaseous form. The most
complete information can, perhaps, be obtained by passing the
radiation through a Wilson cloud chamber containing the gas
under investigation. The projected nuclei produce intense ioni-
zation along their track, so that the length of the track can be
measured and the corresponding energy of projection deduced.
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It can also be confirmed from the absence of any second track
that disintegration has not occurred. It was found that in
nitrogen, for example, the projected nuclei had a range of about
3-3 mm. corresponding to an initial kinetic energy of 1-2 x 108
volts. Using the Compton relation the corresponding energy of
the beryllium radiation becomes 90 x 10% volts. In fact, the
greater the mass of the recoiling particle the greater the energy
it was necessary to assume in the incident radiation.

The complete inconsistency of these observations when re-
duced on the theory that the beryllium radiation is of the nature
of y-radiation led Chadwick to put forward the suggestion that
the radiation consists of material particles of mass comparable
with that of an atom. To explain the very high penetration of the
particles it was necessary and sufficient to assume that they
carricd no charge, and it was therefore proposed that they
should be called neutrons.

Assuming the neutron hypothesis, the atomic nuclei are set in
motion by direct collision with the high velocity neutral particle,
and the problem is simply one of clastic impact between the two
bodies. Let M and V be the mass and velocity of the neutron,
4 the mass of the atomic nucleus and w its velocity after impact.
The maximum value of u, for a head-on collision, is given by

2M

YT M4 A

| ( O )
Thus, if u, is the maximum velocity given to a proton, and u,
that to a nitrogen nucleus, both of which can be deduced from
the observed ranges of the particles, we have

M+14 uw, 3-3x10°
M1, a6x100  M=TL
The mass of the ncutron is thus approximately equal to that of
the proton. Applying the same argument to similar measure-
ments made in argon and oxygen, it was found that the ranges
observed could all be explained within the limits of experimental
error on the assumption that the respective nuclei were set in
motion by collision with a neutral particle of approximately
unit atomic mass.
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125. Origin of the neutrons. Neutrons, as we have seen,
are produced by the a-ray bombardment of the nuclei of the
lighter elements, and there is evidence that all the elements up
to fluorine can be made to yield neutrons under suitable con-
ditions with the exception of helium, carbon, nitrogen, and
oxygen, and of course hydrogen. The process seems to be a
nuclear disintegration in which the a-particle is captured by the
nucleus, and a neutron is ejected. The atomic mass is thus in-
creased by three units, and the atomic number by two. In the
case of boron we assume that the nucleus concerncd is that of
mass 11, since the other isotope of mass 10 is known to dis-
integrate under « bombardment with the ¢mission of protons.
Writing ng! for the neutron, the process may thus be represented
in the form B!+ Hey > N + n,l.

This relation provides us with the most accurate method yet

“available for estimating the mass of the neutron. Remembering

that in these reactions matter and energy are interconvertible
(§ b4) we may write the equation in the form

Mass of B 4+ mass of He? + K.E. of He?
= mass of N* + mass of n' + K.E. of N4 + K.E. of nl,
(114)

taking into account both the changes in mass and the kinetic
energies of the various particles before and after impact. The
masses of the different particles, with the exception of »!, are all
known, from Aston’s measurements, and the K.E. of the «-
particle from polonium is also known. The X.E. of the neutron
can be deduced by (113) from the range of the protons which are
emitted when the neutrons fall on a shect of paraffin wax.
Assuming the conservation of momentum the energy of recoil of
the newly formed nitrogen nucleus can also be calculated. The
different quantities in (114) must, of course, be expressed in the
same units, and the atomic mass scale (O = 16-000) is the most
convenient, By Einstein’s relation kinetic energy T is equivalent
to mass 7'/c? gm., or T'/4,c* atomic mass units, where 4, is the
mass in grams of an atom of unit atomic weight. In atomic mass
units the actual figures are B = 11-00825, He = 4-00106,
N = 14-0042; while the kinetic energies of the a-particle, neutron
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and nitrogen nucleus are respectively 0-00565, 0-0035, and
0-00061. Substituting these figures we find that the mass of the
neutron is 1-0067. This is thus slightly less than that of the
proton.

Chadwick(2) has more recently repcated these measurements
and calculations, using the neutrons ejected by the bombard-
ment of lithium by a-rays. The value obtained in this case was
1-0070 with a probable error not exceeding 0-0005.

The calculations have been given in detail as they illustrate a
mode of argument which is being very extensively used in
nuclear researches.

126. Passage of neutrons through matter. Owing to the
absence of charge on the neutron, the particle is but little
affected by the charges either of the electrons or of the nuclei of
the atoms through which it passes, and can only transfer energy
to either by what we may describe as a direct hit. On account
of the very small radii of all the particles concerned this is a very
infrequent event, and the neutrons are thus able to pass through
very considerable thicknesses of matter before their energy is
dissipated. From experiments made with a cloud chamber, Dee
has estimated that a neutron in air makes an ionizing collision
with an electron or a nucleus not more frequently than once in
every three metres of its track. Its track is thus not visible in
an expansion chamber, and its claim to be included in a work
on ionizing radiations is a little tenuous.

The possibility of detecting neutrons by the ionization chamber
is due to the fact that, as we have already noted, occasional col-
lisions are made with atomic nuclei which give the latter sufficient
energy to produce a considerable number of ions in the gas.
Each collision is accompanicd by a burst of ionization, and thus
can be recorded by counting apparatus of the usual kind (p. 197).
We may assume that the number of collisions in a given volume
of gas is proportional to the number of neutrons passing through
it, for neutrons of the same velocity. There is some evidence that
the number of collisions increases as the velocity of the neutron
becomes smaller. The number of collisions recorded with a given
beam of neutrons passing through the ionization chamber differs
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very little when different gases are introduced into the chamber.
It is approximately the same in argon, oxygen, and nitrogen,
and slightly smaller in hydrogen. The results are consistent with
the assumption that the nuclei of nitrogen and oxygen present
to the neytron a target of radius 4 x 10~'% cm.

127. Atomic disintegration by neutrons. The collisions
between neutrons and atomic nuclei are most conveniently
studied in an expansion chamber. The neutrons leave no visible
track, but the recoiling nuclei give short dense tracks, owing to
the intense ionization they produce. The majority of the colli-
sions shew a single track only—that of the recoiling nucleus.
In a small proportion of cases, however, two tracks leave the
point of collision—one being the track of the nucleus, the other
a fainter track due to some particle ejected from the nucleus.
It is interesting to note that carbon and oxygen, clements which
so far have not been disintegrated by a-ray bombardment, can
be disintegrated by neutrons; the particle cjected being in each
case an o-particle.

Nitrogen is also disintegrated by neutrons with the emission
of an a-particle, the reaction being

N - ng! — Beg!! - He.
It will be noticed that this reaction is the exact reverse of that
by which the neutron is itself produced from boron. We have
here an example of a reversible nuclear reaction.

128. Nature of the neutron. The close approximation of
the mass of the neutron to that of the proton invites the assump-
tion that therc is a close connection between the two. One
obvious suggestion is that the neutron may be a close combina-
tion of a proton with an electron, the slight change in mass being
ascribed to the “packing” effect. On the other hand, the dis-
covery of a positive electron makes it possible that the proton
is the complex particle, being formed by the addition of a posi-
tive electron to the neutron, which would then function as the
fundamental particle. The possibility that both proton and
neutron may be fundamental particles, although unwelcome,
cannot be overlooked. At present there seems to be no experi-
mental evidence on which the question can be decided.
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129. Production of positive electrons. The positive elec-
tron was discovered by Anderson (3) in the course of experiments
on the cosmic radiation (§ 131). This penetrating radiation pro-
duces high-speed electrons by its absorption in matter, and the
tracks of these particles can be made visible in the uswal way in
a cloud chamber. Owing to the comparative rarity of these
particles the probability of catching them in the chamber fortui-
tously is very small. Ingenious methods have been devised
whercby a particle about to enter the cloud chamber can be
made to set the ecxpansion apparatus in motion, and thus, so to
speak, to take its own photograph. ’

Owing to the high speed of the particles, deflections are rare
and the track is usually straight and comparatively thinly
studded with drops. On applying a transverse magnetic ficld to
the chamber Anderson discovered that while the majority of the
tracks were deflected in a direction which shewed that the
particles producing them were negatively charged, a certain
number were curved in the opposite direction. In order to
eliminate the possibility that these might be tracks of negative
electrons which were crossing the chamber in the opposite direc-
tion to that assumed (which would of course explain the opposite
curvature) a sheet of aluminium was stretched across the centre
of the expansion chamber to intercept the particles. A B-particle
loses energy in passing through matter and consequently in a con-
stant magnetic ficld the curvature of its track on emerging from
the plate will be greater than it was before entering. Tt is thus pos-
sible to identify with certainty the direction in which the particle
was travelling. It was found that all the particles were travelling in
the same direction. The opposite curvaturescould thus only be ex-
plained by assuming that the particles were oppositely charged.

The curvature of the tracks, the decrease in energy in passing
through the absorbing plate, and the density of the droplets
along the track shewed conclusively that the positively charged
particles must be very similar in mass and in behaviour to the
negative electrons which they accompanied. They must thus be
positive electrons. It is convenient to call these newly observed
particles positrons, and to kecp the term electron for the familiar
negatively charged particle.

cr 16
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130. Mode of origin of the positron. Blackett, who con-
firmed Anderson’s original observations, pointed out that the
Dirac theory of the electron indicated the possibility that a pair
of electrons, of equal mass but opposite sign might be produced
by the abgorption in matter of a quantum of high energy radiation.
The energy, me?, which must be condensed to form an electron
of mass 9 x 102 gm. is (9 x 10~2) x (3 x 1019)2 ergs, or almost
exactly half a million volts. The result is independent of the sign
of the charge, and the production of the pair of electrons will thus
require 10% electron volts, assuming that the masses of the
positron and electron are equal.

The calculation indicates the possibility that positive electrons
may result from the absorption in matter of any y-radiation of
quantum energy cxceeding a million volts. Radiation of this
energy is rare, but thorium C” gives out a strong y-radiation of
energy 262 « 108 volts. Kxperiments with this radiation were
made by Chadwick, Blackett, and Occhialini@). The active
deposit of thorium was concentrated on a wire which was placed
in a lead cylinder enclosed in a cloud chamber. A magnetic field
of from 600 to 800 gauss was applied across the chamber, and
the tracks were photographed in the usual way by means of two
cameras with their axes inclined at a known angle.

The photographs shewed numerous tracks hoth of positive and
negative curvature, about 12 per cent. of the tracks heing those
of positrons, the remainder of negative electrons. Tt must be
remembered that in addition to the peculiar conversion of y-ray
energy which we have supposed results in the production of a
pair of particles, we have also the normal photo-electric absorp-
tion of the y-ray in the lead sheath which gives rise to photo-
clectrons only. It appears that for the thorium C” radiation the
photo-electric effect accounts for about 75 per cent. of the whole
absorption.

On the Dirac theory a positron and an electron are produced
simultancously so that we should expect to observe a number of
paired tracks starting from the same point but deviated in op-
posite directions by the magnetic field. One such pair is shewn
in Fig. 99 (Plate IV). The right-hand track is that of the positron,
and in this case the two particles have been emitted with
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approximately the same energy, as shewn by the equal curva-
tures. Itis, however, not usually possible to observe these paired
tracks, as the majority of the conversions take place well within
the lead absorber, and owing to the large scattering of the
particles in the lead, their tracks are generally widely separated
before emergence.

The theory can be tested more satisfactorily by deducing the
energies of the particles from the observed curvature of the
tracks. The y-radiation from the thorium deposit contains only
one strong line of energy greater than one million volts, namely
the line 2-62 x 108 volts. The production of positrons may,
therefore, safcly be ascribed to this radiation. Since the creation
of the pair of particles accounts for a million volts the combined
Initial kinetic energies of the two particles cannot exceed
1-6 x 108 volts. This energy seecms to be distributed at random
between the two particles. Assuming that in some conversions
the whole of the excess encrgy is carried away by the positron
we see that the maximum kinetic cnergy of the latter cannot
exceed 1-6 X 10% volts. A careful measurement of the positron
tracks indicated that the maximum energy of the particle was
1-65 x 108 volts with a probable error of about 5 per cent. This
agreement may be regarded as very satisfactory.

We have assumed in the calculation that the mass of the
positron is cqual to that of the electron. The substantial agree-
ment between the theory and the experiment thus confirms this
assumption.

On Dirac’s theory the positron can have no permanent exist-
ence in matter of ordinary density. It should recombine with an
electron to form a quantum of radiation with encrgy equal to
the sum of the masses of the particles, that is one million volts.
It cannot be said with certainty that this process has yet been
observed.

Attempts to produce positrons by the absorption of B-particles
and neutrons have yiclded no results. Positrons are produced by
the radiations emitted when beryllium fluoride is bombarded by
a-rays, but the effect has been shewn to be due to a penetrating
y-radiation which is emitted during the process and not to the
accompanying neutrons.

16-2
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181. Cosmic radiation. Millikan has demonstrated the
existence of radiation of great penetrating power, which ap-
parently enters our atmosphere from extra-terrestrial sources.
The experiments consisted in sinking self-recording electroscopes
in the waters of snow-fed mountain lakes in California and
Bolivia. The natural ionization (see § 4) in the air of the electro-
scope gradually became smaller as the depth of immersion in-
creased until at great depths it became constant at the very low
value of 1-1 ion per c.c. per sec. This is the smallest ionization
yet recorded, though McClennan had obtained values as low as
4-8 in similar experiments in Lake Ontario.

The residual ionization at great depths may confidently be
ascribed to very minute traces of radio-active material in, or on,
the electroscope walls. The ionization which decreases with depth
must be due to a penetrating radiation coming from above, which
is gradually absorbed as greater and greater thicknesses of water
are interposed between it and the clectroscope. Experiments
made on the top of I'ike’s Peak, and by balloon ascents, shewed
that the intensity of this radiation increased as the surface of
the carth’s atmosphere was approached. The radiation is there-
fore not generated in the air but comes entirely from extra-
terrestrial sources. The intensity of the radiation was shewn to
be independent of the time of day or season, and was the same
in the northern and the southern hemispheres. It is thus not
associated with any particular dircction in space but seems to
come in uniformly from all directions. For this reason Millikan
calls it cosmic radiation.

The absorption in water can be determined by measuring the
intensity of the ionization at different depths in a lake. The
absorption curve is not exponential, shewing that the radiation
is not homogeneous. From an analysis of the absorption curve
Millikan finds that there are various types of radiation present,
their coecfficients of absorption in water ranging from 0:35 to
0-018 per metre. The penetrating power thus far exceeds that
of y-radiation.

The nature of the radiation at the earth’s surface can be
studied most accurately by the cloud chamber method, already
described in connection with the discovery of positrons. After
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passing through the earth’s atmosphere the radiation consists of
a mixture of corpuscular and electromagnetic radiations all of
very high energy, together with secondary B-particles, positrons,
and secondary y-radiation due to the conversion of the high
energy radiations. The energy of some of the corpuscles is cer-
tainly not less than 10° volts. The corpuscular radiation is
usually assumed to consist of clectrons, but suggestions have also
been made that it consists at least in part of positrons, or even
of protons. At these high energies the relative difference between
the masses of electrons and protons is small, and the point could
probably only be decided by a determination of the charge.

A determination of the composition of the radiation at the
earth’s surface gives little information about the nature of the
radiation as it enters our atmosphere. If we suppose it to be
initially electromagnetic, the Compton scattering will give rise
to recoil electrons, and the photo-clectric absorption to photo-
clectrons, of energy not very different from that of the initial
quant. The energy of the quant itself will be reduced by the
scattering, so that the radiation after passing through the carth’s
atmosphere will be complex. Conversely if the initial radiation
were corpuscular, its scattering and absorption in the atmosphere
would give rise to electromagnetic radiation.

Radiation of energy 930 <« 10% volts would be generated by
the mutual annihilation of an electron and a proton, and this
action has been suggested as a possible source of the cosmic
radiation. On the other hand Millikan’s observation, which has
been amply confirmed by later work, that the intensity is in-
dependent both of the time of day and of latitude, shews that the
radiation originates neither in our sun, nor in our galaxy, and it
is a fair assumption that it does not originate in other galaxies.
It scems rather difficult to imagine that the annihilation of
protons is proceeding uniformly in intergalactic space. Blackett 5)
suggests that the radiation was formed at an carly stage in the
history of the universe, when the laws of physics were different,
and that it has been travelling ever since in a closed uni-
verse. It is to be hoped that further experiments may provide
more decisive evidence on the subject than we possess at
present.
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CHAPTER XIV
THE STRUCTURE OF THE NUCLEUS

132. Composition of the nucleus. The fact that the masses
of all atoms approximate very closely to whole numbers when
expressed on the scale O = 16-000, very naturally leads to the
conclusion that the atomic nucleus, in which practically the
whole mass of the atom resides, is a composite structure, and is
built up of an integral number of fundamental particles of unit
mass. The slight divergences from the whole number rule are
reasonably explained by the “packing” effect.

The mass of the atom is thus equal to the number of elemen-
tary unit particles which it contains. Its chemical and physical
properties, however, are determined almost entirely by the
resultant charge on the nucleus, which as we have seen is equal
to its atomic number.

Experiments on nuclear disintegration shew that two par-
ticles each of approximately unit mass can be ejected from the
nucleus under suitable conditions—the proton or hydrogen
nucleus, which carries a unit positive charge, and the neutron
which is uncharged. Until we have much more knowledge of the
possible relation between these two particles it will probably be
convenient to regard them both as units in the nuclear structure.
Thus while ordinary hydrogen H! has for its nucleus a single
proton, heavy hydrogen H? may be regarded as having a nucleus
which is built up on one proton and one neutron. This suggestion
is supported by recent experiments in which the bombardment
of material containing heavy hydrogen in a discharge tube has
been shewn to yield an ample supply of neutrons.

The nucleus of helium, the important a-particle, has a mass of
4 and nuclear charge 2. We may suppose that it contains two
protons and two neutrons. Before the discovery of the neutron
the a-particle was supposed to consist of four protons, to give
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the necessary mass, together with two negative electrons, to
reduce the nuclear charge to 2. As the helium nucleus is a very
stable structure and has not been disintegrated it is impossible
to discriminate experimentally between these two conjectures.
The former scems to be usually adopted in the most recent
discussions.

There is very strong evidence that the a-particle exists as such
in the nuclei of elements of higher atomic number. These par-
ticles are cjected during radio-active disintegrations, and as we
shall see later (§ 138) there is evidence that they play a very
important part in the cconomy of the radio-active nuclei. It is
also significant that elements of atomic mass 4n where # is an
integer, and which can thus be regarded as being constructed of
n a-particles, are not disintegrated by a-ray bombardment. The
fact that they can be disintegrated by collision with neutrons,
and that the collision results in the ejection of an a-particle
points the same way. In the absence of direct evidence to the
contrary it is usual to assume that a nucleus will contain as many
a-particles as it is possible to construct from the protons and
neutrons available.

Lithium with an atomic number 3 has two isotopes of masses
6 and 7. Liy could be formed by adding a neutron and a proton
to the a-particle, Lig” by adding a proton and two neutrons. It is
interesting that the bombardment of Li?7 by protons results in
the capture of the proton and the formation of two a-particles;
while the capture by Li® of a diplon, or H2 nucleus (which con-
sists of a neutron and a proton) also results in the formation of
two a-particles (§ 136).

Since the addition of a neutron to the nucleus increases its
mass without changing its atomic number, the theory accounts
—almost too liberally—for the existence of isotopes. With the
exception of H! no atom is known which has a mass less than 2Z,
and for most atoms the mass is not greatly in excess of this value.
We do not know what limits the proportions in which protons
and neutrons can combine to form a stable nuclear structure.

These considerations should allow us to fix the composition
of any given nucleus. A nucleus of mass 4 and atomic number Z
would contain Z protons to supply the necessary charge, and
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A — Z neutrons to give the additional mass. There remains,
however, one disturbing factor. Some radio-active substances
disintegrate with the emission of high-speed electrons, or B-par-
ticles, which appear to come from the nucleus itself. The nuclei,
at any rate of radio-active substances, must therefore contain
electrons, the number of which is completely unknown. The
quantum theory of band spectra indicates that these clectrons
cannot exist in the free state in the nucleus, but must be attached
in pairs to some other particle in such a way that they neutralize
cach other’s magnetic moment, or “spin’ as it is called. The in-
troduction of an electron into the nucleus would reduce its
resultant positive charge by unity, so that, in order to keep the
charge unaltered we should have to replace one of the neutrons
by a proton. The exact composition of a given nucleus remains
to this extent a matter of uncertainty.

133. The potential barrier. Gamow’s theory. The
nucleus behaves as a point charge at all distances greater than
1012 cm. so that its radius must be less than this. We have
already seen that an a-particle which comes too close to a nucleus
may be captured within the nucleus, so that at some point the
force of repulsion gives place to one of attraction. That this must
be so0 is obvious also from the fact that the e-particles within the
nucleus form an extremely stable system and must, therefore,
be under the influence of strong forces tending to bind them
within the nucleus. We have no conception at the moment as to
the nature of these forces. We know, however, that generally a
large amount of work has to be done upon an a-particle to extract
it from the nucleus. The potential energy of an a-particle in the
nucleus has, therefore, a large negative value.

At distances outside the nucleus which are large enough for
the inverse square law to hold the potential energy of an «-
particle, of charge 2e, is 2Ze*/r, where Ze is the charge of the
nucleus. At distances very close to the nucleus, scattering ex-
periments indicate that the force becomes less than that given
by the inverse square law, and the potential energy will rise
rather less rapidly. Thus if we plot the potential energy U of an
a-particle against its distance from the centre of the nucleus we
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shall arrive at a curve somewhat of the form shown in Fig. 100.
The exact shape of the peak of the curve and of the descending
portions is not definitely known.

0 | Distance from centre

Fig. 100

We may regard the distance of the highest point of this
potential barrier from the centre as measuring the radius of the
nucleus. For the aluminium nucleus its value, as estimated from
the scattering experiments, is about 4 > 10-33 ¢cm. The maximum
height of the barrier is similarly estimated at about 7-5 x 108
electron-volts.

134. Application of wave mechanics. Penetrability of
the nuclear barrier. Since the wave length of an a-particle is
of the same order as the radius of a nucleus, nuclear problems
should be considered from the point of view of wave mechanics.
The mathematical discussion does not lend itself to clementary
treatment, and we shall assume such conclusions as we require
to explain the phenomena with which we have to deal without
attempting any proof. Mathematical treatises on the subject of
various grades of complexity are now available in considerable
variety.

On classical mechanics an a-particle in order to penetrate
within the nucleus must be projected towards it with kinetic
energy at least equal to the highest point of the potential barrier.
Conversely an a-particle leaving the nucleus must come over the
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top of the potential barrier, and when it arrives at a distance
from the nucleus must have at least the kinetic energy corre-
sponding to its potential energy at the highest point.

Early observations by Rutherford had already thrown doubt
on these conclusions. The scattering by uranium of the fast
a-particles from thorium C’, of range 8-4 cm. is entirely normal,
and we must conclude that these particles cannot rise above the
lower slopes of the potential harrier of the uranium nucleus,
where the inverse square law holds. On the other hand the
a-particles given out by uranium itself have a range of only
2-4 cm., whereas if they had left the nucleus over the top of the
potential barrier their energy after emerging must at least have
been greater and their range longer than the a-particles from
thorium C’.

On wave mechanics the wave packet representing the a-
particle is regarded as being reflected at the potential barrier.
Just as the wave theory of the reflection of light indicates the
existence of a highly damped wave motion penetrating into the
reflecting surface, so wave mechanics indicates that a wave, with
a high coefficient of damping penetrates into the potential
surface. If the barricr is thin, a portion of this wave may
actually penetrate into the centre cavity representing the
nucleus, The wave packet, representing an a-particle is, of course,
indivisible, and the intensity of this wave is taken as giving the
probability that an a-particle can penetrate the barrier at this
point. The top of the barrier is thus definitely penctrable by
a-particles of suitable energy. The probability rapidly diminishes
to zero as we pass further down the slope.

A more important point, however, and one which has been
experimentally verified, is the complete penetrability of the
barrier at certain definite levels well below the peak. To put the
matter extremely crudely, we may suppose that the a-particle
in the nucleus will occupy such a position that it forms a sta-
tionary wave by reflection in the opposite walls of the descending
funnel. These various resonance levels as they are called ob-
viously constitute an energy level system for the nuclear «-
particles. The energy levels normally occupied by the a-particles
are levels of negative energy, that is to say work would have to
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be done on the a-particle to place it at an infinite distance from
the nucleus. In this case wave mechanics agrees with classical
mechanics that there is no possibility of escape for the particle.
If, however, the particle occupies one of the virtual energy levels
of positive encrgy, wave mechanics indicates that there is a
strong probability, perhaps a certainty, that it will penetrate the
potential barrier at this level, and will thus arrive at a distant
point with kinetic energy equal to its potential energy in the
resonance level.

Conversely a particle projected towards the nucleus with
initial energy equal to that of onc of the resonance levels of the
nucleus will be able to penetrate into the nucleus along the
corresponding resonance level, and may thus be captured by the
nucleus, although its energy may be far less than that required
to carry it over the top.

135. Disintegration of the elements by slow a-particles.
Very definite experimental evidence for these somewhat novel
conclusions is provided by the researches of Chadwick, Pose,
and others on the disintegration of the lighter clements by short
range a-particles. We may take aluminium as a fairly typical
example. Aluminium, as we have already seen, Is disintegrated
by the fast a-particles from radium C’, yielding protons with
ranges up to 100 cm. in air. Since the encrgy of the radium C’
particle is 7-68 million volts we may assume that it enters the
nucleus either over the top or through the upper part of the
potential barrier. It was discovered, however, by Pose that
aluminium could also be disintegrated by the a-particles from
polonium the range of which is only 3-9 em. These particles have
quite insufficient energy to carry them up to the permeable part
of the barrier.

A detailed analysis of the eflect was made by Chadwick ().
The polonium, deposited on a silver disc R (Fig. 101) was placed
in a tube which could either be exhausted or filled with carbon
dioxide at a varying known pressure. The end of the tube 4 was
closed by aluminium leaf, the stopping power of which was
equivalent to 2 mm. of air. Thus when the tube was exhausted
the aluminium nuclei in the foil were being bombarded by «-
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particles of all ranges between 3-9 and 3-7 cm. The mean range
of the particles falling on the foil could be progressively reduced
by admitting carbon dioxide into the tube. This gas is chosen for
the purpose because its constituents do not themselves emit long

R I To )
Fig. ]l()l

range protons. Any protons cmitted by the aluminium were
collected in a small ionization chamber C, connected to a Wynn
Williams counter. Their range could be determined in the usual
way by interposing screens of known stopping power between
A and C.

It was found that protons of maximum range 66 ¢m. were
emitted when a-particles of maximum range 3-9 em. fell on the
aluminium. If the range was reduced to 3-7 em. by admitting
carbon dioxide at low pressure, the emission of protons ceased.
The aluminium was no longer suffering disintegration. If, how-
ever, the range of the particles was still further reduced to
345 em. protons were again emitted, the range this time being
61 cm. Thus while particles of range 3-9 ¢m. and 3-45 em. produce
disintegration, and thus must be able to enter the aluminium
nucleus, particles of intermediate ranges are completely in-
cffective.

Further investigation with
still slower particles revealed
two further resonance levels
for a-particles of maximum
range 31 cm. and 2:7 cm.
Aluminium has thus at least

ticles

anber of pari

four resonance levels. 20 30 40 »0 60

bquwalcnl cm.of air.
Fig. 102

It was further found that
the protons in each case con-
sisted of two homogeneous groups (Fig. 102), one of much longer
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range than the other. It is supposed that on entering the nucleus
the a-particle of energy E, may fall directly to the lowest energy
level of energy —E,. The energy thus rendered available,
E, + E,, is given to a proton which is thus ejected with kinetic
energy B+ E, — E, where E, is the energy required to remove
a proton from the nucleus. On the other hand the a-particle may
come to rest, temporarily, in some higher energy level — E,,,
in which case the proton cjected will have kinetic energy
E,+ E, — E,. The difference in energy of the two groups of
protons is thus E, — E,,. If a thick sheet of aluminium is used
so that the a-particles have all velocities from 39 cm. down to
zero, all eight groups of protons are emitted simultaneously.

.

TaBLE X
Effective o-particle Rango of
T, - T rotons ejected
Range Energy pro (-.m.J

cm. volts
39 5-25 x 108 66 and 34
3-45 4-86 x 108 61 and 30-5
31 4-49 x 108 55 and 26-5
27 4-0 x 108 49 and 22

(5
1

™
T

"

Potential energy, in 10°-volts
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S

S

A R N
Distance, in 107%cm.
Fig. 103

The a-particle, however, must ultimately fall to the lower
level, giving out in the process energy also equal to E, — E,,.
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We should expect this emission to take the form of y-radiation.
It is an interesting confirmation of the theory that y-rays of
precisely this energy have been detected by Webster when
aluminium is bombarded by «-particles from polonium. Similar
results have been obtained for other clements of low atomic
number. Chadwick’s results for aluminium are contained in
Table X, and pictorially in Fig. 103.

136. Artificial disintegration of the elements. It was
discovered by Cockeroft and Walton @) that elements could be
disintegrated by bombarding them with high-speed positive
particles from a discharge tube. The positive particles were
generated by passing a current through hydrogen in a discharge
tube with a perforated cathode, and the positively charged
hydrogen rays passing through the cathode were further acceler-
ated by passing them through a long column, the ends of which
were at a potential difference of the order of 300,000 volts. The
accelerated particles emerged through a small window to fall on
a target of lithium.

Tt was found that under bombardment the lithium gave off
particles which could be detected by the scintillations they pro-
duced on a fluorescent screen, or by an ionization chamber.
They were immediately identified as a-particles. By enclosing
the target in a Wilson cloud chamber it was possible to photo-
graph the tracks of the particles, and by reducing the intensity
of the bombardment so that only one disintegration occurred
during a single expansion, it was found (Fig. 104, Plate IV) that
the particles were ejected in pairs travelling in opposite dirce-
tions along the same straight line. The disintegration may thus
be expressed in the form

Liy + Hy! - 2He,A.

If we take into account the “packing” effect we find that this
reaction takes place with the liberation of considerable energy.
Substituting the actual mass numbers, as determined by Aston,
we have

Li + H — 2He = 7-013 + 1-0078 — 2 x 4-0010 = 0-0188.
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The energy liberated by the complete conversion of 7-013 gm. of
lithium is thus 0-0188 x 9 x 10% ergs, or 1-68 x 10° kilojoules.
Since the mass 4, of an atom of unit mass number is 1-66 x 10~
gm. the energy liberated in a single disintegration is

168 x 10 x 166 x 10~ gm., i.e. 2:80 x 10-5 ergs,

or 17-6 x 108 volts. In addition we have also the kinetic encrgy
of the H particle which is 300,000 volts. Assuming that the
whole of the available energy is carried away by the two helium
nuclei produced, we see that each of these particles should have
kinetic encrgy equal to 9 million volts. They should thus be
a-particles of range about 9 ¢m. in air. The observed ranges
of the particles (8-4 cm.. in air) agreed excellently with this
calculation.

It should perhaps be pointed out that since the fraction of the
incident H particles which produce a disintegration is very small
(about 1 in 10,000) the experiment as a whole doces not leave us
with a surplus of energy.

It has later been shewn by Rutherford () that the large voltages
employed by Cockeroft. and Walton are not essential for dis-
integration. Occasional disintegrations of the lithium atom are
observed with I1 particles of energy as low as 30,000 volts. The
yield of the process, however, increases rapidly as the energy
of the incident 21 particles is increased.

Rutherford has recently employed the nuclei of “heavy”
hydrogen (diplons or deutons) as the bombarding particles. The
effect on lithium is identical with that of the ordinary H par-
ticles, that is, two helium atoms are produced. In this case it is
probable that the lower isotope of lithium, Liy%, is the one which
is affected, the equation being Liy® 4 Hy? = 2He,*. 1f the diplons
are used to bombard hydrogen itself atoms of a hydrogen isotope
H,? are produced.

The disintegration of the affected nucleus does not always
occur immediately after the impact. If graphite is bombarded
by H particles it continues to emit a-particles for some con-
siderable time after the bombardment has ceased, the emission
falling off exponentially with the time, with a half value period
of about 10 minutes. The nucleus of the new element formed by
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the bombardment thus behaves exactly like that of a radio-
active element.

Among other elements boron is easily disintegrated, with the
simultancous emission of three a-particles. Beryllium and fluorine
have also yielded disintegration particles in measurable numbers.

137. The wave theory of scattering. Mathematical in-
vestigation shows that, assuming the inverse square law of force,
the law of scattering on the wave-mechanical treatment of the
problem is identical with that deduced by Rutherford, except

Hel:um
4.5°scattering

Observed scallering
N Classical scatfering

~

1 1

Yr®
Fig. 105

in one case: the scattering of a-particles in helium. Here the
projected helium nuclei are identical in nature with the scattered
a-particles, and the possibility of interference between the beam
of scattered a-particles and the beam of projected nuclei has to
be taken into account. Thus something of the nature of inter-
ference bands are formed and at certain angles the number of
scattered particles falls to zero. It can be shewn that the number
of particles scattered at 45° to the beam should be twice the
number given by the classical theory.

This prediction was investigated by Chadwick(#), who com-
pared directly the scattering at an angle of 45° in helium with
that in argon which is known to be normal. His results are
shewn in Fig. 105 where the ratio of the number of scattered
particles observed to the number to be expected on the classical

cr 17
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theory is plotted against the reciprocal of the energy of a-par-
ticles employed. It will be observed that the ratio asymptotes
to a value of twice the classical value for the more slowly moving
a-particles.

If we suppose that the more swiftly moving a-particles actually
penetrate the helium nucleus, without being captured by it,
wave mechanics also provides a possible explanation of the
anomalous scattering shewn by the earlier portions of the curve.
Near the top of the potential barrier there is a finite probability
of penctration, that is to say a certain fraction of the incident
a-particles will penetrate the barrier, the remainder being re-
flected from its outer slope. We may suppose that the particles
penctrating are themselves reflected internally in the nucleus,
and thus form a second reflected beam. Interference may then
take place between the two reflected beams. Calculations along
these lines have been made, and lead to equations which are not
too much out of harmony with the experimental results.

1t may be possible to explain the anomalous scattering which
occurs in other light clements in a similar way.

138. Origin of the long range a-particles. We have seen
that a radio-active substance normally emits a-particles of per-
fectly definite and constant range. The cause of the instability
which results in radio-active disintegration is not clear. We may
suppose, however, that the cfiect is that » — 1 of the n «-particles
in the nucleus are enabled to fall to an energy level of greater
negative energy than that which they had previously occupied,
and that the cnergy thus set free is transferred to the remaining
a-particle, and rawses it to a virtual cnergy level of positive
energy, whence it escapes from the nucleus by the process of
“resonance ” already described. Thus all the a-particles from the
same substance emerge with the same energy since they have all
emerged at the same level.

A few radio-active substances, however, as we have seen (§ 103)
give out, in addition to the normal particles, definite groups of
particles of much longer range. 1t is found that the substances
giving long range particles have two definite characteristics; they
are formed as the result of a radio-active change in which a
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B-particle is expelled, and they have themselves an extremely
short life. Thus radium (7, which is the only one we will consider
in detail, is formed from radium C with the emission of a swift
B-particle, and has a half value period which is estimated at
1-5 x 108 sec.

We may suppose then that the disturbance which results in
the expulsion of the B-particle from radium C leaves the newly
formed radium (¢’ nucleus in an “excited” state, that is to say
with one or more of its a-particles in energy levels of greater
cnergy than that which they would occupy in the normal radium
C’ nucleus. The time for which a particle can remain in a meta-
stable state of this kind, though usually very small, is not zero.
Since the transformation of a radio-active substance follows an
exponential law, there will be a small but finite chance that the
nucleus will disintegrate before the *‘excited” particle has fallen
to the normal level. If this occurs the particle will be cjected
with a kinetic encrgy which is greater than that of the normal
particle by the difference between the energy of the particle in
the “excited” and in the normal energy level.

TasLE XI

Long Range a-particles from Radium C'.

Enorgy excess of
Enorgy of the of excitod lovel No. of «-

a-particle in above normal I’"‘Ft’l}’l(’s por

volts x 10~ level in million dis-

volts x 10-8 intogrations
7-683 0 108
8-280 6:08 0-43
8:941 9-112 0-4H

9-069 14-12 22

9-3156 16-63 0-38
9-402 18-44 1-:35
9-660 20-15 0-35
9-781 21-38 1-06
9-908 22-68 0-36
10-077 24-39 1-67
10-149 25-13 0-38
10-329 26-97 1-12
10-509 28-80 0-23

17-2
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The fact that the long range particles form definite homo-
geneous groups thus affords strong evidence for the existence of
a system of energy levels for the a-particles in the nucleus, and
the energies of these levels are given by the difference between
the energy of the corresponding long range particle and that of
the normal particles. The experimental results for radium C’ are
given in Table X1¢5). The energies have been determined by the
magnetic defleetion method (§ 103).

In calculating column 2 allowance has been made for the energy
of recoil of the nucleus. On the theory propounded these num-
bers give the energy level system of the radium €’ nucleus, as
measured from the ground level, or to put the matter another
way, they correspond to the excitation potentials of the nucleus.

139. Origin of the <y-ray spectrum. The last column of
Table X1 shews quite clearly that the emission of a long range
a-particle is distinctly abnormal. The majority of the excited
nuclei acquire their normal configuration before disintegrating,
and must thus dispose of their surplus energy by some other
process, presumably by radiation. The energies of the levels
indicate that this radiation would be in the y-ray part of the
spectrum. We should, therefore, expect to be able to correlate
the 65 lines observed by Ellis in the y-rays given out during the
transition from radium C to radium C’ with the energy levels in
column 2 of the table.

The return of an a-particle from an excited to a normal level
may take place in a single stage, or in a succession of stages.
Thus a particle originally in the level of energy 22-68 might fall
directly to the ground level emitting an a-ray of energy 22-68, or
it might fall first into the level 6-08 emitting a ray of cnergy
(22-68 — 6-08) or 16-60, all the numbers being expressed in a
unit of 105 electron volts. The subsequent fall from the level
6-08 to the normal would give rise to a ray of energy 6-08 in the
same units. Thus the energies of the y-rays in the radium CC’
spectrum should be expressible either by the numbers in column
2 or by differences between these numbers.

An examination of the spectrum shews that a large number of
the observed lines are in fact so expressible to an accuracy well



THE STRUCTURE OF THE NUCLEUS 261

within 1 per cent., and the number of such coincidences is far
too great to be fortuitous. The theory thus appears to have a
strong experimental basis. To express the whole of the lines in the
y-ray spectrum, however, Rutherford (5) has found it necessary to
postulate the existence of five energy levels which are not in-
cluded in Table XI and from which no long range a-particles
have so far been detected. With this addition all the known lines
of the RaCC’ spectrum can be included in the scheme.
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CHAPTER XV
THE STRUCTURE OF THE ATOM

140. The extra-nuclear electrons. We have seen that the
mass of the atom resides almost entirely in a nucleus, the radius
of which is somewhat less than 10712 ¢m. The nucleus carries a
positive charge cqual to its atomic number Z. Since the atom,
as a whole, is clectrically neutral, the nucleus must be associated
with a number of electrons equal to the atomic number. The
radius of the atom, as deduced from the kinetic theory of matter,
is of the order of 10~® cm. so that we must suppose that the
motions of the extra-nuclear electrons are confined in a sphere of
this order of magnitude. The electron itself may be regarded as a
particle with a radins of the order of 10-13 ¢m. The atom is, there-
fore, an exceedingly open structure, which explains why it can
be so casily penetrated by high speed particles of various kinds.

Earnshaw’s theorem tells us that any arrangement of point
charges is unstable, on classical theory, if the particles are at rest.
Stability can, however, be obtained (as in the similar case of the
solar system) if we suppose that the electrons are describing
circular orbits around the nucleus, with appropriate velocities.
The condition to be satisfied is clearly that the centrifugal force
mv¥/r shall be equal to the attractive force Ze.c/r? between the
nucleus and the electron. This gives an infinite number of pos-
sible orbits. On the other hand since the electrons would have an
acceleration towards the nucleus they should, on classical theory,
radiate energy continuously. Their velocity would thus con-
tinually diminish and the structure would ultimately collapse.

A solution of the difficulty is clearly to be found along the
lines of the quantum theory. We have already seen that in
those cases where we are able to follow the interchange of energy
between electrons and radiation the electron does not radiate
continuously, as demanded by the classical theory, but emits
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either a whole quantum of monochromatic radiation or no
energy at all. Assuming that these conditions hold within the
atom the quantum theory indicates the possibility that electrons
in certain preferred orbits may not give out radiation, in which
case the stability of the nuclear atom could be assured.

The exact form in which the quantum theory should be applied
was not immediately apparent. Planck’s constant, %, has the
dimensions of energy x time, or momentum x distance. The latter
product is sometimes known as an “action.” Bohr assumed that
an orbit would be non-radiating or stationary if the electron in
it had an amount of “action” equal to an integral multiple of
h, which may thus be regarded as the natural unit of action.
For an electron describing a circular orbit we have, therefore,

mo. 2nr=mh, . . . . . (115)
where 7 is the radius of the orbit, and = is an integer which is

known as the quantum number of the orbit. This may be
expressed in the more general form

2emrPw =nh, . . . . . (116)

where w is the angular velocity of the electron.

A stationary orbit must satisfy this relation in addition to
the requirements of ordinary mechanics. Thus only a select few
of the orbits mechanically possible are possible electronic orbits.

141. Bohr’s theory of the hydrogen atom spectrum. The
fundamental truth of Bohr’s assumptions was made evident by
their success when applied to the case of the hydrogen atom.
Since the hydrogen atom consists of a positive nucleus and a
negative electron, each of which behaves as a point charge, the
calculation of the stationary orbits can be made with certainty
and exactness.

Let e, m be the charge and mass of the electron, Ze and M
the charge and mass of the nucleus, and let » be the radius of
the orbit in which the electron is moving with a velocity v.
Equating the centrifugal force to the mutual attraction of the
two charges we have as the mechanical condition of equilibrium

my? _ Ze?

r r2’
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If 7 is the time of revolution of the electron in its orbit v = 277/7,
and, substituting this value of v in the previous equation,
2 2
e _ZEE L)

T2 r2
Applying now Bohr’s second postulate the “stationary ” orbits
are to be distinguished by the relation

2rmriw = nh,

or, since w=—,

(118)

Substituting this value in (117) we have
n2h?

" 4m*mZe?’
which gives the radii of the possible stationary orbits. All the
quantities on the right-hand side of the equation are known.
For the hydrogen atom, for which Z =1, the radius of the
smallest orbit, obtained by putting » =1, is 0-52 x 10-% cm.
The radii are proportional to the squares of the natural numbers,
and all the orbits except the first are outside the generally
accepted value for the radius of the hydrogen atom.

The kinctic energy of the electron in its orbit is }mv? or
Z¢*/2r. As the force between the electron and the nucleus is
attractive the maximum potential energy will be when the
electron is at an infinite distance from the nucleus. If Wy, is this
maximum value, the actual potential energy at a distance 7 from

Ze
-
The total energy in the orbit is thus

r (119)

the nucleusis W —e

Ze? Ze?
Wr= —2;+ Ww __-1'
Ze?
=We - 2r
2m*mZ2et .
= Ww - ——;{2'}12 (] ZO)

substituting for r from (119).
Now by the ordinary quantum relation if an electron falls
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from an orbit of energy W,, to one of energy W, the difference
is emitted as a monochromatic radiation of frequency v given by

_Wﬂ_'ﬁf

v= h

_ 2memZtet (1 1) 9
T Ty o (121)

substituting for W, and W, from (120). For hydrogen Z = 1.
Thus the lines in the spectrum of the hydrogen atom should be
obtainable by substituting different integral values for » and n,
in this equation. » is the number of the orbit into which the
electron falls, n, that of the orbit from which it starts.

We have assumed, in the analysis, that the mass of the electron
is negligible in comparison with that of the nucleus. The necessary
correction, which is easily made, gives for the hydrogen spectrum

Mm e7: (1 1)
= 92 : L2 22
= em W {n2 e’ (122)

142. Numerical test of Bohr's theory. It is usual in
spectroscopy to employ the wave number v/, where v’ = 1/A = v/,
in place of the frequency v. Balmer discovered as carly as 1885
that the wave numbers of all the lines in the normal hydrogen
atom spectrum could be derived by substituting integral num-
bers for #», in the general relation

v Ry (1 1-112), ... (23)

1
although no explanation of the fact could be offered. Ry is a
constant known as the Rydberg constant for hydrogen. Its
value is 109677 x 10°cm. L,

Putting » =2 in (122) we see that the two relations are
identical in form. The relation, however, is much more than
formal. For hydrogen Z .- 1, and consequently R, should be
given by m? Mm et

c M+m h*°
into wave numbers. All the quantities in this cxpression are
known to an accuracy of the order of 1 in 1000, and there are no
“disposable constants” to enable us to evade the full rigour of
a numerical test. The numerical value of the expression is

dividing by ¢ to convert frequencies
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1:0955 x 10°. The agreement is thus perfect within the limits
of experimental error.

It will be scen that in Bohr’s theory a given line of the Balmer
gerics is emitted when an electron falls into the orbit, for which
n = 2, from one of the outer orbits. The H, line, for example, is
emitted by an electron passing from n = 3 to n = 2; or in X-ray
nomenclature from the M to the L level. Ultimately, however,
the electron must return to the innermost level of lowest energy,
so that we should expect to find a scries of lines given by

, 1 1 . . .
vV =Ry (] o 2), and calculation shews that this serics would
‘1

Fig. 106

be in the ultra-violet. They have been identified by Lyman.
A series in the infra red for which » = 3 has been discovered by
Paschen. The origin of the various series is indicated in Fig. 106.

It will be seen that a line is only emitted if the atom becomes
ionized, or at least ““cxcited.” The electron on its return may
fall from one quantum orbit to another, emitting a line at
each transition, until finally it comes to rest in the most stable
innermost orbit.

143. The spectrum of ionized helium. The hydrogen
atom spectrum is the only normal spectrum for which accurate
calculations can be made. As soon as we add a second electron



THE STRUCTURE OF THE ATOM 267

to the atom the problem becomes effectively that of three gravi-
tating bodies, no accurate solution of which has yet been at-
tained. If, however, a nucleus is stripped of all its extra-nuclear
electrons in a very intense discharge, the return of the first
electron to the nucleus will be a two body problem, and its
spectrum should be given by equation (121). Millikan has
succeeded in exciting and mecasuring the spectra of these
stripped atoms for all the clements in the first series of the
periodic table.

The most interesting case is that of helium. Both Pickering
and Fowler discovered some years ago a spectrum, the various
lines in which could be represented by the relation

, (11 .
v 4R(\nf"lz), L2

where R had very nearly, but not exactly, the value of Ryd-
berg’s constant for hvdrogen. Putting Z - 2 in (121) we see that
the Pickering-Fowler spectrum is exactly what we should expect,
on Bohr's theory, from the return of a single clectron to a
stripped helium nucleus. The slight difference between the two
Rydberg constants is due to the slight difference in the cor-
recting term for the motion of the nucleus.

Slight as this difference is, the accuracy of spectroscopic ob-
servations is so great that it provides probably the most accurate
method available for determining the ratio of the mass of an
clectron to that of a proton. Writing Ry, for the value of Ryd-
berg’s constant in the Pickering-Fowler series and My and My,
for the masses of the hydrogen and helium nuclei we have from

(122)
RH M" Mlle . MII (1 } T)
Ry, T Mg+ m My, -+ m’ Mm

where = m/My. But
Ry = 109677-69 £ 0:06 M, = 1-0072,

Ry, = 109722:14 + 0-04 M, —= 4-0016,

whence
m 1

M, 1838

with a probable error of not more than 1 in the last figure. The
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ratio of the mass of the electron to that of the hydrogen atom is

thus 1/1839.
The ratio /M, is, as we have seen earlier, the Faraday con-
stant in electrolysis and is equal to 9649 e.m.u. per gm. Hence
e e My

’i’;'l:—MH. m

= 1761 x 107 e.m.u./gm.

It is interesting to note that the most recent determinations
of ¢/m by the deflection method are giving results in very good
agreement with this value.

144. The origin of spectra. It is impossible to carry out
the calculations which gave us the hydrogen spectrum, for atoms
containing more than one clectron. The effect produced on the
motion of an clectron by the other clectrons in the system is too
complicated to yield to mathematical analysis. It is clear,
however, that the electrons will be arranged in definite quantum
energy levels, although the appropriate encrgies cannot be
calculated.

A given spectrum line will be emitted when an electron passes
from one quantum level to another, and its frequency v will be
given by kv - Wy — Wy, where (W, — W,) is the diflerence in
energy of the two levels. If we write W, = hvy and W, = hy,,

we have P p i N
= hvy — hvy, or v=v,— .

The frequencies of the lines in a line spectrum are thus given by
the differences between certain terms. This is a well-known law
of spectroscopy, and had been discovered from a study of the
numerical relationis between the lines in line spectra, long before
the Bohr theory gave it a theoretical significance.

The energies of these optical levels can be deduced from
spectroscopic data, in the same way that the energies of the
deeper levels can be measured by X-ray observations. In the
visible spectrum the energies involved are of the order of a few
volts, and the transitions are mainly those between virtual orbits
and the outermost of the occupied orbits.

We can, however, also map these energy levels in an entirely
different way. Since the atom can only exist in certain definite
energy states, it can only absorb from a colliding electron the
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exact amount of energy required to raise one of its outer electrons
from its normal level to one or other of the higher virtual levels.
The various radiation potentials (§ 35) thus correspond to the
difference in energy of an electron in the ground state and in one
or other of the virtual quantum levels. It should, therefore, be
possible to determine these different levels from the observed
radiation potentials. Values obtained this way agree well with
those deduced spectroscopically, though the latter method is, of
course, much the more accurate.

Again, if the atom is excited at the minimum excitation
potential, the electron is removed from the ground state to the
one next above it. On returning to the ground state it can
clearly only emit one spectral line. On the other hand if it is
raised to one of the higher states, it can return directly to the
ground state, or by a series of transitions from one to another
of the intervening energy levels. The full spectrum is clearly
only developed when the electron is removed entirely outside
the atom, that is to say when the atom becomes ionized. If v is
the frequeney term corresponding to the clectron in its normal
level, v should be the energy required to ionize the atom. The
lonization potentials deduced in this way are in excellent. agree-
ment with those determined directly by the methods deseribed
in § 34.

The various terms in the spectral series were deduced empiric-
ally in the first place, and were denoted by a rather complicated
system of letters and numerals. It is, however, possible to
correlate them with the system of quantum levels which will be
described in succeeding sections. The detailed application of
quantum principles to actual optical spectra is a large subject
which is outside the purpose of this book.

145. X-ray spectra. The X-ray spectra differ from optical
spectra in the fact that, owing to the much larger excitation
potentials an electron is removed not from the periphery of the
atom, but from the deeper levels, usually either the K or the L
level. This vacancy is filled in the first place by an electron from
a neighbouring ring. The transitions thus take place between
levels deep in the atom, which are normally occupied by elec-
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trons. In this case it is possible to make an approximate calcula-
tion of the energies of the levels, and of the frequency of the
radiation emitted.

Let us suppose that to a first approximation we may regard
the clectrons constituting a given cnergy level as equivalent to
a uniform distribution of negative electricity over a spherical
surface. The p electrons interior to a particular orbit of radius a
will act as if their charge were at the centre of the sphere, i.e. at
the nucleus, and will thus reduce the effective nuclear charge
from Z to Z — p. The electrons exterior to the given level will
produce no resultant field upon any electron in it since the field
inside a uniformly charged spherical surface is zero. The ¢ — 1
electrons in the same level as the electron we are considering will
(if their charge is supposed uniformly distributed) repel the given
electron with a force } (¢ — 1) e®/a® The attractive force on the
electron is thus

(Z — p) ®fa? — } (q - 1) 2Ja® = Fe*fa?, . . (12D)

where o
F=Z-p—}@-1.

Thus applying our dynamical and quantum conditions we have

0s2 2

mu ¢ n

—-=F —; mea= -,
a w 2
whence
272
n2h

A= 55 - 126
472 Fetm (126)

To calculate the potential energy of the system we may sup-
pose that all the orbits are magnified by a large factor N, so
that the distances between the particles become infinite. Let
the potential energy in this state be Wo,. As N is progressively
reduced the orbits shrink until eventually they reach their
normal size. At cach stage the force on the given electron is
— Fe2[r?, where 7 is the actual radius at any instant. The work
done on the electron in bringing it to its normal orbit of radius a
Fe?

@ Fe Fe? . . .
is thus — ' - dr — — (;— and its potential energy is therefore
. 0 v

4m2etFem
nh?

U=We—
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2,4 "2
The kinetic energy T = §mv® = %{lﬂ and the total energy of

the electron is thus U + T, or
272 F*m
We = n2h®
The frequency of the line emitted when an electron falls from
an orbit of energy W, to one of W, is thus hv = W, — W, or

D 24 2 2
v=2‘”6mF,2{1— F; 41}=RF’2{71 F21) . (127)

h? n? Fi2n? n? Fp2n2’
. 2m2etm
writing R for 5

For a given line in the X-ray spectrum, which represents a
transition between the same pair of quantum levels, we can
write

1 F21
()
n2 Flnpl

where K and k are independent of the atomic number, and are
constants for the same line. Hence the frequency of a given
X-ray line in the spectrum of an clement of atomic number Z

is given by

Fi=Z—{p+3(q-D}=2-k

wv=K(Z-k, . . . . . (128)
which is Moseley’s relation (91). It will be seen that in accord-
ance with Moscley’s results & depends only on the final orbit, and
is the same for all lines of the same series.

For the K series we have p = 0, and ¢ = 2, since experiment
shews that there are only two clectrons in the K level (§ 153) and
none within it. Thus k&= 1 in good agrecment with Moseley’s
observations. For the L series, where p = 2 and ¢ = 8, k = 5-5,
which is somewhat less than the experimental value.

For elements of high atomic number we can to a first approxi-
mation put F,/F, = 1, since k is small compared with Z. Thus
for the lines of the K, series, corresponding to transitions from
n =2 to n = 1, we have approximately

per(i-g)@-

=(Z——1),\/ZR, Coe e . (129)
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which was the form in which Moseley first gave his relation. For
molybdenum (Z = 42), substituting for R from the spectroscopic
value of Rydberg’s constant, we find that the K, radiation of
molybdenum should have a wave length of 0-70 < 10~ cm. The
mean wave length of the K lines of molybdenum is actually
0-71 x 108,

146. Sommerfeld’s theory. The subordinate quantum
number. The circular orbits discussed by Bohr are not the
only orbits which satisfy the mechanical conditions of the
problem. As is well known in gravitational theory a particle
moving round a central body to which it is attracted by a force
varying inversely as the squarc of the distance may, under
appropriate conditions, describe an elliptic orbit of any eccen-
tricity. If we apply Bohr’s relation (116) to elliptical motion, it
can be shewn that for a given quantum number » the energy of
the system on Newtonian mechanics is the same whether the
electron describes a circular or an elliptical orbit. The elliptical
orbits do not give rise to any new energy levels, and the theory
outlined in the previous sections remains unaltered.

It is possible, however, as Sommerfeld shewed, to look at the
matter in a somewhat different way. As a particle describes an
ellipse its distance from the nucleus alternately decreases and
increases. Its motion can thus be regarded as the sum of two
motions, one a circular motion round the nucleus, and the other
an oscillation along a radius. The former is known as the azi-
muthal, the latter as the radial motion. Sommerfeld suggested
that each of these motions must separately satisfy the quantum
relation laid down by Bohr. Thus the total quantum number n
of the orbit has to be divided between these two possible motions,
and the eccentricity of the ellipse is determined by the mode of
division.

It is customary to represent the mode of division by giving
first the total quantum number, and secondly the azimuthal
quantum number of the orbit. The radial quantum number is
the difference between these figures. Thus if we consider the
possible orbits for which n=3, we may represent them by the
symbols 3;, 3, 3;, 3;. The subscript number is known as the
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subordinate quantum number. The 3; orbit has obviously a
radial quantum number of 0. There is thus no radial movement
and the orbit is the circular orbit already discussed. The 3, orbit
conversely corresponds to motion only along the radius, and is
impossible since the path would pass through the nucleus. The
remaining orbits 3, and 3, represent ellipses of increasing radial
movement and hence of increasing eccentricity. These orbits,
together with those for n = 2, are shewn in Fig. 107.

The energy associated with an elliptic orbit would be identical
with that of the circular orbit of the same quantum number if
the mass of the electron were independent of its veloeity. This,
however, owing to the relativity correction is not the case.

The speed of an electron in a circular orbit, is constant, but in an
elliptic orbit its speed increases as it approaches its perihelion.
1ts mass is thus greater the nearer it approaches to the nucleus.
Sommerfeld was able to shew that when this correction is taken
into account there is a very small difference in energy between
the circular and elliptical orbits, the latter having the slightly
greater value.

The 2 quantum level (or L level to use the X-ray nomen-
clature) thus consists of two levels close together, and similarly
the 3 quantum level is a close triplet of levels. This complexity
in the levels gives rise to a corresponding complexity in the
spectrum line emitted by the transition of an electron from one
level to the other. The line H,, the first line of the Balmer series,
is found when examined under very high resolution to consist of

c1 18
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three lines very close together. It was in order to explain this
fine structure of the Balmer lines (for which Bohr’s original
theory makes no provision) that Sommerfeld was led to put
forward his theory. The three components of the H, line are
formed by the transitions 33 - 2,, 3, > 2, and 3, — 2,. (Experi-
cnce shews that the only transitions which normally occur are those
in which the subordinate quantum number changes by unity.)

The difference in energy between an n, and an n, level is
given by — RhZ22[n3k, where o = 2me?/he and is known as the
fine structure constant. « 1s a non-dimensional constant, and
has lately assumed some importance in connection with certain
theories of the universe. 1ts value is 1/137. The actual separation
of the components of the Balmer series is so small that it is
difficult to measure with accuracy, though the lines have been
shewn to be triplets. The separation in the ionized helium spec-
trum, which is 16 times greater, has been accurately measured
and is in excellent agreement with the theory.

147. The magnetic moment of an electron orbit. The
Magneton. An electron deseribing a closed path is equivalent
to a current flowing round that path. Nince the current is
measured by the quantity of electricity crossing any cross section
of the path per second, the current 7 equivalent to the electron
is given by ev, where v is the number of times the electron
describes the path in one second. The electron orbit will thus
have a magnetic moment p given by 79, where 7 is the equivalent
current and g the arca of the orbit, that is

= evg.
*
If the electron is describing in the atom a circular orbit of

radius 7 with velocity v, we have v - and g = =%, whence

[l
2mr

o= }evr.

] . .
But by (115) vr =- .,:;" where » is an integer, and thus the

-

magnetic moment of the orbit

p=n., koo (130)
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Since this is true of any orbit in the atom the magnetic moment
. . 1l e .
of any atom must be an integral multiple of rm” h. This
quantity is thus a natural unit of magnetic moment, and is
known as the Bohr magneton. Its value can be found by sub-
stituting for ¢/m in e.m.u. and Z. It is equal to 9-175 x 10-*%,

148. The inner quantum number. In developing the
quantum theory of the atom we are exploring unknown territory.
We are investigating how far the application of certain new and
promising principles can introduce order into the complicated
phenomena of atomic physics, and in particular into the field of
spectroscopy. We must be guided, therefore, by the phenomena
themselves, and the justification for our methods will be found
in the degree of simplification which is introduced. If we further
find that the scheme evolved to explain spectroscopic phenomena
also throws fresh light on, say, the chemical properties of the
atom we shall be satistied that our efforts have been on right
lines.

It is found that the spectra of elements of higher atomie
number are more complex than that of hydrogen. Thus the
Balmer series of hydrogen, with its fine structure, 1s represented
in the alkali metals by three complete spectral series, the indi-
vidual lines of which themselves shew fine structure. But we
have already used the relativity effect to explain the fine structure
of the Balmer lines. We must, therefore, introduce a still further
quantum effect to account for that of the alkali metals.

If we write (116) in the form mw®r = n.h/27m we can regard
hf27 as a natural unit of moment of momentum and the appro-
priate quantum number then gives the moment of momentum
associated with a given orbit in these units. Thus an n, orbit
has % units of orbital moment of momentum associated with it.
The fine structure of the lines in the alkali metal spectra indicates
that each of these orbits is really a doublet, the two terms of
which differ by unity, when measured in units of A/2z.

For reasons which we cannot go into here, the azimuthal
quantum number &, which we have been employing hitherto, has
recently been replaced by a subordinate quantum number I,

18-2
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where I = k — 1; and may have any positive integral value up
to n — 1, including the value zero. The fact that an orbit for
which the moment of momentum, I, is zero would carry the
clectron through the nucleus presents no difficulties on wave
mechanics, and the change is necessitated by various phenomena.
The single orbit which is represented for the hydrogen atom
by %, is for more complex atoms represented by a pair of orbits
with moment of momentum [ + }. To indicate this Sommerfeld
introduced a new quantum number j, known as the wnner
quantum nunber, where j = 1+ 1.

To account for the additional term in the moment of momen-
tum of the orbit, Uhlenbeck suggested that the electron which
we have so far treated merely as an electrical charge was, in fact,
spinning about an axis, like a top. A charged sphere spinning
about an axis is equivalent to an clectric current, and will thus
have a magnetic moment in the direction of the axis of rotation.
It will also have a moment of momentum about this axis. 1f
we assume that the magnetic moment of the electron amounts
to one magneton, its moment of momentum will be 3 (h/27) or
} in our quantum unit. Tts spin number as it is called is .

The electron must align itself with its axis perpendicular to
the plane of the orbit. but it may spin in either direction about
the axis. Thus the moment of momentum due to its spin is
either added to, or subtracted from, that due to its motion round
the orbit according as its direction of spin is parallel or anti-
parallel with its direction of rotation around the nucleus. The
total moment of momentum of the orbit is thus either 1+ 4
orl— 1.

As the spinning clectron has a magnetic moment M, and its
motion in its orbit round the nucleus produces a magnetic field
H, the two possible quantum states will differ in energy. In the
first case the magnetic axis of the electron lies along the lines
of the magnetic field. In the second it is anti-parallel to them
(L.e. with its north pole pointing south). Thus in the latter case
it has magnetic potential energy equal to 2M 11, and the energy
of the anti-parallel arrangement exeeds that of the parallel by
2MH. The frequencies of the lines emitted when an electron
falls into the orbit in the one or the other arrangement will
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differ by a corresponding amount. The most familiar example is
provided by the two well-known D lines of sodium.

The inner quantum number j is essentially a positive quantity.
Thus if I = 0, the only possible value of 5 is + }.

149. Quantization in space. The magnetic quantum
number. So far we have been considering the electron orbit as
free from all external fields of force. In practice the nucleus of the
atom and the motions of the other electrons in the atom produce
a resultant magnetic field. There is thus a unique direction
marked out in the atom, the direction of the resultant field, and
the space in which the orbit lies is, to this extent, anisotropic.

A rigorous application of quantum mechanics demands that
where a unique axis exists the motion relative to this unique
direction shall also be quantized.

Thus an orbit for which the total moment of momentum is
Jh[2m must lie in such a plane that the component of the moment
of momentum in the direction of the resultant field can be
represented by mh/2z, where s differs from 7 by an integer only.
m 18 known as the magnetic, or sometimes as the cquatorial
quantum number.

The maximum value of m occurs when the plane of the orbit
is perpendicular to the field and the component is then equal
either to 4 j. according to the direction of rotation of the electron
in its orbit. The possible values of m are thus given hy

m- —j. —g k10 oy 1 g4 . . (131)
The angle ¢ between the axis of the orbit and the resultant field |
is given by cos = m/j. 1f L 0,50 thaty 1, the only possible
values of m are | j: that is the plance of the orbit is perpendicular
to the magnetic ficld, but the electron may describe the orbit
in either direction. We shall see in the next section that there is
direct experimental evidence for this rather surprising deduction.
Since the orbit has a magnetic moment and is in a resultant

magnetic field, its magnetic potential energy will depend on the
angle between the axis of the orbit and the direction of the field.
The total energy associated with a given orbit thus depends on
its inclination, that is, on the value of m.
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150. Orientation of the atom. The experiments of Gerlach
and Stern. The conclusions arrived at as to the orientation of
the electron orbits in a magnetic ficld have been brilliantly
verified by some ingenious experiments of Gerlach and Stern.
Silver was boiled in a high vacuum in an electric furnace F
(Fig. 108) furnished with a single narrow aperture 4. From this
aperture the atoms of silver streamed out with the velocity of
thermal agitation appropriate to the temperature of the furnace.
Since the space into which they passed was highly evacuated,
the atoms travelled in straight lines, and were formed into a very
narrow pencil by means of a second slit B. This pencil then passed
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Fig. 108

between the poles N, S of a magnet arranged so as to give a
magnetic field which varied as rapidly as possible in the direction
of the field, i.e. from N to S. The pole pieces are shewn in section
at (a). After leaving this ficld the atoms impinged upon a cold
glass plate P where, it was found, they left a trace which was
just perceptible, and which could be intensified if necessary by
chemical methods. The position at which the atoms struck the
plate could thus be ascertained.

If M, is the resolved part of the magnetic moment of the
atom in the direction of the field H there will be a force acting

on it equal to M, 811. This will produce a deflection y in the

%y
direction H, since a magnet always moves from weak to strong
parts of the field, cqual to %JZ %{Iiz’ where [ is the length

of path of the atoms in the magnetic field. The velocity v can
be calculated from the temperature of the furnace, and the mass

4 of the atom is known. By measuring aﬂli and I/, M, can be
calculated, from the deflection y. Y
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If the electron orbits had a random orientation the resolved
part of the magnetic moment would have all values from zero
to M, where M is the magnetic moment of the atom. As we shall
see later the electron orbits in silver and also in copper and gold
form a closed system in which the magnetic moments of the elec-
trons balance out, with one additional electron which occupies an
orbit of subordinate quantum number 0. The magnetic moment
of the atom is due to this electron. For silver, copper and gold,
Stern and Gerlach found that the trace on the glass plate con-
sisted of two definite lines, one on each side of the undeflected
position, the only values found for the magnetic moment
being thus + M. None of the atoms was undeflected in
the ficld. The atoms must, therefore, be completely orientated
during the whole of their passage through the field, with the
magnetic axis pointing in either the positive or negative direc-
tion of the field. That is to say the orbit is perpendicular to
the field, though the electron may revolve in either direc-
tion around it. This is in exact accord with the predictions of
§ 149 for an orbit for which /0. By measuring the various
quantities involved the value of the magnetic moment of
the atoms of the three metals employed was found to be
9 x 10-2, in excellent agrecement with the calculated value of
the magneton. .

151. The Zeeman effect. If a source of light emitting a
line spectrum is placed between the poles of a strong electro-
magnet, cach line is split up into a number of components.
In the simplest case the single line is split into two com-
ponents equidistant from the position of the undisturbed
line when viewed along the direction of the magnetic ficld. If
viewed at right angles to this direction, there is also a line in the
undisturbed position, and the single line becomes a triplet. The
phenomenon is known as the Zceman effect. The effect of a
magnetic field on the electronic orbit can be determined by
a well-known theorem due to Larmor. He has shewn that the
form of the orbit and the velocity with which it is described may
be regarded as unaltered by the magnetic field if we refer all our
quantities to a system of co-ordinates which rotates around the
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direction of the magnetic field with an angular velocity w
given by

e H
o=}l (8

where H is the magnetic field and p the mass of the electron.

This velocity can be shewn to be small compared with the
velocity of the electron in its orbit. The orbit may thus be
regarded as of constant shape and size but precessing slowly
around the direction of the magnetic field. It can further be
shewn that, if the precession is slow, the quantum conditions will
be unaffected, and an # quantum orbit will remain an » quantum
orbit in spite of the new precessional motion. This is known as
the principle of adiabatic invariance. The kinetic energy of the
electron in its orbit will, however, in general, be slightly altered.
Let us consider, for the sake of simplicity, a single electron
describing a one quantum orbit about the nucleus. The plane of
this orbit must be (§ 148) perpendicular to the lines of the field.
Now the velocity of the electron is unchanged with respect to
the moring axes of reference. 1f the axes move in the direction
in which the electron is rotating in its orbit its actual velocity
referred to fixed axes is obviously increased. If the two rota-
tions are opposed, it is diminished. Hence the energy of the
electron in the orbit is either increased or decreased according
to its direction of rotation by some amount 07

It can be shewn that

oT = mza;’;k,

where m is the magnetic quantum number (§ 149).

Thus for.a transition in which the magnetic quantum number
changes by unity, the cffect of the magnetic field is to alter the
frequency by an amount ov, given by

eH
o © ¢ - (132
The undisplaced line is given by transitions in which m remains
unaltered.
A similar decomposition of the spectral lines is produced by

a strong clectric field. This is known as the Stark effect.

w 4 _
k.3v=%h, aV—-
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162. Pauli’s exclusion principle. Pauli has suggested that
it is impossible for a given quantum state to be occupied simul-
taneously by more than one electron. Thus all the electrons in
the atom must be assigned a different set of quantum numbers.
This is known as the exclusion principle.

We have seen that four quantum numbers are necessary and
sufficient to specify completely the quantum state of an electron
in the atom. Those most generally employed at present are n, 1, j
and m, and the state is usually written n, ;' ,. (In carlier work
k=1-+1 is employed instead of I, and 5 and m are converted
into integers by the addition of }. The earlier system is used
in the diagram of X-ray levels (Fig. 74).) The total number of
quantum states corresponding to a given shell of total quantum
number % can be deduced from the relations already discussed.

For a shell of total quantum number #, there are n possible
values of [, ranging from 0 to » — 1. and for cach value of I
we have two values of 7, namely j =1+ };5 = l— 1. Substi-
tuting in (131) we find the following values for m:
yoew 1= 3, 1—1  total 21
ooy U= 3, 1) total 204 2

ie.inall  41+2

Jg=l=3m=—14+3, -1+
J=l+dm=—10-4%, —1+

Thus the total number of electrons which can be contained in
a set of levels of subordinate quantum number ! is 2 (21 + 1).
For the K shell, for which » is 1, I must have the value 0 and
only two electrons can be present. For the L shell we have
n = 2, while [ may have the values 0 and 1. Corresponding to
=0 we have again 2 electrons, and to the value I =1, 6,
making 8 in all. Thus 8 electrons are required to complete the
L shell. Similarly the M shell requires 18 electrons and the
N shell 32 electrons for its completion. Of these 2 are in 4, orbits,
6 in 4, orbits, 10 in 4, orbits, and 14 in 4; orbits. Assuming
Pauli’s exclusion principle we can thus calculate precisely the
number and distribution of the electrons in any completed shell.
It may be noted that the exclusion principle does not apply
to particles carrying an even number of charges. Thus there
is no limit to the number of «-particles which can occupy
the same quantum level. Thus presumably all the a-particles in
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the nucleus are normally in the ground level, and the different
energy states, discussed in § 138, possibly represent differences
in energy caused by the transference of different numbers of
a-particles from one level to another.

153. Electron grouping and the periodic classification
of the elements. The total number of extra-nuclear electrons
in the atom is equal to the atomic number. The K ring thus
becomes saturated for an clement of atomic number 2, that is
helium, and the L ring for an atomic number 2 + 8, that is ncon.
Both helium and neon belong to the group of inert gases, and
we can very rcasonably associate their inertness with their
electronic structure.

A complete energy level is a symmetrical structure which
exerts very little force outside its own system, and is, therefore,
unlikely to attract or attach a further electron. It is also a stable
system, and will not readily part with onc of its components.
This is verified by the comparatively high ionization potentials
of the inert gases. The atom will be neither clectro-negative nor
electro-positive and will thus not form polar compounds, while
its very weak residual field will debar it from forming non-polar
attachments.

Let us consider what will happen if we add another proton to
the neon nucleus, thus increasing its atomic number to 11
(sodium). The extra positive charge requires an additional extra-
nuclear electron in the atomic structure. Both the K and the L
levels are, however, complete. The extra electron must therefore
be attached in one of the M levels, and presumably in the lowest,
or 3, level. This is an elliptic orbit of high eccentricity which at
its furthest point carries the electron well beyond the close
tangle of the K, L orbits. Thesc screen it, to a very large extent,
from the attraction of the nucleus, so that it is very casily
detached from the atom. The atom thus is strongly electro-
positive, and since it can only lose one clectron (the remainder
being firmly bound in the K and L levels) will obviously be mono-
valent. We should thus expect an alkali metal to succeed each
inert gas in the list of elements, as indeed we find to be the case.

Increasing the nuclear charge by another unit, i.e. passing
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from sodium to magnesium, causes the addition of a second
electron, also in the 3, level. Conditions are still very similar
except that the atom can lose two electrons, giving it a positive
valency of two, but since the nucleus has now an extra charge
the force retaining the extra electrons in their orbits is somewhat
stronger than for sodium, and the element is not so strongly
electropositive. Thus the alkali metal is followed by a member of
the alkali earth group.

Suppose, on the other hand, we reduce the nuclear charge from
10 to 9. The atom must now normally give up one of the electrons
from its L level. The L level, however, will tend to become satur-
ated if the occasion offers, giving up an atom with a resultant
negative charge of unity. The element, fluorine, should thus be
strongly clectronegative, and of unit valency. Thus each inert
gas should be preceded by a member of the halogens. Our
model thus accounts for the most strongly marked recurrent
feature of the periodic classification.

The Mlevel hasbeen shewn to require 18 electrons for its satura-
tion, but the third inert gas has an atomic number 18, or
2+ 8 + 8. We must suppose that the filling of the eight 3,and 3,
levels produces an electron system with the symmetry, and hence
much of the stability of the L system. At any rate it is certain
that the next electron is bound, not in a 3, level, but in a 4, orbit.
It can be shewn that the energy of binding in this orbit is greater
than that in a 3, orbit, for a nuclear charge of 19, and this also
applies to the next element calcium (20).

Since we are unable to calculate the energy levels for elements
of high atomic number, we cannot construct our electronic
scheme from first principles. We can, however, reconstruct it
from spectroscopic data. The Zeeman effect and the Stark effect
arc often useful in identifying the particular quantum numbers
tobe assigned to a given electron. Table XII contains part of such
a reconstruction due to Stoner. It is gratifying to note that an
almost exactly similar table was drawn up by Main-Smith
entirely on chemical grounds.

The general outlines of the periodic classification and their
interpretation in terms of electron levels will be clear from the
table. The first short period is caused by the regular filling up
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TasLe XII
K| L M N 0 P
10 20’ 21 301 311 32 40, 41’ 42' 4:! 50’ 51! 52 60’ 61
1. H 1
2 He |2
3. Li 2|1
4 Be | 2|2 £
5 B 2 2, 1 ) 3
6. C 212 2 R
7. N 212 3 e
8. 0 212 4 =
9. F 212,56
10. Ne (22, 6
11. Na [ 22,6 |1 2nd short
series
18. A 212 62,6
19. K 212 6126 1
20. Ca 212 62,6 2
21. Sc 212,6(2,6,1 |2
22. Ti 212,6(2,6,2 |2
23.V |22 6263 |2 8
24.Cr [2]2 6265 |1 5
25.Mn | 22,626,565 |2 @
26.Fo |2[2 6266 |2 g
27, Co 212,6(2,6,7 |2 -
28. Ni 212 61(2,6,8 |2 =
29. Cu 2126]26,10(1
30. Zn 212 6126,1012
31.Ca [2]2,6(2,6,10({2,1
36. Kr 212 6(26,10(2,6
2nd
— == long
5. X |2]26/2610/2610 |26 series
Series con-
79. Au | 2]2,6]26,10(2,6,10,14(2,6,10| 1 taining rare
earth metals
86. Rn |22 6)26,10(2,6,10,14(2,6,10| 2, 6
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of the various L orbits, and the second short period which closely
resembles it, by the orderly filling of the 3, and 3, orbits. The
completion of these levels gives a structure resembling the L
level, and the corresponding element is an inert gas argon. The
next electrons are added in the 4, level, giving potassium and
calcium. The structure of these elements, however, differs from
that of sodium in the fact that there are still 10 vacant quantum
states in the M level. With scandium the process of filling these
states begins, and we have a succession of elements with some-
what similar properties and mostly with two electrons in the 4,
state. They are thus all electropositive, many of them having a
characteristic valency of 2, although, owing to the possibility of
losing an electron from the incomplete 3, level, they also exhibit
higher valencies. Tt will be noticed that the element of atomic
number 28 is not an inert gas, as two of its clectrons are found
n 4, levels, instead of completing the M level.

Krypton, again, has the argon structure, with eight clectrons
in the N level. The development follows the lines of the first long
series, and gives rise to a second long series. With Xenon we have
the additional complication that not only are the O levels in-
complete but there are 14 vacant states in the underlying N
levels. The filling of these gaps gives rise to the series which in-
cludes the rare earth mectals. It will be seen-that the table
accounts not only for the regularities but also for the irregularities
of the periodic classification of the elements.

154. The electron theory of metals. The clectrical con-
ductivity of metals is most readily explained by assuming that
the metal contains a large number of free electrons, capable of
moving about in it under the influence of an electrical field. These
electrons are presumably detached from the outer levels of the
metallic atoms, which are, of course, all electropositive and thus
tend to lose electrons. The positive metallic ions, so formed, are
rigidly bound in a crystal lattice and take no part in the electrical
transference.

In the absence of evidence to the contrary it was natural to
assume that the electrons behaved like molecules of a gas,
sharing in the energy of thermal agitation of the surrounding
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atoms, and having an energy distribution given by Maxwell's
distribution law. On these assumptions formulae were derived
for the thermionic emission, for the electrical and thermal con-
ductivities, and for the various thermo-clectric effects, which
agreed reasonably well with cxperimental observations.

If we assume that the electronic atmosphere behaves as a
perfect gas, the current in a uniform conductor of cross sectional
area A is by (5) ¢ = AnekX, where n is the number of free
electrons in unit volume, and % is their mobility. By (12) we

have k = i:n 2 where A is the mean free path of the electron and

v its root mean square velocity. Assuming the equipartition of
encrgy we can write ymv? = aff where 6 is the absolute tem-
perature and « is Boltzmann’s constant. Hence on substituting
for k and eliminating m we have

. ne:A ne2Av |
1=A2m—vX=A 4ab X, ... (133
If the field is uniform we have X = 4 where d is the length of

d ’
2

the conductor and V the applied E.M.F. Thus i = I; n:a%? Vv,

which leads at once to Ohw’s law. Comparing with the equation

. A . . ..
=" oV where o is the specific conductivity, we see that the

2
specific conductivity is given by n:a);v , and is constant for a

given temperature. The only quantities in this expression
which vary for different substances are A and n. It does not
seem probable that the variations in A will be very great. The
conductivity of a substance therefore should depend mainly
upon n, the number of free electrons per unit volume.

Suppose that one part of a metallic conductor is heated. The
electrons in the heated part have their velocities increased to
correspond with the new value of the temperature. The electrons
moving away from the heated part will therefore have a greater
energy than those moving towards it. There will thus be a trans-
ference of energy from the hot to the cold part of the conductor,
or in other words there will be conduction of heat through the
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metal by the electrons. It is known that non-conductors of
electricity are very poor conductors of heat. It seems probable
therefore that the conduction by the electrons is very much
greater than that due to the atoms of the substance.

Assuming that the atmosphere of electrons in the metal can
be treated as a gas, the thermal conductivity « of the electrons

should be given by

x=gnva}« e e e (139)

(see O. Meyer, Kinetic Theory of Gases), where n, v, a and A
have the same significance as in the equation for electrical
conductivity. Neglecting any conductivity due to the atoms
this will be the thermal conductivity of the metal. Thus the
ratio of the thermal to the electrical conductivity is given by

ne?Av\ w a\?
= (gm )/Uae) (&) . . asy

The ratio of the thermal to the electncal conductivity should
at a given temperature therefore be independent of the nature
of the conductor. This is the well-known Jaw of Wiedemann
and Franz. Again this ratio should be directly proportional to
the absolute temperature, that is, its temperature coefficient
should be 3-67 x 10-3 per degree Centigrade. Table XIII shews
that, for most pure metals, these deductions from the electron
theory are very approximately true.

The value of /o as calculated from (135) is 3-7 x 10'%. Con-
sidering the approximations made in the calculation the agree-
ment is not unsatisfactory.

Difficulties, however, arose from another quarter, and of a
serious kind. The atomic heat of most of the metals has the
value 6, given by Dulong and Petit’s law. The specific heat is,
therefore, in good agreement with the supposition that it is due
solely to the change in heat energy of the atoms. Experiments
by Lindemann, in which a contribution from the free electrons
was specially sought for, convinced him that their contribution
was certainly not more than 1 per cent. of the total. On the
other hand, to explain the specific conductivity of metals on the
theory outlined above it is necessary to assume that m, the
number of free electrons per c.c., is of the same order as the



288 IONS, ELECTRONS, AND IONIZING RADIATIONS

number of atoms. They should, therefore, on classical theory,
account for about one-half of the total heat energy of the metal.

The difficulty has been circumvented by Sommerfeld in the
following manner. We have scen that energy of the order of a

TasLe XIII

Ratio of thermal to electrical conductivity

Temperature
Material xfo at 18°C. coefficient
Copper 6-7 x 1010 39 x1072
Silver 6-9 x 1010 3-7x1072
Gold 7-1 x 101 3-7x1073
Lead 7-2 x 1010 4-0x10-3
Tin 7-4 x 1010 34 x1072
Platinum 7-5 x 101 4-6x1073
Palladium 7-5 x 1010 4-6 x102
Iron 8-0 x 1080 4-3x1073

few volts is required to extract an electron from a metal. We may
thus regard the surface of a metal as presenting a potential
barrier of this magnitude against the escape of electrons. We
may now further suppose that the motion of the electrons inside
this barrier 1s quantized, so that there are a large number of
quantum levels, or ““phase states” to use the language of the
new statistical theory, differing from each other by small but
definite amounts of energy. By the exclusion principle there
cannot be more than one electron in a given level at the same
time. Thus all the electrons differ from each other in energy by
small, but definite amounts.

If the number of clectrons is small in comparison with the
number of levels, so that most of the levels are unoccupied, the
system can take up or give out cnergy freely. Thus an electron
in a level of small energy can, by collision with a more energetic
atom, take up sufficient energy to raise it to one of the slightly
higher energy levels, or conversely it can give up a definite
amount of energy and fall into a somewhat lower level. The
lowest level in the system is, of course, the level in which the
electron has zero energy. The average energy of an electron will
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thus be very approximately equal to the average energy of the
neighbouring atoms, i.e. about 0-023 volt at 0° C.

Let us suppose, however, that the number of electrons becomes
comparable with the total number of possible states, so that most
of the levels arc occupied. The electrons, as we have seen, tend
to have an average energy of about 0-02 volt, so that all the
levels in this neighbourhood are rapidly filled. The remaining
electrons cannot fall into levels of lower energy, since these are
already filled, and must therefore rise into higher and higher
levels. The more electrons there are, the higher the tide of
occupied levels must rise, since the lower levels are all filled.
Thus in the case of silver at 0° C. it has been calculated that the
cnergies of the individual electrons range from 0 to 5-6 volts,
instead of being distributed about a mean value of 0-023 volt.
A system of this kind in which all the lower levels are occupied
is said to be degenerate, and it can be shewn that, owing to their
large number and small mass the electrons in any metal form a
highly degenerate system.

Such a system is almost incapable of exchanging thermal
energy with the surrounding atoms. An electron in a higher level
cannot give up energy to an atum, because there is no unoccupied
lower energy level to which it can pass. Thus if the temperature
of the conductor is lowered the total energy in the electronic
system remains practically unaltered, even if the temperature
sinks to absolute zero. Similarly if the temperature is raised the
electrons in the lower levels cannot absorb energy from the
atoms unless they can absorb suflicient at one collision to raise
them to one of the unoccupied highest levels. As this requires
an amount of energy some 200 times greater than the average
energy of an atom at 0° C. its occurrence is extremely infrequent,
and when it does occur is liable to be nullified by an electron
from a higher level falling into the now vacant state.

But the specific heat of the electronic system is the rate of
increase of encrgy with temperature. The specific heat of a
degenerate system is thus very small. Kxact calculation shews
that in the case of metals the contribution of the electron system
to the total specific heat is, at ordinary temperatures, rather less
than 1 per cent. It is thus too small to be detected.

cl 19
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The quantization of the electron introduces some modifications
into the elementary theory described earlier. According to
Sommerfeld the electrical conductivity o is given by

8 e2A (3m\§ '
o= ‘h‘(s_n) .. ... (136)

and the thermal conductivity by
8 A2 (3m\}
k=g (83;) S ... (31
the symbols having the same meaning as before. Thus
2 2
KT (9‘) 6.. . . . . . (138

o 3 \e

The new theory thus gives the same temperature coefficient
as the classical theory. The numerical value for the ratio k/o
works out at 7-1 x 10'°, in excellent agreement with the experi-
mental data.

1565. Thermionic emission. The theory can be applied to
the problem of thermionic emission, which in an earlier chapter
we treated by thermodynamical methods. Calculation shews that
the electron system in a metal remains degenerate up to tem-
peratures of the order of 15,000° C. Assuming that an electron
will leave the surface if its kinetic energy perpendicular to the
surface is greater than some constant W, it can be shewn that
the current density of emission should be given by

i= T e @, L L L. (139)

where W, is the energy of the highest phase state which is
normally occupied in the degenerate clectron system. If we
suppose that a fraction 7 of the electrons rcaching the surface
with the appropriate energy are reflected back into the metal

2 Wa—Wi

i= (1—r)3’1§&-§1°‘ @ . . . (140)
The numerical value of 4mema?/h? is about 120 when expressed
in amperes per square cm. It may be noticed that it is indepen-
dent of the nature of the metal. The most recent determinations

of the emission constant 4 (§ 59) for clean surfaces of specially
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purified tungsten, molybdenum and platinum is about 60. The
reflection coefficient # is thus approximately 4 for all these
metals. The smaller values of 4 shewn by coated surfaces are
due to a higher reflection coefficient.
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CHAPTER XVI

RADIO-ACTIVE CHANGES

156. Disintegration of uranium. TUranium and its salts
give off both a- and B-rays, together with some y-rays of small
intensity. Using a thick layer of the substance practically the
whole of the effect on a photographic plate is due to the B-radia-
tion, since owing to the great absorbability of the a-rays only
those from a comparatively thin layer can reach the surface
and at the best of times the photographic effect of an a-ray
is small. In 1900 Sir Wm. Crookes shewed that it was possible
by a single chemical operation to obtain uranium which was
photographically inactive, the whole of the photographic
activity being concentrated in a very small residue, free from
uranium and consisting chemically of the small traces of the
impurities present in the original salt. This residue to which
he gave the name of uranium X could be obtained many
hundred times as active weight for weight as uranium itself,
while the major fraction which could be shewn by chemical
tests to be uranium was photographically inactive. The method
originally used was to precipitate the uranium with ammonium
carbonate and to dissolve the precipitate in excess of the
reagent. On filtering a trace of precipitate remained behind
on the filter paper. This contained the uranium X. The same
separation can also be carried out by other methods. So far
the phenomena resemble very closely the separation of two
ordinary chemical substances by the usual methods of analysis.
However, if the two fractions are laid aside for two or three
months it is found that the uranium has recovered the whole
of its original activity while that of the uranium X has com-
pletely disappeared. The loss of activity of the uranium was
therefore only temporary in character, while the increased
activity of the separated uranium X was equally short lived.
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It was further found that the total activity, as measured by
the photographic effect, that is, by the B-rays, was constant
at any time before or after the separation, the gain of activity
of the uranium exactly corresponding to the loss of activity of
the uranium X. The measurements are most conveniently
made by the electrical method. The substance to be examined
is spread in a thin layer over the lower plate B of the parallel
plate ionization chamber (Fig. 109) which is used as the high
potential plate and connected to a battery of cells. The upper
plate 4 is connected to the electroscope or electrometer, and
the saturation current is measured in the usual way. The

To Electroscope

F——>
Earth

To Cells
Fig. 109

saturation current is taken as proportional to the activity of
the substance. In order to be comparable with the photo-
graphic effect which we have been describing and which
as has been pointed out is due to the S-rays, the substance
must be covered with 1/10 mm. of aluminium to cut off all the
e-radiation.

Using two chambers of this type we can investigate more
closely the change of activity with time in the two fractions.
The results for uranium are shewn in Fig. 110. The two
curves are complementary, the sum of the two ordinates at any
point being the same.

By plotting the logarithms of the currents against the time it
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is found that the decay curve of the uranium X follows an ex-
ponential law, that is, if I, is the activity at a time #, then

==€" e e e .. (1

T-e (141)
where I, is the activity at the moment when the measurements
began, and A is a constant, which is known as the radio-active

constant for the particular substance, in this case uranium X.
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Fig. 110

Since the curves arc complementary the recovery curve for the
uranium can be expressed in the form

I ¢ —-At

I—o-le, e ... (142
where ¢ is the time which has elapsed since the uranium was
completely freed from uranium X, and A s the same constant as
before.

Differentiating the expression for the decay of uranium X

we have

%I = - Moe-At.

But I,e™ is the quantity of the uranium X still present = I
say. Thus
dl

Z=-M ... ()
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In other words the rate of decay at any moment is simply pro-
portional to the quantity of radio-active matter still present, a
very important result.

The uranium which has been freed from UX is inactive
as measured by its B-ray effect. If, however, we remove the
aluminium screens from the two fractions in Fig. 109 we
find that the ionization is now nearly all due to the uranium
itself, the activity of the separated fraction being negligible
in comparison with that of uranium ijtself. In other words
uranium itself gives out ¢-rays but no B-rays while the uranium
X gives out B-rays but no a-rays.

The rate of decay of activity of the UX has been shewn
by many experiments to be quite independent of external
conditions. It is the same whether the two fractions are kept
separate or whether they are enclosed in the same tube; the
same whether the product is exposed to the air or sealed in a
thick walled lead box, so as to be freed as far as possible from
all external influences. It is quite independent of temperature
being the same at the temperature of liquid air as at a red
heat. It does not depend on the processes used for the separation
of the two substances and is therefore presumably independent
of the state of combination of the substance. The growth of
activity of the uranium salt is the same if it is changed into
some other salt of the metal, or whether it is solid or in solu-
tion. It is in fact a constant of the element itself.

157. Theory of radio-active change. It is at first sight
somewhat remarkable that the processes of recovery and decay
should be so closely connected even when the two fractions
are separated from each other in such a way as to preclude all
possibility of interaction between them. The effects however
have found a complete explanation on the following assump-
tions:

(1) That there is a constant production of the new radio-
active substance (UX) by the radio-active body (uranium).

(2) That the new substance (UX) itself disintegrates
according to an exponential law, with a constant equal to the
radio-active constant A for the change.
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Suppose that from the given mass of uranium g, particles of
uranium X are produced per second. The activity of the par-
ticles produced in a short interval of time d¢ will at their moment
of production be equal to Kq,dt, where K is a constant measur-
ing the effect produced on our electroscope by one particle of
UX. The activity of these particles after a time = will be

given by Kgye™Mdt=dl. . . . . . (144)

Suppose we wish to know the total activity of the uranium a$
a time T after it has been completely freed from the product
UX. Then the time which has elapsed since the formation
of the particular particles we are dealing with is equal to T' — ¢
where ¢ represents their moment of formation. The effect due to
these particles is thus Kqye=**'~* dt and the total activity at the
time T is therefore given by

r
In=[ Rger?-0dy
S0

Koy L as)

The maximum activity is reached when the process has been
going on for a sufficient time to make ¢ *7 negligible, and is

given b
y =

Substituting in (145) I, we have

Ip -

7= 1 — AT
whieh agrees with the experimental results. It will be noted
that A is the constant measuring the rate of decay of the product.

The equilibrium state is obviously reached when the loss of

activity due to decay of the product is equal to the rate of
formation of the product from the original substance. Since
the product is always decaying according to the exponential
law, whether it is mixed with the parent substance or separated
from it, it follows that uranium is constantly producing a new
substance uranium X from itself at a definite constant rate.
When equilibrium has been established it is evident that the
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quantities of the two substances present will bear a constant
ratio to each other.

The possibility of separating uranium X from uranium in
various chemical ways shews that the two substances are
chemically distinct. Moreover, the uranium not only gives
uranium X but in the process emits a-particles which, as we
have already seen, are charged atoms of helium. It is impos-
sible to avoid the conclusion that the atom of uranium
disintegrates spontaneously, giving off a charged helium atom
and forming a new element uranium X which, although owing
to its rapid decay it is always present in quantities too small
to admit of direct chemical investigation, can be detected by
the B-radiations which it emits. The product of the decay of
uranium X has been identified as a new radio-active substance,
Tonium, which in its turn has been proved to be the origin of
the element radium.

158. Theory of successive transformations. The case
we have so far considered has been a very simple one for two
reasons. In the first case the amount of uranium breaking up
during the time of our experiments is so infinitesimally small that
we can without error regard the amount of uranium present dur-
ing the experiment as constant. In the second place the substance
formed by the disintegration of the uranium X is so feebly
radio-active that its effect upon the electroscope is inappreciable.
In general these simple conditions do not hold. Radium, for
example, which has been prepared for more than a few days
is found to contain at least five radio-active substances whose
activity must be taken into account. The same principles which
were successful in explaining the decay and recovery curves of
uranium and its product can also be applied to the more complex
cases with equal success. For convenience these principles have
been stated in the form of six propositions by Rutherford, to
whom the theory is due.

(1) The activity shewn by radio-active substances is due to
the disintegration of the atom.

(2) A definite fraction of the total number of atoms present
become unstable in a given small interval of time.
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(3) In most cases this instability and disintegration is accom-
panied by the emission of energy in the form of a-, 8- and y-rays,
by a-rays alone or by B- and y-rays alone. Occasionally it
takes place without emission of ionizing radiations. If radiations
are emitted it is assumed that the fraction of the atoms changed
per second can be measured by the intensities of the radia-
tions emitted.

(4) The expulsion of a single a-ray of atomic weight 4 gives
rise to an atom differing in atomic weight by four units from the
parent atom. The expulsion of B-particles, which have a mass
insignificant compared with that of a hydrogen atom, produces
no change in atomic weight, but only in the internal structure
of the atom.

(5) At any time after disintegration has commenced there
exist together in the substance

(a) the unchanged substance,

(b) the immediate product of its disintegration of the same
or smaller atomic weight,

(¢) any product or products formed from the disintegration
of (b) if it is itself radio-active.

(6) Each of the products of radio-active change is a new
element, and has different chemical pfoperties from those of
the parent atom. This is shewn by their different behaviour
to various chemical reagents as in the case of uranium. It is
still more clear in the casc of radium in which the first decom-
position product is a gas.

The general problem may be stated as follows: Suppose we
have a series of elements 4, B, C, D,... such that 4 changes
into B, Binto C, C into D, and so on. Given that the number of
atoms of each present at a given moment in a substance is
a, b, c, d,. .. respectively to find the number of each still present
in the mixture after a time ¢ has elapsed. The general problem
is capable of solution, but it will be simpler and more instructive
to confine our attention to one or two illustrative cases which
are met with in actual practice.

By assumption (2) we have for each of the substances

dnjdt < n,



RADIO-ACTIVE CHANGES 299

where n is the number of atoms of that substance actually
present at the given moment. Thus

Sr==M; mn=mng, . . . (146)

that is to say, each element by itself decays according to an
exponential law. A is known as the radio-active constant for
the substance.

We shall see later that the decomposition of the atoms follows
a probability law, and that An is only the most probable value
of the number disintegrating per second. When, however, as
is usually the case, the total number of atoms is large, the actual
value over a finite interval of time will not differ from its most
probable value by an appreciable amount.

It must be noted that An is also the rate of formation of the
new substance B. We have already seen that A is independent
of the most extreme changes in external and chemical conditions.
It is also independent of the age of the substance. Experiments
have been made with radium emanation which loses half its
activity in 3-85 days, over a period exceeding three months.
The rate of decay throughout was strictly exponential, the
constant A being the same at the end of the experiment as at
the beginning. It is thus the same for emanation which is
freshly formed as for emanation three months old. In fact the
break up of the atom depends solely on the law of probability
and the nature of the atom.

Two other ways of defining the rate of decay of the radio-
active substance are often used. The Aalf pertod value is the
time taken for the activity of the substance to fall to one-half
its original value. This can be obtained from (146) by putting
n/ng = % and solving for . Thus — At = log, 3,

068

The average life of the radio-active atom can also be calculated.
The number of atoms changing during a short intervaldt at a time¢
since the separation of the substance = Andt. Also n = nye~*and
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thus dn = Ange™* dt. These atoms have had a life of ¢ seconds.
The average life of all the atoms of the substance is therefore

—l—fw tAnge~ M dt
NoJo
1

=3 - (148)

159. Radio-active equilibrium. Suppose we commence
with some substance such as uranium or radium the life
of which is long compared with the time occupied by our
experiments. The average life of uranium, for example, is
about 7 x 10° years and that of radium about 2280 years.
Over any ordinary period of time therefore the quantity of the
original radio-active substance which we will call 4 remains
constant, and hence fresh radio-active matter is produced from
it at an approximately constant rate, which will be equal to
Aa, where a, is the number of atoms of 4 present, and A, its
radio-active constant. If B is the immediate disintegration
product of 4, B is being formed in the substance at this constant
rate A,a,. But the rate at which B disintegrates is proportional
to the amount of B actually present, and thus increases with
the increase in the quantity of B. Hence a point will come when
the rate of disintegration of B is equal to its rate of formation
from 4 and the amount of B in the substance will then remain
constant. The rate at which B increases is equal to the difference
between its rate of formation from 4 and its rate of disintegra-
tion into C. Thus

db = Aagdt —Abdt . . . . . (149)

where b is the number of atoms of B present at the given
instant. Similarly for the element C we have

de = Abdt — Agedt.

Ttis evident that the amounts of B, C,. .. present in the mixture
will become constant when

Ala'o = Azb = Aac = e . . . . (150)

Thus when radio-active equilibrium, as it is called, has been
established the various radio-products will bear to each other
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a constant ratio which is inversely proportional to their radio-
active constants. Conversely, if on analysis two radio-active
substances are always found occurring in nature in the same
ratio, one of them must be a product, direct or indirect, of the
other. Thus the fact that the proportion of radium to uranium
in minerals is always constant is evidence that radium is a
product of the disintegration of uranium.

A hydrostatic analogy may prove useful in understanding
the process. Suppose we have a series of tanks
P, Q, R,... emptying one into the other as
shewn in Fig. 111. The rate at which water flows
out of any tank will be proportional to the area
of the aperture and to the height of the water
in the tank at the moment under considera-
tion. In other words, supposing the tanks to
have the same area of cross section, the flow
will be proportional to the quantity of water
in the tank. The rate of eflux of the water
thus follows the same law as the rate of de-
composition of a radio-active substance.

Supposing now that the water in the tank P
is kept at a constant level. This will corre-
spond to the case we have just been considering.
Water will rise in each tank until the rate of
efflux, which is proportional to the quantity of
water in the tank, is equal to the rate at which -
water pours into it from the tank above. When s=====
equilibrium is established the rate of flow will Fig. 111
be constant throughout, and the height of the water in the
different tanks will be inversely proportional to the size of
their apertures. 1f the aperture is small the height of the water
will be large, if on the other hand it is large a comparatively
small height of water will produce the necessary eflux. Similarly
when equilibrium is established substances of quick decay,
for which the radio-active constant is large, will be present in
relatively small proportions while those which decay slowly
and for which the radio-active constant is small, will be present
in large amounts. 1t is thus only the comparatively long-lived
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radio-active substances, such for example as radium itself,
which we could expect to obtain in measurable quantities.

The case which we have just considered constitutes what may
be described as permanent radio-active equilibrium, the
amounts of each substance present remaining constant after
equilibrium has once been reached. Let us suppose now that
water is no longer poured into the first tank P, but that P has a
small aperture so that the rate of efflux is small. This will corre-
spond to the case of the decomposition of a radio-active substance
of small but appreciable radio-active constant. The rate of flow
of water through the system will obviously be governed by that
of the tank with the smallest aperture, in this case by P. It is
evident, therefore, that when equilibrium has been established
the quantity of water in each tank will be proportional to the
quantity remaining in P, since the rate of flow through the
system is governed by this factor. A little consideration will
shew that the relative amounts of water in the different tanks
will be very nearly the same as if the level in P were maintained
at the value which it has at the moment of observation by a
continuous influx of water. 1t will actually be slightly larger.
The two cases will approximate more nearly to each other the
slower the rate of eflux from P.

We thus get a state which we may describe as that of transient
equilibrium, the relative quantities of water in each tank
remaining constant, but each of the quantities decreasing in
absolute magnitude proportionately to the quantity in the
first tank.

This case corresponds to that of a radio-active substance
which gives rise by its disintegration to a series of radio-active
substances, the half value period of which is short compared to
its own. For example, radium emanation which has a half value
period of 3-825 days gives rise to successive radio-active sub-
stances which have half value periods of 3-05, 26-8, and 197
minutes respectively. Thus, if radium emanation is placed in
an enclosed space and left to decay, after equilibrium has been
established, which takes place in about four or five hours, the
quantity of any one of the products present is simply pro-
portional to the quantity of the emanation remaining in the
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vessel. This is a case of transient radio-active equilibrium. 1t
can be shewn that in this case the quantity of each product
actually present is about one per cent. greater than the value
which it would finally attain if the quantity of emanation
present were maintained at its actual value at that instant by
an external source.

The problems arising can easily be solved if required by an
application of the principles enunciated by Rutherford.

Taking the case we have just considered for an example,
suppose that 4, B, C,... are a series of such elements so that
4 changes into B, B into C, and 8o on. Then if the substance
at the beginning consists only of the element 4 (for example
only of radium emanation), and if g, b, c, ... are the number of
atoms of each element present at a time ¢ from the start, and
Aas Ay, A, ... are the corresponding radio-active constants, we have

a = aye

where a, is the number of atoms of 4 with which we commenced
the experiment. Also by (149) we have

db= Ajadt — A,bdt,

de = Abdt — Aedt,
and so on. Substituting for a, we have

db

dt
The solution of this equation is of the form

b=ay(kye™*t + kye=nt), . ., (151)

Now b= 0 when ¢t = w0, since all the substances eventually

disintegrate completely; .". k; = — k,. Differentiating the equa-
tion and applying the conditions that when ¢ = 0, a = gy and

= Ay age—d — \,b.

b=0, we find &, = X}—“ X and thus finally
b — fa
b= --“-f—} (€ hat—e Nt . . (152)

The method can obviously be continued to give the corre-
sponding value of ¢, and so on. If ), is large compared with
A;, then when ¢ is comparatively large, e *** will be small
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compared with e~*+ and the quantity of  present will thus be
proportional to age~*<, that is, to the quantity of 4 remaining;
the result we have already obtained from general considerations.
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CHAPTER XVII
RADIUM AND ITS PRODUCTS

160. The nature and properties of radium. The prin-
ciples we have been considering will be made clearer, and the
evidence for them more conspicuous, if we study in detail one
series of radio-active changes. That of radium is the most
suitable for the purpose, not merely on account of its intrinsic
importance but also owing to various accidental causes which
render the phenomena particularly clear.

Radium can be isolated {rom uranium ores, in which it exists
as a product of the radio-active disintegration of the uranium.
1t is obtained by the processes used in the extraction of barium
from the ores, to which element it bears a close chemical
resemblance. It can be obtained free from barium by repeated
fractional crystallization of the bromide, the radium salt
being somewhat less soluble in water than the corresponding
salt of barium, with which, however, it is isomorphic.

The proof of the elementary nature of radium is now com-
plete. 1t is afforded in the first place by the spectrum, which is
characteristic of the metal, and differs from those of all other
clements. The lines in the radium spectrum have now been
analysed into their component series, and are found to present
the common characteristics of the metals of the alkali earths.
Applying the usual laws of spectra the spectrum of radium is
found to correspond to that of an alkaline earth metal of atomic
weight about 225.

Radium has been obtained in sufficient quantities and of
sufficient purity to enable its atomic weight to be obtained
by direct chemical methods. The method employed is that of
precipitating the radium chloride with silver nitrate, and
weighing the silver chloride formed. In this way the atomic
weight is found to be 226-0.

c1 20
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The value of the atomic weight of radium is strong evidence
for the disintegration theory of its formation. It is known that
the conversion of uranium into radium is attended with the
expulsion of three a-particles. Thus on the disintegration
theory the atomic weight of radium should be less than that
of uranium by the weight of three a-particles. The atomic
weight of uranium is 238. That of radium should therefore
be 238 — 3 x 4-0, or 226, in satisfactory agreement with the
chemical determinations.

Radium can be obtained in metallic form. It is a silver white
metal, melting at about 700° C., and beginning to volatilize at
a slightly higher temperature. It is attacked by air forming a
nitride, and by water forming the hydroxide. It forms a series
of salts similar in properties and appearance to those of barium.
It thus possesses in every particular the characters of a metallic
element of the alkaline earth group.

161. Radium emanation. The first product of the disinte-
gration of radium is the heavy inert radio-active gas known as
radium emanation. It is found that a sample of pure radium
emits this gas at a constant, definite rate, the emission being
attended by the expulsion of an e-particle. The phenomena of
radio-active change are peculiarly striking in this instance, the
parent substance being a metallic solid, while the disintegration
product is an inert gas.

The emanation can be separated from the radium salt by dis-
solving the latter in water, and boiling the solution. The gas
emitted, which contains hydrogen and oxygen, from the decom-
position of the water by the radiations emitted, and carbon
dioxide from the tap grease, is pumped off, and purified by
suitable chemical means. The final purification is cffected by
condensing the emanation in a tube immersed in liquid air, and
pumping off the more volatile gases present. Radium emanation
is itself radio-active. It gives off a-particles changinginto a sub-
stance, radium A, which being solid is deposited on the walls of
the vessel containing the gas. Radium emanation, though
formed from radium, is itself an element. This is shewn by
its characteristic spectrum, which differs as much from that
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of radium as from the spectra of all other elements. The
spectrum can easily be obtained by passing a little of the
emanation into a small discharge tube.

Since the emanation is formed from radium by the expulsion
of an a-particle of mass 4 its atomic weight should be about
222, taking that of radium as 226. The matter was in-
vestigated directly by Ramsay and Gray, who succeeded in
determining the density of the emanation using a quartz
microbalance of special construction. Two bulbs of very un-
equal size but of equal mass are placed at the two ends of the
beam of a small quartz balance enclosed in a small air-tight
chamber. The weights are adjusted so that the beam is
horizontal when the balance case is completely evacuated. If
gas is now admitted to the space around the balance the
buoyancy of the gas will reduce the effective mass of the
larger bulb, and thus cause a deflection of the beam. The
buoyancy of the gas can be calculated in terms of the
deflection of the beam when the sensitivity of the balance is
known, and from the buoyancy the density of the gas can be
at once determined.

The mean result of several experiments shewed that the
density of the emanation was 111-5 times that of hydrogen.
This gives a molecular weight to the emanation of 223. The
chemical properties of the gas resemble those of the argon
group, and it is thus presumably monatomic. In this case its
atomic weight is also 223. Considering that the total weight of
the emanation available for the experiment was no more than
1/1000 of a milligram the agreement with the theoretical value
is surprisingly good.

The emanation has been found to behave as a gas at ordinary
temperatures. It obeys Boyle’s law, it liquefies at — 65° C. at
normal pressure, but exerts an appreciable vapour pressure
down to a temperature of — 150° C. According to Ramsay and
Gray its critical temperature and pressure are 104-5° C. and
63 atmospheres respectively. The density of the emanation at
the temperature of liquid air, at which it is probably solid, is
between 5 and 6.

Radium emanation is thus a definite chemical element

20-2
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belonging to the group of inert gases. In recognition of this fact
it has become usual to refer to it as radon.

162. Rate of decay of radon. As radium emanation is
extensively used in experimental researches it is necessary to
know its rate of decay with some accuracy. The simplest
method is to allow the emanation in a closed tube to attain
radio-active equilibrium with its immediate products radium
A, Band C. These products are all short-lived, the most stable
having a half period value of 26-8 minutes. A few hours thus

I ;Bﬂllm'y
D
C B A [
Elcctrometer
N> Earth

Fig. 112

suffices to set up transient equilibrium in the system. The
rate of decay of any part of the activity is then, as we have
already seen (§ 159), that of the most stable of the constituents,
in this case the emanation. The advantage of this method is
that it allows us to use the B- and y-rays, which, as we shall
see later, are actually emitted by its disintegration products,
radium B and radium C, as a measure of the activity of the
emanation itself. 1t further allows us to evade the complications
due to the growth of these products in the emanation during
the first few hours after separation.

The apparatus used by Curie is shewn in Fig.112. The radon,
enclosed in a sealed glass tube 4, is placed inside the brass tube
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B, which can be connected to a battery of cells and forms one
plate of the ionization chamber. The insulated plate C takes
the form of a cylinder concentric with B, and is connected in the
usual way to an electrometer. The whole is surrounded by a
metal chamber D which is earthed and serves to screen C from
electrostatic disturbances. If D is made perfectly air-tight,
changes in the current owing to fluctuations in the temperature
and pressure of the atmosphere are avoided. The a-rays due to
the radon itself are of course completely absorbed by the glass
tube 4 and the metal tube B. The current is due to the 8- and
y-rays from the radio-active decomposition products of the
emanation. After a few hours these decay with the period of
the emanation.

In this way the radio-active constant of radon was found to
be 0-1801 (day)—! or 2-085 x 10~ (sec.)~). Rutherford by a
different method obtained a value 0-1802 (day)~. The latest de-
terminations give a rather higher value for A, namely 2-097 x 10-8,
This corresponds to a half value period of 3-825 days.

163. Measurement of the volume of radon in equili-
brium with one gram of radium. The quantity of radon
in radio-active equilibrium with one gram of radium is by
the laws of radio-active change a constant. It is termed
a curie. Since the curie is a somewhat large standard com-
pared with the amounts of radon generally available for
experimental purposes one-thousandth part of this is taken as
a subsidiary standard and is known as the mullicurie. The
value of the curie can be estimated from the radio-active
constants. It has been found by the method of § 98 that one
gram of pure radium (free from its products) emits 3-7 x 1010
a-particles per second. As each atom of radium disintegrates
into one atom of radon with the expulsion of one a-particle
this is also the number of radon atoms formed per second.
But the number present when equilibrium is reached is equal
to g/A where ¢ is the rate of formation of the atoms, and A the
radio-active constant of the radon. The total number of
atoms of radon in equilibrium with one gram of radium is

thus 37 x 1019/2-097 x 10~% = 1.77 x 10,
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Since there are 278 x 10 molecules in one c.c. of gas at normal
temperature and pressure the volume occupied by one curie of
radon under these conditions is

1-77 x 10%8/2-71 x 10'® c.c. = 0-66 cubic mm.

164. The active deposit from radon. If a plate or wire
of any kind is exposed to radon for a few hours and then with-
drawn it is found to have become radio-active. This phenomenon
was at first described as induced or excited activity. It is now
known to be due to the deposition on the surface of the substance
of a solid radio-active product due to the decomposition of the
radon.

If the wire is allowed to remain in the radon sufficiently long
to attain equilibrium the amount of the activity is independent
of the position or material of the plate, and is strictly proportional
to the amount of radon present. It is also directly proportional
to the area of the surface exposed.

A curious property of the excited activity is that it can be
concentrated on a very small area if the latter is charged
negatively. Thus if a wire is passed into a metal chamber con-
taining a radium compound, and charged to a high potential,
the activity when the charge on the wire is negative is as
much as 200 times its activity when positively charged. In this
way practically the whole of this “excited” activity can be
concentrated on the wire, which may be made to have an
activity per unit area of over 10,000 times that of the surface
of radium itself.

Since the activity is concentrated on the negative electrode
the carriers of the activity must have a positive charge. Since
the active deposit is formed from the emanation by the emission
of a positive particle carrying two electronic charges we should
have expected the residual atom to have been negatively
charged. We know, however, that the impact of a positive
particle on matter gives rise to a number of slow-moving
electrons, or 8-rays as they have been called. It seems evident,
therefore, that the escape of a positive ray from an atom must
also be attended by an emission of negative electricity, probably
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in the form of these slow-moving electrons. Since the residual
atom has a positive charge it is evident that at least three
such electrons must be expelled with each positive particle.

The velocity of the carriers in an electric field can be measured
by methods analogous to those used to determine the mobilities
of the ions. Their velocity in & field of one volt per cm. is
about 1-4 cm. per sec. or very nearly that of the positive ion
in a gas. There is some evidence for the assumption that they
carry a single negative charge.

165. Recoil atoms. The a-particle is expelled from the
radon atom with considerable velocity. The residual atom
itself must thus be projected in the opposite direction with
an initial velocity which is given by the consideration that
the momentum of the system as a whole must be zero. Since
the mass of the a-particle is 4, and that of the residual atom
(222 — 4), the velocity of the recoil atom will be 4/218 or about
1/55 of that of the corresponding a-particle. The range of the
recoil atoms of radon is found to be about 0-12 mm. in air at
atmospheric pressure. As we shall see later the phenomenon can
be used to prepare an «a-ray product in a state of purity.

166. Analysis of the active deposit of rapid change.
A body which has been exposed to radon is found after removal
from the emanation to give out all three kinds of radiations.
The activity is comparatively short-lived and almost completely
disappears within 24 hours. There is, however, always a small
residual activity which if the body has been exposed for several
days may reach as much as one-millionth of the initial activity,
and the activity of this portion is found to increase steadily
with time over the space of several years.

We may therefore for convenience divide the excited activity
into two parts, (1) the active deposit of rapid change, (2) the
active deposit of slow change. Since the activity of the latter
is in general minute compared with that of the former, we may
neglect the small residual effects due to it in our analysis of the
short-lived deposit.

The active deposit can be obtained on a thin rod or wire by
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charging the wire to a negative potential of some 200 volts and
exposing in a vessel containing radon. If the activity is to be
measured by the e¢-rays the rod may then be made the central
electrode of a cylindrical ionization chamber, the saturation
current being measured by an electrometer in the usual way.
If B- or y-rays are to be used to measure the activity the simple
electroscope (Fig. 96) is convenient. If B-rays are to be employed
the opening of the electroscope is covered with only snfficient
thickness of aluminium foil to absorb all the a-rays. If only
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Fig. 113. Decay of excited activity; a-ray curve

y-rays are to be dealt with the electroscope may be placed on
a sheet of lead some half centimetre in thickness, which will
cut off everything except the y-rays.

The shape of the decay curves depends on whether the a- or
the B-rays are used for the measurement, and also on the time
of exposure of the wire to the radon. The active deposit con-
sists therefore of a mixture of radio-active substances, all in the
solid state, some emitting e-rays, and some B- and y-rays only.

The decay curve obtained after a short exposure of the wire
to” the radon, and measured by the a-ray activity, is shewn
in Fig. 113. It will be seen to be divisible into three parts.
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The first stage shews a rapid decay falling to some 10 per cent.
of its initial value in 15 minutes. This is followed by a period
of some 20 minutes in which there is little variation in the
activity. Then a gradual exponential decrease follows, the
curve falling to half value in about 28 minutes.

Since the exposure was short the initial substance consisted
almost entirely of the first decomposition product of the
emanation which we will call radium A. An analysis of the
first part of the decay curve shews that this substance emits
a-particles and decays to half value in about three minutes,
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giving rise to a product which emits a-rays and decays with a
half value period of 28 minutes.

Further evidence on the nature of the changes can be obtained
from a study of the B-ray curves. The S-ray curves for short
and long exposures are shewn in the curves of Fig, 114. The
curve for a short exposure of one minute shews that the B-ray
activity is initially absent, and that therefore radium A emits
only a-rays. If, however, the product emitting the B-rays was
the immediate product of the decomposition of the radium A,
the curve for the rise of activity of the B-ray product should
be (neglecting the decay of the latter) complementary to the
decay curve of radium A, that is, it should rise to half value in
about three minutes. As a matter of fact the rise to half value
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occupies rather more than ten minutes and a substitution of the
numerical values in the formulae shews that this discrepancy
cannot be explained by the small decay of the B-ray product
in that interval of time. We are thus led to the conclusion that
there is between the radium A and the B-ray product another
radio-active substance which we will term radium B, which
without itself emitting ionizing rays gives rise to the product
radium C which does.

The period of the two products radium B and C can best be
obtained from a study of the curves obtained for the B-ray
activity with long exposure. In this case the three products
will be in radio-active equilibrium, and the relative amount of the
short-lived radium A will consequently be very small. Moreover
as it has a short period it will rapidly cease to affect the shape
of the decay curves. The whole of the radium A (except one
per cent.) is, in fact, disintegrated within twenty minutes after
removal from the emanation and the curve is then due solely to
radium B and C.

Now it is found that this curve can be accurately expressed
by an empirical formula of the form

Ljly=ae™—(a—1)e™ . . . (153)

where a is a numerical constant and A; and A, have the
values 5-86 x 10~% and 4-31 x 104 (sec.)~! respectively. It will
be seen that the second of these gives a half value period of
26-8 minutes, the other a half value period of about 19-8
minutes.

Now we have already seen that the final rate of decay will
be governed by the decay of the substance of longest period,
irrespective of its position in the chain of decomposition.
Hence we cannot immediately infer to which of the substances
B or C the two constants refer.

Fortunately, however, it is possible to separate the two
products. If the wire is heated to a temperature of some
600° C. surrounded by a cooled outer cylinder it is found
that the activity can be separated into two parts, one part
remaining on the wire while the other part is volatilized and
condenses on the cool outer cylinder. The portion remaining
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on the wire emits a-radiation and B-radiation, the activity in
each case falling to half value in 19-5 minutes. The other
portion is initially inactive but gradually begins to emit both
a- and B-rays corresponding to those of the substance left
behind on the wire. The shorter period therefore corresponds
with the final product, radium C, which emits both a- and B-rays,
while the longer period 26-8 minutes is that of the radium B
which without emitting radiations is the direct parent of the
radium C and the immediate product of the decomposition of
radium A.

It has been found that the change from radium B to radium
C is not entirely rayless. A quantity of slowly-moving B-par-
ticles comparable with the 8-rays are given off. These, however,
have so little penetrating power that they are completely
absorbed in the thickness of aluminium necessary to cut off the
a-rays, and hence have no influence on the g-ray measurements.
All the changes deseribed as rayless are really of this nature.

Theoretical decay curves can be constructed from the equa-
tions in § 159, when the radio-active constants are known. They
agree with those obtained experimentally to an accuracy of at
least 1 per cent.

167. Separation of the products by the method of
‘““recoil” Complex nature of radium C. Although the
analysis of the radio-active product of short period was made
in the manner explained above we have now a more powerful
means of separating the various products of radio-active
change. This can be done by making use of the “recoil” atoms
already described. We have seen that the atom of radium A
produced by the decomposition of radium emanation starts
life with a velocity which will enable it to travel across several
centimetres of gas at a sufficiently low pressure. The same
considerations apply also to the atoms formed by the decomposi-
tion of radium A and indeed to any atoms whose formation is
attended by the expulsion of an e-particle. Thus if we place
the wire or plate carrying the induced activity in a vacuum at
a short distance from another inactive plate, the atoms of
radium B formed by the decomposition of radium A will in
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many cases be shot across the intervening space, and collect
on the inactive plate. In this way radium B of considerable
purity can be obtained, since the atoms of radium C, which are
formed from radium B with the emission of slowly moving
B-particles only, have no appreciable velocity. The radium C
thus remains on the active plate. The individual properties
of the separate substances can thus be studied.

An application of this method to the case of radium C has
led to interesting results. Most radio-active atoms disintegrate
with the emission of either a-rays or 8- and y-rays but not both.
Radium C, as we have noted, gives all three types. Pure radium
C can be obtained from the radio-active deposit obtained
from radon by dissolving it in acid, and suspending a nickel
plate in the solution. The radium C is deposited on the plate,
leaving the radium B in solution. It must be remembered that
each radio-active product is an element with definite chemical
properties, and differs from ordinary elements only in its
instability. The various products can thus be separated by
the usual methods of chemical analysis. If the nickel plate
bearing the radium C is placed in vacuo near a negatively
charged disk recoil atoms from the radium C collect on the disk,
which thus becomes radio-active. It is found, however, that the
properties of the radio-active substance thus collected are quite
distinct from those of the normal product of the disintegration
of radium C (which is known as radium D). Thus it has a
half value period of 1-32 minutes as against 16 years for
radium D. This new substance which has been called radium
C" gives out only B- and y-rays of the same quality as those
of radium C. Further, it does not give rise to radium D on
disintegration.

We have here a case (the first one actually observed although
others have now been recorded) in which a branch occurs in
the radio-active chain. Radium C may disintegrate in two
entirely different ways. Normally it emits a B-ray and gives
rise ultimately to radium D. About 3 in 10,000 of the atoms,
however, emit ana-particle and form an entirely different product
radium C”, the disintegration product of which is not radio-
active, and is probably an isotope of lead.
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More exact analysis shews that the change from radium C to
D is not direct. There is an intermediate substance, radium C',
interposed. This has an exceedingly short life, about 1-5 x 10-%
sec., and gives rise to a swift a-particle. The series of changes we
have been considering can thus be represented by the following
chain:

oL
RadiumC’
Py O—0
oL oL Slowp Radium D
/ / / (93.m)
@) >0
Emanation RadiumA R d B R d C
e TR Tl AN
RadiumC”
O—+’(Lead)
ﬂm

168. The radio-active product of slow change. As we
have seen, radium C normally transforms into a product
radium D. Radium D marks a period of comparative quiescence
in the radio-active decay, its half value period being about
16-0 years. Owing to its long period it is present in minute but
appreciable quantities in ores containing radium from which it
can be separated by the chemical processes used for the separa-
tion of lead, to which metal indeed it bears so close a resemblance
that no chemical test has yet been devised for distinguishing
between them. Radium D gives out neither ¢- nor B-rays of the
ordinary type. It has, however, been shewn to give off very
slow B-rays (or 8-rays) of the type given off by radium B.

The succeeding product, radium E, gives off 8- and y-rays
and has a period of 485 days. The relation between radium D
and its immediate product is thus the same as that for uranium
and uranium X, and the decay and recovery curves follow the
same laws. Thus in freshly prepared radium D the B-ray
activity rises according to equation (142) to a maximum which
owing to the slow decay of radium D remains sensibly constant
for a considerable time.
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Radium F, the product of the decay of radium E, emits e¢-rays
and decays to half value in 136 days. Its rate of decay and
the range of its a-particles identify it with the substance
polonium, the first radio-active substance actually isolated
from pitchblende. The product of the disintegration of polonium
is apparently not radio-active, no trace of any radiations being
observed after the a-ray activity of the polonium has disap-
peared. The final product of the chain has with much probability
been identified with lead.

The period of radium D is too long to be determined by
direct measurements. It can, however, be deduced by indirect
methods which form an interesting illustration of the principles
we have been discussing. Suppose we commence with a definite
quantity of radon, say, one millicurie. The number of atoms of
radon present is then known from the determination of the curie
already discussed (§ 163). Let it be N. The number of atoms
breaking up per second at the beginning of the experiment is
therefore A, N, where A, is the radio-active constant of radon.
This will be the number of a-particles n,, emitted per second, a
quantity which we can determine by the method already described
(§98).

The radon is then allowed to decay for a month or so at
the end of which time it is practically all in the form of
radium D. The number of atoms of radium D present is thus
the same as the number of atoms of emanation with which we
started, that is N, and the number breaking up per second is
therefore A, N where A, is the radio-active constant of radium D.
Now radium D itself emits no a-particles. As, however, the
period of radium D is long compared with that of its products
E and F, the latter will be in radio-active equilibrium with it
and hence the number of radium F particles breaking up per
second will be the same as the number of radium D atoms
disintegrating in the same time, that is A,N. But this is the
number n, of a-particles emitted per second by the mixture of
radium D, E, and F in our tube, since D and E give no a-radia-
tion. Hence
NN  ny

ANy’
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from which we can determine A, since all the other quantities
are known. The value of A, is found to be 0-043 (year)-!,
corresponding to a half value period of 16 years.

169. Relation between the radio-active constant and
the energy of the a-particle. Gamow has recently shewn that
on the wave theory of matter the energy E of emission of an
a-particle should be related to the radio-active constant A of the
element emitting it by an equation of the form

logA=a+b.E . . . . . (1563)

where the constant a depends on the particular radio-active
family to which the element belongs. A relation somewhat of this
type was given on empirical grounds many years ago by Geiger
and Nuttall. The relation is useful for determining approxi-
mately the radio-active constants in cases where direct deter-
mination is for some rcason impossible. The constant for UTI,
for example, has been deduced in this way from the measured
velocity of its a-rays.

170. The radio-activity of thorium and actinium. The
element thorium is radio-active and gives rise to a chain of
radio-active products in the same way as uranium gives rise
to the radium chain. The disintegration process can be studied
in detail by the methods already discussed, and involves no new
principles. The results are sufficiently summarized in Table XV.
For further details the books mentioned at the end of the
chapter may be consulted.

Another element, actinium, isolated originally from pitch-
blende, also gives a radio-active chain of products. It is itself a
product of uranium. It may be noted that very careful analysis
has shewn that the disintegration of uranium is considerably
more complex than we have described in the previous chapter.
Uranium in fact contains two radio-active substances which can
be differentiated by a slight difference in range of the
a-particles which they emit. The disintegration of uranium I has
been found to be complex, a small quantity of a new product,
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uranium Y, being formed, in addition to the uranium X. There
is thus a branching of the chain at uranium resembling that
already described for radium C. This branch series has been
shewn to give rise to the element actinium, one other radio-
active substance (proto-actinium) of long, but as yet unde-
termined, period intervening.

171. Position of the radio-active elements in the
Periodic Table. Since an a-particle has been shewn to be an
atom of helium, the emission of an a-particle obviously pro-
duces a new atom with an atomic weight of four units less
than that of the atom from which it was formed. On the
other hand, the emission of a B-particle makes no sensible change
in the atomic weight. Thus uranium I with an atomic weight
of 238 loses an a-particle and changes into uranium X; which
must thus have an atomic weight 234. The emission of a
B-particle leaves the atomic weight unchanged so that 234 is also
the atomic weight of both uranium X, and uranium II. Similarly,
the atomic weight of ionium must be 230, that of radium 226,
and that of radon 222. The two last results have, as we have
seen, been verified by direct determination. The final product
of the uranium and actinium series should thus have an atomic
weight of 206 in each case, and that of the thorium series an
atomic weight of 204. We have thus some 35 new elements
to arrange in the nine spaces which occur in the periodic table
between lead and uranium.

From a study of so much of the chemical behaviour of the
radio-active elements as could be observed, Soddy suggested
that the emission of an a-particle by a radio-active element pro-
duced a new element whose position in the table was two spaces
to the left of that of the element from which it was formed. The
emission of a B-particle moved the position of the new element
one space to the right. Thus the emission of an e-particle by
uranium I, which is placed in group VI of the periodic table,
produces a new element uranium X, which should be placed in
group 1V of the table. Uranium X,, formed from uranium X,
by the emission of a B-particle only, would then occupy a
position in group V, although its atomic weight is identical
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with that of uranium X, and similarly uranium II, also of the
same atomic weight, is placed in group VI in the same space in
the table as the original uranium I, though differing from the
latter in atomic weight by four units. The fact that uranium I

TaBLe XIV
Uranium-Radium series
Soatowo | sonstantn | Helf valuo |Radiations | /Tt SEEC
NUMBER in (sec.)™ period emitted inairin cm.

92 Uranium I ... 49 x 10718 4-5 x 10° years a 270
90 Uralfium X; ... 3:275 x 10~7 24-5 days B (slow) —_
91 Uranium X, 1-0x10~2 1-156 min. B -
92 Uranium IT ... 2x10714 1 x 10® years a 3-28
90 Ionium 2:9x 10-18 7-6 x 104 years a 3-194
88 Radium 1-39 x 1071 1580 years a 3-91
86 Radon 2:097 x 10~ 3:825 days a 4014
84 Ra,dilum A .. 378 x 10~ 3-05 min. a 4620
82 Ra.d.i!xm B .. 431 x10—4 26-8 min, B (slow) —
83 Rn,dilum c* .. 586 x 104 19-7 min. B —
81 Radium C” 87 x1073 1-32 min. B —
84 Radium C’ ... 4-5x 107 1-5 x 10—8 gec. a 6-870
82 Radium D ... 1-37x107* 160 years B (slow) —
83 Radi!lm E .. 1-66 x 10—¢ 4-85 days B (slow) —
84 RadiLm F .. 5-88 x 10~¢ 136-5 days a 3-806

(Polonium)
82 Lea —_ —_ — —

(Uranium Lead)

* The production of radium C’ from radium C is attended by the expulsion
of a B-particle only. The expulsion of an a-particle from radium C produces
18dium C”. As this a-sarcicle gives rise to the branch series only, it is omitted
from the table to avoid confusion.

cI 21
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TasLe XV
Thorium and Actinium Series
Spemer, | Radiossite |t vaue | Radistions | oS08,
NUMBER in (sec.)™? period emitted | airin om.

90 Thorium 1:3x10718  1.65 x 10° years [ 2-76
88 Mesothorium 1 3-26 x 10~° 6-7 years B (slow) —
89 Mesothorium 2 314 x 107 6-13 hours B —
90 Radiothorium 1-16 x 108 1-90 years [ 381
88 Thorium X 2:20 x 10—¢ 3-64 days a 4-13
86 Thoron 1-27 x 1072 54-5 sec. a 4967
84 Thnr!um A 4-95 0-14 sec. [ 5-601
82 Thonum B ... 1-82x 1072 10:6 hours | B (slow) _
83 *Thorium C ... 1-90 x 10— 60-8 minutes af 4-729
84 l Thorium ¢’ 7 x 1010 107 gec. a 8-5633
81 Thorium C” 3-61 3-20 sec. B —_
82 N Lead
92 ? (2 a)
90 Umng’um Y .. 54 x 10-¢ 1-5 days B (slow) —_
91 Prot(lx-actinium 19 x 1012 12,000 ycars a 348
89 Actinium 1-08 x 10—° 20 years B —_
90 Radioactinium 4-24 x 1077 18-9 days af 4-43
88 Actixiium X .. 7-14 x 107 11-2 days [ 414
86 Actinon 1-77 x 107 3-92 sec. a 5-203
84 Actinium A ... 474 +0016 sec. [ 6-420
82 Actinium B ... 3-2x10~* 36-0 min. B (slow) -—
83 *Actinium C ... 535x10°8 2:15 min. af 5-392
81 Actiniufn c” - - 8 —_

2:26 x 102 4-71 min. a 6-518

84 Actinium C’ 1
82 Lead

* The C»C” transformation is attended by the expulsion of an a-particle only;
that from C+C’ by the expulsion of a g-particle.
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and uranium II are inseparable by any chemical process gave
weight to the assumptions.

It was considerations of this kind which lead Soddy to pro-
pound the theory of isotopes, which has been so brilliantly sub-
stantiated by Aston’s experiments. As will be clear from Tables
X1V and XV many of the radio-elements are isotopic, and differ
only in the mass and stability of their nuclei. Thus all the emana-
tions have the same atomic number, and fall into the same com-
partment of the periodic table. The significance of Soddy’s rule
is also obvious on our present nuclear theories. The emission of
an o-particle reduces the nuclear charge, and hence the atomic
number by two units, while the emission of a B-particle from the
nucleus increases its positive charge and hence its atomic number
by unity.

The appended table shews Soddy’s classification for the whole
of the elements in the uranium-radium series. To avoid con-
fusion the actinium series and the thorium series have been
omitted.

TasLE XVI

Classification of Radio-active Elements

AW.| 0 1 I m | v v | i | v
206 plead

210 Ra,;<_[RaD <—|-RaE—F=RaF

214 méinhhnacl

218 T T~ReA

222 |RaEmg— | |

226 \\Ra\

230 T~ ~

234 UK, ——UX—F=Upy

238 I

21-2
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172. The end products of radio-active decay. It will be
seen that the end product of each radio-active chain is an
element of atomic number 82, that is, it is isotopic with lead. In
the case of the uranium-radium series it is formed from uranium
of atomic weight 238 with the emission of eight a-particles, and
its mass should thus be 206. Similarly the atomic mass of the
end product of the thorium chain should be 208, since thorium
has an atomic mass of 232 and emits six o-particles during
disintegration.

Uranium ores invariably contain small quantities of lead, and
the ratio of the lead constant to that of uranium is approximately
the same for all. This provides an indirect proof that the lead
contained in the ore is a disintegration product of uranium,
since it is highly improbable that the ores, which are widely dis-
tributed, should have all become contaminated to the same
extent with lead from an extraneous source.

Lead has now been extracted from both uranium ores and
thorium ores, and the atomic weights of the samples have been
determined by purely chemical means. That from the uranium
ores gives a value of 206-1; that from the thorium ores of about
208. The close agreement of these values with the predictions of
the disintegration theory provides a very satisfactory confirma-
tion of the theory.

Aston has examined the mass spectrum of lead separated from
uranium ores, and finds that it gives a strong line of mass 206,
a weaker line of mass 207, and a very faint line 208. In ordinary
lead the line 208 is twice as strong as the line 207, so that the
presence of the isotope 207 in the uranium lead cannot be due to
infiltration of lead from some extraneous source. Aston makes
the suggestion that it is the end product of the actinium chain.
If so, all the elements in the actinium chain must have odd
atomic weights, that of protoactinium being 231, since six a-
particles are expclled during its transformation into lead.

Protoactinium cannot then be a product of the branching of
the uranium chain as was originally suspected, but must be
formed from still another isotope of uranium, probably of mass
235. The earlier stages in the actinium series arc thus still un-
certain. It is believed that UY which has been discovered in
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uranium X forms part of the chain, but further evidence is
much to be desired.

173. Production of helium from uranium. Geological
age. Since each a-particle is an atom of helium, helium must be
in process of formation in all minerals containing uranium.
The number of a-particles given out by one gram of uranium
in equilibrium with all its products has been found to be
9-7 x 10% per second. The number of atoms of helium formed per
annum by one gram of uranium is thus

(9-7 x 10%) x 60 x 60 x 24 x 365

or taking Avogadro’s constant as 2-7 x 10" molecules per c.c.,
about 11 x 10-° cubic mm. The direct measurement of the rate
at which helium is produced in uranjum ores is in fair agreement
with this estimate.

Thus if we can assume that the helium produced is all
occluded by the mineral, the ratio of the helium to the uranium
present affords us a method of estimating the age of the mineral.
The results are found to be qualitatively consistent with the
ages suggested by geological considerations, that is to say, the
rocks of older formations give a higher ratio of helium to
uranium than those ot more recent formation. Rayleigh, te
whom most of our information is due, estimates the age of the
oligocene rocks as eight million years, and the ages of the
eocene, carboniferous, and archaean periods as respectively
31, 150 and 700 million years. Since there is always the possi-
bility of a certain loss of helium from the rocks by diffusion
into the air, these are obviously minimum estimates.

The ratio of lead to uranium may clearly also be used as a
criterion of the age of the minerals. This will give a maximum
estimate since loss of lead from the ore is improbable and on the
other hand the presence of traces of ordinary lead in the original
ore is always a possibility, although Aston’s experiments (§ 172)
seem to indicate that its amount is very small. The ages deduced
from the lead contents are thus probably not far from the truth.
In this way the age of the carboniferous rocks has been calcu-
lated as about 340 million years, and of the archaean rocks as
about 1300 million years.
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174. The heating effect of radio-active bodies. Since the
various radiations from radio-active substances are emitted with
very high velocities it is evident that a radio-active substance is
giving out energy at a very appreciable rate. If it is surrounded
by sufficient material to absorb all the radiations this energy
will manifest itself eventually in the form of heat. Thus radium
is constantly producing heat and will maintain itself at an
appreciably higher temperature than its surroundings. Owing
to their relatively large mass the bulk of the energy is carried
by the a-rays.

The heating effect of the a-rays can be calculated from their
known velocities. Let n be the number of a-particles of velocity
v emitted per second by each of the a-ray products present;
n will be the same for each when equilibrium is established. The
total energy of the a-rays is thus }mnXv? where m is the mass
of an e-particle. To this we must add the energy of recoil of
the various recoil atoms which as we have seen is m/M of that
of the corresponding a-particle, where M is the mass of the
recoil atom. Thus the total energy associated with the e-radia-
tion is

%mn z <1 + %)v’.

For a gram of radium in equilibrium with its short period
products this is equal to 1-45 x 10% ergs per second, or about
125 gram calories per hour. If only the a-rays are absorbed in
the apparatus this should be the rate of emission of heat by
one gram of radium in equilibrium with its short lived products.
If the radium has been prepared for several years so that an
appreciable amount of polonium is present the heating effect
of this must be added. If the apparatus, as is usually the case,
absorbs an appreciable percentage of the B- and y-rays the
heating effect will be somewhat greater; if all the rays are
absorbed it should be about 140 calories per hour, of which 6:3
calories are due to the B-rays and 9-4 calories to the y-rays.

The heating cffect of the a-rays can be measured most accur-
ately by means of a differential resistance thermometer. The
radio-active substance is contained in an aluminium tube, the
walls of which are of sufficient thickness to stop all the a-
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particles. Round the tube are wound two insulated coils of fine
copper wire, which are connected in opposite arms of a Wheat-
stone bridge. The other arms of the bridge arc formed by two
similar coils also wound on a similar aluminium tube, and the
whole system is enclosed in a thermostat. Any slight change in
temperature of the surroundings as a whole will affect all four
arms of the bridge equally. The change in resistance of the two
coils round the source produced by the heat emitted by the
radio-active substance will produce twice the cffect on the
bridge of a single coil, since the two are in opposite arms of the
bridge.

The apparatus can be calibrated by passing a known current
through a small heating coil of known resistance placed in the
tube which is to contain the radio-active substance. In this way
an emission of heat of the order of 0-005 cal. per hour can be
detected. A small correction is required for the energy absorbed
from the B- and y-rays if any are emitted by the radio-active
substance.

In this way Watson and Henderson were able to measure the
emission of a-ray energy not only from radium in equilibrium
with its products, but from each of the a-ray products separately.
The experimental results were found to agree very closely with
the values estimated from the known rate of emission and energy
of the a-particles from the product.

They were able to verify that the rate of production of heat
from a single product fell off exponentially with the time. Thus
if H is the rate of emission of heat at the instant ¢, H = Hoe"'\‘,
the coefficient A of decay being identical with that of the sub-
stance deduced from ionization measurements. The heating cffect
of the B-rays from a B-ray product has been determined by
Ellis in a similar manner, and agrees well with the value cal-
culated from the known energies of emission of the B-particles.

The total heating effect of a curie of radon of volume 0-66
c.mm., when in equilibrium with its immediate products, is
1136 cal. per hour. The total heat emitted by the radon during
its complete disintegration into radium D is thus

f : Hye M dt= Hy,



328 IONS, ELECTRONS, AND IONIZING RADIATIONS

where A, the radio-active constant of radon, is 2-085 x 10-8 per
gec., or 0-0075 per hour. This is equal to 1-52 x 10* gram calories
per curie, or 2-2 x 10° gram calories per gm.

The formation of one gram of water is attended with the
liberation of about 3-8 x 10® calories of heat. It will be seen
therefore that the heat liberated in any chemical reaction is
infinitesimal compared with that produced by radio-active
changes.

The source of this large amount of energy is probably to be
found in the “packing” effect. The “packing” curve (Fig. 44)
ascends slowly with increasing atomic number, after an atomic
number of 30 has been rcached. The transformation of an ele-
ment of very high atomic number into elements of lower atomic
number should thus be attended with loss of mass and hence
with liberation of energy. The actual masses of the heavy
elements have not yet been determined with sufficient accuracy
to allow of a numerical test.

175. Radio-activity of ordinary matter. The air in an
ionization chamber always shews a slight conductivity even in
the absence of any recognized radio-active sources. A very
considerable amount of labour has been spent in attempting to
determine whether any of this ionization were due to a genuine
radio-activity on the part of the ordinary materials forming the
case of the chamber. The experiments are most conveniently
carried out with a simple electroscope of the type shewn in
Fig. 1.

The matter is complicated by the fact that radium, in minute
traces, is widely disseminated. Many soils contain an appreciable
quantity, and most river water is feebly radio-active owing to
minute traces of radium salts. As radium emanation is a gas,
traces of it are usually to be found in the air. Thus the air in the
electroscope is subjected to y-radiation from all these sources,
in addition to the cosmic radiation discovered by Millikan.
Attempts to shield the electroscope by heavy blocks of lead gave
inconsistent results, probably owing to traces of radio-active
material in the lead.

The most satisfactory experiments are those of Millikan
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already described (§ 131). The mountain lakes of California and
the Andes seem particularly free from radio-active impurities,
and by sinking his electroscopes in their depths he was able to
screen them from all outside radiations. Under these conditions
the residual ionization was negligibly small; about 1 ion per c.c.
per second. As a single a-particle will produce, on an average,
about 30,000 ions per cm., the passage of a single a-particle
through each cubic centimetre of the gas once every eight hours
or so would be sufficient to account for the residual cffects. The
quantity of a known radio-active material necessary to produce
such a trifling emission is so minute that its absence could never
be certified. We must conclude that there is no evidence for
any radio-activity among ordinary elements.

The survey of the subject has, however, led to the discovery
of another radio-active substance, namely potassium, which is
found to emit B-radiation of very much the same type as that
from uranium accompanied by y-rays of a peculiarly pene-
trating type. The activity of a surface of potassium salt
is quite appreciable, being in general about one per cent. of that
of a surface of a salt of uranium. Rubidium bas also been found
to possess a similar radio-activity. Tt is possible that in both
cases the effect may be due to a particular isotope of the element,
the nucleus of which is very slightly unstable. Since the dis-
integration gives rise to a S-particle only, the product of dis-
integration in the case of potassium should be an isotope of
calcium, and in the case of rubidium, an isotope of strontium.

REFERENCES
GENERAL:

CHADWICK. Radio-activity and Radio-active Substances. 1923.
HEVESEY and PANETH. Radio-activity.

MeyER and SCEWEIDLER. Radioaktivitdt. 1927,

RusseLr. The Chemistry of the Radio-active Substances. 1924.

RuraerrorD, CHADWICK and ELL1s. Radiations from Radio-active Sub-
stances. 1930.



330 IONS, ELECTRONS, AND IONIZING RADIATIONS

TasLE XVII

Some Atomic Data

Electronic charge, e 4770 x 10710 e.s.u.
1-591 x 10~ e.m.u.
e/m for electron 1-761 x 107 e.m.u. per gm.
Mass of electron 9-035 x 10~28 gm.
h, Planck’s constant 6-547 x 1077 erg sec.
A,, mass of an atom of unit 1-649 x 10~ gm.
atomic weight [0 = 16-00]
M ,/m, ratio of mass of proton 1838
to mass of electron
Avogadro’s number 6-064 x 10 per mol.
Boltzmann’s constant « or gas 1-371 x 10~16 erg per degree
constant per molecule
Faraday constant 9649 e.m.u. per gm. equiv.
1 clectron-volt 1-591 x 10712 erg
Bohr magneton p 0917 x 10—2 erg per gauss

The values in this table are mainly those advocated by Birge
(Phys. Rev. Supplement, Vol. 1, 1929). There is some uncertainty,
amounting perhaps to } per cent., in the valuc for e¢/m. For a
discussion of these values sce Bond, Phys. Soc. Proc. p. 374, 1932,



MISCELLANEOUS EXAMPLES

1. Assuming that the vertical potential gradient in the air near the
ground is 100 volts per metre, and the vertical electric current density
through the air is 3x 1071 amp. per sq. cm., how many ions of
average mobility 15 cm./sec. per volt/em. are there in each c.c. of
air? [Amns. 1260 per c.c.]

2. The coefficient of diffusion of positive ions in oxygen is 0-025,
and the mobility of the ions is 136 cm./sec. per volt/cm. Calculate
the total charge carried by unit volume of oxygen at N.T.p. if all the
molecules were ionized. [Ans. 165 x 1010 e.s.u./c.c.]

3. A volume of 500 c.c. of saturated air at 15° C. is expanded
adiabatically so that its volume is increased by 30 per cent. What is
the final temperature after expansion, and what mass of water will
be deposited ¢ [Ans. —13-7° C.; 0-0054 gm.]

4. A drop of oil of density 0-920 gm./c.c. falls freely under gravity
in air of viscosity 0-824 x 10~%c.g.s. with a uniform velocity of
0-0858 cm./sec. When a vertical electric field of 3180 volt/cm. is
applied the drop moves at various speeds which differ from each other
by small multiples of 0-00539 cm./sec. Calculate a value for the
electronic charge. [Ans. 4-88 x 1010 e.s.u.]

5. What is meant by an clectron-volt? Calculate in electron-volts
the energy (a) of a cathode particle moving with a velocity of 10° cm.
per sec., (b) of an a-particle with a velocity of 10° cm. per sec., (c) of a
quantum of sodium light of wave length 5-89 x 10-5 cm.

[Ans. (a) 283, (b) 2:08 x 108, (c) 2-1]

6. According to Langmuir the energy necessary to dissociate into
atoms one gram molecule of hydrogen molecules is 84,000 calories.
Express this result in electron-volts per molecule. [Ans. 3-65]

7. The first radiation potential of mercury is 4-9 volts. Mercury
when bombarded by electrons at this potential emits a single spectral
line of wave length 2:536 x 10-5 cm. Discuss these observations.

8. A linear source of homogeneous B-particles is placed parallel to
the lines of force in a uniform magnetic field. The B-particles are
limited to a narrow pencil by passing through a narrow slit placed

arallel to the source. Show that the pencil of B-particles will be
Erought to a linear focus and find its position.
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9. In one of Thomson’s early experiments on cathode rays, the
cathode stream passed through coterminous electric and magnetic
fields for a distance of 5 cm., entering the fields in a direction at right
angles to the lines of force. The beam was undeflected when the fields
were respectively 100 volt/cm. and 3-6 gauss. The magnetic field alone
produced a deflection of 3°4(). C(lalculate values for e/m, and the
velocity of the particles.

[Ans. 0:99 x 107 e.m.u./gm.; 2-78 x 107 cm. [sec.]

10. Positive rays are generated in a discharge tube working on
30,000 volts. What is the minimum deflection which the particles can
experience in passing between a pair of plates 5 cm. in length and
1 em. apart, charged to a r.n. of 200 volts, assuming that the charge
on the particle remains constant thronghout its course? What will be
the deflection if the particle has a charge of 8¢ in the discharge tube
and loses Te¢ between leaving the discharge tube and reaching the
plates? [Ans. 0-95,°; 0-115°]

11. Taking the atomic mass of hydrogen as 1-00778 and that of
helium as 400216, calculate the packing fractions for these two atoms.
Calculate also («) in calories, (b) in volts the energy liberated if 4 atoms
of hydrogen were condensed to form an atom of helium. If the energy
were liberated as monochromatic radiation calculate the wave length
of the radiation.

[Ans. (@) 1-03 x 1072 cal.; (h) 2-70 x 107 e-volts; (¢) 4-57 x 10712 cm.]

12. A pair of parallel zine plates in air are connected to the
210 volt 50 cycle mains, and ions are formed at the surface of the
lower plate by illuminating it with ultraviolet light. What is the
greatest distance of separation at which the upper plate can receive a
negative charge, assuming the mobility of the 1ons to be 1-5 cm./sec.
per volt/cm.? [Ans. 1-32 cm.]

13. How many quanta of radiation of wuve length 5x 10-5 cm.
must fall per sec. on a blackened plate to produce a force of 1 dyne?
If the mass of the plate is 1 gm. and its specific heat 0-1 at what rate
would its temperature rise?

[Ans. 7-6 x 102 quanta per sec.; 7-2 x 103 °C. per sec.]

14. What is the minimum wave length in the spectrum of an
X-ray tube working at 100,000 volts? [Ans. 0-12 x 1078 cm. ]

15. Derive an expression for the Compton change of wave length
on scattering. According to Sharp the Compton change amounts to
0-04825 x 10-® cm. at an angle of 169° 45’ with the direction of the
primary beam. Assuming that h/e is 1-372 x 10~ estimate the value
of e/m for the electron. [Ans. 1-772 x 107 e.m.u./gm.]

16. The K, radiation from palladium is reflected in the first order
from sylvine at glancing angles of 5° 23’ from the {100} planes, 7° 37’



MISCELLANEOUS EXAMPLES 333

from the {110} planes, and 9° 23’ from the {111} planes. To what order
of cubic symmetry would you assign this crystal on this evidence?
[Ans. simple cubic]

17. The wave length of Mo. K, radiation as measured by a
reflection grating is 0-7083 x 10-% cm. The glancing angle in the third
order from the {100} planes of rock salt is 22° 10’. What value does
this give for the lattice constant of rock salt? Assuming that the
density of rock salt is 2:170 gm./c.c. and the atomic weights of sodium
and chlorine are 23-00 and 35-46, what value do these measurements
give for the electronic charge?

[Ans. 2:816 x 108 cm. ; 479 x 10719 e.s.u.]

18. If @ a-particles fall normally on a scattering foil of thickness ¢
show that the number y of a-particles falling on unit area of a fluores-
cent screen placed at a distance r from the foil and in a direction
making an angle ¢ with the incident particles is given by

= Quib? cosect (912
S
where # and b have the meaning assigned in § 105.

19. Assuming that the mass of an a-particle is 6-6 x 10~ gm. and
its velocity 192 x 10° cm./sec., calculate the intensity of illumination
of a fluorescent screen on which «-particles fall at the rate of 1000 per
sec. per sq. cm. The efficiency of the a-particles as a light source may
be assumed to be 1 watt per candle. [Ans. 12 x 10~ candles]

20. Calculate, on Bohr’s theory, the velocity of an electron in
the innermost orbit of the hydrogen atom. [Ans. 2-18 x 108 cm./sec.]

21. Calculate, on the wave mechanic theory, the wave length
associated with (a) an electron moving with the speed of the electron
in the K-ring of the hydrogen atom, (b) the particle from radium C’,
(¢) a molecule of hydrogen gas at 0° C. (its velocity =1-84 x 10% cm.
per sec. at 0° C.).

[Ans. (a) 3:3x 10-8 em., (b) 5-17 x 10713 cm., (¢) 2-15 x 1078 cm. ]

22. Assuming that the nucleus of “heavy” hydrogen has a mass
twice that of ordinary hydrogen, calculate the difference in wave
numbers of the H line of ordinary hydrogen and the H line of “heavy”
hydrogen. Assume the values for the Rydberg constant of hydrogen
and the ratio of the masses of proton and electron given on page 267.

[Ans. 4-2 cm.™1]

23. When boron is bombarded with protons generated at 100,000
volts the boron nucleus disintegrates into three a-particles. Calculate,
in electron-volts, the energy liberated in each disintegration (the
atomic masses of hydrogen, helium and boron are 1-0078, 4-00216 and
11-0110 respectively). [Ans. 11-7 x 108]
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24. Calculate the energy set free by the mutual annihilation of
an electron and a proton. If this energy is radiated as a single quan-

tum, calculate its wave length.
[Ans. 1-495 x 10-3 erg; 1-31 x 1013 cm. ]

25. A radio-active element P has a half value period of 20 years,
and the succeeding products ¢, and R, half value periods of 19-5 and
11-4 days respectively. A quantity of I’ is left in a closed vessel for
several months. Calculate the relative numbers of atoms of the three
substances which will then be present. [dns. 1:0-0027:0-0016]

26. Assuming that the atomic mass of radon is 222 and its radio-
active constant is 2-1x 10~® per sec., calculate (a) the number of
o-particles emitted per sec. by 1 gm. of radon when free from its dis-
integration products, (b) the volume of helium formed during the
complete transformation of radon into radium D.

[Ans. 5-T x 10'%; 304 c.c.]

27. 100 millicuries of radon are contained in a capillary glass tube
5 cm. long, with internal and external diameters of 2 mm. and 6 mm.
respectively. Assuming that the thermal conductivity of glass is
0:001, and that the particles are stopped at the inner surface, what
will be the difference in temperature between the inner and outer
walls of the tube? [A4ns. 0-106° C.]
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atomic nature of, 49
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scattering of, 229
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origin of, 260
Gases, ionization of, 8
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9
theory of, 16 et seq.
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Glow, cathode, 74
negative, 74
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particles, 194, from uranium, 325
scattering of «-particles by, 212, 257
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mass of, 55
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wavo length of, 225
Hydrogen, effect of, on thermionic
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Hydrogon spectrum, fine structure of,
274

theory of, 263

Inner quantum number, 275
Interference of X-rays, 159 et seg.
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failure of, 210
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effect of temperature on, 30
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table of, 27
theory of, 27
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condensation of water on, 41, 43
diffusion of, 36
distribution of, in discharge tube, 78
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theory of, 247
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orbit, 266

radiation, 174
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L discontinuity, 177, 178
level, 182, 183, 186, 280
orbit, 266
radiation, 174
Langmuir's law, 121
Larmor precession, 280
Lattice, crystal, 160
Laue pattern, 160
Lead, production of, from uranium,
324, 325
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284

number of electrons in, 281
X-ray, table of, 183
Lindemann electrometer, 12
Long range «-particles, 203
encrgies of, 259
origin of, 258
Lyman series, 266

M-radiation, 176
Magnetic field, action of, on charged
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of atom, 274
of Bohr orbit, 275
oricntation of atoms in, 278
Magnetic quantum number, 277
Magneton, 275

sy TR
Mass, clectromagnetic, 217; variation

of, with velocity, 218
of atom of unit atomic weight, 55
of electron, 98, 218, 220
of hydrogenation, 55
of neutron, 237
number, 109
relation of, to energy, 108
Mass-spectrograph, 104
Maxwell-Boltzmann law for ther-
mions, 121
Metallic conduction, electron theory
of, 285
Millicurie, 309
Mobility of 10ns, see ionic mobilities
Moment of momentum of electron
orbit, 276
Moseloy’s relation, 175, 271

Negative glow, 74

Negative parabolas, 103

Neutron, absorption of, 239
determination of mass of, 237
disintegration by, 240
evidence for oxistence of, 236
nature of, 240

Nitrogen, disintegration of, 212

Nuclear potential barrier, 249
penetrability of, 250

Nuclcus, charge on, 209
deflection of a-particle by, 205 et

seq.
disintegration of, by a-particles, 212;
by neutrons, 240; by protons, 255
levels in, 258
structure of, 247 et seq.
Number, atomic, 154
spin, 276

Ohw’s law, 20, 286
Orbits, circular, 263, 266
elliptical, 272
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Ordinary materials, radio-activity of,
328
Orientation of atom, 278

Packing fraction, 109
effect, 108, 328
Parabolas, positive ray, 101
Paschen’s law, 66
series, 266
Pauli exclusion principle, 281
Periodic classification of elements, 282
el seq.
position of radio-active elements in,
323
Phosphorescence, 142
Phosphorescent screen, 196

*Photo-electric cell, 139

Photo-electric effect, 126 et seq.
in non-metals, 140
magnitude of, 135
variation of, with polarization, 138;
with wave length, 137
Photo-electric threshold, 127

\Photo-clectrons, 159

distribution of velocities among, 135

—€/m for, 127

maximum energy of emission of, 129
produced by X-rays, 185
Pickering- Fowler series, 267
Planck’s constant, 132, 263
deterraination from photo-electric
effect, 131; from X-ray spectrum,
174
Polarization of nuclous, 210
of X-rays, 1561
Polonium, 318
production of neutrons by, 236
Positive column, 75
field in, 78
ionization in, 79
Positive electron, see positron
Positive ray analysis, 102
parabolas, 101
Positivo rays, 98 ef seq.
Aston’s experiments, 104
Bainbridge’s method, 111
Dempster’s method, 110
Thomson's method, 99
Positive thermionic emission, 113
Positron, 241 et seq.
from cosmic radiation, 241
from y-rays, 242
nature of, 242
Potassium, radio-activity of, 329
Precession, cloctron, 281
Pressure, effect of, on ionic mobility, 28
Protons, 108, 211
disintegration by, 255
long range, 213
Prout’s hypothesis, 107
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Quant, or photon, 156
Quantum number, azimuthal, 272
inner, 275
magnetic, 277
principal, 265
radial, 272
subordinate, 273
Quantum theory, 132, 174
of atom, 282
of hydrogen spectrum, 262 et seq.
of X-ray levels, 183
of X-ray scattering, 156
of X-ray spectra, 181, 269

Radial quantum number, 272
Radiation, cosmic, 244 et seq.
Radiation potentials, 69, 72, 133,
269
Radio-active constant, 294
Radio-active clements, table of, 321,
322; position of, in periodic
classification, 323
equilibrium, 300
transformations, theory of, 258, 297
Radio-activity, artificial, 256
Radio-activity, of ordinary matter,
328
of uranium, 292
Radium, 305
heating offect of, 326
Radium A, 313
Radium B, 314
preparation of, 315
Radium C, 314, 315
complex disintegration of, 315
Radium (', 317
long range o-particles from, 203,
258, 259
Radium C”, 317
Radium D, 317 et seq.
Radium E, 317
Radon, 306 et seq.
active deposit from, 310
molecular weight of, 307
rate of decay of, 308
volume of, in equilibrium with 1 gm.
radium, 309
Range of a-particles, 198, 202
related to radio-active constant, 319
Recoil atoms, 311
Recombination, coefficient of, 17, 33
Reflection of X-rays, 187
Refraction of X-rays, 188
Resonance levels, nuclear, 254
Resonance potentials, see radiation
potentials
Richardson’s law of thermionic emis-
sion, 118
Rock salt, lattice structure of, 171
Rintgen (unit), 190
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Rutherford’s theory, of nucleus, 205,
258

of radio-active charge, 297
of scattering, 205 et seq.
Rydberg constant, 265

Saturation current, 16
Scattered X-radiation, 150 et seq.
distribution of, 151
energy of, 153
moditied, 155 et seq.
polarization of, 151
Scattering of a-particles, 205 et seq.;
by helium, 257; by light elements,
209; wave thoory of, 257
of B-particles, 220
of y-rays, 229
of X-rays, 150 et seq.; classical
theory of, 150; Compton theory
of, 156
Secondary B-radiation, 231
corpuscular radiation, 183
X-radiation, 179
Space lattice, 160
Spark discharge, 63
Sparking potential, 63
measurement of, 64
varigtion of, with distance, 65; with
présgure, 65
Specitic elgetric conductivity, 286, 290
Specific heat of clectrons, 289
Spectra, origin of, 268
X-ray, 172, 174, 181, 269
Spectrum, hydrogen, 263
ionized helium, 266
Stark offect, 281
Stationary states, 263, 264
Stokes’s law, 45, 46
correction to, 50
Stopping power, for «-particles, 202
Straggling of a-particles, 201
of B-particles, 220
Surface tension, effect of electric
charge on, 41
Suspensions, distribution of particles
in, 562
Sylvine, structure of, 171

Thermal conductivity, 287
Thermionic constants, table of, 119
Thermionic emission, effect of hydro-
gen on, 120
positive, 113
uantum theory of, 290
theory of, 114
Thermionic rectifiers, 114
Thermionic valve, 121
Thermionic work function, 119
Thorium, radio-activity of, 319
series, table of, 322
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Threshold frequency, 132
Transformation, radio-active, theory
of, 297

Uranium, disintegration of, 292, 320
roduction of helium from, 325
ead from, 324

Uranium-radium series, table of, 321

Uranium X, 292

Valency, 283
Volt, clectron (unit of energy), 72

Wave length, of electron, 224
of y-rays, 225
of X-rays, 162 et seq.
table of, 184
Wave number, 265
Wave-mechanics, 224, 250, 257
Wehnelt cathode, 120
Whole number rule, 106
Wiedemann and Franz law, 287
\Wilson cloud chamber, 4!
Wilson electroscope, 11
Work function, thermionic, 119

X-rays, 144 ct seq.
absorption of, 176; coefficiont of,
177; discontinuitios in, 177
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characteristic, 174; secondary, 179

classical theory of, 146
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