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SiIR ERNEST RUTHERFORD

KNIGHT

A FELLOW of the ROYAL SOCIETY
A MEMBER of the PRINCIPALL LEARNEDI
SOCIETEES of the OLD and of the NEW WORLD
and NOBEL LAUREATE
Sz, ‘

I fear that what I offer you here is but an indifferent
Plant, though 'tis grown from your own Seed. Since I Luboured
in your Elaboratory, working small things while those Choice
Philosophers Moseley (of whom we may say, as the illustrious
Newton said of Cotes, that had he lived we had Enown
something) and Bobr were performing great ones, War and
the Penalties of Publick Employment have long kept me from
attempting to add to Knowledge by such Natural Experiments
as my slender Wit can devise. In Studying now at lengsh 1
St myself for @ Venture I have garhered together much of
what the Learnéd of our day have discussed in’ the maner
of hat Microscosm, the Atom, within whose Exiguons
Bounds 3 Space and to are for Philosophical Speculations ;
- and in the perbaps too Presumptuous Hope that whar it
has taught me much to collelt may help others as Ignorant as
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Myself I have ordered my Conclusions into the Volume which
I now present to You.

No AStronomer of these petty Suns and Planets has given
us move and rarer News of them than Yourself, who first
tanght the Virtuosi to see in the Atom a Massy Nucleus
controlling by electrick Laws bis distant Servants the light-
heeled Eletrons. You will [ind here, then, much that is a
Picture of your own Thoughts; and as there is scarce a Man
whose Portrait is being limned bur feels a lively Curiosity to
see what the Artist, be he never so unskillful, has made of his
| Task, so, I trust, you will look not without Interest on much
that 1 have endeavoured to portray of which you are the
Originall. And if at times the Incompetence of my Pencil
shall make you smile, I hope you will mevertheless consider
that 1 have always wrought as well as my Ability and
Exiguons Lenure allow me. 1 fear that it will avail me little
with many, in this Censorions Age, to plead the Largeness of
my Design as an Excuse for an imperfect Execution of its
Particulars. But I have frequently observed that they are
moSt contentions who are least able to perform, while others,
like yourself, whose Large Atchievements might well make them
Scorners of lesser Men, look leniently upon those who undertake
Small Things without Great Pretensions.

I confess that I come to the Performance of this Work with
much less Deliberation and Skill than the Weightiness of it
requires, but Better Brains are busy about Graver Marters than
such a Surveyall as 1 here endeavour. That the Attempt is
seasonable, 1 think you will allow: that it is incomplete I
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cheerfully acknowledge. I have not declared myself largely on
such slippery Matters as the Buolution of our Great Universe
from a Prime SubStance, nor the Future of Mechanicall
Power, for I am not one of those who would Strive, as our
French Cousins say, to break an Eel across his Knee. I
have gone softly, essaying rather to show what i certain, and
what less certain, leaving the Niceties of Fantaftickall
Speculation to those whose Pens are more Copious than mine.
Finally I bring you humbly this Book not so much in the.
Belief that it is worthy your Acceptance, as in the Hope that
its very Imperfeltions and Errours may prove of Service, by
suggesting to your PerSpicacions Judgement Means by which
they may be amended, and Experiments to resolve what I
bave set down doubtfully. The Principles which you have
already eftablisht will remain to perpetuate your Name to
Future Ages, and these I have endearvoured to elucidate to the
Students in our great Science of Physicks. I have, however,
small Doubt that you are so extending the Bounds of Natural
Knowledge as to render what 1 have written Meagre and

Incomplete even while I Subscribe Myself,

Sir,
Your most Humble Servant,

EDWARD NEVILLE DA COSTA ANDRADE

At the Artillery Colledge ar Woolwich,
January, 1923






PREFACE TO FIRST EDITION

Ix this book I have endeavoured to give, in a form sufficiently
simple to make it accessible to all serious students of the exact
sciences, a critical account of the work that has been done, in
various flelds, on the subject of atomic structure, and to state
without ambiguity the present position, which does not, of
course, imply that the present position is without ambiguity.
It is part of the policy of the book to indicate the inadequacies
as well as the triumphs of the prevailing theories, and this has
often involved the discussion of particular problems towards the
solution of which little has been done. While I have tried
particularly to make a comprehensive survey I cannot pretend
that I have included everything of importance that touches
my theme. A great deal of selection has been necessary to keep
the book within the limits of size judged advisable, and, in my
choice, I have been guided by the wish to give a coherent and
readable exposition rather than a series of abstracts of original
papers. Some admirable pieces of work have been deliberately
omitted as not falling into the scheme of the book, and it is
probable that others have been passed over through inadver-
tence. The papers cited at the end of each chapter form only
a small portion of those which I have consulted, but at the same
time those who know how much has been written on the
subject during the past ten years will not censure me overmuch
if I confess that I have found it impossible to read, even per-
functorily, all that has appeared.

X
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A word of explanation is necessary concerning these refer-
ences appended to the chapters. They have been selected
with one object only, that of enabling the reader to find with
the least possible trouble further information on any point in
which he may be particularly interested. In consequence the
list gives no indication of priority ; the latest paper of a given
author is quoted in preference to the earliest, since it contains
any back references needed. Again, important papers do not
receive reference if the work described has been superseded,
although they may have influenced subsequent research.
Besides the latest papers and the general references I have
occasionally quoted an old paper if it is fundamental for the
subject, such as an early paper by Rutherford or Lenard. The
titles of the papers have in all cases been given, since they
sometimes afford a guide as to the contents. A complete
bibliography could have been furnished with very little addi-
tional trouble, but it would have added very considerably to
the bulk of the book, and probably diminished its value. Too
many references are as bad as none at all. The general
references and the papers cited will be found to furnish a
body of additional reference sufficient to satisfy the most avid
reader.

Where I have introduced mathematical calculations I have
tried to make perfectly clear what are the physical assumptions
involved and what are the results obtained, so that those
unwilling, for one reason or another, to follow the actual working
may omit to do so without necessarily losing sight of the nature
of the argument. I have frequently had in mind an aphorism
of the late Lord Kelvin, who cannot be accused of lack of
understanding of mathematical methods: ‘ Nothing can be
more fatal to progress than a too confident reliance on mathe-
matical symbols ; for the student is only too apt to take the
easier course, and consider the formula, and not the fact as the
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physical reality.” In the case of complicated calculations
whose execution involves no physical principle, but demands
considerable technical mathematical skill, I have generally
contented myself with quoting the result, especially when the
full calculation can easily be found in Sommerfeld’s Atombau
or elsewhere.

The book includes matter published up to March, 1923.
Any account of a field of science so assiduously cultivated as
this is bound, in a restricted sense, to become rapidly out of
date, but if the account has been properly rendered the reader
will have acquired sufficient familiarity with the fundamental
questions involved and the methods of attacking them to be
able to follow and appreciate the next developments. Most
of the matter described here seems likely to retain for some
time its validity as the foundation on which more elaborate
structures may be built.

It gives me pleasure to acknowledge my indebtedness to
" several gentlemen who have helped me in the production of
this book. I have to thank Sir Ernest Rutherford for having
looked over the manuscript of the first seven chapters, and for
having, in particular, drawn my attention no less to certain
details of scientific work than to a shrewd philosophic precept.
My friend Dr. Ludwik Silberstein has read the manuscript of
Chapters VIIIL. to XI., and I owe him my thanks for many
illuminating suggestions. Professor T. M. Lowry has kindly
read Chapter XII., and made some remarks which have been very
valuable to me. Mr. Wilfred Jevons, senior lecturer in Physics
at the Artillery College, has not only placed his considerable
knowledge of spectroscopy freely at my disposal, but has
performed the arduous and unattractive task of reading through
all the proofs with apparent cheerfulness, and to him, and to
other colleagues at the Artillery College—Professor K. C.
Browning, Mr. R. H. Wright and Mr. C. E. Wright—who have
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always been ready to aid me I am deeply grateful. I offer my
best thanks to the following gentlemen for having supplied me
with the original photographs which have been used in pre-
paring the plates : M. le duc de Broglie for the X-ray absorption
spectra, Professor Paschen for the fine structure of the helium
lines, Professor Siegbahn for the X-ray emission spectra, and
Mr. Blackett for the a-ray tracks. I have further to thank the
Council of the Royal Society, the Proprietors of the Philo-
sophical Magazine, and the Proprietors of the Physical Review
for permission to use certain diagrams, and Dr. F. W. Aston
and Messrs. Arnold jointly for permission to use the photographs
reproduced in Plate II.

Finally, it will very much facilitate my work, in the event
of a second edition of this book ever being called for, if authors
will kindly send me separate copies of any papers bearing on
the subject which have appeared in the past or may appear in
the future. I shall be sincerely grateful to those who do this,
as also to any readers who will notify me of mistakes which
I may have committed either by ignorance or carelessness, or
by both.

E. N. pa C. ANDRADE.

ARTILLERY COLLELGE,
WooLwicH, April 1923,



PREFACE TO THIRD EDITION

WHEREAS the second edition differed from the first in a few
inessential points only, for this the third edition the book has
been completely rewritten. Not only have extensive additions
been made in view of the researches of the past three years,
but the original presentation of the earlier work has been in
many places drastically revised, in the hope of making the
implications clearer and the treatment more consistent.
Further, the scope of the book has been increased by the
discussion of certain aspects of the subject treated very in-
adequately, or not at all, in the earlier editions. I may instance
the account of the experimental work on critical potentials,
of Saha’s theory of ionisation, and of Born and Landé’s work
on the elasticity of solids. I have been largely guided as to
what to discuss and what to omit by considering whether a
concise account of the matter in question is already available
to English readers. Thus I have included the topics just
mentioned, but have said nothing of the experimental deter-
mination of X-ray wave lengths, which has been so adequately
discussed by other writers.

In endeavouring to avoid an undue extension of the book I
have neglected a variety of interesting subjects, and in par-
ticular I may have laid myself open to reproach by saying
nothing of band spectra. My excuse is that the book is
primarily intended to deal with the atom, and that the valuable
work on band spectra has not so far yielded any precise informa-

xiii
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tion as to atomic structure or, in particular, as to the method
by which atoms combine. When the subject has developed a
little further it is possible that Dr. Jevons and I may essay
to give a short account of it, as, in some sense, a supplement
to this book.

The correspondence principle has been treated at much
greater length than before, and illustrated by detailed examples,
and something has been said of the principle of adiabatic
invariance. The whole theory of line spectra has been dis-
cussed in very much greater detail, and the description of the
periodic table in terms of orbits, which had only just been
initiated by Bohr when the first edition appeared, has been
much extended. Chapters which are entirely new are those
dealing with Multiplets and Anomalous Zeeman Effect, and
with Quantum Theory and Wave Theory. The discovery of
the Compton effect rendered a chapter on the lines of the latter
necessary, while the work embodied in the former has mostly
been carried out in the past three years. In treating the
general problems of multiplet lines, theories have been dis-
cussed which are plainly of a provisional nature. Here, as
elsewhere, it has been my particular endeavour to set out
clearly the experimental results, so that the reader may gather
what regularities have been actually established, indepen-
dently of any attempted explanation. If this policy has been
adequately pursued the book may retain some value even
when theories exposed in it have been superseded.

The new quantum mechanics of Heisenberg, Born, Jordan,
and Dirac, and of Schrédinger has been mentioned in the last
chapter, but not discussed in the body of the book. The
papers dealing with the new mechanics in its different aspects
were appearing when the account of the problems to which
they apply was substantially completed. The best plan
therefore appeared to be to bring the account of the quantum
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theory of spectra down to the point attainable without invoking
the newest theories, exposing the difficulties and systemizing
them as far as possible, so that the reader might have before
him the problems which have shown. the inadequacies of the
older quantum mechanics. Some such treatment is needed
to pave the way for the novel ideas. No doubt it will shortly
be—may even be now—possible to rewrite Chapter XV. com-
pletely in terms of the new mechanics and the spinning electron,
in such a way that many of the dilemmas do not arise. The
book has, however, already been so long delayed that it was
not judged advisable to hold it up still further, especially as
the new ideas have not yet so far crystallised as to render this
task a short one.

It is clear that, since the work has inevitably occupied all
my leisure time for two years, all parts of it cannot claim to
be equally representative of the latest researches. Any
attempt to bring the whole treatment up to date would have
entailed repeated rewriting of the chapters first completed,
and no final form would ever have been reached. Certain
papers which appeared as late as the autumn of 1926 have
received consideration in the later parts of the book.

I owe especial thanks to two gentlemen for help in preparing
the new edition. My kindly critic Mr. R. H. Fowler, of Trinity
College, Cambridge, has on several occasions placed his exten-
sive knowledge of modern spectral theory at my disposal, and
I am particularly indebted to him in respect of Chapter XV.
He read the proofs of this chapter, and made many valuable
suggestions : the imperfections of the chapter, of which I am
keenly conscious, I must claim as my own. Dr. Wilfred
Jevons, senior lecturer in Physics at the Artillery College,
has read with meticulous care the whole of the proofs, both in
the slip and in the page state, and has frequently saved me from
obscurity and error. Other colleagues at the Artillery College
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to whom I offer my best thanks for assistance rendered are
Professor H. C. Plummer, Mr. C. E. Wright, who has read
through the page proofs, and Mr. J. -W. Farmery. I am
indebted to Professor W. Wilson, of Bedford College, Dr. L.
Silberstein, Dr. C. D. Ellis, and Professor E. V. Appleton for
friendly counsel.

I have to thank Dr. Blackett, Professor Gerlach and Dr.
Foote for original photographs from which plates have been
reproduced : the Council of the Royal Society and Professor
C. T. R. Wilson for permission to use Plate III.: Messrs.
Hirzel and Professor Stark for permission to use the photo-
graph of the Stark effect in Plate V. : Messrs. Springer and Dr.
Back for the anomalous Zeeman resolutions in Plate VII.:
Messrs. Gyldendal and Drs. Kramers and Holst for the folding
plate at the end of the volume: the Proprietors of the Philo-
sophical Magazine for Fig. 25. I have used the library of
the Royal Institution extensively for reference to journals,
and it would be ungracious not to acknowledge the courteous
services of the staff, and especially of Mr. Cory, the librarian.

Finally, I feel that I must express my thanks for the very
friendly and encouraging reception accorded to the book as it
originally appeared, and my hopes that it may in its present
form prove of service to students of our lofty subject of
atomic physics.

E. N. pa C. ANDRADE.

ARTILLERY COLLEGE,
WoorwicH, October 1926.
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PART I

THE NUCLEUS






CHAPTER 1
HISTORICAL AND GENERAL

Introductory. The triumph of the atomic hypothesis is the
epitome of modern physics. Since the time of Democritus the
discontinuous, or granular, structure of matter has been
eloquently argued by learned speculators like Gassendi, and,
later, by experimental philosophers like Dalton, but it is only
in our time that the existence of atoms and molecules has,
from the point of view of the physicist, been placed beyond
doubt. The last quarter of a century or so has also seen the
definite establishment of the atom of electricity, the electron,
and the wide acceptance of the enigmatic atom, or quantum,
of radiant energy. Matter, electricity, and radiant energy are,
then, not continuous in structure, but made up of discrete
units. Whereas, however, the two latter are considered to
possess the attribute of old assigned to the atom of matter,
namely, indivisibility, the atom of matter itself is no longer an
unbreakable entity. We believe that it has a structure, and
in this structure the electron and the quantum of radiant
energy play gssential parts.

The first $peculations as to the structure of the atom are due
to the English chemist Prout (1785-1850). The hypothesis
known by his name laid flown that the atoms of all elements
are built up of hydrogen”atoms, and at the time when it was
put forward it had a considerable measure of support, largely
due, no doubt, to an inherent desire dmong scientists for
. simplicity. Prout’s hypothesis gratified the wish for one
fundamental substance expressed in the wpwrn UAy of the
ancients and the materia prima of the alchemists. He based

his speculations on the then possible belief that the atomic
AS.A A
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weights of all elements were simple multiples of that of
hydrogen, and when later it was objected that the atomic
weight of chlorine, for instance, was 35-5, the supporters of the
hypothesis took as their fundamental unit a substance of half
the weight of the hydrogen atom. Later determinations forced
them to reduce the weight of their unit, until the work of Stas
finally drove the supporters of the hypothesis to the fantastic
shifts which immediately precede the death of a theory.
Prout’s hypothesis served a useful purpose, however : firstly,
in stimulating speculation as to a possible sub-structure of the
atom, and secondly, in promoting the exact study of atomic
weights.

It is interesting to note that, in a modified form, Prout’s
hypothesis has now returned. The nuclear atom, in which the
mass is supposed to be concentrated in a comparatively small
nucleus, surrounded by a cloud of electrons, is now occupying
the attention of physicists and chemists. It is believed
that this nucleus is built up of positively charged hydrogen
nuclei, the so-called protons, while the other constituent of the
hydrogen atom, the electron, is the only other irreducible
entity entering into the structure of even the most complex
nucleus. Old objections based on the fact that atomic weights
are not expressible in whole numbers, if oxygen be taken as 16,
are set aside by the recent work of Aston and others on isotopes,
which allows us to ascribe the fractional part of the atomic
weight to the fact that the elements possessing such a weight
are really mixtures of isotopes of different whole-number
atomic weights. So the old theory reappears in a form more
suited to the needs of to-day. Similarly, in the quantum theory
the old corpuscular theory of light takes on a nmew garb and
light is shown to exert a pressure and to have weight. Certain
conceptions seem to have an innate attractiveness for the
scientific mind, and just as the constitution of our bodies will
probably always dictate certain general forms for the material
tools wherewith we attack the gross manifestations of nature,
so the constitution of our minds may be supposed to render
desirable and convenient certain general forms of theories
wherewith to attempt the explanation of her hidden principles.

Discussion of the hypothesis that the atoms of the various
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elements are built out of some one or two fundamental sub-
stances was revived by the enunciation of the periodic law,
which remains one of the fundamental guides for all speculation
on the subject. Mendeléeff himself, to whom we chiefly owe
the periodic table, was, it is interesting to note, opposed to all
such speculations, and considered them an abuse of the know-
ledge which he had systematised, but many of his contem-
poraries and their successors were strongly impressed by the
suggestion that the periodically recurring properties must be
due to some periodically recurring feature in the structure of
the atoms. In general terms, it is reasonable to suppose that
as more and more of the hypothetical elementary particles of
which all atoms are built are added to make heavier and heavier
atoms there must be certain features of the pattern formed
which present themselves at regular intervals. As J. J.
Thomson has said : ““ That the atoms of the different elements
have a common basis, that they behave as if they consisted of
different numbers of small particles of the same kind, is proved
to most minds by the periodic law of Mendeléeff and Newlands.”
The establishment of the nature of the * small particles of the
same kind,”” the electrons, was, perhaps, the most important
stage in the doctrine of atomic structure. The discovery of
the Zeeman effect came at a fortunate time, as its simplest
manifestation was at once explained by Lorentz in terms of
vibrating electrons present in the atom.

The modern theories of atomic structure may, in fact, be
said to have begun with the experimental establishment of the
existence of the electron. As soon as it was shown that the
mass of the electron was only about 1/1700 of that of the hydro-
gen atom, and that all electrons, no matter of what origin,
were of the same kind, it was realised that a suitable brick of
which to build all atoms was to hand, and speculation as to
the -arrangement in the atom of electrons, and of the positive
electricity necessary to make the atom neutral, began.

Oliver Lodge, summarising in 1906 various hypotheses,
enumerated five possibilities :

(1) The main bulk of the atom may consist of ordinary
matter associated with sufficient positive electricity to neutralise
the charge of the electrons present.
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(2) The bulk of the atom may consist of a multitude of
positive and negative electrons, interleaved, as it were, and
holding themselves together in a cluster by their mutual attrac-
tions, either in a state of orbital motion, or in some static
geometrical configuration, kept permanent by appropriate
connexions.

(3) The bulk of the atom may be composed of an indivisible
unit of positive electricity, constituting a presumably spherical
mass in the midst of which an electrically equivalent
number of point electrons are scattered : these electrons may
distribute themselves in rtings, after’ the fashion of Alfred
Mayer’s floating magnetic needles, and revolve in regular orbits
about the centre of the mass, with a force directed to that centre,
and varying as the direct distance from it.

(4) There may be a kind of interlocked admixture of positive
and negative electricity incorporated together in a continuous
mass in the midst of which one or two more isolated and
individualised electrons may move about and carry on that
display of external activity which confers upon the atom its
observed properties.

(5) A fifth view of the atom would regard it as a “sun” of
extremely concentrated positive electricity at the centre, with
a multitude of electrons revolving in astronomical orbits, like
asteroids, within its range of attraction.

The first hypothesis and the fourth (which is extremely
indefinite) do not ‘call for further mention. The other three
will be very briefly considered, as they bring out certain points
‘which have to be taken into account in any atom model.

Lenard’s Dynamids. A great advance was made by Lenard
when he showed that the cathode rays could be made to
penetrate a thin aluminium window and so pass out into the
air. His further experiments on the absorption of the rays
led him to the conclusion, which retains its great importance,
that swift cathode rays can pass freely through thousands of
atoms, assuming for the size of the atom the magnitude deduced
from the kinetic theory of gases. The greater part of an atom
must therefore be empty, at any rate so far as these fast
travelling electrons are concerned. Lenard assumed that
every atom was built up of what he called dynamids, i.e. couplets
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consisting of a positive and negative electron, of fixed moment.
These dynamids were surrounded by a field of electric force,
which captured very slow-moving electrons: swift electrons,
however, could pass by uncaptured, and, unless they passed
very close, undeflected. From the absorption of the fast-
moving electrons Lenard calculated that the dynamids had a
certain small cross section absolutely impenetrable to any
cathode rays, and that the total impenetrable volume due to
all the dynamids in one atom was less than 10~? times the
volume of the atom. The scattering he attributed to deflection
of the rays passing close to dynamids, this deflection being, of
course, greater for the slower rays. He also deduced, from the
fact that the absorption of cathode rays is roughly proportional
to the mass of matter traversed, that the number of dynamids
in an atom is proportional to the atomic weight of the atom.
As to the arrangement in space of the dynamids in the atom
Lenard offered no definite suggestion.

This work of Lenard’s is of great interest, since, although his
atom is not now accepted, in view of the much wider successes
of Rutherford’s type of atom, it presents many features em-
bodied in Rutherford’s atom. In both models most of the
atom is empty. The size of Lenard’s impenetrable dynamids
is not very different from that of Rutherford’s impenetrable
nucleus, although in Lenard’s atom of atomic weight N there
are N dynamids, in Rutherford’s atom there is only one
nucleus with a charge equal to, not the atomic weight,
but the atomic number. Lenard’s atom Avas evolved by
considering the passage and scattering of cathode rays through
solid matter therford’s mainly from considerations of the
scattering of“a particles by solid matter.

J. J. Thomson’s Atom. J. J. Thomson’s atom model con-
sisted of a sphere of uniformly distributed positive electricity,
in which are embedded a number of electrons whose total
charge equals that of the positive electricity. This model
proved very successful in representing in outline the chemical
properties of atoms as exhibited in the periodic table. It can
be shown that the electrons will have certain stable arrange-
ments in rings. Starting with one electron, and putting in
more electrons one by one, it is found that until we reach five
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they arrange themselves in one ring. When a sixth is added
the ring is no longer stable: one clectron goes to the centre.
The outer ring is then stable until it contains eight clectrons :
after that further electrons go to the centre to form another
ring until when there are eleven in the outer ring, and five in
the inner ring, the next clectron added goes to the centre to
start a third ring. In this way successive rings are built up,
and a periodicity is obtained which is very suggestive of the
periodic law of chemistry. Abegg’s law of valency, that the
sum of the positive and negative valencies of an atom is 8, is
well represented. J. J. Thomson also worked out a theory of
scattering of moving electrified particles in passing through
small thicknesses of matter made up of such atoms. His
results, however, did not agree so well with experiment as those
given by Rutherford’s model, and, further, the atom has had
no success in the way of representing spectroscopic results
(including in this term X-ray spectroscopy). It represented,
however, the most elaborate and successful attempt to
construct an atom model susceptible of detailed mathematical
treatment until Rutherford, in x9rx, enunciated his theory of
the atom in a celebrated paper on the scattering of a and f
particles by matter.

Rutherford’s Atom.* Rutherford’s atom consists of a posi-
tively charged nucleus, very small compared to the size of the
atom, surrounded by a distribution of electrons, whose number
equals the nuclear charge. It is often compared to a planetary
system with a central ““sun.”” The essential mass of the atom
is concentrated in the nucleus. In the paper in which Ruther-
ford first advocated this form of atom he stated that the central
charge was approximately proportional to the atomic weight,
and calculated that in one or two cases it had values which
were about half the atomic weight. Later work has shewn that
the central charge is equal to the atomic number, .. the
number pertaining to an element when all the elements are
arranged in order of increasing atomic weight, and numbered
successively, starting with hydrogen as 1. Moseley’s brilliant

* The Rutherford type % atom was suggested by Nagaoka in 1g9o4, but as
he only investigated its stability, and brought forward no compelling evidence
in its favour, it is usually known by the name of the man whose convincing
presentation, based on crucial experiments, first exhibited its possibilities.
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investigations on the X-ray spectra of a series of different ele-
ments first established this important feature of the theory.
The atom was originally devised to account quantitatively for
the observed scattering of @ rays. It has since proved remark-
ably successful in accounting for a large number of atomic
phenomena. Itis by far the most fruitful of all atomic models,
and most of the considerations of this book will be devoted to it.

A clear separation of the mass properties from the chemical
properties is provided by the nucleus atom, the mass being
given by the mass of the nucleus, while the chemical properties
are determined by the nuclear charge, which conditions the
distribution of the surface electrons of the atom. This feature
of the model has proved particularly valuable for the interpreta-
tion of the modern work on isotopes, that is, for giving a
theoretical account of the experimental discovery that there
exist atoms of different masses which have the same chemical
properties, and are therefore chemically inseparable.

The Dynamical and the Statical Nucleus Atom. For some
problems the behaviour and distribution of the electrons sur-
rounding the nucleus is of no great importance : they play no
appreciable part, for instance, in the large angle scattering of
a particles which has proved of such importance for speculation
on atomic structure. For many purposes, however, it is
essential to consider in detail the extra-nuclear part of the
atom. There have been, in the main, two rival hypotheses.
To account for the structure of line spectra, both optical and
X-ray, a theory has been built up on the assumption that
electrons circulate in certain stable orbits round the nucleus,
the selection of the orbits, and the deduction, from the orbits
selected, of the frequencies of the radiations being governed by
special hypotheses. This theory owes its inception, and many
of its developments, to Bohr, and is generally known by his
name : we may refer to the model in question as the dynamical
atom. Bohr and others have elaborated the model with
a view to accounting for the chemical properties of the atom,
especially those expressed in the periodic table.

An atom model in which the electrons are moving in com-
plicated orbits is, however (in the present state of the theory,
at any rate), not easy to deal with from the point of view of
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chemical combination. Naturally enough the chemists have
received more warmly the second hypothesis, that of the static
atom model, which has been developed by Lewis, Langmuir,
and others. This assumes a distribution of electrons in shells
round the nucleus, but these electrons are considered to be
stationary. Such a model has proved useful not only for the
game of molecule building (a pastime not altogether unlike the
glorified dominoes recently described by Major MacMahon *),
but also from the point of view of atomic and molecular sizes,
as concerned in the viscosity of gases, and crystal structure.
By a variety of fantastic assumptions it can be forced to give a
rough account of spectral series, but it cannot interpret any of
the details so successfully explained by the dynamical model,
such as the relation of the hydrogen to the ionised helium
spectrum, the ““ fine structure’ of the lines of hydrogen and
helium, and the effect of an external electric or magnetic field
on the spectral lines.

The claims of the rival theories are reviewed in the course of
the book.

Duties of an Atom Model. It is a truism, but one which,
perhaps, can bear repetition, that an atom model is only of use,
and deserving of retention, when it describes quantitatively
experimental observations, and proves fruitful in suggesting
new lines of research. Some of the main phenomena which an
atom model is expected to represent, and which have directed
thought and speculation on the subject, are:

Scattering of « and f§ rays, and of X-rays, by matter.

The series spectra, both in the visible and invisible regions,
including in this the X-ray spectra.

The phenomena of radioactivity.

The existence and properties of isotopes.

The non-existence of atoms of certain masses.

The periodic law, and the associated periodic variations.

The laws of chemical valency and chemical combination.

A completely satisfactory atomic model, which is an un-
realisable ideal, would, of course, have to account for all the
observed phenomena of physics and chemistry, which are

* New Mathematical Pastimes, by Major P. A. MacMahon. 1921. Cambridge
University Press.
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sciences of the atom. Many phenomena beyond those just
enumerated have furnished helpful material for the criticism of
atomic models. Crystal structure, magnetism, the viscosity of
gases, the compressibility of crystals, the ionisation of gases,
and various other subjects of study in chemistry and physics
will be cited as witnesses for or against certain views of atomic
structure, and there is little doubt that with sufficient ingenuity
almost any experiment can be made to furnish some evidence
on so comprehensive a subject. Those mentioned above have
been selected as having, possibly, proved most fruitful so far.
There is doubtless much evidence near at hand whose bearing
has hitherto escaped notice, but may be revealed in the near
future to some mind combining the imagination, knowledge,
and balance which are necessary for fertile speculation.



CHAPTER II
THE PASSAGE OF SWIFT CORPUSCLES THROUGH ATOMS

General Behaviour of a Particles and Electrons passing through
Matter. The physicist attempting to construct an atomic
model from considerations of spectral data has been compared
to a man who, never having seen a musical instrument, should
essay to construct a model of a-piano by listening to the sounds
made by it when thrown downstairs. To help him in his task,
however, the physicist has other guides besides the vibrations ;
he has, for instance, probes of various strength which he can
thrust through the case of the instrument, noting the resist-
ances and deflecting forces which they experience. These
probes are the swift a particles and electrons of various speeds,
which in their passage through the atom undergo a variety of
forces. Both the electron and the o particle are, of course,
exceedingly small compared to the gas-kinetic* size of the
atom, and hence the nature of their interaction with the atom
during very close encounter is especially significant, since,
except in certain cases, the moving particle may be considered
as a point charge. A consideration of the behaviour of these
flying corpuscles gave the essential features of the atom
model which at present claims what is almost universal
confidence.

The a particles are atoms of helium with a positive charge of
two units, whose initial velocities vary from 2-22 x 10% cm./sec.
to 1-45 x 10° cm./sec., according to the radioactive substance
which gives rise to them. The corresponding kinetic energies

* Perhaps the introduction into English of this expression may be allowed,
since it is desirable to have some short way of indicating the size of an atom
deduced from the kinetic theory of gases.

10
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are 1-53 X 107° and -645 x 1075 ergs. Moving electrons are at
our disposal with velocity varying from nothing to the very
high velocities of the § particles, approaching for the swiftest
that of light. The velocity corresponding to a free fall through
a potential difference of -5 volt,* which is about the lowest
used in the class of experiment in question, is 4-2 x T07 cm. [sec.
or -0014 c: that of the swiftest § particle is about -g98 ¢,
where ¢ is the velocity of light, and the corresponding energy is
I-2 X 107° ergs. For convenience we shall often refer to moving
electrons, no matter what their origin, as cathode particles.

There are wide analogies between the behaviour of swift
electrons and of o particles in passing through matter. If
a narrow beam of a rays or of cathode rays—the latter, from
the window of a Lenard tube, for instance—passes through a
high vacuum it preserves a wall-defined conical or cylindrical
form, and gives a spot with sharp boundaries on a phosphores-
cent screen or photographic plate. The introduction of matter,
either in the form of a gas or of a thin metal foil, causes the beam
in either case to become diffuse, like a ray of light in a turbid
liquid : the spot on a screen loses its sharp edges, the rays being
spread over a comparatively large area and presenting the
phenomenon known as scatiering. In the case of both a rays
and cathode rays an apparent reflexion of the rays takes place
at solid surfaces, which proves to be, however, due to particles
which have been turned back through more than go° by the
scattering process.

Both classes of particle in general produce ionisation in
gases through which they pass, due to the release of electrons

* The velocity of a cathode particle is generally given in volts, the meaning
of this being that the velocity in question would be acquired by an electron
moving freely through a potential difference of the specified number of volts.
For low clectronic velocities }mw2=eP, where P is the potential difference,

or % {29 v2=P. Remembering that 1 volt =108 clectromagnetic units we have
2 =37.§.e =2X 1760 X 107 X 108V or v=5.93 X 10%\/V
0
where V is the potential in volts.

For large velocities this simple formula does not hold, since the mass then
increases with the velocity. The kinetic energy of the electron is then given

by moa2<;—/~—«I—Ez~ I), where 3 =g, and ¢ is the velocity of light. In Appendix
I—-—

II. is given a table comparing the velocity of an electron expressed as a

fraction of the velocity of light, and in volts.
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from the atoms encountered : these electrons become attached
to other atoms, and so positive and negative carriers—generally
called ions, although their method of production is not that of
ions in electrolytic solutions—are formed. If the velocity of
the particle fall below a certain limit no ionisation is produced.

8r

N

)

x 104
Cln ()]

v

No. of jons per cm x/03(——-)
M) N

o 1 2z 3 4 5 6
Distance lraversed in cms

FiG. 1.

Comparison of ionisation produced bv a moving electron and by an
o particle. The ordinates are to i< multiplied by 10* and 10%
respectively to give the number of ions.

Further, there is an optimum velocity, approximately the same
for « particles and electrons, for which the greatest number of
carriers are produced per centimetre run of the particle, this
velocity being about 8-4 x108cm./sec. Thereis, in fact, a general
correspondence, pointed out by Ramsauer, between the two
classes of particles as ionisers. The continuous line in Fig. 1
shows the number of pairs of ions produced by a single «
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particle at different points of its path in air, which terminates
at 7 cm.; the range of the particles in question. The velocity
of the a particle at each point of its range can be calculated
from Geiger’s formula v3=-143(7 —%) ; so that to every abscissa
may be attached a velocity. If the number of pairs of ions
produced by an eleciron of this velocity be plotted as ordinate,
the dotted curve is obtained which, with suitable adjustment
of ordinate scale, agrees very closely with the a particle curve.
A single o particle gives rise to about ten times as many ions
as an electron of the same velocity.

Both classes of particles are absorbed in passing through
" matter.* With both classes the velocity is gradually reduced
by successive encounters with atoms. . In the case of the «
particles this reduction of velocity continues until the particle
is reduced to gas-kinctic velocities, which happens after a
certain approximately constant distance—the range of the par-
ticle—has been traversed. Very few particles are stopped or
otherwise removed from the beam: the absorption is, for a
particles, mainly a reduction of velocity. The flying electron
also has its velocity reduced by passing through matter, but
the absorption is here mainly a reduction of the number of
particles, owing to a large number of them being abruptly re-
moved from the beam in a way that will be considered later.

The fundamental idea to be found in all modern theories of
the absorption and scattering of corpuscular radiations by
matter is that the atom contains certain discrete centres of
force—dynamids in Lenard’s theories, electrons embedded in
a uniform distribution of positive charge in J. J. Thomson’s
older theories, electrons and 4 heavy positive nucleus in Ruther-
ford’s atom—which deflect fae moving corpuscle when it passes
near them, and, in general, change its velocity. Both deflection
and change of velocity obviously depend on the mass of the
atomic centres of force in question, or, in the case of the electron,
what comes to the same thing, the forces holding it in equili-
brium in the atom. Itisin the treatment of these forces, and

* The question of absorption is often unnecessarily obscured by neglecting
to distinguish between two different effects—a diminution of velocity of the
particles, due to successive encounters with atoms, and a diminution of number

of particles, consequent upon the stoppage and removal from the beam of some
of them.
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in the space distribution of the positive charge, that the various
theories differ. Lenard’s work will be described first, not only
on account of its historical importance, but also because it
enables us to make an estimate of the size of the nucleus, if
we apply it to the nucleus theory. The remainder of the
chapter is devoted mainly to the consideration of experiments
establishing Rutherford’s nucleus atom, which dominates
present-day physics.

The Absorption of the Cathode Rays. When cathode par-
ticles pass through matter they issue from the absorbing sheet
diminished firstly in number, and secondly in velocity. The
two effects are best discussed separately, but unfortunately
experimenters have not always been clear as to which effect
they are observing. Measurements made by receiving the
rays either in a Faraday cylinder or on a paraffin-wax-covered
plate measure the charge, and hence the number of electrons:
measurements—such as those of Whiddington—made with a
cathode stream whose velocity is measured, before and after
passage, by a magnetic field give the diminution of velocity ;
but measurements made with the ionisation chamber give
neither the one nor the other in the general case. For the
number of carriers produced is a complicated function of the
velocity of the primary beam (sec Fig. 1), although for a fixed
velocity it is proportional to the number of flying particles.
Hence if measurements are made with beams of different
velocity careful correction is necessary.*

Lenard has shown from a detailed study of the experimental
results that the absorption of cathode rays, namely, the re-
duction to gas-kinetic velocity, is due in the main to the
sudden removal of an electron from the beam by a single atomic
encounter, and in a much less degree to the gradual reduction of
velocity by repeated encounters. He therefore defines the
absorption coefficient by the equation J = e ", where J is the
intensity, defined as the number of clectrons falling per second
on unit surface at right angles to the beam, x is the thickness

* With sufficiently high velocity there is tertiary radiation produced by the
secondary electrons liberated by the primary beam. If the chamber is deep,
there are appreciable changes of velocity in the passage through the chamber

itself of a penetrating radiation. These and other such-like effects are not
always taken into account.
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of absorbing material and a is the coefficient  This equation
has been experimentally confirmed by Lenard and Becker:
since the coefficient a is a function of the velocity it is necessary
to work with thicknesses of absorbing material which do not
much reduce the velocity, and to correct for such reduction as
takes place.* Taking the coefficient of absorption as defined,
measurements show an astonishing decrease of absorption with
increasing velocity of the cathode beam. The following table,
borrowed from Lenard, exhibits this. The values are smoothed
values taken from curves embodying the observations of Lenard,
Becker, Rutherford, H. W. Schmidt and others, made with
photoelectric electrons, rays from a Lenard tube, and § rays
from radioactive substances. The coefficient a is shown divided
by the density of the absorbing substance. Absorption is
approximately proportional to density—Lenard’s ‘ mass-
absorption law “—and for the substances most used in ab-
sorption measurements, namely, air and aluminium, the
proportionality is particularly close.

VARIATION OF ABSORPTION COEFFICIENT WITH VELOCITY

v a v a v a
c D c D ¢ D
*Qo 6 gr.~lcm.? 55 413 X 102 -15 I-5 %108
-85 9 50 22 *10 8-0
8o 13 45 40 08 14
*75 19 *40 7°4 -06 25
-70 29 *35 14 "04 58
65 49 *30 29 *03 86
-60 83 25 86 02 130
‘55 130 20 360 ‘0X 180
‘15 1500

Curves expressing the variation of absorption with thickness of foil,
and also the loss of velocity of the flying electrons in passing through matter
are given in Appendix I.

Now, from the kinetic theory of gases the number of en-
counters of a flying electron with gas molecules can be easily

* @ is a constant in the ordinary physical sense, for most constants—except
universal constants—are parameters which vary with the defining conditions.
Thus thermal conductivity varies with temperature, and at the same time
demands a difference of temperature for its measurement.
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calculated, assuming for the gas molecules the size found from
considerations of viscosity and the like. It appears at once
that a swift electron can encounter thousands of atoms
without being either appreciably turned aside or stopped. A
simple method of deducing this is to apply a theorem of Clausius,
according to which, if small swift particles be fired through a
layer of gas x cm. thick, having for the total cross-section of
all the molecules in unit volume a value a, then a fraction e~
will get through without an encounter. Our coefficient 4
may therefore be taken to represent the absorbing cross-section
per unit volume. Consider, for example, the rays of velocity
»g=74o, whence a for
air at N.T.P.=#%40 x-00I129=-05. For air at N.T.P. the total
molecular cross-section is about 18000 sq. cms. per c.c. of gas,
and hence the cross-section which is effective as an absorber
for rays of velocity I-2 x10' cm.fscc. is about a twenty-
thousandth of the cross-section of the molecule. For swifter
rays it is still smaller.

Sufficiently swift cathode rays can, therefore, pass freely
through atoms. Over twenty ycars ago Lenard explained
this result by supposing that atoms contain certain centres
of force which he called dynamids, and considered to be com-
posed of a single positive and a single negative charge, closely
connected together. The electric force is very large in the
neighbourhood of a dynamid, and comparatively weak else-
where in the atom, so that swift cathode particles can pass freely
through the “‘ empty ” bulk of the atom while the dynamids
themselves behave as impenetrable to the swiftest rays. From
the limiting coefficient of absorption a certain impenetrable
cross-section of the atom may be calculated which gives the
size of the hypothetical dynamids. Thus in the table given

12 x T0% cm./sec. in the table, for which

the least value of -g is 6, or for air at N.T.P. a=-0078. Com-

paring this with the total cross-section 18000 referred to above,
we have
cross-section of dynamids _-0078

S L YT s T =43 x 1078,
cross-section of atom 18000 43
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Lenard supposed the dynamids to be distributed throughout
the atom. If we adopt the Rutherford model, and consider
that there is in each atom one nucleus which we may take for
the moment as impenetrable to the fastest cathode ray, we
have for its linear dimensions a quantity of the order 7 x1o™*
times the linear dimensions of the atom, or, since the diameter
of the molecule of nitrogen is about 3 x10~% cm., the diameter
of the impenetrable part, taken as a whole, is of the order
2 xT0~* cm.—or rather is less than 2 x 107! cm., since the least
coefficient of absorption in the table has been taken, while for
still faster rays the coefficient may be somewhat less. Ruther-
ford’s latest estimate of the diameter of the nucleus of light
atoms is approximately 5 x 10~ cm., or about one-fortieth of
this. For so indefinite a thing as the diameter of the nucleus
this is very fair agreement. Rutherford’s estimate is based
upon the behaviour of the nucleus towards the o particle, our
adaptation of Lenard’s upon that towards the cathode particle,
and there is no particular reason to expect the two to agree
exactly. The nucleus is not a minute, round, hard billiard
ball.

It may well be asked by what mechanism the absorbing cross-
section of which we have spoken removes an electron from the
beam. The assumption already used, that the removal is due
to a single encounter, is strongly supported by the observation
that a beam of homogeneous velocity retains approximately
its homogeneity after passage through a sheet of matter, if the
experimental conditions exclude disturbing forces, such as
electro-magnetic waves. If the removal of an electron from the
beam were the result of a gradual diminution of velocity to gas-
kinetic magnitude by successive encounters, there would always
be present in the emergent beam electrons of different velocities ;
for instance, those of very small velocity, which would have
been removed had the sheet been a little thicker. Supposing
then that the removal is the result of a single encounter, are
we to assume that the electrons passing near the nucleus are
turned through a large angle with practically undiminished
velocity, as we shall see is undoubtedly the case with a particles,
or are they removed from the beam by a sudden diminution of

velocity ?  Lenard believes in the latter alternative. Of course
AS.A. B
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if the nucleus be a positively charged sphere,* and the original
direction of the electron pass through, or within a certain small
distance of the sphere, the electron will be captured and so re-
moved. If the original direction pass a little further from
the sphere, the large change of direction of velocity will take
place without diminution of velocity, as considered in greater
detail when the « particle is discussed. Both effects probably
contribute to the absorption. The question, so far as I know,
has not been carefully discussed, and it is much too complicated
for discussion here.

The cathode ray absorption experiments have not so far
yielded the clearer and more detailed information supplied by
Rutherford’s experiments on the « particle, but they supplied
the first evidence of the “ empty "’ behaviour of the atom to-
wards high-speed particles, and, as we have seen, can be made
to furnish a rough estimate of the size of the nucleus, whatever
may be the exact mechanism by which the absorption is
effected.

The o Particle. Single and Multiple Scattering. The nucleus
atom model was originally put forward by Rutherford on
the evidence of his experiments on large angle scattering of
a particles. The scattering which these undergo can be in-
vestigated in much more detail than that of cathode particles.
It is well known that a particles, falling on a phosphorescent
screen, usually of zinc sulphide, produce discrete scintillations
which can be observed through a low-power microscope, and
it has been proved that the arrival of a single a particle produces
one scintillation. Hence we have a method of counting, and
observing the position of, single particles which is denied us
in the case of the cathode particles. That the radioactive
elements supply strong sources of a rays of fixed initial velocity
has its advantages, since there is no need to use any device,
such as the magnetic resolution usual with cathode rays, to
obtain a homogeneous pencil: on the other hand, we have not
the wide range of velocity available with cathode rays.

When a narrow beam of homogeneous a rays from a thin
film of Radium C, say, falls on a metal foil the rays are scattered,

* I.e.if the non-uniformity of the field close to the nucleus, which contains
both positive and negative electricity, be neglected.
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and the distribution can be quantitatively fixed by counting
the scintillations produced in directions making various angles
with the original beam. This method was extensively used
by H. Geiger, and by Geiger and Marsden, in their pioneer
investigations on the subject. Now, it is observed that not
only do some of the particles which penetrate the foil make
large angles with the original direction, but that also a certain
very small fraction of the incident particles are scattered
through so large an angle that they do not penetrate the foil,
but emerge on the side of the incidence. The greater the
atomic weight of the metal of the foil, and, within limits, the
greater the thickness of the foil, the greater the fraction turned
back, which shows that the  reflection ”’ is a volume, and not a
surface, effect. The number of particles scattered through a
large angle, say 30° (a small range of angles about a mean
deflection is, of course, taken) in the forward direction, is, within
experimental error, proportional to the thickness of the foil, as
is shown in the following table for gold foils.

Number of foils. Air cquivalent (=T). No. nggl;&g:t(‘fs}\;;‘ given _fly.
X XX 2149 200
2 22 384 175
5 ‘51 843 165
8 -81 121°5 150
9 -9o 145 160

Similar results have been obtained with other metals. This
result is a decisive one for the theory of single scattering.

If, with a given foil, the number of particles scattered through
various small angles (a few degrees) be observed, which can be
done by counting the number of scintillations on a given small
area taken at different distances from the centre, it is found
that the distribution obeys the laws of probability. There
is a most probable angle of scattering varying, with the material
and thickness of the foil, from half a degree or so to a few degrees,
and the number of particles scattered through angles on either
side of this is compatible with the theory that the scattering
is due to a large number of vandom small deflections undergone
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by each particle as it traverses the foil (a mechanism usually
referred to by the name of multiple scattering). The most pro-
bable angle for a given foil having been found, the chance of a
deflection of 9go° or more can be calculated on the assumption
of multiple scattering, and is found to be vanishingly small, so
small that the large angle scattering of 30° or more would never
be observed in the ordinary course of experiment. This fact,
that the number of large angle deflections observed is incom-
patible with the relative number and distribution of small
deflections observed, if the final scattering be assumed to be
the result of a large number of small scatterings, forms the
starting-point of Rutherford’s reasoning. Ifrom it he deduced
the essential consequence that the large angle deflections are
due to encounters with a single atom.

To get the intense field of force necessary to deflect an «
particle through the large angles observed Rutherford assumed
a massive nucleus, very small in comparison to the atom itself,
the remainder of the atom being made up of rings of electrous
whose rotation prevents them being drawn in by the positively
charged central sun, though there is nothing in the scattering
experiments alone to indicate a rotation rather than a statical
distribution. The swift a particle, which is itself a nucleus,*
and hence very small, can pass freely through the bulk of the
atom, just as can the swift electron. It suffers very small
deflections when passing near the electrons of the atom, but
will experience a large deflection when passing very close to
the nucleus. TFor the present purpose, which is to consider the
large angle scattering, we can neglect the electrons. To
examine the angle of deflection due to the nucleus consider a
massive point K, with a positive charge Z times the electronic
charge e, which repels a particle of mass M and positive charge
E approaching with velocity » along a path which, far removed
from K, has a direction PO (Fig. 2). If the inverse square law’
be assumed, the path will be a hyperbola, of which PO is one
asymptote, and PO, which gives the path of the emerging
particle when a long way from K, the other asymptote. Let

* The « particle is a helium atom with two positive charges. Since, as we
shall sece, the neutral helium atom has only two extranuclear electrons, a
doubly charged atom has no extranuclear electrons, or is nucleus only.
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be the length of the perpendicular KS, which we may call the
impact parameter, p=P'0S be the angle through which the
particle is deviated, and a the semi-transverse axis.

Fic. 2.

’lhen from the geometry of the hyperbola the eccentricity =
e=cosec § @
and p=acecos 3 p=a cot } .

By the simple dynamics of the central orbit, if u is the’
acceleration at unit distance, then

'Uz—-/j ZeE'
a Ma’
ZeE
L=t ¢ L T P —— (1)

which gives the angle of deflection corresponding to a given
impact parameter and a given velocity. It is to be noted
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that if » be the distance from K at which the particle would
be brought to rest momentarily if it were fired direct at K, then
noo2n

@ b

2 ZeE
Mw?
Equation (1) can therefore also be written

2p

cot 1g T e, (1)

The formula (1) or (1a) for the deflection holds, it so happens,
whether the charges of the nucleus and approaching particle
be of the same or of opposite signs. In the case of the a particle
there is no doubt that they are of the same sign.

Now if # be the number of atoms per unit volume and ¢ the
thickness of the foil, then 1/xf is the average area of foil surface
dominated by one nucleus. Hence the chance that an «
particle in traversing the foil passes at a distance between ,
and p, from a nucleus is*

g=m(p,®~p.*)nt,
and the fraction deviated between angles ¢; and ¢, is

O =

A

or b=2a=

q:z 1tb? (cot? 3¢, — cot? §g,).

Since the scintillations are usually counted on a screen per-

pendicular to the direction of the scattered rays, for all angles,

we will express the scattering as the number of scintillations

on a small unit area distant # from the point of incidence of

the rays on the scattering foil, and normal to the radius vector
.7. The area cut off between angles ¢, and ¢, on a sphere of

radius 7 is

2772 (COS @y —COS @) =4avr? (Cot?} @y — cot2] ) sin}e, sin2d g,
Hence, out of a total number of particles Q falling on the foil,
the number per unit area at distance » on a screen normal to 7 is
Qnt b2
1672sin? e, sin?4p,

* Rutherford in his original paper uses m for both mass of particle and
probability.
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When the area is small, so that ¢, and @, can be taken as
sensibly equal, this becomes

Qnt b2 cosectip
1672 ’

Hence the number of particles per unit area of phosphorescent
screen (always normal to the particular direction considered)
at a distance 7 defined as above, should be, on the assumptions
made, proportional to

(x) cosectiq;

(2) thickness ¢ of scattering material, provided that this
is so small that the a particles scattered through large angles
have only a small chance of a second encounter ;

(3) square of the central charge Ze ;
(4) the reciprocal of (Mv?)?, or 1/v* if M be constant.

Experiments by Geiger, both working singly and in collabora-
tion with Marsden, have confirmed these results very well.
The number of « particles emerging from a scattering foil at an
angle ¢ has been found to vary as cosec* ¢ for angles ranging
from 5° to 150°, for which the number of particles varies from
250,000 to I (the distances had to be increased considerably at
small angles to reduce the scintillations to countable numbers).
For small thicknesses the number scattered is directly propor-
tional to the thickness, but for larger thicknesses the decrease
of velocity causes a somewhat more rapid increase in the amount
of scattering. This proportionality is of particular importance,
for the relation between scattering and thickness forms a
crucial test of the theory of single scattering, which itself is
essential to the nucleus atom. Single scattering gives a direct
proportionality between the number scattered and the thick-
ness. The hypothesis of multiple scattering, on the other hand,
leads to the conclusion that the number of a particles scattered
in a given direction should be proportional to the square root
of the thickness.

The scattering per atom, when foils of different materials are
in question, is approximately proportional to the square of the
atomic weight. It will be shown later that from this, and from
the quantitative results as to the numerical fraction of particles



24 STRUCTURE OF TIE ATOM

scattered through a large given angle (45°, say), it can be
deduced with the help of Rutherford’s equation (1) that Z is
equal to the atomic number, which is in agreement with later
very rcliable results. A proportionality to Z* is thus indirectly
confirmed. The proportionality to the inverse fourth power
of the wvelocity of the incident « particle was directly
confirmed.

Rutherford’s assumption of a hecavy, positively charged
nucleus, and consequent occasional single scattering through
a large angle, has been strikingly confirmed by photographs of
the tracks of a particles in gases. These can be made visible
by the method, devised by C. T. R. Wilson, in which, by means
of a sudden expansion, condensation of water in minute drops
is produced on the ions formed by the passage of the a particle.
C. T. R. Wilson’s well-known photographs show towards the
end * of some of the a-ray tracks in air abrupt changes of
direction through large angles, quite inconsistent with multiple
scattering, but in accord with the theory developed above.
These photographs do not allow of quantitative calculations,
but exhibit other interesting features, such as a short * spur ”
at the point where the direction of track changes abruptly,
to be attributed to ionisation produced by the struck nucleus
in its path. Recently Blackett, by an elaboration of the
method, has obtained valuable quantitative results. To find
the angle through which the particle is turned at a close
encounter it is not sufficient to take a single photograph,
since this is in general a perspective picture of the true track,
the plane containing the path before and after impact not being
parallel to the plane of the plate.t Blackett, following
Shimizu, takes, by means of an arrangement of mirrors, two
views of the same tracks, as seen from mutually perpendicular
directions, through the same lens on the same plate. By
geometrical methods it is possible to deduce, from the two

* Since the chance of a deflection through a given large angle is inversely

proportional to the fourth power of the velocity, such deflections are to be
expected near the end, rather than the beginning, of the range.

+ This perspective effect has been held by Lenard (Quantitatives siber Katho-
denstrahlen, p. 240), to invalidate the general conclusions drawn by Rutherford
from C. T. R. Wilson’s original photographs. Such criticism has been com-
pletely stultified by the work of Shimizu and of Blackett.






PLATE I

I'16. 2.

Double Photographs of Forked a-Ray Tracks. (Blackett.)
Fig. 1. Forked Track in Oxygen.

Fig. 2. Forked Track in Helium.
f. p. 25]
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projections thus obtained, the true angle. Fig. 1, Plate I.,
shows one of Blackett’s photographs of a particles in oxygen.
The second track from the right in the right-hand group, and
the fourth track from the right in the left-hand group are the
two different views of the same very definite forked track. The
long branch of the fork represents the track of the a particle
after collision, the shorter branch the track of the struck
oxygen nucleus. For this particular track the true angle
which the former makes with the original direction of the
a particle is 76° 6, the angle which the latter makes i$ 45° 12°.
Knowledge of these angles enables us to calculate the relative
masses of the striking particle and the struck particle, if we
assume that the ordinary laws of mechanics for perfectly
elastic bodies (comservation of energy and of momentum)
govern the impact.* The mass of the recoil atom in the case
of oxygen here considered is in this way found to be 16-72,
with a probable error of -42, which is in sufficiently good
agreement with the known mass of the oxygen nucleus, 16.

Interesting results have likewise been obtained by Blackett
with helium. Here .the mass of the striking and the struck
nucleus are equal, and it can easily be proved that in this
case the paths of the two after collision must be at right angles
double to one another. Fig. 2, Plate I., is one of Blackett’s
more recent photographs of a rays passing through helium ; a
splendid forked track will be seen well represented in each of
the two views. The angle between the two branches of the
fork is 89° 2%’, which gives for the ratio of the mass of the
struck helium nucleus to that of the a particle -981 instead of 1.
In general we may say that these experiments not only make
visible the large single scattering postulated by Rutherford,
but also confirm the assumption that it is due to close impact
between nuclei, governed by the ordinary laws of mechanics
for perfectly elastic spheres. Each forked track provides,
among other things, a determination of the mass of a single
nucleus. A sufficiently large number of photographs could be
made to afford a quantitative determination of isotopes in a
gas like chlorine, but the method is not very practicable.

* Cf. the second of the two equations (1), Chapter IV., which also leads at
once to the result for impact on a helium atom quoted on the next page.
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Size and Charge of Nucleus from Scattering Experiments,
It will have been observed that, in the deduction of equation
(1), Coulomb’s inverse square law was assumed. The close
agreement with experiment furnishes a very strong reason for
presuming that the law holds down to the subatomic distances
(in the case of gold it holds apparently for distances between
36 x10712 and 3 xx10-'2cms.) considered in these calculations.
This is somewhat astonishing in these days when the
general tendency is to explain all difficulties by reference to
the limited wvalidity of the classical laws of electricity and
mechanics.

It is important to form an estimate of the size of the positively
charged nucleus which, from the assumptions already made,
is small compared to the size of the atom, as deduced from
ordinary kinetic theory The experimental confirmation of

. . Ze
the assumption that the force exerted by an atom is X =

(neglecting the action of the extranuclear electrons), where 7
is the distance from the centre of the nucleus, allows us to make
a simple calculation of the distance b within which an « particle
can approach a heavy nucleus. Taking the gold nucleus, the
motion of which when struck by an a particle can be neglected,

we have for b ;
%Mvz-:Z;I:,

- 2 —-20
or %x 6-56 x 10~ x 2:09%x 1018;_7_91? Eig?,_?f}fo c,

the atomic number (nuclear charge) of gold being 79, and the
velocity of the a particles from Radium C, with which the
experiments were carried out, being 2-09 x 10? cms./scc.

From this d=3 x10"*% cms. Since the distribution law
deduced for scattered a particles holds right up to angles of
deflection of 150°, when the a particle must approach within
about this distance, we know that the inverse square law must
hold even for such close approach, which enables us to infer
an upper limit for the size of the nucleus. The diameter of
the gold nucleus must, thus, be less than 3 x107*? cms.
Incidentally the distance of approach for the smallest
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scattering angle measured, 5°, is about 36 x 1012 c¢ms. for gold,
which indicates that the space between these two limits is free
from all forces except that of the nucleus, and so cannot
contain any concentration of electrons. From the photo-
graphic study of forked tracks Blackett has deduced that the
inverse square law holds between the nucleus and the « particle
when their distance apart lies between about 7 x 10-1% and 10-?
cm. for argon, and 3x 1072 and 5x 10" cm. for air.

Collision with light atoms also affords us information as to
nuclear magnitudes. Considerations similar to those given
above, but allowing for the motion of the struck nucleus, would
lead us to deduce for the hydrogen nucleus a radius of about
1071% cms. But the experiments on firing a particles into
hydrogen molecules, and knocking hydrogen nuclei forward,
which are discussed in Chapter IV., have been made by Ruther-
ford to show that the inverse square law no longer holds when
the approach is within a distance of 3 x107%® cms. This points
to a deformation of the nucleus by the enormous forces set up,
and we may take this distance as being the diameter of the
nucleus. Of course no very precise meaning can be attached
"to the expression ‘‘ diameter of the nucleus,” any more than to
the “ diameter of an atom,” but just as in the kinetic theory
there is, for ordinary velocities, a certain distance of closest
approach (varying somewhat with the variations of velocity
which accompany changes of temperature) which we call the
diameter of the molecule, so in subatomic physics we may
call the distance of closest approach, without deformation,
obtained with a particles, in the case of whose energy the
extranuclear electrons have a vanishing influence, the diameter
of the nucleus. The quantity obtained is actually radius of
helium nucleus +radius of struck nucleus, but for rough
measurements of this kind all nuclear radii may be taken as
equal as a first approximation. Rutherford gives it as his
opinion that the nuclei of light atoms other than hydrogen are
of the order 5 x10-'% cms. in diameter. Taking 1078 cms. as
approximate atomic diameter the minuteness of the nucleus at
once appears.

A somewhat more elaborate scheme has been adopted by
Bieler in discussing his recent experiments on the large-angle
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scattering of « particles by light nuclei. The object of these
experiments is to investigate quantitatively the failure of
Coulomb’s law in the case of close approach of the nuclei,
and it can easily be proved that the lighter the struck nucleus
the smaller the apsidal distance corresponding to a given angle
@ (see Fig. 2), or, in general terms, the less the atomic weight
of the substance of the foil, the closer the approach of the
nuclei. Toils of aluminium and magnesium were therefore
used, the experimental arrangement being that adopted by
Chadwick and Bieler for investigating the distribution of
expelled protons (see page 84). The immediate object was
to compare the number of « particles scattered at various
angles with that to be expected if the inverse square law held
at all distances. Since it is known from the experiments of
Chadwick that the scattering by heavy nuclei, such as gold,
gives the distribution to be anticipated if Coulomb’s law were
obeyed, the plan adopted was to compare the number of
particles scattered by the light metal foil with the number
scattered by a gold foil through the same angle, the angle
being varied by using annuli of different sizes, isolated by
suitable diaphragms.

It was found that while for small angles of scattering (where,
of course, the approach of nuclei is not very close) the ratio
was constant, for large angles the number scattered by the
nuclei of the light elements was smaller than it should be
if the inverse square law were obeyed. Bieler concludes
that the divergence from this law manifested in the scatter
ing results can be expressed quantitatively by supposing
that the nucleus possesses, superposed on the Coulombian
field, another field of force of the reverse sign (i.c. corresponding
to an attraction of the positive charge), varying as the inverse
fourth power of the distance. The result of such a field is
that at a certain distance from the centre of the nucleus there
is a neutral surface, outside which there is a net repulsion on
a positive charge, while inside there is a net attractive force for
the positive charge. The radius of this surface works out as
344x10713 cms. for aluminium. Hence at a distance of
344 x 10~12 cms. this additionalinverse fourth power forceis only
one hundredth of the Coulombian force, while at a distance no
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greater than 3-44 x 10! c¢ms. it has sunk to one ten thousandth
of the Coulombian force. This general result, that the inverse
square law holds to within one per cent. or so for distances
greater than 3 x 10712 cms. from the centre of the nucleus, but
breaks down at smaller distances, is consistent with what has
gone before.

It has been mentioned that, on the assumption of single
scattering, which has been so abundantly justified, it is possible
to calculate the nuclear charge from the fraction of particles
scattered through a given angle under definite conditions. In
the equation (1), putting in the value of b, we have:
fraction of incident particles which, having been deflected
through angle ¢, fall on unit area of phosphorescent screen,

y _miqZ%*E2cosect o
Q M3y 1672

The number # of atoms in unit volume of the metal of the scatter-
ing foil is known from the atomic weight and the density, and
e, E and M are accurately known, so that counts of the number
of particles scattered at a known large angle enable Z to be
calculated. Chadwick, repeating in modified form earlier less
accurate experiments, has measured by such counts Z for three
different metals, namely, platinum, silver and copper. He
finds values 77-4, 46-3, and 29-3 respectively. The atomic
numbers of the elements in question are 78, 47, and 29, so that
these experiments give a direct proof that the nuclear charge is
equal to the atomic number, a fact which is fundamental for
modern atomic theory. It will be noted that the formula
contains the assumption that the struck nucleus does not
move : as a matter of fact the correction necessary if the move-
ment of the struck nucleus is considered has been calculated,
but for the lightest atom in question, copper, it is quite
negligible.

In short, the scattering of the a rays has been worked out
fully on the assumptions that

() the atom consists of a nucleus very small in comparison
with the atom, surrounded by electrons with large interspaces ;

(2) the mass of the atom is concentrated in the nucleus ;
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(3) the net positive charge on the nucleus is equal to the
atomic number ;
and the calculated results are everywhere in accord with experi-
ment. Rutherford’s original paper is a striking example of the
confidence of the great investigator--of the neglect of inessential
detail which has its root in intuitive perception, and which
seems rash to the timid until repeated experimental support fur-
nishes abundant justification. Rutherford takes no account of
the action of the surrounding electrons on the « particle either
by electrostatic or by the magnetic action implied in the rotation
of the electrons in closed orbits. The possibilities that the
accelerated passage of the a particle shall be accompanied by
a radiation of energy either from the particle or the atom
traversed are not discussed. In spite of the alurming com-
plexity of the problem presented by, say, a gold atom, the
simplicity of the assumptions has not prevented them covering
in outline, at any rate, the many different numerical aspects
of the scattering of a rays, and offering the foundation for a large
body of successful work in other directions.

It may be added that Rutherford and Nuttall deduced the
nuclear charge of hydrogen and helium from measurements of
the scattering of « rays by gases. A beam of rays is sent be-
tween close parallel glass plates, immersed in the gas under
investigation, and the ionisation produced by the emergent
beam measured in a separate chamber. The gas atoms deflect
a certain fraction of the a particles against the plates, which
fraction is accordingly absent from the emergent beams, with
corresponding loss of ionising power. Allowance being made
for absorption in the gas a number is finally obtained which
is a measure of the scattering, not, of course, through one fixed
angle, but through a range of angles the same in all experiments,
which allows the deduction of a relative scattering coefficient
for different gases. The scattering was found to vary directly
as the pressure and inversely as the fourth power of the velocity,
which indicates that the effect is mainly due to single scattering
rather than multiple scattering. From the numerical results it
was calculated that, assuming the carbon atom to contain six
electrons, the hydrogen atom contains onc, the helium atom
two electrons. In calculating the scattering through the small
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angles in question in these experiments* the effect of the scatter-
ing by the electrons has to be considered, although it can be
neglected in the case of large angle scattering, since encounter
with an electron cannot turn an « particle through a large angle.

The Scattering of / Particles. Experiments show that, like the
a rays, electrons travelling with high velocity undergo scattering
in their passage through both solid foils and gases, and that both
small angle scattering, and the rarer large angle scattering
(Lenard’s “ Riickdiffusion ”’) occur. The study of the scatter-
ing in the case of f particles has not led to results of such
fundamental importance as in the case of « particles, yet the
large amount of work carried out has provided some valuable
supplementary information, and descrves consideration here on
account of the more precise treatment of the scattering problem
to which it has led. Detailed experimental investigation is
more difficult with # particles than with a particles, since with
the former no method of detecting single particles, corresponding
to the scintillation method used with the latter, is available, nor
is a source of f particles of homogeneous velocity obtainable
without magnetic resolution. Again, the question of single
as against multiple scattering is less casily disentangled for
B than for a particles, and the effect of the electrons of the
scattering atoms comes into morc prominence than it does
for the single scattering of « particles. There are further
points, such as the variation of the mass of the f particles
with velocity, which will receive mention as they occur.

The realisation of the conditions for single scattering with
B particles is very troublesome. IExperiments have been
carried out by Geiger and Bothe, and by Bothe. Homo-
geneous rays were obtained by resolution in a magnetic field,
and the distribution of the scattered rays was measured photo-
graphically, the blackening of the plate forrays scattered through
different angles being compared with the blackening obtained
under standard conditions. Ifor large angles, where long
exposures are needed on account of the relatively few particles
scattered, the y rays give trouble by their action on the plate,
so for these experiments a strong deposit of radium I, which

* With the apparatus used the angles of scattering mainly effective were of
the order of onc-tenth of a degree,
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gives very feeble y rays compared to the other radium products,
was used. For very small thicknesses of scattering foil pro-
portionality of the number of particles scattered in a given
direction to the thickness of the foil was established, which
indicates single scattering. The other laws expounded in the
discussion of the large angle scattering of « rays have also
been, by these experiments, confirmed in outline, but not in
detail, for the large angle scattering of f§ rays, allowance being
made for certain complicating factors. The sarme series of
experiments showed clearly that for larger thicknesses of
scattering foil the laws deduced theoretically for single scatter-
ing do not hold. Subsequently Chadwick and Mercier, using a
somewhat different method, have confirmed these results with
increased accuracy. The source used was radium E, adopted
for the reasons just specified, but no magnetic resolution was
utilised. The scattering foil was in the form of a ring, as in
the experiments described on p. 84, and the number of particles
scattered between 20° and 40° was measured by the ionisation
produced in a hemispherical chamber as compared with that
produced by the direct pencil, cut down to a suitable fraction
by a rotating disc with a gap in it. The experimenters found,
as did Geiger and Bothe, that the scattering through a given
angle is proportional to the thickness as long as the foils are
very thin, but that a departure from proportionality sets in for
thicker foils ; that the scattering is proportional to the square
of the atomic number ; and that the amount of the scattering
is in agreement with the theory of single scattering, if the
relativity correction necessitated by the high velocity of the
B particles be taken into account. It may be held, then,
that by using very thin foils the single scattering of 8 particles
has been satisfactorily demonstrated.

Crowther and Schonland, both independently and in
collaboration, have also carried out many experiments on
ray scattering, which they interpret in terms of single scattering.
The method which these investigators use is to measure the
angle , which is such that half the total number of scattered
particles are deflected through an angle greater than &; ¢
may, perhaps, be called the angle of half scattering. The
disagreement of their results with the theory for single scatter-
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ing led them to suppose that Coulomb’s law breaks down in
the neighbourhood of the nucleus at distances for which a ray
experiments indicate that it still holds. Considerations which
are now to be developed show, however, that the experi-
mental conditions are not such that single scattering is to be
anticipated, and it will be seen that there is no need for this
assumption.

To reduce the various experiments on f ray scattering to
order it is necessary to bear in mind, as has been pointed out
independently by Wenzel and by Bothe, that single scattering
and multiple scattering are merely two limiting cases of what
may occur, the term “ multiple scattering ”’ being taken to
imply a scattering brought about by a sufficient number of
small independent deflections for statistical methods of com-
putation to be valid, and a Gaussian distribution to be assumed.
Between these two extreme cases there is the possibility that
the number of deflections suffered by a single particle may be
neither one nor very large ; this is the case which Bothe calls
Mehryfachstreuung, and which we may call plural scattering.*
This case is naturally very troublesome to handle mathemati-
cally, and for a rays, when both extremes can be realised
experimentally, it is of little interest. For g rays, however,
as has already been stated, it is difficult to obtain the experi-
mental conditions for single scattering, and the consideration
of plural scattering has simplified the interpretation of certain
results of Crowther’s, and, in general, brought the various
investigations into a unified scheme.

The factors which determine whether in any particular case
single scattering may be taken as the effective mechanism are
the thickness of the scattering foil, and the smallest angle
included in the distribution to be covered by the theory. This
is immediately evident when it is considered that deflection
at a single impact through a given angle means passage within

*The Germans use the words LEingel-, Mehvfach-, and Vielfach- strewung,
cofresponding to which, if the above suggestion be _a.dopted, we s].:xall have
single, plural and multiple scattering. The notation is not very satisfactory,
since there is no real distinction in the meaning of the words, as ordinarily
used, either between mehrfach and vielfach, or between plural and multiple.
Few-fold scattering would convey clearly what is meant for the intermediate
case, but I hesitate to propose such a word.

A.S.A, c
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a certain distance of a nucleus, and so for single scattering
to prevail the scattering foil must be so thin that the chance
of the particle passing within this distance of more than one
nucleus is very small. More definitely, it may be said that for
a thickness # of foil the condition for single scattering is fulfilled
if it is improbable that the swift particle passes more than once
within a certain distance p of a nucleus, where p is fixed by
the condition that, if a deflection o corresponds to passage at
this distance from the nucleus, then 4y is less than ¢, ¢ being
the smallest angle of deflection included in the experimental
data. For a foil of given material and thickness p can at once
be found, since nimp2=1, while formula (1) gives the angle o
corresponding to distance . Hence the minimum ¢ can be
calculated for any given experimental conditions. For instance,
in Chadwick’s experiments on the scattering of a particles
w turns out to be somewhat less than 1°, whereas the smallest
angle of scattering considered was about 21°, so that the
hypothesis of single scattering is amply justified in these
experiments.

In the case of Crowther and Schonland’s experiments, how-
ever, similar considerations lead to the conclusion that the
hypothesis of single scattering is not justified, but that rather,
for the angles measured, plural scattering must occur, the
degree of departure from single scattering varying, of course,
with the thickness and material of the foil. Wenzel and
Bothe have both concluded that the results are not in conflict
with Coulomb’s law, if the effect of the electrons in the
scattering atom be taken into account. The simplest as-
sumption to make for the purpose of calculation is that the
negative electricity is uniformly distributed throughout a
sphere of the size of the atom, surrounding the nucleus : this
will give a first approximation to the distribution to be antici-
pated on Bohr’s present views of interpenetrating orbits. Since
only the electrons in a cylinder described about the path of
the f particle as axis with a radius small compared to the
size of the atom have an appreciable direct effect on the particle,
it can be shown that the direct deflection produced by this
distribution of electricity is negligible, so that the only effect
of the electrons which need be considered is the shielding of
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the nuclear charge.  Bothe has deduced for small deviations
the formulk .
1e formula M"AI s 3
v
3,2
where a. = , and ¢ is the angular deflection, assumed small,
mu
R is the radius of the atom, and p the distance of the path
from the nucleus. If & is Crowther’s “angle of half
scattering,” then for single scattering
nop¥ =}
and N R DAL 2 A (2)
For multiple scattering, which occurs for comparatively thick

foils, the Gaussian law of distribution is obeyed, and calcu-
lation shows that, approximately
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Scattering of B rays by gold foils, compared with theory.

Hence both for single and multiple scattering & is pro-
portional to Ji,* but the constant of proportionality is about
* Of course for single scattering the number of particles scattered in a given

direction is proportional to ¢, and not to «/7, but this number must not be
confused with .



36 STRUCTURE OF THE ATOM

1-8 times as great in the latter case as in the former, for the
same scattering material. For plural scattering the value of
the constant is intermediate between (2 and 2:6. Bothe has
shown that, when ¢ is plotted against ¢, the results of Crowther
and of Crowther and Schonland lie, in fact, between the para-
bola given by (2) and that given by (3), being on the single
scattering curve for small thicknesses and on the multiple for
large thicknesses, as is to be expected from theoretical con-
siderations. Fig. 3 shows the results for gold foils. In short,
whether single, plural, or multiple scattering occurs or not is
merely a question of the thickness of the foil and the magnitude
of the angles measured. Detailed considerations, of which the
type has been sketched above, show that there is no need to
question the validity of Coulomb’s law,* nor to consider a
magnetic moment of the nucleus, as suggested by H. S. Allen,
in order to explain the f particle scattering results.

The small angle scattering of « particles, studied by Geiger,
can be calculated theoretically on the same lines as the
scattering of the f8 particles, by treating the atom as a massive
nucleus surrounded by a sphere of uniform negative electrifi-
cation. According to the theory developed by Bothe the

. b Mo?, . . .
expression - W is constant for a given scattering material,
A ” .

where ¢ is the angle of half scattering, and M, F and » are
the mass, charge and velocity of the scattered particle.
The following table shows that the agreement between the
results obtained with a and § particles is very fair. It is

Ray. LExperimenter. j; . ﬂgg % Yo~ 14
a Geiger. 33
B Crowther. 3-87
B Crowther and Schonland 381
A Schonland. 302
B Geiger and Bothe 44

* For the exceedingly close approach to the nucleus which occurs with a
swift « particle fired straight at the nucleus, Coulomb’s law does, however,
break down. See Chapter IV,
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assumed that true multiple scattering takes place in both cases,
which is justified by the thickness of the foil and the small
angles considered in Geiger’s experiments.

The theory of the scattering of a and B particles so far
considered still makes considerable assumptions, even when the
nature of the scattering—single, plural, or multiple—has been
taken into account. It has already been pointed out that,
while the shielding action of the atomic electrons on the
nuclear charge has been estimated,* the direct deflecting action
of the electrons has been neglected. This has been justified,
since it is shown that this action must be very small compared
to that of the nucleus. It is further assumed that the collision
is governed by the same laws as the impact of perfectly elastic
bodies, which is equivalent to neglecting all loss of energy due
to possible radiation or absorption : this assumption has been
strongly supported in the case of swift a particles by experi-
ments already described. It is well known, however, that it
would lead to erroneous results in the case of the passage of
slow electrons through matter, for which Franck and Hertz
have shown experimentally that inelastic collisions take place,
but for the very fast § particles the percentage loss of velocity
in the passage through thin foils is exceedingly small; and,
again, experiments of D. L. Webster on the excitation of
characteristic X rayshave shown that for high electron velocities
the chance of a quantum absorption of the electronic energy
is very small. The consideration of the excitation of radiation
by slower electrons, and their general behaviour on passing
through matter, receives further attention later on in the book.

Of interest in connection with the swift electrons are certain
recent experiments carried out independently by C. T. R.
Wilson and by Bothe on the paths of # rays through gases,
the tracks being photographed with the help of a Wilson
expansion chamber. Both experimenters obtain three types
of tracks : () those showing abrupt changes of direction through
large angles, sometimes exceeding 9o0°, () forked tracks, similar

*In the case of scattering through small angles. In the case of scattering
of the « particles through large angles, i.e. of very close approach to the
nucleus, experiment indicates that the space between the nucleus and the

moving particle at its distance of closest approach is free from electrons,
so that there is no shielding action. See p. 27.
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to those exhibited in Blackett’s photographs of a rays, even
if not quite so sharply defined, (¢) tracks showing a gradual
curvature, due to a large number of small imperceptible
deflections. The three types are illustrated in the photographs,
taken by C. T. R. Wilson, reproduced in Plate II. The upper
photograph shows a track with an abrupt change of direction
of type (a), which elsewhere in its path shows the gradual
curvature of type (¢). The stercoscopic pair below show a
fork of type (b). Tracks of type (a) correspond to deflections
of the particle due to close approach to a nucleus, and Ruther-
ford’s theory can be applied to them, although, strictly speaking,
a correction, which has been worked out by Darwin, should
be applied to express the effect of the change of mass with
velocity of the electron on the shape of the orbit. Wilson,
using the simple theory, has deduced, from the fraction of
the B particles observed in his photographs to be deflected
through more than 9o°, the nuclear charge of the scattering
atoms, and finds for it 6-5¢, which is as close to 7¢, the nuclear
charge of the nitrogen atom, as can be expected from the
experimental conditions. Similarly Bothe, taking the nuclear
charge as 7e, calculates the fraction of the particles which
should suffer deflections exceeding 45° in a given length of path,
and gets fair agreement with his experiments. The forked
tracks (b) are due to the close collision of the f particles with
an atomic electron, which itself acquires so large a velocity
that it constitutes a secondary § ray and produces ionisation
of the same order as that attending the original particle, which
proceeds with diminished velocity. The angle between the
two prongs of the fork is approximately 9o°, which, as pointed
out in connection with Blackett’s experiments, is the angle
corresponding to elastic impact of a particle upon one of equal
mass. Bothe takes account of the relativity change of mass
of the B particle, which makes the angle somewhat less than
90°, e.g. for an original velocity of -7 that of light the angle
works out to be 85°. The agreement with experiment is good.
Both " calculation and experiment, again in fair agreement,
show that forked tracks which entail appreciable diminution of
velocity of the primary S ray due to the origination of a
secondary f ray, are of comparatively rare occurrence, so that
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FiG. 1.

Fia. 2.

B-Ray Tracks. (C. T. R. Wilson.)
Fig. 1. Track showing both Abrupt Change ol Direction and (Gradual Curvature.

Fig. 2. Double Photograph of Forked 8-Ray Track.
f.p. 381
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in considering the multiple scattering and absorption of j rays
the secondary radiation may be neglected. It has, however,
disturbed some of the experiments on large angle—single—
scattering of 8 rays. The tracks of type (¢) often appear to
exhibit a persistent curvature in one direction, to explain which
somewhat strained quantum considerations have been invoked,
but a careful study of the tracks by Bothe has shown that the
effect is a physiological one, due to some tendency in the eye
to join up random points into a smooth curve. Tracks made
up artificially, by a draughtsman, of a large number of purely
random small deflections show the same general character as
the curved f rays track. The mechanism assumed for multiple
scattering is therefore justified by the photographic records.
Loss of Velocity in Passage through Matter. In considering
the multiple scattering which occurs when a particle passes
through matter under conditions which have been specified,
the main difficulty lies in the summation of the individual
small deflections, which themsclves have to be averaged.
These cannot, of course, be added, since they are in random
directions, but have to be compounded in a way which involves
difficult considerations of the Gaussian distribution law, dis-
cussed by Bothe in the course of the investigations to which
reference has been made in the previous section. The question
of the loss of velocity, or absorption, of the swift particles is in
a sense less complicated, since the elementary losses of velocity
at separate encounters with atoms can be simply added. Since
work on the diminution of velocity in passing through matter
has led to certain estimates of the nuclear charge it may be
well to outline certain methods of investigation. It is assumed,
both in calculating the small angle scattering and the decrease
of velocity of the particles, that the single deflections are very
small—the paths of the particles, although slightly bent, are
taken as straight lines in calculating the action of a single
atomic electron. The force between an electron* and a rapid

* C. G. Darwin has shown that only if the particle passes very close to the
nucleus is the influence of the central charge on the velocity important. The
cases of close passage arc comparatively rare, and for absorption, in the sensc of
diminution of velocity, the effect of the nucleus may be neglected. The mechan-
ism of single scattering and of absorption of particles is thus essentially different,
which explains why we can treat them separately as different phenomena.
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particle will have a resultant component at right angles to the
path of the particle, and this will lead to a transfer of cnergy
to the electron, and a consequent loss of velocity of the particle,
as well as a small deflection. The calculation of this loss of
energy gives the loss of velocity of the particle with which we
are now concerned.

It is obvious that the effect of the passage of a particle past
an electron will depend upon whether the electron be assumed
to move so as to be in equilibrium at any instant with the
forces acting (the interatomic forces and the force due to the
moving electron) or whether it be assumed that the passage
of the particle is so rapid that the electron will not move appreci-
ably during the short time of near passage of the particle*
The difference is that considered in the theory of the ordinary
and of the ballistic galvanometer. J. J. Thomson, in a pioneer
investigation, assumed the electron to be at rest and very
weakly bound, so that the effect of the interatomic forces
was at most to add slightly to the inertia of the electron.
A simple calculation shows that if the particle (mass M,
charge E, velocity @) be deflected through an angle 20 with
communication of energy I to the electron (mass m, charge ¢),
then

2 22
sin? 0 := +P£/22 atgp?
2mM*? 2
a-nd l = (11’1'_;';%)2 SITt 0:
Ee M +m
where A == i

Now the probability of passage at a distance between p and
p+dp from an electron is

2np . dp . nZi,
since #nZ is the total number of electrons per unit volume.
* The time of collision is not a definite quantity, but is considered to be of

the same order of magnitude as the time taken by the particle to travel a
distance comparable with the quantity p called the impact parameter.
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Hence the loss of energy for passage at this distance is

2FE22 1
T p2 HE4 )2 amp . dp . nZt
4nE2e®nZ1 jﬂ b dp
or total loss of energy=L = P 0 T 7

The difficulty is to decide as to the upper limit of the integral :
if it be taken as o the loss of energy is co. J. J. Thomson
fixed p, more or less arbitrarily. He obtained the result that
the square of the energy of the particle, 7.e. the fourth power
of the velocity, diminishes proportionally to the length of the
path in matter. This law has been verified by Whiddington
for cathode rays, and the formula ,
vt —vi=Fkx

is sometimes known as the Thomson-Whiddington relation.

Following on this investigation of J. J. Thomson’s, Bohr
showed how to avoid the difficulty as to thelimit of the electron'’s
sphere of influence to which allusion has just been made.
He has worked out the loss of velocity of a high-speed particle
passing through matter on the assumptions :

(1) Thatit is due to transfer of kinetic energy to the electrons
of the atoms traversed.

(2) That the electron is bound in the atom by forces which
give it a free period, the free period being large compared to
the time of collision (see footnote, p. 40) for collisions in which

. . eE (M +m)

P is of the order of magnitude of A= ol

The second assumption enables us to neglect the influence of
the atomic forces, and treat the electron as free, except for
collision in which p is great compared to 4, since in other cases
the collision is over before the electron has been appreciably

displaced.* Bohr deduced the formula
dv_ 4metE*n =, o v3kMm
iz mMo 28 veE (M +m)’
* If pis large, so that the particle passes at a great distance from the electron,
then a continuous equilibrium is established between the two forces acting on
the electron—the interatomic force and the force due to the passing particle

—and after the passage the clectron returns to equilibrium without having
acquired energy from the particle.
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where v is the velocity, and there are 7 electrons in each atom,
of frequencies »y, 1,. . .7,, # being the number of atoms per unit
volume. This is in agreement with the empirical formulae
for the diminution of velocity of the « rays in passing through
matter, if the effect of the logarithmic term, which cannot in
general be cxactly evaluated, be approximately estimated.
The chief interest here is that Bohr, assuming (a) the nuclear
atom, and (b) the frequency of the electrons to be that deduced
from the refraction and dispersion of gases, was able to show
that the experimental values for the absorption of « rays in
hydrogen and helium agreed with those found from this formula,
taking the number of extranuclear electrons to be 1 in the
hydrogen atom, 2 in the helium atom. These numbers are
those found by Rutherford from a consideration of the scattering
of « particles by the gases, and all evidence obtained since has
confirmed them.

The Behaviour of very slow Electrons. Before closing this
chapter it may be well to say a word of the behaviour towards
atoms of moving electrons of low velocity in contrast
to the swift electrons so far considered. We have seen
that the cross-section per atom which is—whatever mechanism
may be assumed—effective in absorbing cathode rays
increases rapidly as the velocity of the electron diminishes.
For rays below a certain critical velocity, which varies for
different gases, but is of the order of 10 volts, the absorbing
cross-section reaches a constant value, which is roughly equal
to the whole gas-kinetic cross-section of the atom. (In the
case of hydrogen, which behaves anomalously with reference to
absorption in general, the absorbing cross-section is greater
than the gas-kinetic cross-section.)

The question is bound up with the ionisation potential and
the resonance potential, which are further discussed in Chapter
XII. in connection with series spectra. It has been shown by
experiments of Franck and Hertz that for very low velocities
the electron behaves as if it were itself a minute gas molecule :
the effective cross-section of the gas molecule is that deduced
from the kinetic theory, and the impact follows elastic laws,
with practically no loss of velocity of the electron, since the
mass of the molecule is relatively so great. In this case there
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is no ionisation or radiation. For the rare gases, metallic
vapours of small electron affinity, and certain other gases, as
the velocity of the electron is increased certain values are
reached, for greater velocities than which the electron loses
energy on impact, the energy being converted into light energy.
The corresponding potentials are the resonance potentials.
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Behaviour of inert gases towards very slow electrons.

Further increase of velocity brings us to a point at which
ionisation sets in : electrons possessing this or greater velocities
remove an electron from the atom when they traverse it, and
lose a corresponding amount of energy.

Elastic impact takes place, then, for electrons having velo-
cities below a certain limit, which varies for different gases.
For all such velocities the absorbing cross-section is in general
roughly equal to the gas-kinetic cross-section: for somewhat
higher velocities the electron passes more or less freely through
the bulk of the atom, and loses energy, which appears as
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radiation. Ramsauer has recently shown, however, that there
are striking anomalies with the inert gases.

As the velocity of the incident electrons is diminished the
absorbing cross-section first increases to a maximum which is
many times the gas-kinetic cross-section, and then diminishes
to a value which is only a small fraction of it. Thus with
argon the cross-section is only one-seventh of the gas-kinetic
value for electrons of velocity -75 volt. Fig. 4 shows the
behaviour of the gases xenon, krypton and argon : the same
abnormality is observed, but to a less degree, for neon and
helium. The curve for hydrogen, which has an abnormal
absorption for electrons of low velocity, is also shown in Fig. 4.
Attempts have been made to explain this unexpected behaviour
of the inert gases. Hund, for example, has put forward a
theory in which the very slow electrons are deflected within'
the atom through angles of 2z or multiples of 2z, so that they
appear to pass freely through. His theory is open to a great
many objections, and, in general, it may be said that no valid
explanation has so far been offered. The phenomenon is
obviously one that must be taken into account in any attempt
to construct a theory of the passage of very slow electrons
through matter.

As this matter is going to press Brode has published an ac-
count of investigations on the absorption of slow electrons
which confirm Ramsauer’s results for the inert gases, and
further indicate a similar maximum of absorption for methane,
so that the inert gases are not alone in their behaviour.
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CHAPTER III
RADIOACTIVE CONSIDERATIONS

Introductory. The importance of the phenomena of radio-
activity for speculation on atomic structure is not far to seek.
In the first place radioactivity is an atomic property, all radio-
active changes being entirely independent of the state of
chemical combination of the radioactive atom, and of the
physical condition of the compound, so that the changes and
eruptions can be referred direct to the atom itself. The fact
that helium nuclei and electrons are shot out by radioactive
substances indicates that they must be constituents of the
atomic structure, at any rate of the heavy atoms in question.*
Since we cannot, by the most drastic physical and chemical
means at our disposal, affect in any wayt the quality or
quantity of the main radiations from radioactive substances
these processes must have their first origin deep down in the
atom, in or near the nucleus. In fact it may be said, summaris-
ing results to be discussed, that radioactivity and mass are
properties dependent on the nucleus ; chemical nature and
spectra are connected with-the distribution of the extra-nuclear
electrons, and only indirectly with the charge on the nucleus.

Radioactivity also provides us with a means of studying
directly the properties of single atoms. The energy of the
a particle is so great that one particle produces ionisation, or
(on impact with a phosphorescent screen) luminosity sufficient

* There is, of course, a possibility that the helium nucleus may be formed of

four hydrogen nuclei during the process of emission, but this hypothesis has
nothing to recommend it, and so is, at present, a needless complication.

T Presumably the soft y radiations, which have been identified with the
L radiation of lead and bismuth, could be excited to a small extent by heavy
bombardment. :

47
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to reveal its presence. In the foregoing chapter we have seen
what important conclusions have been drawn from experiments
on the scattering of a particles observed by this latter method,
In Chapter IV. will be described the way in which the a particle
has been used to break up the nuclei of other atoms. In the
present chapter we consider among other things the origin of
this projectile and of the § particle, and certain evidence as to
the constitution of the nucleus obtained by a study of the
properties of radioactive substances.

Origin of the a and g Particles. The « particle comes from
the nucleus. Its security from external influences, its enormous
energy, and, above all, the fact that (taking the nuclear theory
as established) there is nowhere else for it to come from, since
outside the nucleus are only electrons, fix this origin.

In a single radioactive change, accompanied by a radiation,
one o particle is lost per atom. This has been proved by count-
ing the number of a particles expelled per unit time by a given
mass of radioactive element, either by counting scintillations
or by Rutherford and Geiger's method of detecting the passage
of single a particles.* The number so counted is found to be
equal to the number of particles breaking down per unit time,
deduced from the radicactive constant 4 in the ordinary decay
formula N=Nge™ Strictly, this only proves that when a
large number of radioactive atoms undergo one a ray trans-
formation an equal number of o particles are ejected, but the
assumption that each atom emits one particle follows naturally,
and has been abundantly justified by the simplicity which it
has introduced.

An important property of the a pgrticle is that in the trans-
formation of a given kind of atom it has a single fixed velocity
of emission, and consequently a fixed ramge in a given gas,
characteristic of the atom in question. Thus radium changing
to radium emanation (niton) emits o particles of initial velocity
I-61x10° cm./sec. and range 3-30 cms.: radium C emits «

* This method utilises the ionisation by collision, which takes place when
ions are accelerated in a strong electric field, to measure the direct ionisation
produced by the passage of a single particle. The momentary current so
originated by each particleis detected by a string electrometer. See Radio-
active Substances and their Radiations, by E. Rutherford. Cambridge University
Press.
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particles of initial velocity 2:06x10? cm./sec. and range 6-94
cms. This range, given for air at normal pressure and 15°C.,,
is an extremely important constant, and is connected with
the life-period of the radioactive atom.

The origin of the § particle is not as immediately evident
as that of the a particle, since electrons are present both in the
nucleus and outside the nucleus. The question is discussed
at the end of the chapter, when further evidence has been con-
sidered, but a few well-established facts which bear on the
question may be called to mind here. The f# particles have no
single velocity of emission for a given atom, but a range of
velocities. In the case of certain radioactive elements there
are, in addition to particles having a continuous range of
velocities, others with selected homogeneous velocities. When
the B rays are spread out in a magnetic field, so that rays of
different velocities follow different paths, and allowed to fall on
a photographic plate, there is obtained a so-called f§ ray spectrum
in which the rays of homogeneous velocity appear as lines, ana-
logous to spectral lines, upon a continuous background. There
is, in consequence of this lack of uniform velocity, a possibility—
which has been recently shown to be a very strong probability—
that the B particles do not all originate in the same part of
the atom. Certain 8 particles proceed from the nucleus, while
others are ejected from the extranuclear parts of the atom.

It is an observed fact that atoms which give a line spectrum
of B rays also emit characteristic y rays, or, in other words, a
well-marked line spectrum of y rays, while those which give a
continuous f ray spectrum give only a weak yp radiation. This
is important in view of the mechanism of emission of f§ rays,
which remains to be discussed.

Although the non-homogeneity of velocity of the f§ rays con-
trasts with the homogeneous velocity of the a rays, there is a
feature which both classes of ray have in common. Experiment
has indicated that only one f particle is emitted from a single
atom undergoing a 8 ray change. This is not established by
direct experiment within so small a margin of error as the
similar proposition for the a rays (the possible error is round
about ten per cent.), but indirect evidence from the theory of

isotopes offers a strong confirmation.
A.S.A. D
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Radioactive Isotopes and their Importance for Nuclear Theory,
We now consider the very important generalisation, which
was put forward by several investigators independently in
1013, concerning the « and f ray changes, and the place in
the periodic table of the products of these changes. Early
in the history of radioactivity it was discovered that certain
of the radioactive elements, detected as such by their unique
radioactive properties, could not be separated chemically. The
case of thorium and ionium, which Boltwood, later supported
by Auer von Welsbach, pronounced inscparable, and the case
of the thorium products radiothorium, mesothorium 1, and
thorium X, of which radiothorium is chemically inseparable
from thorium, and thorium X inseparable from radium and from
mesothorium 1, may be especially cited, and many other
instances are now known. ‘

All the radioactive elements may be arranged in the columns
of the periodic table according to their chemical and electro-
chemical properties: from what has just been said the same
place will, in general, be occupied by more than one element.
The generalisation to which reference has been made then
appears. The product of an « ray change is shifted by two
places in the table, as compared to the parent element, the
shift being in the direction of diminishing atomic weight or
increasing negative valency. The product of a f# ray change
is shifted by one place as compared to its parent, the shift being
in the opposite direction, that of increasing positive valency.
Thus an « ray change followed by two f ray changes will lead
to a product occupying the same place in the periodic table as
the original element, while at the same time the total alteration
of charge is zero.

The change of mass to be expected on the loss of an a particle,
whose mass is roughly four times that of the hydrogen atom,
is four units : that on the loss of a § particle, of negligible mass,
is negligible. Hence we arrive at the conclusion that afoms
of different mass can have the same chemical properties, and
so occupy the same place in the periodic table. From this
property they are called Isotopes.

Of the radioactive clements, the atomic weight has been
directly determined for thorium, uranium, radium and niton
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only, and these determinations confirm the hypothesis.
Uranium I has an atomic weight 238, and three a particle trans-
formations with two § particle transformations produce radium,
atomic weight 226=238~3 x4. Radium is transformed to
niton with the loss of one a particle only, and the atomic weight
of niton is 222. Thorium is in a different series, and so cannot
be used for this check.

" Fig. 5 shows the distribution of the radioactive elements in
the periodic table in accordance with this theory of a and 8 ray
transformations. The number at the head of the vertical
column gives the charge, which we take to be the nuclear charge ;
it is diminished by 2 for an o ray transformation and increased
by 1 for a B ray transformation. The horizontal rows give
the atomic weight. This figure exhibits, then, the radioactive
isotopes. The method of positive ray investigation initiated
by J. J. Thomson, and continued with such success by Aston,
which is discussed in Chapter V., has shown that isotopes exist
for a large number of elements other than radioactive ones.

It will be seen, from inspection of Fig. 5, that there are various
leads (by a ““lead ”’ is meant any product of the same atomic
number as ordinary lead) of different origin, such as the final
product of the uranium-radium series, formed when radium F
loses an a particle, and the final product of the thorium series,
formed from each of the two branches of the thorium chain.
These should have different atomic weight: the number of
a ray changes involved in the transformation of radium, of
atomic weight 226, to uranium lead, is five, whence the atomic
weight of the latter product should be 206, while similar con-
siderations show that the atomic weight of the thorium lead
should be 208. Now, it has been experimentally established
that lead found in thorite (which has presumably been formed
by the degeneration of thorium) has atomic weight 207-77,
while uranium lead has atomic weight 206-08. This is a striking
confirmation of the theory of isotopes. (Ordinary lead has
atomic weight 207-19, and is presumably a mixture of isotopes.)

The nuclear theory identifies the mass of an element with
the mass of its nucleus, and refers the chemical and spectro-
scopic properties to the distribution and number of the extra-
nuclear electrons, which is governed by the nuclear charge.
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To agree with this the a particle and § particle concerned in
the radioactive change must both come from the nucleus
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(although, of course, the possibility still remains that the f
particle which leaves the nucleus is not the same particle which
issues, but remains in the extra-nuclear structure of the atom,
- and dislodges an electron from it). The fact that the a particle
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is always emitted with the same velocity, and that an a ray
change is never accompanied by y rays except when f rays are
also emitted, indicates that the a particle must be able to escape
without appreciable communication of energy to the extra-
nuclear electrons, a fact remarkable enough. The non-uniform
velocity of the § particle when it finally leaves the atom may
be attributed to interchanges of energy with these electrons,
accompanied by v radiation.

That the electrons constituting the g rays do not in all cases,
at any rate, come from the nucleus is, however, indicated by
certain experiments of Hahn and Meitner, who have shown that
though radium and radiothorium both emit a and § radiation,
in each case only the product corresponding to the a radiation
_can be detected. If the radium nucleus lost an electron it
should give rise to an isotope of actinium, and the percentage
of radium atoms which lose electrons is large enough to make
the detection of such an isotope, should it exist, quite feasible.
Careful search has failed to reveal it, or the product to be ex-
pected if the 8 particle emitted by radiothorium came from the
nucleus. It seems natural to suppose that the § particle in both
these cases is somehow ejected from the extranuclear electrons.
The highest velocity of a homogeneous f radiation is in each
case about ‘65 times the velocity of light, so that we can have
electrons discharged with this velocity from the extranuclear
structure. We shall see later that all but the hardest of the
homogeneous y rays also originate in the extranuclear structure.

The Range of the a Particle. One of the most striking pro-
perties of the a particle is that it is expelled with a definite
velocity characteristic of its parent element. This velocity
varies for different elements from 1-45 to 2-22x10° cm./sec.,
and the corresponding energies of a single a particle are

-645x 1075 and 1-53x10~% ergs.* Another characteristic of a

* The energy corresponding to the hardest y rays measured by Ellis (see
page 59 et seq.) is in the neighbourhood of 10~% ergs; the energy corresponding
to removing an electron from the K orbit of a radioactive atom is round about
1-6 x 10™7 ergs. Variations in velocity corresponding to the first named
would easily be detected, so that it appears that all o rays are emitted from the
nucleus under similar conditions, rather:than, as might be alternatively
supposed, some with lesser veldcities than others, the difference between the
greatest and the lesser values of the energy being radiated as hard, or nuclear,
vy rays. The possibility that some of the « rays may lose energy in exciting
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radioactive element is the half value period, and there is an im-
portant empirical connection between this and the velocity of
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Connection between range of o particle and tra.ns[ormatlon constant for
radioative elements.
(The lengths of the horizontal lines in the circles 1nd1cate the degree of
precision of the measurements, being twice the mean error of several
determinations, expressed on the logarithmic scale of the diagram.)

the a particle, which is qualitatively expressed by saying that the
shorter be the period of the element, the greater the velocity of
v rays in the K and L levels does not seem to be excluded, since the loss of

energy occasioned would not lead to sufficient variations of velocity to be
detected by present methods.
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the particle. Quantitatively Geiger and Nuttall have found
that the relationship is approximately expressed by the formula

logi=A+Blog R, .ccceoovvevnrannnnnn.. (1)
where A is the transformation constant of the element, R is
the range of the a particle (in air at N.T.P., say) and 4 and B are
constants. Therange R is a function of the velocity, increasing
rapidly with it: empirically aR=v® where v is the velocity.
Formula (x) therefore expresses a relationship between the
period of transformation and the velocity with which the
a particle is discharged. B is a constant which has the same
value for all three radioactive families, but the constant 4 has
different values for the uranium, thorium and actinium series.
Fig. 6 exhibits the facts graphically according to the latest
determinations of Geiger.

The relationship holds very well for the uranium-series, and
not quite as well for the others. Itisin any case a good enough
formula to begin with, and considering the scarcity of quantitive
relationships in the field of radioactive change, has considerable
value. It obviously bears upon the properties of the nucleus, and
will have to be considered in any theory of nuclear structures.

Lindemann has sketched a suggestive theory to account for
formula (1). He supposes that the nucleus contains particles
executing periodi¢c motions, and that it becomes unstable when
N independent particles,pass some unspecified critical position
in time 7. Further, the frequency of oscillation of the particles
is assumed to be given by the quantum relationship Av=E,
where E is the energy of the expelled particle. These assump-
tions lead at once to the result that, the greater E, the greater
the instability of the nucleus, but they are entirely ad hoc.
They give A quantitatively in terms of 7 and 4. To get a value
for v somewhat fantastic assumptions are made— 7 is assumed
to be comparable with the time taken by a wave of strain to
traverse the nucleus (which for ¢hss purpose is treated as a
homogeneous positive charge), and is thus obtained in terms of
the radius and mass of the nucleus. Substituting in the
empirical formula, the constants of that formula are obtained
in terms of the nuclear charge, mass and radius, in the form

3
logA=N <3o-819+10g1/—gzw~"—> +%N log R.
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Comparing with the empirical value for B, we find that N=8o,
and taking the empirical value of 4 for the radium family, we
find that the radius of the nucleus 7=3-85x 1023 cms., which
agrees with Rutherford’s estimate. The theory is obviously
only tentative, but in the absence of any more precise ideas
of the mechanism of the nucleus, it is well worthy of attention,

The y Rays and the § Rays.* The y rays are electromagnetic
waves of the same nature as visible light waves, but much
shorter wave-length. The y ray spectrum of radium B and
radium C has been investigated by Rutherford and Andrade,
who made use both of the reflexion at a crystal face and the
method of transmission through a crystal.f The spectrum so
determined consists of a number of discrete lines, whose wave-
lengths vary between -7z x 10~? and 14 x10-% cm. : it is not
yet definitely established if there is a continuous background
to the spectrum. The softer rays coincide within the limit of
experimental error with lines in the L series of the X-ray spectra
of lead and bismuth ; of the harder rays some, but not the most
penetrating, coincide with lines in the K series of the same
elements. This fact, which is firmly established, is a very
important confirmation of the theory of isotopes, which bears
so closely upon the question of atomic structure. For, accord-
ing to the radicactive transformations in the radium series,
radium B should be an isotope of lead, radium C an isotope of
bismuth, as can be seen from Fig. 5. Now, the ordinary
X-ray spectra are governed by the nuclear charge and not by
the nuclear mass, since it is the charge which determines the
number and motions of the extranuclear electrons. Isotopes
should therefore have the same X-ray spectra : the identity of
the spectra which can be excited by cathode bombardment or
by hard X-rays in lead and bismuth with some of the lines of
the self-excited y ray spectrum of radium B and C confirms
the results reached from chemical evidence.

* In the rest of this chapter a certain knowledge of modern work on X-ray
spectra is assumed, although the work is not discussed until Chapter XIII,,
which may be consulted, if necessary, before reading further, as to the meaning
of the K and L levels.

t For details consult X-Rays and Crystal Structure, by W. H. and W. L.
Bragg. G. Bell and Sons.
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COMPARISON OF y RAY SPECTRA OF RADIUM B AND C
WITH X-RAY SPECTRA OF LEAD AND BISMUTH.

Radium B and C.
A= +72 x10?Ccms.
‘99
115
1-37
1:59
1-69
1-96
2:29
242
2-62
2:96
324
4-28
Radium B.
+793 X 1078
-809
-838
853
‘917
‘953
-982
1:006
1:029
1055
1-074
I:100
I-141
1175
1-196
1-219
1-266
1-286
1-315
1349 .
1-365
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59 K. —
(Nuclear origin.)
(Nuclear origin.)
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(Nuclear origin.)

— ‘922 L. f
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‘98 L. s —_—
coo5 L. f —

— 1057 L. of
087L. f —

— 1141 L. ws
‘172 L. vs —

‘184 L. m —
— 1-313L. f
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In this table the letters K and L denote the X-ray series in
which the lines, whose wave-lengths are given, are found for

the element named at the head of the column.

The letters

s, m, f denote intensities as strong, medium, and faint ; the
It will be noted that, especially when
intensities are considered, the spectrum of radium B corresponds
much better to the L spectrum of lead than to that of bismuth.
The attribution of nuclear origin is based upon the work of Ellis,

v prefixed denotes very.

to be described.

We see that while a majority of the

homogeneous



58 STRUCTURE OF THE ATOM

y radiations measured by Rutherford and Andrade can be set
down as belonging to the ordinary X-ray spectra of the’
atoms in question, spectra which have their origin in inter-
changes of electrons among the extranuclear system,* a few
of the most penetrating cannot be attributed to this source,
but must be referred to the nucleus. Recently still more pene-
trating y rays have been detected by a method which has been
much used of late for measuring the wave-length of radiations
of X-ray frequency. When such radiations fall on a metal
electrons are liberated with a velocity which depends not on
the intensity but on the frequency of the incident waves. The
method utilises the quantum relationship which exists between
the frequency and the velocity, namely

o S (2)

where E is the energy of the liberated electron, » is the
frequency, and % is Planck’s constant. This equation is some-
times known as Einstein’s law, since it was first applied by
Einstein to the photoelectric effect. For electrons whose
velocity does not approach that of light, E=4m g2, where v is
the velocity with which the electron leaves the atom, and w, is
the rest-mass of the electron. P represents the work required
to remove the electron from the influence of the atomic
forces : if the electron were not bound at all it would acquire
the full velocity given by 3m2=hy.

This quantity P has not a single fixed value, but for a given
atom may have any one of a series of discrete values, since,
as is discussed more fully in the second half of the book, the
extranuclear electrons fall into certain groups, or energy levels,
characterised each by a different strength of binding of its
electrons. P is greater for the so-called K level than for the
L levels, greater for the L levels than for the M levels, and so on.

Equation (2) has been verified by experiments on the photo-
electric effect, and incidentally its confirmation gave strong
support to the quantum theory before the great rush of evidence
au secours du vaingqueur. Measurements of the velocity of the
liberated electron can, then, be made to give the frequency
of the liberating radiation, so long as there is some way of

* See Chapter XIII,
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fixing the appropriate P: they have been so applied by
O. W. Richardson and others in the case of ultra-violet light
of very short wave-length, and especially by de Broglie in the
case of X rays. On the other hand, if the frequency of the
liberating radiation be known, and the velocity of the liberated
electrons be measured, the value of P, the work required to
remove an electron from the various levels of energy within
the atom, can be obtained. This method has recently been
applied by H. Robinson with great success. Now, it has been
shown by Rutherford that if the general y radiation from
radium B and C be allowed to fall upon heavy metals, such as
gold, then electrons are efMitted from the metal in groups, each
of which has a well-defined velocity. From this velocity, by
suitable methods, can be deduced the wave-length of the y rays.

In the experiments carried out on the subject by C. D. Ellis
the velocity of the liberated electron—which will be referred
to as secondary f radiation—is measured in the usual way, by
letting it travel in a strong magnetic field which produces a
curvature of path dependent on the velocity. The photo-
graphic plate is so arranged that all rays of a given velocity,
i.e. of given curvature of path, come to a comparatively sharp
focus upon it, in spite of variation of direction of projection ;*
it records the spectrum of the secondary f§ radiation as a series
of well-defined lines. The source of the f§ radiation is generally
a piece of metal foil rolled round a fine glass tube containing
‘a large amount of radium emanation, which, of course, deposits
radium B and C on the walls of the tube. Suitable lead screens
are employed to protect the plate from direct radiation, and
the whole apparatus is enclosed in an evacuated box. In Fig. 7,
S is the source, AB the photographic plate, L a lead block
protecting the plate from direct radiation, and F;, F,, Fy, lead
screens for the same purpose.

With the metals tungsten, platinum, lead and uranium
exposed to the y rays the secondary g ray spectrum is found to
contain in each case a group of three main lines, but the velocity
corresponding to a given line in the spectrum js not independent
of the metal, but increases somewhat as we go from heavier to
lighter atoms. This is to be expected, for, turning to equation

* Cf. p. 112.
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(2), while A» is the same in all cases, being determined by the
exciting y ray, P, the work required to remove the electron from
the atom will depend upon the position of the electron in the
atom, and, for corresponding positions in different atoms, will
depend upon the nuclear charge, which varies from atom to
atom. Asis explained in Chapter XIII., measurements of the
X-ray spectrum of an element* enable us to calculate the work

F1a. 7.

Ellis’ apparatus for spectrum of the § rays excited by v rays.

required to remove an electron from a given orbit, or energy
level, within the atom, to infinity. (By infinity we indicate a
fraction of a millimetre sufficiently large to remove the electron
from atomic influences.) Hence P can be obtained from the
different metals in question (1) when the electron is removed -
from the K level, (2) when the electron is removed from an
L level. It may be noted here that there are three L levels,
denoted by the symbols Ly, Ly, Ly, T and the fact that they

* The K and L absorption edges are the factors here in question.

+ The task of/following the work of the investigators of these levels is not
facilitated by”the fact that the same symbols are used by different authors
with different meanings, Bohr and Coster and others, including Robinson
and Ellis, use the symbols L,, Ly, Ly; where, for corresponding quantities
Sommerfeld uses the reverse order, Ly, L;, L, Readers should beware
of this. With the notation here used L), Ly;, Ly, are in diminishing order of
strength of binding of the electran in question.
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do not differ very greatly adds to the difficulty of interpreting
the g ray spectra, as we shall see, especially as great precision
in the experimental determination of the f ray velocities is
very hard to attain.

E, the energy of the electron when well free of the atom, is
calculated from the given line in the secondary g ray spectrum.
When P for the element in question is added to E an energy is
obtained whose value should be independent of the element, and
characteristic of an exciting y ray. The necessity of fulfilling
the condition of independence of element renders it possible to
find by trial whether the electron is emitted from the K or from
an L level, since the energy required to send an electron from
the K level to the surface varies considerably more from element
to element than the corresponding energy in the case of the
L level. Hence a comparison of the spectra of secondary f rays
excited by the same group of y rays in various metals can be
made to yield (1) the work done to free the electron from the
atom, and consequently the energy level from which the electron
originates, (2) the true initial velocity of the electron, which
is the same for all heavy atoms, and gives the frequency of the
y ray liberating that electron.

A numerical example may be given for the two metals
platinum and uranium. The energy P, in volts, required to
send an electron fromt the K level to the surface is -782x 10°
and 1-178x10° respectively. We find, corresponding to the
three main lines in the secondary f ray spectrum, three
values of E+P which are independent of the metal, as
will be seen from the following table taken from a paper by
Ellis :

Observed energy E deduced from 8 ray spectrum. E+P
Platinum. Uranium. Platinum. Uranium.
1-58 x 10° 1-22 X 10°% volts, 2:36 2+40 x 10% volts.
2-12 1-74 290 2:92
2:69 2-31 347 349

The existence of three y rays, of wave-lengths -0519, 0423,
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-0354 % 10~8 cms.,* corresponding to the three energies E+P, is
therefore demonstrated, together with the fact that the rays
can liberate electrons from the K level of heavy atoms.

It has been shown experimentally that the strong lines of
the magnetic spectrum of the secondary f rays excited in lead
by the y rays coincide with lines of the spectrum of the natural
p rays of radium B.T It is therefore reasonable to assume that
the natural g rays are excited by the y rays from the nuclei of
their own atoms. The three y rays found experimentally in the
way just described maybe expected to give six lines of the natural
B ray spectrum of radium B, if we consider that each ray releases
electrons from the K and from the L level. The lines calculated
on this assumption are, in fact, found to be represented in the
g ray spectrum of radium B, which, however, also contains
other lines.}

Six of these can be accounted for by choosing suitably three
other wave-lengths for y rays, and assuming that each can

* Calculated from the energy by the formula E=hv, which, if E be expressed
in volts, gives
_3x10¥x6-55 x10™*7 1 R s
A= EXT59x1071% =pI2 36 x 107 cin.
The values of E 4 P used in deducing the above wave-lengths are means which
include values for metals not embodied in the above table.

1 As this part of the book is going to press I have received from M. Jean
Thibaud, working in the laboratory of M. de Broglie, a very interesting paper
entitled La Spectrographie des Rayons vy, presented as a doctorate thesis at the
University of Paris in June 1925. Thibaud has carried out extensive investi-
gations on the secondary @ ray spectrum excited in many different metals by
the y rays from the radioactive elements. In particular he has shown that all
the important lines on the natural § ray spectrum of radium B and radium C
(with the solitary exception of a line of energy 1-334 x 108 volts which occurs in
the natural spectrum of radium C) appear in the spectrum excited in lead by
the y rays of the radium family, the agreement in energy (or wave-length)
being exact for radium B, and the energy of the excited rays being slightly
greater than that'of the natural rays for radium C, the excess being exactly
that to be anticipated if the natural B rays were excited in an atom of Z =83
(bismuth) instead of Z =82 (lead). This confirms the results of Rutherford
and Andrade, deduced from measurement of the natural and excited y rays.
Thibaud’s numerous measurements of excited B ray spectra emphasize the
confidence which can be placed in Einstein’s law E=kv —P over a range of
electron velocities from a fraction of a volt to a million or more volts. The
wave-lengths deduced by him agree well with those obtained from the natural
B ray spectra.

{ This spectrum has recently been re-examined in great detail by Ellis and
Skinner (Pros. Roy. Soc., A, 105, 165, 1924).
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release an electron from the K level and from the L level. (One
of these lines falls so close to one of the other six that it cannot
be distinguished experimentally from it.) We thus have six
homogeneous y rays deduced from these considerations of the
secondary f rays produced by the y rays, and of the natural
p ray spectrum of radium B, all of which are considerably shorter
than the y rays measured by Rutherford and Andrade by the
crystal method. The existence of such very penetrating y
radiations is further indicated by measurements of the absorp-
tion of the y rays in aluminium. It may be noted that there
are certain further natural g rays of radium B not accounted
for by the six penetrating rays, but numerical manipulation
shows that these can be attributed to y rays measured by the
crystal method. .

L. Meitner has at the same time carried out numerous experi-
ments on similar lines, especially with thorium B. In agree-
ment with Ellis she deduces two y rays, of wave-length -0523
and -0417 A.U. respectively, but her theory of the origin of
g and y radiations differs widely from his. The two theories
are considered in the last section of this chapter. Hahn and
Meitner have further deduced from the three /3 rays of radium
itself that this element emits a nuclear y ray of wave-length
6-6 x 10~10 cm., which releases electrons from the K, L, and M
levels of the radium atom.

Energy Levels of the Nucleus. It has already been pointed
out that the K series for radium B is fully represented by the
y ray lines measured by Rutherford and Andrade, so that the
y rays detected by the analysis of natural and secondary g rays
spectra are harder than the K series for an element of atomic
number 82. They must therefore originate in the nucleus, since
experiments on the deflection of the a particle by other atoms
have indicated that the space between the K electrons and the
nucleus is empty. The six hard y rays, with their energies,
deduced from the B ray spectrum by Ellis, are given in the
following table * :

* Tn this table the values given are from Ellis’ paper of 1922. The values
have since been slightly modified, as given in the table at the end of this
chapter. The older values are set down here to .correspond to the 1922

diagrams of nuclear levels, which arc rctained for simplicity (see Fig. 8).
Those seeking the most recent values should consult the paper of Ellis and
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NUCLEAR y-RAYS OF RADIUM B (FROM B-RAY SPECTRA).

Intensity. Ain AU, Energy in volts.
s *0519 2-385 x 108
m -0488 2:529
s 10423 2-918
s 0354 3492
m +0339 3639
f +0308 4+000

It will be seen by inspection that these can be arranged in
pairs, which show a constant energy difference, thus :

4:000
»2°918

1082

3639
2°529

I-III

3492
2385

1-10%

If, then, it be supposed that there are energy levels within the
nucleus, and that in some way the difference of energy between

5

+4 0/8x/0°

7z

+3,629

3

*3, 485

.

10

0

Fic. 8.

Energy levels of radium B nucleus.

any two levels, '~ E”, can be radiated as a homogeneous radia-
tion of frequency given by sw=E’-E”, then all the nuclear

Skinner quoted in the references, and the thesis by Thibaud to which

reference is made on p. 62.
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rays can be accounted for by supposing three outer levels and
two inner levels, the inner levels differing from one another by
energy I-10xI0° volts. Such levels, and the six energy changes
corresponding to the radiation tabulated above, are indicated in
Figure 8.

If these levels, and this mechanism, do in fact exist, energy
changes from level 5 to 4, 5 to 3, 4 to 3, and 2 to 1 would also
seem possible, with radiation of homogeneous y rays of corre-
sponding frequencies. It is a striking fact that wave-lengths
calculated from these transitions do actually agree with wave-
lengths recorded by Rutherford and Andrade, and not repre-
sented in the K and L spectra of lead, with which, except for
the structure of the nucleus, radium B is identical. This is
shown in the following table : :

NUCLEAR y RAYS FROM SCHEME OF LEVELS AND
FROM CRYSTAL MEASUREMENTS.

Energy levels s A in AU, calculated from A in A.U. measured b:
concerned. Energy in volts energy levels. Rutherford and Andrage.
5-4 '389 x 10° *318 "324
5=3 533 ‘231 *229
4-3 ‘144 -857 -853
2-~1 110 ‘112 “I115

The experiments have, then, led to a scheme of nuclear levels
which accords well with the facts. The experimental device
of determining wave-length by the velocity of the electrons
liberated seems to be likely to assume great importance as a
general method. De Broglie states that already wave-lengths
can be measured by corpuscular spectra with an accuracy
approaching that attainable by crystal gratings.

The method of determining the wave-length of the nuclear
y rays from the natural 8 ray spectra of radioactive elements,
based upon the well supported hypothesis that the 8 rays are
due to the conversion of y ray energy in the extranuclear
electron structure of the same atom, is being pursued further
at the present time by Ellis and by Meitner. Recently Ellis
and Skinner have redetermined the 8 ray spectrum of radium

B and radium C, and, from consideration of the new data,
A.S.A, E
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slightly changed the wave-length of some of the rays determined
by Ellis as just described, and added a few new ones of lesser
intensity. As a result, the scheme of nuclear levels shown in
Fig 8 has been modified in certain inessential particulars, but
the old scheme has been retained here, since it exemplifies all
the principles involved, and is less complicated than the new.
Readers who wish to consider the problem in detail should
consult the original paper. In the words of Ellis and Skinner :
“ The modifications introduced have changed some details of
this interpretation but, on the otherhand, the general correctness
of the view has been greatly strengthened. But still it appears
unlikely that any definiteness in our knowledge of this level
structure can be obtained by a mere search for numerical
agreement, at least not untilthe generalaccuracyhasbeen greatly
increased. Evidence of a more fundamental nature will have
to be found before we can settle this question of the exact
level structure in the nucleus.”

The Mechanism of the Nucleus and Radioactive Change.
As a result of the work so far described we know that the
nuclei of heavy (radioactive) atoms contain a and g particles,
which may be ejected. We know further that, accompanying
either an a or a § transformation, the nucleus can emit in some
cases very penetrating y radiations. These y radiations lead,
by an extension of Bohr’s theory of energy levels in the extra-
nuclear parts of the atom, to the conception of energy levels
within the nucleus, differences between which give, by the
quantum relation, the frequency of the penetrating rays. The
hypothesis that one, and only one, electron leaves the radio-
active atom per disintegration, which has received reference on
P. 49, has recently been confirmed by the work of Emeléus,
who measured directly the number of electrons emitted by
radium E, and of Gurney, who did the same for radium B and C.

We have now to discuss certain problems concerning the
mechanism by which the a, 8 and y radiations are emitted by
radioactive atoms. As a help to understanding this mechanism
we must enquire if the 8 particle ngich escapes from the atom
is the one which left the nucleus, or)if this latter is retained in
the outer structure of the atom, and another dislodged : if all
the particles leave the nucleus of a given kind of atom with one
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fixed velocity, as do the a particles ; if the y rays are emitted
before, during, or after the disintegration of the atom. In
considering these general questions it must be remembered
that the line spectrum of § rays represents only a small part of
the energy of B ray emission, the greater part, as shown by
Chadwick, being represented by a continuous background, z.e.
by electrons of a continuous range of velocity, on which the
groups of homogeneous velocity, which give the line spectrum
of B rays, are superimposed. Radium E, which gives no j
rays, exhibits a continuous B spectrum without accompanying
lines. In the view of the origin of the # rays which form the
continuous background theories differ widely. Ellis supposes
that the B rays leave the nucleus with a continuous distribution
of velocities, which throws the difficulty back upon the mechan-
ism of the nucleus rather than solves it. Meitner supposes,
however, that all disintegration electrons leave the nucleus
with a fixed velocity characteristic of the nucleus, which is in
a sense a more attractive assumption, since it merely extends
to the B particles the property possessed by the a particles. On
her view the departure of the disintegration electron is the first
step in the process: it is followed by a readjustment within
the nucleus which may either be rayless (as in the readjustment
which immediately follows the removal of an outer, or ionisa-
tion, electron from the periphery of an atom), or may involve
quantum changes of energy, corresponding to the emission of
one or more y rays. The existence of the continuous back-
ground is explained by arguing that the disintegration
electron, after it has left the nucleus, must be subject to various
impacts and other secondary influences which cause losses of
velocity of varying amounts. There are, however, grave diffi-
_culties in the way of such an assumption.* For instance, if
every B ray which left the nucleus of radium C possessed the
maximum velocity measured in the g ray spectrum of that
element, the heating effect should be greater than that actually
measured for the f and y rays together of radium B and

* Ellis and Wooster (Proc. Cambridge Phil. Soc., 22, 849, 1925) have shown
that it is very hard to see how a sufficient broadening of an originally homo-
geneous#f3 ray line could be produced in this way to account for the con-
tinuous background of, say, radium E, which stretches from 1,000,000 volts
to small energies of the order 40,000 volts.
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radium C, It has seemed to me that a partial reconciliatio
between the continuous background theories of Ellis arﬁ
Meitner may be effected by allowing the nucleus to ejeCt p
particles of not one velocity, but of a few different velocities,
just as it emits y rays of a few fixed wave-lengths. In sucha
case the broadening of the individual § ray lines produced by
interchanges of energy in the extranuclear structure need be
far less than it would have to be if only one nuclear f ray line
were emitted, and a background might be produced which our
present resolving power would leave as continuous. However,
in the absence of further experimental evidence, speculation in
this direction has limited value. Ellis has suggested that the
accurate measurement of the heating effect produced by 1adium
E, which has a continuous § ray spectrum only, and emits no
» rays, would provide valuable evidence. The average energy
of break up of a radium E atom might prove to be equal either
to the maximum energy, or to the average energy of the con-
tinuous B ray spectrum. Either result would offer difficulties
to a theoretical explanation, but not the same difficulties, so
that in a restricted sense a slight advance seems possible in this
direction.

- While the continuous background, then, is the subject of
opposing theories (although it seems likely that the particles
which form this background come.direct from the nucleus),
there is general agreement that the natural g ray line spectrum
has its origin in the ejection of electrons by nuclear y rays from
various energy levels in the extranuclear structure of the atom.
The fact that the artificial B ray line spectra obtained by
_subjecting heavy elements to y rays agree numerically with the
assumption that the f rays are ejected from the various levels
of the atoms of these heavy elements, coupled with the fact
that all y ray emitters give a § ray line spectrum, offers strong
evidence on this point, and both Ellis and Meitner have
obtained satisfactory estimates of the wave-lengths of nuclear
y rays on this assumption. However, in the case of the natural
B ray spectrum of a radioactive element the B rays cannot be
ejected by the nuclear y rays from one atom of this element
falling upon another atom, because the atoms of the element
are so spatse that no appreciable intensity .would be reached in
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®his way. Rather, as Ellis and Skinner have showed,* there
must frequently be a conversion of the y ray into § ray energy
inside the atom, which they call internal conversion.

There remains to be discussed the question as to the sequence
of the phenomena. Meitner urged that the ejection of the dis-
integration electron fiom the nucleus is the first step in the
changes which lead to y ray emission and the natural g ray
spectium. In support of this she invokes the behaviour of thé
rays of the so-called C group.t Ellis was originally of the
opinion that the nuclear y ray was first emitted, but the work
of Black made this view difficult to hold, and recently Ellis
has, in conjunction with Wooster, cacried out experiments
which have led to a definite decision in favour of the primary
emission of the nuclear electron. The argument upon which
the experiments are founded is as follows. What is observed
in the case of the f ray line spectrum excited by y raysin a
foreign element is the velocity of the secondary f rays, and this
depends not only upon the frequency » of the nuclear y ray,
responsible for the ejection according to equation (2) on p. 58,
but also on the work required to release the electron, 7.e. to
withdraw it from the atomic field of force. This work is con-
ditioned by the net positive charge on the nucleus. It should
therefore be possible by accurate measurement of the g ray
spectrum of radium B, say, and.a comparison with the artificial
B ray spectrum excited in a non-radioactive element of known
atomic number by the y rays from radium B, to decide whether
the nuclear charge against which the work is done is 82 or 83
in the case of radium B, which would answer the question as
to whether the secondary B ray is ejected before or after the
disintegration of the nucleus.

Ellis and Wooster, adopting a very ingenious device, have
been able to make measurements sufficiently accurate to answer
this question. They surround a tube containing radium B
with a sheath of platinum, so that the y rays from the radium
B excite secondary f rays in the platinum ; at the same time
they deposit radium B on the outside of the platinum tube.

* See also Gray, Nature, 3rd Jan., 1925.

t Ellis divides the 3 rays from radium B into three groups, called, in order
of increasing speed, the C, D and E groups.
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The secondary g rays from the platinum must, owing to their
absorption coefficient, have their source in, and very near to,
the surface, so that in this way it is possible to obtain secondary
g rays from platinum, Z=48, and the primary g rays from
radium B from the same source as far as position is concerned.
Analysis of the spectra of these f§ rays in a magnetic field
enables a decision to be made as to the Z which corresponds to
the primary f rays, since with comparison lines for Z=#8
present the difference between Z=82z and Z=83 becomes
quite appreciable. The result of the experiments is definitely
that the natural § rays from radium B have energies corre-
sponding to excitation by the nuclear y rays in an atom of
nuclear charge 83, so that the atom of radium B (Z=82) must
have lost a nuclear electron before a § ray line is emitted, and
the y rays must be due to internal conversion. The repetition
of Rutherford and Andrade’s experiments, by Rutherford and
Wooster, involving the careful measurement of the y ray L
spectrum of radium B, have led to the same conclusions.

The work of Ellis and his collaborators has shown that the
energy levels in the radioactive nuclei are similar in different
atoms of the same family, that is, similarly spaced levels occur,
but they all experience a displacement in the same direction
as we go down the radioactive series. Itis supposed that these
levels are in some way due to various rings, or, generally
speakmg, separated systems of nuclear electrons. The first
stage in an instability of the radium B type is the emission of
a disintegration electron from one of these rings: this issues
from the atom with a certain velocity, which varies in the case
of different atoms of the same kind, and when all atoms are
statistically considered is responsible for the continuous back-
ground. The emission makes the nucleus unstable, and the
readjustment leads to the emission of the y ray. It is, of
course, indifferent for the y ray what happens to the dis-
integration electron once it is out of the nucleus. What causes
clectrons of different velocity to leave the atom is still uncertain,
and we cannot say for certain at present whether they first
leave a given nuclear level, or the whole nucleus, dr the atom
with variable velocity, 1.e. at what stage or by what mechanism
the continuous distribution is produced.
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The assumption of various levels from which the disintegra-
tion electron may come is useful in that it enables us to assume
similar energy level schemes for unlike emissions. As far as
the « ray emission is concerned, we are still completely in the
dark as to where the a ray comes from, or how it is that an
a ray body, such as radium, emits y rays.

In conclusion, a table of some of the most important nuclear
rays for the radium family is appended. The values for radium
B and C are those recently deduced by Ellis and Wooster from
measurements of the f ray spectra. Measurements for radium
and radium D have been made by Meitner.

NUCLEAR y RAYS OF THE RADIUM FAMILY

Type of vy Ravs.
Radioactive Substance. Disintegration. Wave-length in cms. Energy in Volts.
Radium a Ray 66 x 1010 1-87 X 108
' 23'03 *536
507 2433
Radium B B Ray 475 2-600
] 4°16 2:970
. 349 3540
449 275
37t 333
317 3-89
2-88 4°29
2:02 612
Radium C B Ray < 131 941
1:092 1130
*990 12°48
-866 1426
694 17:78
‘556 2219
Radium D B Ray 2644 467

REFERENCES, CHAPTER III

GENERAL REFERENCES :(—

E. RUTHERFORD.

Radioactive Substances and Their Radiations.

1913. Cambridge Univ. Press.

F. Soppyv. The Chemistry of the Radio-Elements. 1914.
Longmans.

F. W. AsToN. Isotopes. Second Edition. 1924. Arnold.

F. A. LinpEMANN. The Relation between the Life of Radioactive
Substances and the Range of the Rays emitted. Phil Mag., 30,
560, I9I5.



72 STRUCTURE OF THE ATOM

H. Geiger. Reichweitemessungen an u-Strahlen. Zeitschr. f. Phys.,
8, 45, I922.

E. RUTEERFORD AND E. N. pa C. ANDRADE. The Wave-Length of the
Soft y-Rays from Radium B. Phil. Mag., 27, 854, 1914.

—— The Spectrum of the Penetrating y-Rays from Radium B and
Radium C. Phil. Mag., 28, 263, 1914.

E. RuTHERFORD, H. RoBINsoN, AND W. F. RAWLINSON. Spectrum
of the B-Rays excited by y-Rays. Phil. Mag., 28, 281, 1914.

E. RUTHERFORD AND W. A, WoosTER. The Natural X-Ray Spectrum
of Radium B. Proc. Cambridge Phil. Soc., 22, 834, 1925.

C.D.Erris. The Magnetic Spectrum of the 5-Rays excited by y-Rays.
Proc. Roy. Soc., A, 99, 261, 1921.

—— B-Ray Spectra and their Meaning. Proc. Roy. Soc., A, 101, 1, 1922.

—— Interpretation of 3-Ray and y-Ray Spectra. Proc. Cambridge
Phil. Soc., 21, 121, 1922.

—— Uber die Deutung der 3-Strall Spektren radioaktiver Substanzen.
Zeitschy. f. Phys., 10, 303, 1922.

C. D. Erris anp H. W. B. SkiNNER. The Interpretation of S-Ray
Spectra. Pros. Roy. Soc., A, 105, 185, 1924.

C. D. Erris aND W. A. WoosTER. The Atomic Number of a Radio-
active Element at the Moment of Emission of the y-Rays. Proc.
Cambridge Phil. Soc., 22, 844, 1925.

J. Cuapwick anp C. D. Erris. Intensity Distribution in the 8-Ray
Spectra of Radium Band C. Proc.Cambridge Phil. Soc.,21,274,1922.

O. Haux axp L. MErtNer. Uber die Anwendung der Verschiebungs-
regel auf gleichzeitig a- und S3-Strahlen aussendende Substanzen.
Zeitschy. f. Phys., 2, 60, 1920.

L. MEITNER. Uber die Entstehung der 3-Strahl-Spektren radioaktiver
Substanzen. Zeitschr. f. Phys., 9, 131, 1922.

—— Uber den Zusammenhang zwischen (- und y-Strahlen. Zeitschy.
f. Phys., 9, 145, 1922.

—— Uber die (-Strahl-Spektren und ihren Zusammenhang mit der
vy-Strahlung. Zestschr. f. Phys., 11, 35, 1922.

——Uber die mogliche Deutung des Kontinuierlichen (-Strahlenspek-
trums. Zeitschr, f. Phys., 19, 307, 1923.

—Uber die Rolle der y-Strahlen beim Atomzerfall. Zeitschy. f. Phys.,
26; 169: 1924‘

R. W. Gurnxey. The Number of Particles in the 3-Ray Spectra of
Radium B and Radium C. Proc. Roy. Soc., A, 109, 540, 1925.

K. G. EmeLtus. The Number of B-Particles from Radium E. Proc.
Cambridge Phil. Soc., 82, 400, 1924.

A. SMEXAL. Zur Quantentheorie der radioaktiven Zerfallsvorginge.
Zeitschr. f. Phys., 25, 265, and 28, 142, 1924.

D. H. Brack. The 8-Ray Spectrum of the Natural L-Radiation from
Radium B. Proc. Cambridge Phil. Soc., 22, 832 and 838, 1925.



CHAPTER IV
THE DISRUPTION OF THE NUCLEUS BY . PARTICLES

Introductory. Early in the history of radioactivity it became
clear that, for a given mass, the energy associated with the
radium emanation was enormous. I c.c. of the emanation
with its products evolves in the course of its lifetime some six
million times the heat given out by an equal volume of an
explosive mixture of hydrogen and oxygen when detonated,
and the energy is emitted not as a radiation uniformly dis-
tributed round the source, but localised along the paths of
individual particles. Such simple considerations of the great
concentration of energy afforded by the emanation led Ramsay,
in 1907 and 1908, to attempt a disintegration, or transformation,
of the atom by means of the radiations from radioactive sub-
stances. Alone, and together with Cameron, he subjected
various atoms to the action of the radiation by dissolving
emanation in a solution of the salt of the atom in question.
He came to the conclusion that the radiation produced neon
and argon from water and lithium from copper, evidence for
the products being obtained spectroscopically. Working in
this way it is extraordinarily difficult to avoid traces of impurity,
especially of the substances in question, since neon and argon
are present in air, and lithium and sodium can be dissolved
in minute quantities from glass and quartz by the action of
pure water. Other experimenters were unable to reproduce
Ramsay’s result when working with more rigorous exclusion
of possible sources of contamination, and it is generally accepted
to-day that the evidence is against the transformations
announced by Ramsay. Nevertheless the experiments are
interesting historically. as showing an early realisation of the

73
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powerful agent offered by radioactive energy for attempts to
break up the atom.

The greatest concentration of energy is offered by the fast
a rays emitted by the radioactive elements. Although the
velocity of these rays is small compared with that of the fastest
B rays (being not more than about one-fifteenth of the velocity
of the high-speed f particles from radium C) the great mass of
the a particles compared to that of the electron (even when the
increase of the mass of the electron with velocity is considered)
makes the energy of the faster a particles greater than that of
any of the homogeneous B particles. Thus the energy of a
single a particle from radium C is about 13x10-® ergs, while
that of a g particle of velocity 0-98¢c., emitted by the same
element, is about 3x107% erg. Further, the a rays are emitted
with a uniform velocity from a given product, and so afford
particles of definite energy. By the aid of such a rays Ruther-
ford has succeeded in breaking up the nuclei of certain atoms,
and thus obtaining evidence both of their structure and their
size. The method consists in the observation of single atoms,
which permits a much more detailed quantitative investigation
of the properties of the products of disruption than the spectro-
scopic method. Further, the method admits of easy controls,
by which the source of the products of disruption can be
determined with some certainty. In essence it consists in
letting the o particles strike the atoms whose nuclei are to be
investigated. In the case of direct, as distinct from glancing,
impact the nucleus struck will be thrown forward with a velocity
depending upon its mass and charge, and an investigation of
the range of the nucleus, which can be carried out by the method
of counting the scintillations produced on a zinc sulphide screen,
enables an estimate of the nature of the nucleus to be made.
The ratio of the charge to the mass of the nucleus can also be
investigated by the ordinary method of magnetic deflection.

When a particles are fired into hydrogen, it has been proved
that the hydrogen nucleus is thrown forward. In the case of
nitrogen it is not the whole nucleus, but once more a hydrogen
nucleus, or proton,* which constitutes the long-range particle

* The hydrogen nucleus is so important an entity in modern physics that
the special name of profon has been suggested for it, and is now generally
adopted. S
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produced, and it can be shown that the source of the particle
must be the nitrogen nucleus, and not a hydrogen contamina-
tion. Similarly, a positively charged hydrogen nucleus has
been shown to enter into the structure of other heavier nuclei
besides that of nitrogen, and a way has been opened along which
the question of the laws of force in the neighbourhood of the
nucleus may be approached.

Theory of Impact of an o Particle on a Light Nucleus. As a
preliminary to the consideration of the experiment let us
examine the theory of the impact of an a particle on any
nucleus. If the nucleus is heavy we have the case already
considered in Chapter II., when there was a question of the
scattering of a particles. Even if the nucleus be as light as
that of copper (Z=29) its motion when struck is negligible, as
has been confirmed experimentally by Chadwick in experiments
on scattering, so that for all heavier atoms it is justifiable to
consider the struck nucleus as fixed. Such an assumption is,
however, obviously untrue for the passage of a rays through
hydrogen, to which attention is now devoted.

X particle
(E,M) FiG. 9.

Suppose that the mass and charge are M, E for the a particle,
and m, e for the struck nucleus; that the initial velocity of
the a particle is v, and the velocity of the nucleus after impact # ;
further, that after impact the velocity of the a particle makes an
angle g, the velocity of the nucleus an angle 6 with the original
direction of the a particle. (Fig. 9.)
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Treating the two bodies as charged points, which involves
neglecting the electron or electrons attached to the struck
nucleus (a neglect justified by the small mass and large distance
from the nucleus of the electron) and assuming no loss of energy
at the collision,* we have

=20 cos 0

¢ m sin 20
an g=————
¢ M—m cos 20

M E
so that for the hydrogen nucleus (m:z, e=—2->

Ug=T-60COSO. .oovrriiiiiii (xa)

To calculate § we must use the orbit, for which a law of force
must be assumed. We have seen that experiments on scattering
have shown that the inverse square law is justified if the smallest
distance of approach be not too small.

With this law, p=ptanb ... (2)

where # is the impact parameter, and

Eef1 1

/‘=v—z<;ﬁzv.r>'

Assuming a stream of a particles of homogeneous velocity
all travelling in the direction of the x axis, the velocity of the
struck hydrogen nucleus (the single electron presumably becomes
detached by the violent impact) will depend only upon p, which
conditions 6; the velocity of the nucleus conditions its
range. The connection between range and velocity is known
empirically in the case of the a particle, or helium nucleus, and
is expressed by the formula ¥*=aR, where ais a constant ; or the
range is proportional to the cube of the initial velocity. This

result can be extended to the hydrogen nucleus by the help of
Bohr’s formula (see page 4I)

@_ 4AmerE*n v RMm
ax mMv3 Z veE M+m)

* Such as would be involved in radiation were it set up. Itisalso assumed
that the energy of motion is purely translational.
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The mass of the proton (hydrogen nucleus) is one quarter
that of the helium nucleus, its charge one half. This means,
that except for a corrective term log 2 to be added inside
the summation sign, the range of a proton in hydrogen
should be the same as that of a helium nucleus of equal
velocity in the same gas, and should obey approximately
the same law of decrease of velocity. The correction makes
the range of the hydrogen nucleus 28 cms. in hydrogen, as
compared with a range of 31 cms. for the a particle in the
same gas.

For passage through heavier atoms, such as aluminium,
where there are more electrons, and so more terms under the
summation sign, correspondingly higher multiples of log 2
will occur, and the range will be relatively less. Speaking
generally, however, we may expect the range of a proton to
be a little less than that of an a particle of the same initial
velocity.

There are two important cases which have been examined
experimentally, with the object of gaining knowledge of the
laws which govern the impact of nuclei when the approach
is very close, as distinct from the case where the collision is
less intimate and the inverse square law holds. Rutherford,
in the first paper on the subject, investigated, for the long-range
protons obtained by the impact of a particles on hydrogen
atoms, the frequency of occurrence of different long-ranges
among a given number of particles. (This distribution of
ranges obviously depends upon the collision mechanism ; for
instance, to take an extreme case, if, by some peculiar inter-
action, all the struck protons were thrown forward in the same
direction, independent of the impact parameter, we should
have one range for all the protons.) Chadwick and Bieler, on
the other hand, have since investigated the number of struck
protons thrown forward at various angles to the original direc-
- tion of the a particle. This distribution of angles is another
aspect of the same problem, since both the magnitude and the
direction of the velocity of the proton are functions of the impact
parameter. We shall now consider in outline the theory which
covers the two cases.

It is assumed that the hydrogen atoms through which the



78 STRUCTURE OF THE ATOM

a particles pass constitute a comparatively thin layer,* a dis-
tribution which is most easily attained in practice by using a
thin sheet of hydrogen-containing material—say paraffin wax,—
the phenomenon being a purely atomic one. The velocity of
the impinging a particles may then be taken as the same for
all impacts. If the impacts be governed by the laws expressed
in equations (1) and (2), then the nuclei struck will go forward
in directions making various angles 6 with the original direction
of the a particles. The velocity will vary as cos 0, and hence
the range in the direction of travel as cos®d, or in the direction
normal to the zinc sulphide screen as cos*6.

That is

where R, is the maximum range, i.e. the range of a particle
projected at 6=o. _

Hence with increasing effective range (distance in air or air
equivalent from source to screen) there will be a rapid falling
off of the number of particles, due to the short ranges of the
more deflected particles. The number can be obtained in
terms of the range by observing that, in passing through a layer
of hydrogen 1 cm. thick, the number of protons projected
between o and 6 by Q « particles is

n=Qrp N=0xNp2tan?0 ........c..ccccceererne (4)

where IV is the number of hydrogen atoms per c.c. at N.T.P.
The numerical value of ux for an o particle of velocity
1-022x10° cm./sec. is 927 x 10714, the numerical value of N is
5+41x10'%, whence

Pex 46 x 10~¢ tan20

Q _
=1-46x10° (JI—;—"— I> from (3).

* In the case of a thick layer of hydrogen, such as was used in Rutherford’s
early experiments, where the gas extended more than 3 cms. in front of the
source, the absorption of the « rays in the gas itself comes into question.
K. Compton (Phys. Rev. 19, 234, 1922) has worked out the case of the thick
layer, and has obtained a correction which can be applied if necessary. As
it appears from his calculation that this correction does not affect the general
validity of the results obtained by applying the thin layer theory to a layer
that is actually of the thickness used in Rutherford’s experiments, we shall,
for simplicity, follow Rutherford in treating the layer as thin.
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The number of protons is proportional to 42, 4.e. proportional
to 1/v*t. Considering, therefore, a particles of other velocities
than that assumed above, we see that for an « particle of any
range 7 other than the range 7, of the a particle from radium C,
the formula becomes modified to

periorno (O (VEor) (5

This formula expresses the number # of protons of range R
to be expected, when a particles of range » in air traverse a
layer of hydrogen, 7, being the range of the a particles from
radium C in air, and R, being the maximum range of struck
protons, which is about four times r. It gives a very rapid
rate of decrease of the number of swift protons with increasing
range.

Formula (4) gives the number of particles projected at angles
between o and 6, formula (5) the number projected of given
range R. The deduction of these formulae has involved
assumptions that the nuclei can be treated as charged points for
all collisions, even very close ones, and that the inverse square
law of repulsion holds throughout. It has been further assumed
that the projected proton travels linearly right up to the end of
its path. We know that the a particle of range 4 cms. travels
linearly up to within 1 cm. of the end of the range, and in the
last centimetre is scattered, and, from analogy, there should
be a similar effect with the hydrogen nucleus. This modifies
somewhat the law of falling off of the number of projected
nuclei at the end. of the range, but has been neglected in
deducing the formula. We shall see that it appears experi-
mentally that many of the swifter protons are, in certain
circumstances, projected forward in the direction of the incident
a particle. If all the hydrogen nuclei struck were thus thrown
forward in the same direction, then the falling off of the number
at the end of the range would be entirely due to such scattering
effect, and we should expect a curve similar to that found for
the a particle itself, as shown in Fig. 10, which represents the
number of scintillations produced on unit area of a phos-
phorescent screen at various ranges by a narrow beam of
a particles passing through air.
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Whatever be the law of force, or the nature of the collision,
for a direct impact we have from (1)
u=1-6v.

An « particle of velocity 2x 10 cm./sec. has range 31 cms. in

hydrogen : we have already seen that, applying Bohr’s formula,

the range for a hydrogen nucleus of the same velocity should

No of Scintillations

BN

5 6
Range in cms of Air
F1c. 10.

Diminution of the number of scintillations produced by o particles
from radium C towards end of range.

be 28 cms. in hydrogen. Since the range is roughly propor-
tional to the cube of the velocity, the range of the projected
hydrogen nucleus of velocity 1 -6v should be (1-6) ®x28=117 cms,
in hydrogen, or about four times that of the a particle projecting
it. It has been pointed out that the range of a proton through
atoms other than hydrogen is a little less than that of an a
particle of the same velocity, so that we can extend this result
to air or aluminium, and say that the range of the proton
thrown straight forward by divect impact of an o particle should
be roughly four times that of the o particle itself.

Experimental Observation of Long-Range Hydrogen Particles.
Thus, assuming, as has been done, that there is no loss
of energy in collision and that the range is proportional
to the cube of the velocity, the passage of o particles
through a layer of hydrogen should be expected to produce
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a few protons of ranges four times that of the a particles
themselves. The existence of high-speed particles beyond
the range of the particles in hydrogen has been detected
by the scintillations produced in a zinc sulphide screen.
Using the apparatus shown in the diagram (Fig. 11) Rutherford
has carried out a series of experiments 6n the projected hydrogen
nucleus which have led to important results.

| I:]LED ! Fq—‘g
s M
U

Fi1G. 11.

Rutherford’s apparatus for measurements on long-range protons.

D, the source of radiation, is a brass disc on which radium C
is deposited, mounted to slide on the bar BB. This is enclosed
in the rectangular brass box, which can be exhausted or
filled with any gas. The plate E, which closes one end, is
pierced by an opening S which is covered by a thin metal foil,
whose stopping power for the a particles varies frém 4 to 6 cms.
of air. The zinc sulphide screen is outside the window at a
distance of a millimetre or two, so that further screens can be
introduced between the two. The microscope M for observing
the scintillations commands a field of view 2 millimetres in
diameter. All the foils used for absorption were heated in
an exhausted furnace to get rid of occluded hydrogen as far
as possible. Various velocities of a particles were produced by
letting the a particles from the radium C pass through appro-

priate screens. 'With this apparatus scintillations were observed
A.S.A. F
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for absorptions, produced by screens, equivalent to about
28 cms. of air, which is the range to be expected for directly
struck hydrogen nuclei. But when the relation between the
number of long-range particles and the range was investigated,
it was found that the distribution varied with the initial velocity
of the o particle producing them. Fig. 12 exhibits the results.
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~~._| Observed curves|of absorption of H atoms
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Range of H atomsin cms. of air
Fic 12.

Distribution of long-range protons produced by o-rays of various
velocities.

Curve F for a particles of 3-9 cms. range in air shows a rapid
falling off of the number as the range increases, which corre-
sponds closely to the theoretical form given by equation (5).
Curves E and D approximate to the same form, but for the full
velocity of the a particle the distribution, %iven by A’* is

* The curves 4 and B, shown in unbroken line, are the forms given by
Rutherford in his original paper. Later researches in the” Cavendish
I.aboratory have shown that a certain number“af slower protons are always
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absolutely different. The number of long-range hydrogen
particles diminishes comparatively slowly for all ranges up to
22 cms., and then falls off rapidly, there being no particles of
range greater than 28 cms. Such a result obviously cannot
be reconciled with the assumption that the struck hydrogen
nuclei are projected in all directions, at angles varying with the
parameter p, according to the assumptions made in deducing
equation (5). The nature of the departure of curves 4" and B’
from the theoretical form followed by D, E and F, indicates that
there are far more projected particles of extreme range, corre-
sponding to direct impact, than should be anticipated from
application of the inverse square law. It must be remembered
that, even if all the protons were thrown directly forward, the
distribution curve would not show a sharp drop at 28 cms.,
but would, on account of scattering at the end of the path, show
a falling off of the type exhibited in Fig. 10 for a particles.
When allowance is made for the difference between charge and
mass of the hydrogen as compared with the helium nucleus,
the drop should be expected to set in at 19 cms. Hence the
departure from the form indicated by the inverse square law
is even more pronounced than appears at first sight, since the
curve A’ is not very different from what we should expect in
the extreme case of all protons thrown straight forward, no
matter what the impact parameter. This extreme case is
represented by the continuous curve 4.

A general explanation suggests itself at once. The simple laws
assumed for the deduction of equations (4) and (5) may hold when
the two nuclei are separated by a distance large compared with
their size, but break down for very close approach. The greater
the velocity of the a particles, the closer is the approach, and
the greater the departure of the laws of collision from the simple
forms valid at greater distances. On the simple assumptions

present, and have indicated that the curves 4 and B should be modified to
the forms 4’ and B’, shown in broken line. A’ and B’ are therefore con-
sidered in the discussion, but it is clear that Rutherford’s original conclusions
are but little affected by the modification. Instead of inferring that all the
protons struck by the swift a particles are thrown directly forward we must
conclude that nearly all the protons are thrown directly forward, but that
some are projected at an angle. The essential point, that far more are thrown
forward than can possibly be explained on an inverse square law, maintains
its validity.



84 STRUCTURE OF THE ATOM

the nuclei must get within a distance of about 3x10-13 cms,
of one another for the case of a particles of range 7 cms., and
although the assumptions are, from what has just been said,
not justified, they probably give us about the right order of
distance. By counting the number of long-range particles,
and comparing with the total number of a particles emitted in
the given direction, Rutherford estimated that, for these fast
a particles, any one striking a hydrogen nucleus within a per-
pendicular distance of the centre =p=2-4xI07'® cms. projects
the nucleus straight forward. This is another expression of
the failure of the simple laws of impact to apply for near
approach. The most recent work has tended to show that this
estimate is rather too small.

F1G. 13.

Disposition of source of & particles P, source of protons WW, and
phosphorescent screen S in Chadwick and Bieler’s experiments.

Chadwick and Bieler have confirmed these general results
by determining the distribution of number of protons projected
at various angles. Suppose that the source of protons be a
thin flat ring (of paraffin wax) WW, whose plane is midway
between the source of a particles P and the zinc sulphide screen
S. Then if Rbe the number of a particles per second emitted
equally in all directions by P, and n=_F(f) be the number of
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protons projected at all angles between o and 0,* by a single
o particle passing through a layer of hydrogen gas at N.T.P.
1 cm. thick, a simple calculation shows that the number x of
protons falling on unit area of a screen normal to PS is

Rt

=[F (0,) - F(6,)],
16772

X =

where 7 is the mean value of #sec 16, #2 is the mean value of 72,
¢ being the thickness of the paraffin-wax film expressed as a
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Number of protons projected at different angles by « particles of
various velocities.

layer of hydrogen gas containing the same number of hydrogen
atoms, and 7 the distance of a point of ¥ from S. By using
different annuli of wax, having various values of 6, 6,, and
counting scintillations on S, Chadwick and Bieler have been

* This number is the # of equation (4), which, of course, only holds for the
inverse square law.
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able to find F (6), which they express by plotting # against 6.*
Direct impact of scattered a rays on the zinc sulphide screen
was, of course, prevented by a suitable absorbing screen
of aluminium foil placed close to S, so that all scintillations
counted were due to projected protons. Fig. 14 shows the
results for various velocities of a particles, expressed in the dia-
gram as ranges in air. It will be seen at once that far more
protons are projected through small values of 6 by fast a particles
than by the same number of slower a particles. For the slowest
a particles the curve approaches that to be expected on the
inverse square law, expressed in equation (4), and the results for
a particles of ranges from 2 cms. of air to I cm. of air (not
shown in the diagram) agree closely with calculation from the
simple law, with regard to the absolute number of particles to
be expected at various angles as well as with regard to the
general form.

Further evidence pointing to the failure of the inverse square
law for close collisions has been supplied by experiments of
a different type. A. L. McAulay has measured the ionisation
produced by the protons projected from a paraffin-wax film
by a homogeneous beam of a particles. A shallow ionisation
chamber connected to a particularly sensitive electrometer is
used, and the ionisation measured with various thicknesses
of absorber between the wax film and the chamber. From the
figures obtained the number of projected protons of various
ranges can be deduced, and from this the number of protons
projected at various angles in the collision. McAulay has con-
cluded that the closer the collision the greater is the proportion
of protons projected straight forward, but that only for very
close collision are all the protons sent straight on.

The preference of the projected protons for the direction of
the original a particles cannot be reconciled with a spherical
nucleus, and has led to various conjectures. It can either be
supposed that the nucleus is normally aspherical—flattened,

* Following a notation of Darwin's, p, instead of », may be plotted against
0. pisalength defined by P=mp? where P is the probability that a collision
will lead to an angle of projection less than . This is convenient for com-
parison with the detailed mathematical calculation, but exhibits the general
result less directly.
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let us say—or that it is deformed to a flattened shape by the
stresses set up by the near approach of another nucleus.
Darwin, discussing the question at length, has tried various
model nuclei, including one in the form of an elastic plate, which
is supposed to set itself with its plane normal to the path of
the nucleus. This is Rutherford’s original assumption, and
obviously gives a greater preference to the forward direction
for the struck particle. (Since the helium nucleus is the more
complicated, it is taken as the plate-like one, the hydrogen
nucleus being assumed to be a point charge.) The agreement
is not exact, and the assumption that the nucleus consists of a
bipole, 7.e. two equal charges of the same sign separated by a
finite distance, has been tried, and also gives a rough agree-
ment with experiment. The experimental data are not very
precise, which, considering the experimental difficulties, is not
astonishing, and this, combined with the fact that we know
nothing at all of the behaviour of charges at the distances con-
sidered here, makes speculation as to the shape of the nucleus
more a matter of fancy than for sober computation. For in-
stance, the charges in the bipole which are assumed to be
separated by a distance of the same order as the distance of
closest approach, cannot act on one another with forces any-
thing like the ordinary electrostatic forces, or the nuclei would
be unstable. Chadwick and Bieler, comparing their result
with Darwin’s calculations, have come to the conclusion that
the best agreement with experiment is given by the assumption
that the o particle behavesin these collisions as an elastic oblate
spheroid, of semi-axes 8x 107! cm. and 4xI10"*® cm. respec-
tively, moving in the direction of its minor axis. The repulsion
between a particle and proton, on this view, obeys the inverse
square law until the proton (treated as a point) reaches the
spheroidal surface, when it encounters a very powerful field
of force, and recoils as from an elastic body. Speaking generally,
the anomalous behaviour sets in at a distance between proton
and « particle of the order 5x 1018 cm., while scattering experi-
ments have shown that for distances about ten times this
the nucleus can apparently be regarded as a point charge in
all cases.

It need scarcely be said that many control experiments have
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been made to sec if the long-range particles are really to be
attributed to hydrogen. They are produced in all hydrogen
compounds, such as paraffin wax. To make sure that the pro-
jected long-range particles are really hydrogen nuclei they were
subjected to electrostatic and magnetic deflection, according

to the principle used for finding 1% and v for the electron. The

deviation is, of course, small, of the order of that for the «
particle ; for details oﬁ the experimental arrangement, Ruther-

ford’s original paper must be consulted. It was found that 4
"

had the same value as for the hydrogen atom in electrolysis,
making it reasonable to assume that the long-range particles
are hydrogen atoms with a single positive charge, or, in other
words, hydrogen nuclei, or protoms. The velocity agreed
within experimental error with that calculated on the assump-
tion that there is no loss of energy on impact. This shows
that there is no sensible radiation of energy in the collision.

Collision of a Particles with Oxygen and Nitrogen Atoms. Nuclei
of Mass 8¢ We have seen that when an a particle strikes a
hydregen atom it communicates toit a velocity which has a value
1-6 times that of the a particle, corresponding to a direct impact,
or smaller values corresponding to oblique impacts, and that
accordingly we have long-range hydrogen atoms of various
ranges not exceeding a fixed maximum. If we turn to consider
impact with other atoms, the question becomes much more
complicated.

When the « particle strikes an atom it will not communicate
large velocities to it unless its original path passes near the
nucleus. If it does this, so that the nucleus is suddenly
accelerated, we do not know how far the extranuclear system
of the atom is disturbed. We know that the a particle produces
ionisation in all gases, and in general the ions carry a single
charge.* But calculation shows that a swift a particle pro-
duces ionisation in, or separates an electron from, roughly every

* In positive ray work carriers with multiple charges are frequently detected.

Cz_u'bon and oxygen, for instance, give some carriers with two charges, while
with mercury vapour carriers with eight charges have been found.
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atom which it traverses, and so few of the paths through the
atom pass near the nucleus that if such paths did, in fact, remove
more than one electron from the atom, it would not be detected.
We have, then, little to guide us as to the state of the atom
whose nucleus is struck.

Even supposing, however, that this were definitely settled,
the farmulae, due to Rutherford, Bohr and Darwin, which
have been worked out to give the change of velocity, and hence
the range, of a swift particle, all assume the swift particle to
be simple and small, of the nature of a nucleus or an electron.
If the nucleus carries electrons with it they will modify the
interaction between the moving particle and the electrons of
the atom through which it is passing, an interaction which is
responsible for the diminution in velocity (see pagé 40). As
far as I know, nothing has been worked out in any detail on this
point.

Suppose, for example, that a particles are shot through
nitrogen, producing a few swift nitrogen atoms by direct impact
with nitrogen nuclei. We have no precise theoretical ground
for expecting any particular range for a nitrogen atom so pro-
duced, since to the action of the electrons of the stationary
nitrogen atoms on the moving nucleus we have to add the inter-
action of the electrons, and the action of the electrons of the
moving nitrogen atom on the fixed nucleus. Rutherford
originally assumed that the moving nitrogen atom may be
treated as a nucleus of nitrogen mass, but with unit charge, on
which hypothesis a range can be worked out for swift nitrogen
atoms moving through nitrogen in terms of the range of the
incident o particles. For direct impact the range so found
exceeds that of the a particles.

Experiments have shown that the a particles from radium
C, when allowed to pass through oxygen, nitrogen, or air do,
in fact, produce scintfllations beyond the normal range. Taking
air at normal pressure and 15° C., for example, the normal range
of the a particles is 7-1 cms., but scintillations are observed up
to 9 cms. These sc1nt1]lat10ns would at first sight appear to
be due to struck oxygen and nitrogen atoms originating in the
volume of the gas. The question then arises as to whether the
actual particles producing the scintillations are oxygen and
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nitrogen nuclei, or fragments of these nuclei? When pure
oxygen and nitrogen-are tried separately the limit of range
(9 cms.) is found to be about the same in the two cases, which
tends to show that the particles are not actual oxygen and
nitrogen nuclei, since we should scarcely expect the heavier
oxygen nuclei to travel as far as the nitrogen nucleus. It
has been pointed out, however, that so little is known of the
laws which govern the behaviour of a struck nucleus of the mass
in question, with an unknown number of electrons still adhering
to it, that it is unwise to be dogmatic on this point.

Carrying out experiments of the type described in the section
which deals with the rupture of the nitrogen nucleus, in which
the magnetic deflection is measured by a special device, Ruther-
ford originally concluded that his results with nitrogen and
oxygen were compatible with the existence as a separate entity
of a nucleus of mass 3, carrying a charge 2, projected from the
atom with a velocity 1-19 v, where v is the velocity of the imping-
ing a particle. Such particles must, to agree with experiment,
be assumed to come from both oxygen and nitrogen with about
the same velocity, since the shorter range particles from oxygen
and nitrogen have about the same range. It seemed, then,
possible that the nuclei contain particles of mass 3, corre-
sponding to an unknown gas.

The existence of such a new element must be considered
very doubtful, or, at least, not beyond question. It is true
that Bourget, Fabry and Buisson have concluded that there
exists in the nebulae an element of atomic weight about 3,
basing their estimate on the broadening, by Doppler effect,
of the lines of unknown origirr in the spectra of the nebulae,
to account for which the gas nebulium has been postulated.
Rydberg, too, decided some years ago, on spectroscopic grounds,
to create two new elements between hydrogen and helium.
But on other grounds there is no place for a new element in this
position: all experiment tends to show that hydrogen has
nuclear charge 1 and helium nuclear charge 2. There is, of
course, the possibility of an isotope of helium, with atomic weight
3 and nuclear charge 2, but such an isotope should give
approximately the same line spectrum as helium.

Rutherford himself has since announced that he is not
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contented with his original experiments on this point, and does
not consider that they establish the existence of particles of
mass 3. It appears that a marked variation of the thickness
of films of metal foil used as absorbers tended to falsify the
fixing of the source of the particles which produced the scintil-
lations. It has since been found that some parts of a foil
whose average stopping power, deduced from the weight, was
3-8 cms., had a stopping power of only 25 cms. Rutherford
and Chadwick have shown quite recently that radium C itself
emits, in addition to the a particles of range 7 cms. which have
long been recognised, other a particles of range 9-3 cms. and
11-2 cms. The nature of the particles has been proved by their
magnetic deflection. These appear whatever material is used
to absorb the main beam of a rays, and are to be regarded as
two groups of swift a rays from the radium C nucleus which,
in all probablity, represent new types of disintegration of that
element. Now when the particles come from the radioactive
source, the method of determination of mass, based upon the
assumption of a production in the volume of the gas, is no
longer valid. It may be said, therefore, that there is no
unexceptionable evidence in favour of the particles of mass
3. Their possible existence has been discussed here firstly
on account of the great interest which centres on the subject,
and secondly to indicate the extraordinary difficulty of the
experimental investigations of these points.

Systematic photographs of the tracks of o particles towards
the end of their paths have been taken by Shimizu, and, quite
recently, by Blackett, using the C. T. R. Wilson method of
rendering the ionisation produced visible by cloud production.
These photographs show that recoil nitrogen and oxygen atoms
are comparatively numerous, but too little is at present known
of the behaviour of such slow-speed particles to enable detailed
conclusions to be drawn.

The Rupture of the Nitrogen Nucleus. More striking results
derived from observations on the passage of a particles through
nitrogen are now to be considered. There are always a certain
number of very long-range* scintillations observed with a

* By this is indicated ranges far beyond that of the o particle, up to, in fact,
28 cms. and more in air.
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radium C source, due either to hydrogen atoms shot out from
the nucleus of the radium C atom—there is no other reason
to Dbelieve that radioactive atoms themselves emit swift
hydrogen atoms, but, on the other hand, the few atoms in
question could scarcely be detected by any other method—

2
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Relative numéer of scintillations
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F1c. 15.

Long-range protons from nitrogen.

or to o particles striking hydrogen atoms contained in con-
taminations of the source. The introduction of nitrogen -
between source and screen increases the number of long-range
scintillations, in proportion to the pressure of the gas, while
oxygen, or oxygen compounds such as carbon dioxide, do not
increase the number. Air produces an effect proportional to
its nitrogen content. A series of checks have shown that the
increased number of long-range particles is really due to the
nitrogen and to no other cause. Since the range'is far beyond
that possible for struck nitrogen atoms on any reasonable
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assumption, and is approximately equal to that to be expected
for struck protons, Rutherford has concluded from his
experiments that when a swift a particle strikes a nitrogen
nucleus it can knock a proton out of it. The nitrogen nucleus
must, then, contain a proton as part of its structure. From the
experiments it appears that only one impact out of twelve
close collisions, giving rise to a swift nitrogen atom of maximum
range Q cms., can liberate a proton from the nitrogen nucleus.

Fig. 15 expresses the way in which the number of long-
range particles diminishes with absorption. Curve B is for
air, curve A gives the “ natural ”” long-range scintillations due
to the source (with carbon dioxide at a pressure calculated
to give the same absorption of a rays as ordinary air), while
curve C, expressing the difference of B and 4, shows the
scintillations arising from the presence of the nitrogen.

The long-range particles from nitrogen have been definitely
proved to be hydrogen nuclei by deflection in a magnetic field.

L

F1G. 16.
Rutherford’s apparatus for identifying long-range protons.

The apparatus used by Rutherford is shown in Fig. 16. The
disc held by the stand C is the source of the a particles. A
and B are two parallel plates 6 cms. long and 15 cms. wide,
separated by a distance of 8 mm., so as to allow struck atoms
which go off at an angle enough room to emerge. Sis the zinc
sulphide screen ; absorbing screens inserted between S and R
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stop the nitrogen or oxygen atoms of 9 cms. range. When
there is no magnetic field the boundary between the region
in which scintillations are frequent and that where they occur
only occasionally is given by the line PRM, cutting the screen
at M. The effect of the field is to displace this boundary,
T T s T i’ either downwards or upwards accord-

/ a4/l s :-'.',‘.\ ing to the direction of the field. In
Y this ‘experiment the strength of the

21t ool i:/ field is adjusted so that the screen is

¢
et just covered with scintillations for one
‘_.F,,_:,_D direction, while when the direction of
the field is reversed scintillations are
mainly confined to the region below
” a horizontal cross-wire in the observ-

appearance in the two cases.
No very precise deductions can be
Fio, 17. made from this experimental result
Change of appearance of alone, since the long-range particles
screen effected by reversal of are produced at all parts of the range
magnetic field. from one end of the plates to the other,
although in greater quantity near the source, where the velocity
of the particle is high. Rutherford, however, has adopted
the device of repeating the experiments with a mixture of
hydrogen and carbon dioxide, adjusted to have the same stop-
ping power for a particles as air, when the effect of the magnetic
field on the scintillations is indistinguishable from the effect
with air. Since in the case of the hydrogen mixture the
long-range particles can, from results already considered, be
nothing but hydrogen nuclei, this affords a proof that the long-
range particles produced from nitrogen are in fact protons.
The only possible source for them is the nitrogen nucleus.
Long-Range Particles from other Light Elements. When
nuclei are disintegrated the laws of conservation of energy and
of momentum do not necessarily connect the velocity of the
a particle before collision with the velocities of the o particle,
main body of the nucleus, and fragment of the nucleus after
collision. TheJpotential energy which the nucleus may be
supposed to possess in virtue of the state of tension between

\ - - / ing microscope. Fig. 17 shows the
LIPER ) -~ .
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its parts, or the kinetic energy which it perhaps possesses in
virtue of a possible motion of the nuclear constituents, may be
involved in the rupture. Theoretical considerations, therefore,
lead us to believe that an a particle of given velocity may
produce long-range protons whose velocity is in excess of
that calculated from simple mechanical considerations.

It has been shown by Rutherford and Chadwick that the
long-range protons struck on by a particles from radium C have
-a maximum range of 29 cms. (in air) if produced from hydrogen,
but a maximum range of 40 cms. if produced from nitrogen.
Various other light elements have been tried with a view to
the production of long-range protons. In their experiments
of 1921 and 1922 Rutherford and Chadwick usually subjected
the elements to the action of the a rays by placing a film of
the solid oxide, deposited on a gold foil, between source and
screen. Long-range protons from the nuclei were detected
with boron, nitrogen, fluorine, sodium, aluminium and phos-
phorus. That the long-range particles so produced are
actually hydrogen nuclei has been proved by deflection in a
magnetic field, and that they are not due to chance atoms of
hydrogen present as contamination in the film is evident from
their ranges, which in the case of all the elements just mentioned
notably exceeds the 30 cms. range in air characteristic of free
hydrogen nuclei set in motion by a particles from radium
C. Particles of range less than 30 cms. were observed with
films of certain other light elements, but the inevitable presence
of . hydrogen contaminations made it impossible to attribute
them with any confidence to the nuclei of the elements in
question so long as this method of observation was used.

An important characteristic of these particles struck out of
complex nuclei by a rays has, however, enabled Rutherford
and Chadwick to modify the method so as to deal with protons
of range less ‘than 30 cms. Whereas with hydrogen as the
bombarded material nearly all the protons are thrown directly
forward, it was found that with the other elements nearly as
many long-range protons proceed backwards as forwards.
The velocity of the forward protons is always somewhat greater
than that of the backward ones, but the effect clearly indicates
that the release of the protons from the nuclei is due to some
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kind of trigger action. In support of this it may be noted that
the energy of the protons of go cm. range released from alu-
minium is greater than the total energy of the releasing ¢
particle. It follows that whereas the protons due to hydrogen
contaminations are to be found only in the forward direction,
protons released from complex nuclei by trigger action initiated
by a particles are to be expected in-any direction in numbers
not very different from those in the forward direction. It is
by taking advantage of this possibility of distinguishing between
the two that Rutherford and Chadwick have been enabled to
make a further advance. In the new method the nuclear
protons are looked for at right angles to the powerful beam of
a rays which liberates them. The source and the material to
be investigated are in an evacuated box, and the zinc sulphide
screen is placed outside, over a hole covered with a sheet of
mica of stopping power equivalent to 7 cms. of air. That no
hydrogen nuclei from hydrogen atoms, or a particles from the
source, can reach the screen under these conditions is clearly
shown by the fact that no scintillations are observed when a
sheet of paraffin wax is bombarded.

With this arrangement it has been found that, in addition
to the elements already mentioned, the following give rise to
protons of range exceeding 7 cms. : neon, magnesium, silicon,
sulphur, chlorine, argon and potassium. The numbers of
protons from these elements are small compared to that from
aluminium under the same conditions, varying between % and
75 of thelatter. The maximum ranges have not been accurately
determined at the time of writing, but appear to lie between
18 and 30 cms. for all elements in question except neon, for
which the range is less, about 16 cms. The following elements
have been tested for long-range protons with negative results:
helium, lithium, carbon, oxygen, iron, nickel, copper, zinc,
selenium, krypton, molybdenum, palladium, silver, tin, xenon,
gold and uranium.

The range of a scattered a particle is less than that of the
original a particle whenever the deflecting nucleus is light
enough to take up an appreciable fraction of the energy of the
incident particle. This range depends, of course, upon both the
angle through which the particle is deflected and the mass of



DISRUPTION OF THE NUCLEUS 97

the scattering nucleus * ; for instance, with carbon as scattering
material, and the angle a right angle, as in these experiments,
the range of the a particle is reduced from 7 cms. to 2-5 cms.
by the interchange of energy at deflection. Hence a sheet of
mica_of very small stopping power can be used to stop all
scattered « particles, and protons of range down to 2 or 3 cms.
can be looked for by this method. No protons even of this
short range were detected with carbon.
The results are summarised in the following table :

NUMBER AND RANGE OF LONG-RANGE PROTONS
FROM VARIOUS ELEMENTS.

No. of Maximum range of particles in
Blement,  |Alomic| | Mas | S, o e
’ ) per milli- | porwarg, At right Backward.

gram. angles.
Lithium - - 3 7,6 — —_ — —
Beryllium- - 4 9 — — —_ —
Boron - - 5 II, IO >-15% 58 — 38
Carbon - - 6 12 — — —_ —_
Nitrogen - - 7 14 -7 40 —_ 18
Oxygen - - 8 16 — — — —
Fluorine - - 9 19 4 65 — 48
Neon - - 10 20, 22 —_ — 16 —
Sodium - - 1 23 2 58 — 36
Magnesium - 12 24, 25, 26 — — About 25 —_
Aluminium - 13 27 I 90 — 67
Silicon - - 14 | 28,29,30 — — About 25 —_—
Phosphorus - 15 31 7 65 — 49
Sulphur - - 16 32 — — About 28 —
Chlorine - - 17 35, 37 — — About 30 —
Argon - - 18 40, 36 — — About 23 —_
Potassium - 19 39, 41 — — About 23 —_

Fig. 18 gives a graphical representation of the same results.
For convenience of distinction the columns corresponding to
elements of odd atomic number are black, and the columns
for even atomic number are white. The heights of the columns
are, of course, approximate, since for some elements the range
has been measured only at right angles to the bombarding
beam of a particles, while in other cases the forward range is
taken. There is probably not much difference between the

* See page 75 et seq.

+ ‘15 is given by Rutherford and Chadwick in their first paper (Phil. Mag.
Nov. 1921), but in a later paper (Phil. Mag. Sept. 1922), they state that 15

is too small.
ASA. G
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forward and right-angle range for a given element, and in any
case a high degree of accuracy cannot be hoped for at present
in such measurements.

Kirsch and Pettersson have carried out certain experiments op
the artificial disintegration of elements by exposing thin copper
foils spread with layers of the substances to the action of
radium emanation in contact with them. They have found
long-range protons from magnesium and silicon, for which they

Mass Numbers
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Range of protons expelled from different elements by bombardment
with o particles.
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give a forward range of 12 cms. and I3 cms. respectively, and
also protons from lithium, beryllium, and carbon, the range
in the case of the last mentioned being only 6 cms. These
latter results are in direct contradiction to the results of Ruther-
ford and Chadwick. Whether Kirsch and Pettersson have
succeeded in establishing their contention is a matter on which
the experts in this particularly difficult type of work must judge
for themselves : if any others feel in doubt as to whether they
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or Rutherford are more likely to be in error on this point,
these doubters must await the test of time.

From the earlier results it was supposed that a proton
could not be separated from nuclei of elements of mass 4m,
where # is a whole number, but the most recent experiments
have shown that this is not true. The most striking general
feature of the results of Rutherford and Chadwick, readily
visible from Fig. 18, is that protons from elements of even atomic
number either do not occur or are of much shorter range than
those from elements of odd atomic number. They are also,
in general, fewer in number. These points are further discussed
in Chapter VII. .

i< ef\o

A . 8
FiG. 19.

Release of a proton from a nucleus : A, in the forward direction ;
B, in the backward direction.

The fact that the direction of emission of the liberated
proton is largely independent of the direction of the incident
a particle and that the energy of the liberated particle occasion-
ally exceeds the total energy of the incident « particle, points
to a release of nuclear energy. The mechanism of this release
has been the subject of speculation. Rutherford and Chadwick
suppose that within the nucleus a proton revolves as a satellite,
being held in its orbit by a central attraction. (There may,
of course, possibly be more than one such satellite.) This
implies that somewhere within that vague central region which
we term the nucleus the force on a positive charge is an
attraction, which changes to a repulsion as we go further out,
a conclusion to which Bieler has also bfeen led, as described
in Chapter II. The impact of the particle drives the satellite
outside the critical surface at which the force is zero, and the’
proton is then repelled, acquiring a high velocity. Fig. 19
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clearly expresses the mechanism contemplated. Against this
Pettersson has put forward what he termed an explosion hypo-
thesis, which supposes that the effect of the impact of the
a particle is to initiate a disturbance by which the proton is
shot out with a velocity, relative to the residual nucleus, inde-
pendent of the direction. The difference between forward and
backward velocity is due to the forward motion communicated
to the nucleus as a whole. The only figures which he invokes
to support the hypothesis show the kind of partial agree-
ment and disagreement which scarcely carries conviction. The .
experimental facts are not yet sufficiently numerous or
sufficiently precise to bear the load of speculation that willing
hands are ready to heap upon them. The advantage of the
satellite hypothesis is that it does give a mechanism, artificial
as it may be, by which the emission might be supposed to be
obtained : the explosion hypothesis gives no picture.

The information afforded by these astonishing experiments
of Rutherford’s is considered further in Chapter VII., when the
constitution of the nucleus is discussed. This playing billiards
with nuclei is a remarkable technical feat, and the whole series
of experiments depends upon our ability to deal with single
atoms. The amount of disintegration taking place in the atoms
exposed to rapid a particles is excessively small : for instance, it
can be calculated from the scintillation results that if the whole
a radiation from 1 gram of radium were allowed to fall upon
nitrogen atoms for a year, only 5x10~* cubic millimetres of
hydrogen would be set free, a quantity which it would be
troublesome to detect by ordinary means, to say the least.

The scintillation method no longer provides the sole evidence
for the disruption of the nitrogen nucleus by favourable im-
pact of an a particle. Blackett has recently succeeded in
photographing by the Wilson method collisions resulting in
the expulsion of a proton. The general method is the same as
that by means of which the tracks in oxygen and helium were
photographed in the earlier experiments (see p. 24), two
photographs being taken simultaneously from directions at
right angles, which enables the tracks to be located in space.
Since Rutherford and Chadwick have shown that for a million
o particles of range 8:6 cms. the expulsion of a proton from a






PLATE III

Double Photograph of a-Ray Tracks, showing Disruption of Nitrogen
Nucleus and Expulsion of Proton. (Blackett.)

The track showing the disruption is the one on the extreme left in the left-hand

photograph ; the same track appears next to the extreme left in the right-hand

photograph. The thin straight branch is the track of the proton ; the short bent
branch is the track of the struck nucleus.

f. p. 101]
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nucleus takes place in only about twenty cases, it was necessary
to take a very large number of photographs. Actually Blackett,
using the a rays from a deposit of Thorium B+ C (which gives
particles of range 8:6 cms. and of range 5 cms.), has taken
about 23,000 photographs, showing some 270,000 tracks of a
particles of range 8:6 cms. and 145,000 tracks of range 5 cms.,
and among these has obtained record of 8 tracks resulting in
the expulsion of a proton. This agrees as well with Rutherford
and Chadwick’s estimate of the frequency of occurrence of
such collisions as can be expected, considering the large proba-
bility variations of such small numbers.

An example of Blackett’s results is given by the beautiful
double photograph reproduced in Plate III. The desired track
is seen on the extreme left in the left-hand photograph, and
is the extreme left but one in the right-hand photograph.
The track of the expelled proton is very thin compared to the
main track, and presents a beaded appearance, characteristic
of small ionisation. This agrees with expectation, since the
ionisation due to a moving particle is proportional to the square
of its charge, and is inversely as the velocity, both of which
factors contribute to make the ionisation produced- by the
proton considerably less than that produced by the impinging
a particle. The appearance of the anomalous track is not the
only evidence that it is produced by a proton. The angles
which it makes with the other components of the fork are
not consistent with elastic collision. The three limbs are,
however, coplanar, which supports the natural hypothesis
that, although kinetic energy of translation is not conserved
in such a collision, owing to the internal nuclear energy being
involved, yet the conservation of momentum still holds.
Calculation based on this assumption shows that the velocity
of the proton, of mass 1, deduced from measurement of the
angles of the fork agrees well with Rutherford and Chadwick’s
deduction from the range in their experiments. Blackett
has obtained, among the eight pictures of nuclear rupture,
a photograph of a proton ejected backwards, which constitutes
another proof of the nature of the collision.

It is remarkable that the fork shows two prongs and not
three, as might be expected to correspond to proton, broken
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nucleus, and « particle after collision. The conclusion that
the a particle is captured by the nucleus, and that the heavy
branch of the fork represents the path of the new nucleus so
formed, seems inevitable. The a particle cannot lose enough
energy in the collision for it to cease to ionise, since, if it leaves
the struck nucleus at all after the close approach necessary
to eject a proton, it must acquire a high speed in the repelling
field. The length of the track of the heavy nucleus is con-
sistent with an atomic number 8, but can only fix the mass
within fairly wide limits, as lying between 12 and 20 say.
The positive evidence, then, indicates that the result of a
destructive collision of an a particle with a nitrogen atom is
that a proton is expelled from the nucleus, and that the o
particle remains sticking to the shattered nucleus, forming a
new nucleus of atomic number 7 ~1 +2=38, and mass 14 —1 44
=17, Such a nucleus would characterise anisotope of oxygen.
This isotope cannot be of frequent occurrence, since its exist-
ence is not indicated by Aston’s mass determinations, nor by
atomic weights. Little can.be profitably said about it at the
present moment.
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CHAPTER V
POSITIVE RAYS

Introductory. By various devices the positively charged
atoms which are always present in a low-pressure tube through
which a discharge is passing can be separated out into a beam,
consisting of discrete atoms or molecules flying all in one
direction. Of recent years this beam has been much studied
with a view to obtaining information as to the charges which
atoms can carry, and the mechanism of light emission. For
our purpose, the chief importance attaches to the researches
of J. J. Thomson and of F. W. Aston, who have shown how from
the positive rays the masses of atoms and molecules, and the
charges carried, can be accurately deduced. The recent results
of positive ray analysis have proved the existence of isotopes
of a variety of common elements, and that, when the existence of
these isotopes is taken into consideration, the atomic weights of
all elements, except hydrogen, are exact whole numbers when
expressed in terms of oxygen, taken as 16. This has introduced
a far-reaching simplification into the theory of the nucleus.

Older methods of determining the masses of atoms are in-
direct, and give what is, in effect, the average mass for the very
large number which go to make up weighable quantities of
matter. The positive ray method has, for the first time,
established definitely that a small series of whole numbers repre-
sent the weights of all atoms—that the atoms of a given sub-
stance do not have a continuous range of weights, with a most
probable value, like the velocities of molecules in the kinetic
theory of gases, which was hitherto a possible belief. The
method has also established the existence of new molecules,

such as H;. Tt deals, of course, with extraordinarily small
104
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quantities of matter, for, while any ordinary chemical method
needs at the very least 10! atoms, it has been estimated that
108 atoms are sufficient to give a well-marked record by the
positive ray method. We are in it approaching the results
possible in the case of those ““ natural ” positive rays, the a
particles, where single atoms can be detected.*

Nature and Production of Positive Rays. The term * positive
rays”’ does not describe accurately the radiations with
which we are now concerned, for the positively charged
particles are accompanied by negatively charged and neutral
particles. What is truly characteristic of the rays is that they
consist in all cases of flying material atoms, or groups of atoms,
there being no transport of free electricity. It is probably
now too late to modify the nomenclature, but it would be more
consonant with the facts to use the expression ‘ molecular
rays”’ (the term molecule including single atoms) or, by analogy
with Aston’s term ‘‘ mass spectrograph,” ‘‘ mass rays.”{

Positive rays can be produced in different ways. In the case
of the familiar canal rays, which make their appearance when
a pierced cathode is used, the rays stream through the holes and
travel in the opposite direction to the cathode rays: it is with
rays so produced that most of the important experiments to be
discussed have been carried out. It may be well to recall, how-
ever, that they can also be produced with cathodes made of two
parallel plates metallically connected, or with two thin parallel
wires used together as cathode. In a canal ray tube there is
also a material radiation which travels in the same direction
as the cathode rays, from which it can be separated by deviating
the cathode rays magnetically. This constitutes what Goldstein
called K, rays: J. J. Thomson speaks of it as retrograde rays.
Rays of a material character have also been produced, by W.
Wien, from a pierced anode, and by Gehrcke and Reichenheim

* It is perhaps worth while recalling in this connection the fact that von
Dechend and Hammer claim to have obtained discrete scintillations with
canal rays of high velocity. Energy considerations, however, make it doubtful
if true scintillations have been obtained, or, at any rate, if they can be due to
the impact of single atoms.

t+ I am much gratified to note that, since the publication of the first edition
of this book, Dr. Aston has approved the nomenclature here suggested, and
adopted it himself.
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from an anode containing an enclosure of, or impregnated
with, a metallic salt. These rays are generally called anode
rays. Gehrcke and Reichenheim’s method of production has
the advantage that atomic rays of the light metals can be
comparatively easily produced by using a hollow anode filled
with a salt of the given metal, and it has been utilised recently
by Aston and by G. P. Thomson. The salt is usually mixed
with powdered graphite for convenience in manipulation.
Another method of obtaining mass rays, also due to Gehrcke
and Reichenheim, which has been used with much success by
Dempster and by Aston, is to employ a hot anode coated with a
metallic salt.

W. Wien and J. J. Thomson have shown by independent
methods that in the canal rays positive, neutral and negatively
charged material particles ‘co-exist, and, further, that if the
positively charged particles are separated out of the beam by a
magnetic field they are subsequently regenerated in the remain-
ing beam, as may be shown by a second magnetic field. Some
particles remain positively charged throughout their path,
others become neutral or negative, and particles that have once
become neutral may acquire a charge again. In fact, however
the rays be treated, an equilibrium is speedily established in
which the ratio of the number of the charged to the uncharged
particles is constant under given conditions. Wien showed
that the lower the pressure the smaller the effect of a magnetic
field in diminishing the heating and phosphorescent action of
the original beam, which indicates that at very low pressures
particles which have once become neutral remain so. In short,
a great body of experimental facts points to the following
mechanism. The mass rays which pass through the pierced
cathode in a discharge tube at low pressure are atoms, or com-
binations of atoms, which have acquired a positive charge by
loss of electrons in the region of strong ionisation in front of the
cathode, and have consequently been accelerated towards the
cathode by the large potential gradient in the dark space*

* The total drop of potential is practically concentrated in the dark space.
Positive particles generated at the far boundary of the dark space will there-
fore have a velocity which corresponds approximately to the total drop:

particles generated in the dark space will have lesser velocities varying with
the distance of their point of generation from the cathode.
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They shoot through the hole in the cathode into a region of
low pressure, where, however, they make in general a certain
number of collisions with free electrons.* These collisions lead
to the neutralisation of the positive atom, or the acquisition of a
positive or negative charge by the neutral atom, according to
circumstances. A great deal of work has been done on the
theory of these changes which need not detain us here. We
content ourselves with stating that the whole question is bound
up with the mean free path of the charged and uncharged atoms
shot through a very low concentration of stationary particles.
Ordinary gas-kinetic methods can be applied with some
success.

The fundamental results are obtained by comsidering the
record of such particles as retain their positive charge through-
out their path from the deflecting system to the photographic
plate on which they are received. Both particles with a con-
stant negative charge, and particles which have been positively
charged for part of the path only, also, in general, leave their
traces, and for the full interpretation of the photographs some
consideration of the mechanism sketched above is necessary.

The Method of Crossed Electric and Magnetic Deflection. J. J.
Thomson evolved a powerful method of determining the
mass and charge of all the flying atoms and molecules present,
by making use of an electric field superimposed on a magnetic
field. The lines of electric and magnetic force have the same
direction, and therefore the deflections of a moving charge due
to the two fields are at right angles to one another. The appa-
ratus is represented in Fig. 20. The bulb 4 is made very
large, since this is found to facilitate the passage of the dis-
charge at the low pressure necessary in these experiments. B
is the pierced cathode, cooled by the water jacket C. M is the
magnet producing the magnetic field: the pole pieces are
insulated electrically, so that the electric field required can be

* That it is collisions with electrons, and not with atoms, which causes the
changes of charge is indicated by, for instance, the experiments of Konigs-
berger and Kutschewski. They showed that the velocity of the rays is
independent of the pressure over a considerable range (5 x 10~° mm. to 5 X 10™3
mm.), whence it is concluded that the changes of charge have no appreciable
effect on velocity, and so that they cannot be due to impacts with the com-
paratively heavy atoms.
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maintained between them. D is the anode: H is the photo-
graphic plate, normal to the undeflected beam, on which the
rays record themselves.

We consider the trace left on the plate when the two fields
are acting, the mutually perpendicular deflections, measured
on the plate from the spot where the undeflected beam strikes
it as origin, being x andy. Let ¢, 7, and v be the charge, mass,

F1G. 20.

Positive ray apparatus for parabola method. *

and velocity respectively of the particle. If the deflections are
not large, we have for that due to the electric field of strength X

Xe
mu?’
and for that due to the magnetic field of strength H

He
my

= 1.

y=C2 .

C, and C, are constants which depend only on the dimensions
of the apparatus used.* Hence

y CH y2 C2H? e

7 CX’ v, T CX w
Particles moving with a fixed velocity will give on the plate a

* For instance, if the fields be considered to extend over a distance b, and
to begin and terminate sharply, and if the distance of the photographic plate

from the remoter end of the field be J, then C,=C,= b(l - g) If allowance is
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straight line passing through the origin, no matter what their
charge and mass. Particles for which ¢/m is constant will give
a parabola passing through the origin. Reversing the sign of ¢
reverses, of course, both deflections, and gives a parabola in
the opposite quadrant, so that negatively charged particles
give separate traces.

Konigsberger and Kilchling, and others, have made use of
the parabolae for investigating e/m, but the most fruitful experi-
ments have been carried out by J. J. Thomson, in whose hands
the method of positive ray analysis has been made to yield very
elegant and important results. The constants of the apparatus
being known, it is clear that every parabolic trace obtained
gives a numerical value for e/m. It may be noted that for
measurement it is convenient to reverse the magnetic field
during the experiment, so as to obtain pictures symmetrical
about the axis of x.

Good photographs taken by this method, examples of which
are given in Figs. 1 and 2 of Plate IV.,* show a series of clearly
defined parabolic arcs, all terminating on a line parallel to the
y axis. Different points of the same arc correspond to different
energies, the-value of x being inversely as the energy. The
sharp termination of the parabolae comes from the fact that
there is for all particles in a tube run under given conditions a
maximum possible value of the energy, corresponding to the
full potential drop. In addition to the parabolae due to the
positively charged particles there are others, much fainter, due
to negatively charged particles, which can also be seen in Figs. 1
and 2 of Plate II. There are also certain faint lines connecting
the origin to the parabolae, which are examples of the so-called
secondary rays. These must be set down to particles which,
owing to collisions, have been positively charged for part of their
journey only, and therefore have, effectively, a reduced value
of ¢/m. The full consideration of the different possible cases,
and their experimental representation, does not concern us
here.
to be made for the fact that in reality the fields do not begin and terminate

sharply, then obviously C,X and C,H are to be replaced by integrals involving
the variable X and H.

* My thanks are due to Dr. F. W. Aston for permission to use these
photographs.
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From a consideration of mass ray photographs J. J. Thomson
deduced various possible masses of atoms and molecules.* The
ratio ¢/m does not, of course, fix m immediately, since the
possibility of multiple charges has to be considered, but the
uncertainty so introduced can be eliminated by other considera-
tions. Let us, for example, take the case of neon. On the
assumption of a single charge, a parabola is found which gives
m corresponding to atomic weight 20 ; this is obviously due to
neon atoms with one positive charge, and not to calcium with
two charges, since it is only found strong when neon is deliber-
ately introduced into the tube. Accompanying this is a para-
bola which gives an atomic weight of 22 if one chargebeassumed.
No gas of this atomic weight was known at the time of J. J.
Thomson’s original experiments, so the possibility that this
was due to doubly charged atoms of carbon dioxide (atomic
weight 44) had to be considered. It was found, however, that
while washing out the discharge tubes with gases which had
been drawn through a tube immersed in liquid air completely
removed the line corresponding to atomic weight 44, it left the
brightness of the 22 line undimmed. This showed that the line
was not due to doubly charged carbon dioxide atoms, and, with
other considerations, led J. J. Thomson to consider the existence
of a gas of atomic weight 22 probable. Since then it has been
definitely proved by Aston that there is an isotope of neon with
this atomic weight.

Some of the main results obtained by the parabolic method
may now be summarised. The existence of triatomic hydrogen,
Hj;, which has been confirmed by other methods, has been
established. The hydrogen atom with one positive charge is
also easily detected, but, while with other elements doubly
charged atoms are found, this is never the case with hydrogen.
Whereas, of course, the fact that hydrogen atoms with two
positive charges are never found by this method does not
necessarily prove that they cannot exist, it should be noted that
if they had been found the whole accepted theory of the
hydrogen atom would have been jeopardised. For it is funda-

* The fact that the parabolae were sharp constituted the first direct proof
that a given kind of atom has a definite mass rather than a continuous range
of mass.
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mental for modern theory that the hydrogen nucleus—the
proton—has only one positive charge, and if this is true a
particle of atomic weight one can never have more than one
positive charge. Hydrogen atoms with a negative charge are
found, which shows that the hydrogen nucleus can hold two
electrons in certain circumstances. The hydrogen molecule H,
has been detected with one positive charge, but never with two
charges, which may be taken to indicate that at least one
extranuclear electron is needed to hold the two hydrogen nuclei
together. The molecule H; likewise can have one positive
charge, but apparently never two.

While negatively charged atoms of many elements are easily
detected, negatively charged atoms of the inert gases have never
been found, which indicates that the nuclei of these gases have
normally as many electrons as they can hold. This confirms
the views that will be expressed later. In general negative
charges are only found with elements or compounds having
marked electronegative properties.

With many elements atoms with multiple positive charges
are found. Carbon and oxygen atoms with two positive charges
may be cited, but atoms of krypton and other elements which
have lost three electrons have been detected, and mercury
atoms can have any charge from one to eight.

The most important results of the mass ray method have,
however, been the detection and ordering of a large number
of isotopes, which has shown incidentally that certain definite
masses only are possible for atoms, and that a continuous range
of masses never occurs. Aston, using an anode consisting of
an electrically heated platinum strip coated with a metallic
salt—the hot anode method of Gehrcke and Reichenheim—has
employed the parabola method for preliminary investigation
of the isotopes of the alkali metals. G. P. Thomson, producing
anode rays from a cold metallic salt by the other method of
Gehrcke and Reichenheim, has utilised the parabola method
to demonstrate the existence of isotopes of light metals, such
as lithium and beryllium, for which a difference of one unit in
atomic mass represents a large percentage difference. The
recent great advances in our knowledge of isotopes which have
been made by the method of mass rays are, however, essentially
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bound up with certain improved experimental methods. These
must now be indicated in outline.

Focussing Methods. The most important object of the
method of mass rays is to determine the masses of atoms and
molecules. For this purpose the parabola method has certain
disadvantages, of which one of the most serious is that the beam
proceeding from the fine hole in the cathode spreads somewhat,
producing, in effect, an umbra and penumbra, as would a beam
of light from an extended source sent through the same hole.
The result is that the lines produced can never be sharp. Again,
the total number of particles of the same e/m are distributed
over a long line; shorter exposures would be possible in a
method which brought the rays to a more restricted spot, whose
position should give the information required.

Two methods of focussing rays of fixed e/m, so that all particles
of a beam, initially slightly divergent, are collected to one spot,
have been devised. That of Dempster makes use of rays of
homogeneous velocity, which are obtained by producing charged
atoms of negligible velocity,* and accelerating them in a known
electrostatic field. The particles to which a known kinetic
energy has thus been given are then analysed in a magnetic
field. To focus sharply on the detecting device particles which
have followed different paths use is made of the fact that, if a
slightly divergent beam of similar particles of homogeneous
velocity from a small source be allowed to pass in a uniform
magnetic field, then the particles of different initial directions
are reunited after describing approximately semicircles: this
method of focussing has been employed in obtaining g ray
spectra, and used by Ellis in the experiments described in
Chapter III. The radius of curvature » of the path in a
magnetic field of strength H being accurately obtained, ¢/m can
be determined. For if P be the accelerating potential, the
energy with which the particles enter the magnetic field is

given by ymuvi=cP,

* Such atoms without initial velocity can be originated, for instance, by
heating salts on a strip of platinum.

+ It was, I believe, first utilised by Rutherford and H. Robinson. (The
Analysis of B-Rays from Radium B and Radium C, P#il. Mag., 26, 717, 1913.)
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while in the magnetic field

mu=eHr.
e 2P
m He*

The latest form of Dempster’s apparatus is shown in Fig. 2I.
The charged particles come from a hollow anode, in which the

Hence

=170

$230

£

W
.

7

FiG. 21.

Dempster’s apparatus for positive rays.

given salt is electrically heated, and, further, bombarded with
electrons from a coated platinum cathode F, which can be seen
just in front of the anode. The main accelerating field acts
between P and S,. S, is the slit through which the charged
particles issue into the uniform magnetic field, which bends
their paths through the diaphragm D to the slit S,, in the plane
of which particles of given e/m are focussed. Particles passing

through S, are detected by a plate connected to an electrometer.
A.S.A. H
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The whole apparatus is, of course, highly exhausted, and placed
between the poles of a magnet, which produces the uniform
field. This field is maintained constant, while the accelerating
potential is varied. The potential difference, magnetic field,
and fixed radius of curvature corresponding to the maximum
reading on the electrometer give, by the above formula, the
value of efm for the positive particles. With this apparatus
Dempster has analysed magnesium, lithium, calcium and zinc
into their isotopes.

F1G. 22.

Diagrammatic representation of Aston’s method of focussing positive rays.

The method used by Aston with such success employs the rays
of mixed velocities obtained with a discharge tube, as in the
parabola method. An electric and a magnetic field are used,
through which the rays pass successively, but the fields are
normal to one another, so that the deflections are in the same
plane. The electric field bends the rays in one direction, and
at the same time disperses the rays of different energies: the
magnetic field, whose direction is such as to bend the rays in
the opposite direction, brings the dispersed rays together again
at one point. In Fig. 22 S, and S, are two parallel straight slits
used to form a beam of rays : P, and P, are the plates producing
the electric field, which bends the rays as shown. The circle
of centre O represents the poles of the magnet whose field bends
the rays back, and brings them to a focus at F. The paths
shown are, then, followed by rays all of which have one value
of ¢/m. Simple geometrical considerations * show that if the

* See Astoun, Isotopes, Chapter V.
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plane photographic plate, GF, be arranged so as to make the
same angle 6 with the original direction of the beam as does
the electrically deflected beam ZO, but on the opposite side, as
shown in the figure, then all rays of the same e/m come to one
point on the plate, but rays of different ¢/m are focussed at
different points. The linear dispersion, or separation of rays
of different ¢/m, is very large.

The actual apparatus is represented diagrammatically in
Fig. 23. B is a bulb some 20 cms. in diameter, in which the

Fi1G. 23.
- Aston’s mass spectrograph arranged for use with canal rays.

discharge is produced in a gas containing the element or
elements to be investigated, the gas being slowly admitted
through a side tube (not shown) between S, and S, and
removed through a similar side tube opposite it (also not
‘shown). The rate at which the gas leaks in is adjusted so
that the right pressure is maintained when the vacuum pump
is run continuously. A4 is the anode, C the cathode, D a silica
bulb which protects the wall of the bulb from the cathode rays,
which would otherwise melt a hole opposite the cathode. S,
and S, are the slits through which the charged atoms are shot,
and P, and P, are the plates between which the electric field is
maintained, as in Fig. 22. The circle, centre O, represents the
pole pieces of a large electric magnet which produce the magnetic
- deflection. GF is the photographic plate, held in a special
carrier Z. Y is a phosphorescent (willemite) screén for visual
observation, which is seen through the window P. T is a small
lamp by means of which a fiducial mark can be put on the
plate. I, is a charcoal tube which can be immersed in liquid
air for help at certain stages of the exhaustion.
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The plate shows, in accordance with what has been saiq,
a series of short lines, which are images of the slit, each line
corresponding to a fixed value of ¢/m, but representing all
velocities. Such a series of lines may therefore be called a
mass spectrum, and Aston hasin fact called his instrument the
mass-spectrograph. Some typical mass spectra obtained by
Aston with his apparatus are shown in Fig. 3, Plate IV., with
the masses corresponding to the lines marked at the side of
the record. Spectra II., III. and IV. were all obtained with
phosgene, COCl,, which was the compound selected for the
investigation of chlorine : spectrum I., inserted for comparison,
was obtained with a tube free from chlorine. It will be seen
that the introduction of the chlorine compound gives rise to
lines corresponding to masses 35, 36, 37 and 38, of which 35 and
37-belong to isotopes of chlorine, 36 and 38 to the hydrochloric
acids formed from the two isotopes. Spectra II., III. and IV.
exhibit different dispersions because they were obtained with
fields of different strength.

Methods of obtaining Mass Rays of Given Elements. The
apparatus of Fig. 23 is suitable for investigating the isotopes
of any element of which volatile or gaseous compounds can
be obtained. There is no need for the element to be in an
uncombined state, since a large part of the molecules is split
up into the component atoms in the discharge, so that both
the atoms and different compounds are represented in the mass
spectra. Asexamplesit may be mentioned that while hydrogen
and nitrogen were introduced into the tube as uncombined
gases, chlorine, bromine, and fluorine, on account of their
chemical activity, were investigated by using phosgene, methyl
bromide, and boron trifluoride respectively ; phosphorus and
arsenic were obtained from phosphine and arsine; while for
iron the carbonyl was used. Often the gas containing the
element under investigation was mixed with some other gases
giving convenient reference lines.

With certain elements no convenient volatile compounds can
be obtained, and other methods have to be adopted. Reference
has already been made to G. P. Thomson’s work on the anode
rays of lithium and beryllium, in which the element is introduced
as a solid metallic salt in an anode paste. Aston attempted
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to obtain metallic ions by maintaining a metallic arc in the
discharge bulb by means of a special device, but this method
was not successful. He has, however, been able to extend his
measurements to a large number of metals not accessible as
volatile compounds by the use of accelerated anode rays. The
apparatus with which these new measurements have been
carried out is shown in Fig. 24, which represents the arrange-
ment for generating the rays, the mass spectrograph itself,

Corl O

Mass
Sp ecf/'agra,oh

-_— Kenotron

Fic. 24.
Aston’s apparatus for producing anode rays for mass analysis.

into which they pass, being the same as in Fig. 23. The bulb
is quite small, as can be seen from the scale in the drawing.
The anode consists of a small steel cylinder into which is pressed
a paste made of powdered graphite aud metallic salt. It is
carried in a long glass tube, as shown, so that it can be easily
removed by melting the wax seal shown in detail at B. A
subsidiary cathode is used to concentrate the cathode rays on
the anode, and so produce a good supply of charged atoms.
The instability of the discharge, due to the fact that any
increase of current through the tube raises the temperature of
the anode, which then releases more gas and so leads to a
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further increase in current, was avoided by an ingenious use
of a kenotron. This empty device (kevds, empty) is, in essence,
an evacuated bulb containing a thin wire, which can be main-
tained at a high temperature by a subsidiary circuit, and a
plate opposite to it, or, in other words, it is an electronic valve
without the usual grid. As indicated in the diagram the hot
filament is earthed and connected to the cathode of the mass
spectrograph, while the plate is connected to the subsidiary
cathode. The current which the kenotron will carry has a
fixed limit determined by the temperature of the filament only,
so that the kenotron controls the potential difference between
the two cathodes, of which C, is connected to the negative,
earthed, pole of the induction coil, while C, is connected
through the kenotron only. If now, owing to release of
gas, the tube becomes softer, the potential difference between
anode and C, automatically diminishes, the anode cools,
and the tube hardens again. In a similar way, if the tube
hardens unduly the kenotron automatically leads to
softening.

By this method of accelerated anode rays Aston has investi-
gated a large number of metallic elements for which the gas
bulb method had not yielded results, Of the first sixty elements
only six at the present time have not been satisfactorily tested
for isotopes. Of all the non-metallic elements, leaving the
radioactive elements out of the question, not one has failed to
give a mass spectrum.

Recent Results of Mass Analysis. With his improved methods
of experiment Aston claims to be able to measure atomic masses
with an accuracy of 1 in 1000, which is an astonishing feat when
it is considered that, in the discharge tube experiments the
total mass of gas present in the bulb is less than 1% milligram,
and that only an exceedingly minute fraction of this is actually
used—that is, projected on to the plate—to determine the
atomic mass of several elements.

Undoubtedly the most important results of the experiments
is the establishment of the  whole number rule,” i.e. that all
atomic masses, except that of hydrogen, are whole numbers,
taking oxygen as 16. This abolishes what was the fundamental
objection to Prout’s hypothesis, and allows us to assume that
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besides the electron, there is only one other fundamental body,
the proton, concerned in the structure of the atom.*

The chief elements whose atomic weights, as ordinarily deter-
mined, depart markedly from whole numbers, have been shown
to contain various isotopes of whole number atomic weights.
The atomic weight of the chemical tables is, in the case of
fractional values, an average of weights of isotopes present in
different proportions. The table on the following page contains
Aston’s results, supplemented in a few cases by those of Demp-
ster. It will be seen that the chlorine, for instance, whose
chemical atomic weight is 35'46, is really a mixture of two
chlorines of the same chemical properties (sameatomic numbers),
but masses 35 and 37. For krypton six isotopes have been
definitely established, and so on.

Separation of Isotopes. Variousmethods of separating isotopes
by making use of their different masses have been suggested, and,
in many cases, tried, such as separation by mass diffusion, by
thermal diffusion, by pressure diffusion produced by centri-
fuging, evaporation at low pressure, and so on. The methods
are all very slow and laborious, but a partial separation of
the two neons has been effected by diffusion, and of the two
chlorines, as HCI, by the same method. As an indication of
the scale of the experiments it may be stated that with the
latter gas Harkins, starting with about 20,000 litres, effected a
separation into two gases whose densities indicated a change of
‘055 unit in atomic weight.

* Recently it has been found by Aston that there are one or two other
elements for which the masses of all, or of certain, isotopes depart from whole
numbers by a small amount which cannot be explained away as experimental
error. Thus all the isotopes of tin appear to differ by 2 or 3 parts in 1000 from
whole numbers, while rubidium has an isotope of mass 878, and barium one
of mass 1378 At present too little is known on the subject of these deviations
to warrant the hazarding of speculations on the subject here. In the case of
the isotopes in question, and of hydrogen, it is the nearest whole number to
the experimentally determined mass which has a fundamental meaning, for
it certainly represents the number of protons in the nucleus. This number,
which for all other isotopes is exactly given by the determined mass, is called
the mass number, and is tabulated for the various elements in the last column
in the table on p. 120. By this convention the appearance of fractional
numbers differing slightly from whole numbers is avoided even in the case
of the few anomalous elements mentioned.

According to his latest paper (June, 1925), Aston is about to embark on a
special investigation of the divergencies from the whole number rule.



TABLE OF ELEMENTS AND ISOTOPES.

: N Minimum .
tomic Mass-numbers of Isotopes in or

Element. N}}xtxgxtlnleg. \%Ieight. Ni‘;g:g;;‘ff of decreasing Intgnsity.o der

H 1 1-008 I I

He 2 400 1 4

Li 3 694 2 7,6

Be 4 902 X 9

B 5 10'82 2 11, 10

C 6 1200 I 12

N 7 I4°01 1 I4

O 8 1600 I 16

F 9 19:00 I 19

Ne 10 20°20 2 20, 22

Na II 2300 I 23

Mg 12 2432 3 24, 25, 26

Al I3 2696 I 27

Si I4 28:06 3 28, 29, 30

P I5 3102 I 31

S 16 3206 3 32, 34, 33

Cl 17 3546 2 35, 37

A 18 3988 2 40, 36

K 19 39'I10 2 39, 41

Ca 20 40°07 2 40, 44

Sc 21 451 I 43

Ti 22 481 I 48

v 23 510 I 51

Cr 24 52°0 I 52

Mn 25 54'93 I 55

Fe 26 5584 2 56, 54

Co 27 58:97 I 59

Ni 28 58-68 2 58, 60

Cu 29 6357 2 63, 65

Zn 30 65-38 4 64, 66, 68, 70

Ga 31 69+72 2 69, 71

Ge 32 7238 3 74, 72, 70

As 33 74'96 1 75

Se 34 792 6 8o, 78, 76, 82, 77, 74

Br 35 79'92 2 79, 31

Kr 36 82-92 6 84, 86, 82, 83, 80, 78

Rb 37 8544 2 8s, 87

Sr 38 8763 2 88, 86

Y 39 88-9 I 89

Zr 40 91.25 3 90, 94, 92, (96)

Ag 47 107-88 2 107, 109

Cd 48 I12°4X 6 I14, I12, 110, IX3, III, II6

In 49 114°8 I I15

Sn 50 11870 7 120, 118, 116, 124, 119, 117, 122,
(x21)

Sb 51 12177 2 12X, 123

Te 52 1275 3 128, 130, 126

I 53 126°92 I 127

X 54 130°2 7 129, 132, 131, 134, 136, 128, 130,
(126), (124)

Cs 55 13281 b 133

Ba 56 137'37 I 138, (136), (137)

La 57 138'91 I 139

Ce 58 140°25 2 140, I42

iﬂl gg 140°92 I I41

0 144°27 3 142, 144, 146, (I

Er 68 1677 Several 1%4 ’to4;t764 (x43)

Hg 8o 200-6 6 202, 200, 199, 198, 201, 204

Bi 83 20900 I 200

(Numbers in brackets are provisional only.)
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Another successful separation was carried out with mercury
by Bronsted and Hevesy, using the method of evaporation at
very low pressures. If an evaporating liquid consist of atoms

i
I

h
16, 25.

Bronsted and Hevesy’s apparatus for partial separation of isotopes
of mercury.

of different masses, then the number of lighter atoms which
leave the surface in unit time is to the number of heavier atoms
inversely as the square root of the atomic masses, so that the
liquid sirface acts much as a porous diaphragm in ordinary
diffusion experiments. Now by placing over the surface of the
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liquid a cold surface to act as a condenser, and by keeping the
pressure between liquid and condenser so low that the atoms
pass from one to the other without collision in the interspace,
it can be ensured that all atoms which leave the surface are
permanently separated from the original liquid. The condensed
liquid should be rich in light atoms, and the evaporating liquid
itself rich in heavy atoms. The experimenters, using the
apparatus shown in Fig. 25,* evaporated mercury at about
50°C., condensed it at very low pressure on the surface 4
cooled by liquid air, and repeated the fractionation several
times. At the end of each fractionation the mercury was thus
separated into two parts, one solid on the bottom of 4, and the
other liquid at the bottom of the vessel. The liquid was
removed by rotating the apparatus about the ground joint D
and so running it into the bulb B. From the original 2700 c.c.
were produced final fractions of volume -2 c.c., one of density
100023, and the other of denmsity -99974, taking the density
of normal mercury at the same temperature as 1. This,
of course, does not constitute a complete separation into
the isotopes, of which there are certainly more than two, but
is a partial separation into a fraction containing an excess
of heavy isotopes, and one containing an excess of lighter
isotopes. Honigschmidt and Birckenbach, separating by
this method mercury into a lighter fraction of density
‘099824 and a heavier fraction of density 1:000164,
find corresponding atomic weights of 200-5644-006 and
200632 £ -007 respectively, while for ordinary mercury they
find 200-614:-006. Since the heaviest isotope of mercury is
of atomic weight 204, it will be seen that the separation is very
incomplete, even after the large number of fractionations
undertaken.

The mass ray method has given results so consistent and
uniform that the call for confirmation is scarcely urgent enough
to justify the immense labour which any attempt at separation
so far adumbrated demands.

The significance of the whole number rule and the other
results of mass-ray analysis will be considered in Chapter VIL.

*A modification of the apparatus on a larger scale was used for the early
separations.
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It may, however, be pointed out, before leaving the subject,
that the existence of isotopes explains the existence of chemical
anomalies when the elements are arranged in order of their
(average) atomic weights, since isotopes of various elements are
actually intermingled with one another on an atomic mass
scale.
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CHAPTER VI
CLASSICAL X-RAY CONSIDERATIONS

Introductory. It is well known that the radiations which
can be excited by the incidence of X rays on a substance fall
into two classes :

(a) A radiation whose penetrating power, or hardness, is the
same as that of the primary radiation, and therefore indepen-
dent of the nature of the substance. This is analogous to the
light scattered by a white matt surface, and is generally termed
scattered radiation.

(b) A radiation whose hardness depends only on the nature
of the atoms comprised in the substance. This can only be
excited by a radiation harder than itself, and it is sometimes
called fluorescent radiation, from the analogies which it ex-
hibits with ordinary fluorescence. It is as characteristic of
the substance in which it is excited as is an ordinary optical
spectrum, and it is better called the characteristic radiation,
especially as, unlike fluorescent radiation from solids or liquids,
it possesses a line spectrum.

Both classes of radiation can, of course, be excited by the
direct incidence of a stream of electrons of suitable velocity.
The investigation of characteristic X rays has led to results
which have profoundly influenced modern speculation on atomic
structure. Bohr’s quantum theory of spectra has shown that
they can be made to yield information as to the arrangement
and behaviour of the extranuclear electrons, in a way which is
described in the second part of this book. Moseley’s pioneer
investigations formed the starting-point of the researches into
X-ray spectra which are considered in this connection, but the

main conclusions which he drew from his experiments are
125
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independent of quantum theory. For this reason, as well as on
account of their importance for the general theory of the nuclear
atom, to which the first part of this book is devoted, they will
be considered here. In historical order, his results precede
much of the work that has already been described, and the
fundamental importance of the atomic number, which he was
the first to establish, has already received attention. The work
has become so well known that an apology may be considered
by some to be due rather for redirecting attention to the familiar
than for having postponed it.

Again, certain results have been obtained with scattered
radiation which do not involve the quantum theory, but are
dependent on classical considerations only. Barkla’s experi-
ments gave an early indication of the number of electrons in an
atom, and, although they are now chiefly of historic interest,
deserve more than a passing reference for the originality and
suggestiveness of the method. Recently W. L. Bragg* has
carried out experiments which it is hard to classify. He takes
a beam of homogeneous (and so characteristic) radiation, and
investigates the intensity of the reflection from various faces
of a crystal. The reflected beam is, of course, of the same
quality as the primary beam, but can scarcely be termed
“ scattered,” as it is regularly reflected. The formulae used
are based upon the amount of radiation scattered by a free
electron, which is calculated by classical electrodynamic method.
This is the calculation upon which Barkla’s deductions are
based ; it has been elaborated by Darwin, A. H. Compton, and
Bragg to cover the case of the regular arrangement of electrons
which occurs in a crystal.

The conclusions to which this chapter is devoted are, then,
all independent of Bohr’s assumption, and are therefore taken
together.

Moseley’s X-ray Work. The Atomic Number. Moseley’s
work first revealed the importance of the atomic number, as
distinct from the atomic weight, and formed the basis for the
later work of Sommerfeld, Kossel and others, which interprets
the structure of the X-ray spectrum in terms of the electron
orbits of Bohr's hypothesis. He excited the characteristic

* In collaboration with R. W. James and C. H. Bosanquet.
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radiation in a series of elements, ranging in atomic number from
aluminium to gold, by bombarding a target containing the atoms
in question with cathode rays, and took advantage of the then
recently discovered method of crystal reflexion to measure the
wave-length of the X rays so produced.* Barkla had already
shown, by absorption measurements, that each element gave
characteristic radiations of two very different penetrating
powers, and had called the harder radiations of the various
elements the K series, the softer the L series. Moseley photo-
graphed the lines corresponding to both K and L series, and
expressed more exactly, substituting a wave-length or frequency
for the hardness as measured by absorption, the general results
of Barkla. He speedily confirmed Barkla’s discovery that the
characteristic radiation is an atomic, and not a molecular, pro-
perty, a fact which is fundamental to the great power of the
X ray method.

His great discovery, however, was that expressed by him in
the form that a certain quantity Q ““ increases by a constant
amount as we pass from one element to the next, using the
chemical order of the elements in the periodic series.” Here

Q:\/ %—:, where v is the frequency of a given line, which can be
0

identified in the X-ray spectrum of each element considered,
and v, is a frequency of fundamental importance in ordinary
line spectra. If by v we understand, as is usual in spectro-

scopy, not the true frequency g, but the reciprocal wave-

length %, then Q:\/;R, where R is Rydberg’s constant.}
4

From the linear relation found when \/};_e is plotted against the

atomic number Z, but not against the atomic weight A (see
Fig. 26), Moseley concluded that ““ we have here a proof that
there is in the atom a fundamental quantity, which increases by

*See W. H. and W. L. Bragg, X Rays and Crystal Structure. G. Bell
& Sons.
1 Consult, if necessary, the Digression on Optical Spectra, Chapter VIII.
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regular steps as we pass from one element to the next. This
quantity can only be the charge on the central positive nucleus.”
This hypothesis, fundamental for the modern theory of the atom,
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7 plotted against atomic weight (above) and against atomic number

(below), showing the linearity to exist in the latter case only.

is given in Moseley’s own words, because it is not always recog-
nised how clearly he saw the implication of his results. It was
enunciated as a result of the measurement of the a and f lines
of the K series for twelve elements: all subsequent work has
gone to strengthen it. Moseley himself extended his measure-
ments to many other elements, and confirmed his law for them.
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The proportionality of /v to the atomic number is generally
known as Moseley’s law. The formula can be written

%:%(Z —2)2, the value found for z by Moseley being 1, so that

v I I

=1 (Z-1=(Z- 1)2(55- 2_2) ................... (1)

Moseley identified in the K series the two lines which he called

a and B: a is the stronger, and the above formula represents

the frequency of the Ko line. In the L series he identified five
lines, and for the La line found the formula

%:(2—7-4)2(£—£>. ........................... (2)

Graphs exhibiting \/ % plotted against Z are shown in Fig. 68,

Chapter XIII. The linear relation is not exact, the departure
from linearity having been explained by Sommerfeld on
relativistic grounds. This, and the meaning of the constant
in formulae (1) and (2), are matters dealt with in the second
part of the book.

The atomic number is more fundamental for the chemical pro-
perties and the electrodynamic properties of the atom than the
atomic weight. It is equal to the net positive charge on the nucleus.
The establishment of these fundamental points is Moseley’s
great achievement.

Barkla’s Estimate of the Number of Electrons. When X rays
fall upon light atoms (s.c. atoms whose weight does not exceed
that of sulphur) then (a) the scattered radiation is of the same
hardness as the incident radiation,* and (b) the intensity of the
scattered radiation is roughly proportional to the mass of
the scattering atom if equal numbers of atoms take part in the
scattering in all cases. For example, in the case of gases the in-
tensity of the scattered radiation is proportional to the density,
and does not depend on the nature of the gas. We can there-
fore assume that the scattering is effected by the extranuclear
electrons of the atom, vibrating freely under the influence of the

* But see the discussion of the Compton effect, Chapter XVIII.
A.S.A, I
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periodic electric force in the wave front of the primary beam. *
This assumption will account for (a) ; we can explain (b) by
supposing that the number of electrons in an atom is a constant
multiple of the atomic weight. It may be mentioned that this
mechanism of scattering gives results agreeing well with the
observed facts of polarisation of X rays.}

The energy radiated by an electron, of varying velocity o,
in a time d¢, through unit area at a distance 7 from the electron
is given by the formula, due to Abraham,

I e2?  sin?g
"4 °c® (1 cos ¢)°
where ¢ is the angle between the radius vector 7 and the direc-

)

) v . .
tion of motion of the electron, while ﬂ:z, ¢ being the velocity

of light. If we consider only electronic velocities small com-
pared to ¢, so that we can neglect § in comparison with 1, and
then integrate over a sphere, we get for the total energy radiated
by the electron in unit time
E=2%5.
3¢
Let there be Y electrons in each atom, and consider a unit cube
of the radiator, containing # atoms of substance of atomic
weight M. Then we have #nY electrons vibrating freely under

the influence of the electric force F of the primary beam. Then
b:—%e , and the whole scattered energy

et

F2Y,

2
=E=- 2.3
3 mi

* It is reasonable to suppose the electrons to behave as free for periodic
forces of X-ray frequency, although restoring forces have to be considered
when dealing with optical frequencies.

T In the simple form here represented it implies, of course, that the
intensity distribution of the scattered rays in directions making various
angles with the direction of the primary beam will be symmetrical about a
plane at right angles to this direction. This distribution was actually found
in the experiments of Barkla with which we are dealing at the moment, but
in general it is not observed. This lack of symmetry, which need not trouble
us here, has been explained by Debye from consideration of the mutual
interference between the radiation scattered from different electrons. This
receives reference in connection with W. L. Bragg’s work, described on p. 132
¢t seq., and elsewhere later in the book,
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The energy E of the primary beam fa]hng on unit area of the
radiator is — F 2, and hence
47
E, 8z &t

E, 3 mec "
¢ being measured throughout in electrostatic units. The
scattering coefficient s is defined by the equation
E=sE,dx,
where dx is the thickness of the radiator traversed, which has
been taken here as unity. Hence

S ot
3 m2ct
s 8n et Y

p 3 mict Mmy'

or

where p is the density of the scattering material, and my is the
mass of an atom of hydrogen. The numerical values of all the

4
terms of the factor §7£ ¢

are known. Putting in th
S s 0 utting in these

values we have

s_.. Oxz
__4 M

s . .
Barkla measured - for various substances, by comparing electro-

scopically the intfe)nsity of the beam scattered through various
angles with the intensity of the primary beam, which consisted
of fairly soft rays.* For light substances (air, carbon, alu-
minium), where there is no appreciable characteristic radiation,

M
number of extranuclear electrons in an atom is about half the
atomic weight. This is in agreement with recent theory, since
for the elements in question the atomic number is half the
atomic weight, within two per cent. in the case of aluminium.

2 . . Y
he found i=-ZCLZL— in each case, which gives —=-5, or the

*(‘;—;’) with aluminium for the hardest rays used being 2'5, which corresponds

to A=-56 x 10~8 cm.
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The experiments are of great interest as bringing a fresh class of
evidence to bear on the subject, and their description formsa suit-
able preliminary to the consideration of W. L. Bragg’s recent work.
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Intensity of X rays reflected at various angles from a crystal of
rock salt.

Electronic Distribution without Quantum Theory. We now
turn to the experiments of W. L. Bragg and his collaborators,
which, without appeal to quantum theory, have yielded certain
rough estimates of the distribution of the extranuclear electrons.
The experiments in question consist in measuring the compara-
tive intensity of a beam of homogeneous X rays after reflexion
at various angles from a given cubic crystal of a two-element
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compound. For one face of the crystal and one order of reflexion
it is well known that there is only one angle of reflexion for
X rays of given wave-length, namely, that given by the formula
A=2dsin 6. If, however, various crystal faces be used, (pre-
viously prepared by grinding a surface parallel to the planes in
question, to avoid adding to the already great difficulties pre-
sented by the absorption question) and, in addition, various
orders of reflexion, then a large number of angles can be
obtained for the one crystal, and the intensity of the reflected
beam for each measured. It is found that when intensity is
plotted against angle a smooth curve of simple form is obtained.
In Fig. 27 the square root of the intensity is plotted against
cosecfl, where 20 is the angle through which the incident
beam is turned.

We will now consider interelectronic interference. As was
mentioned in a footnote on p. 130, Debye, from considerations
of the lack of symmetry of the distribution of the scattered
X radiation, was led to the conclusion that with short wave-
lengths there is interference between the radiations set up
by the various electrons of the atom vibrating under the
influence of the electric vector of the exciting X rays.
Obviously, if the wave-length is comparable with the distances
between these electrons there will be, in consequence of the
regularity of the electron grouping, certain definite phase differ-
ences between the vibrations originated by one atom, in spite
of the fact that the atoms themselves may be irregularly oriented
in amorphous substances. Debye deduced the formula

_Net 1 I+00326 11eost s 5 sin [2KS,,, sin $6]
_m204 R2 n o m [ZKS"m sin %0] ’

where V' is the fraction of the incident energy observed as

scattered energy at a large distance R from the radiator, 6 is

the angle between the incident ray and R, N is the number

of atoms radiating, and

frequency of the plane polarised incident wave

light velocity

S, =distance of the »nth from the mth electron, which,
of course, depends on the distribution assumed.

K=

)
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Applying this formula to a ring distribution of electrons Debye
was able to account for the observed fact of asymmetry of
scattered radiation for hard exciting rays, and for the fact that
for long waves the scattered intensity is proportional to the
square of the atomic weight, for short waves to the atomic
weight itself. The asymmetry begins to make its appearance
when the wave-length is only slightly shorter than the diameter
of the ring. For our present discussion these experiments on
scattering are chiefly important as supporting the assumption
of interelectronic interference. It may, however, be added that
owing to the difficulty of obtaining an “ amorphous”’ powder
that did not exhibit a microcrystalline structure Debye could
not confirm all his results quantitatively on solids, but it is of
interest to note that, assuming for the benzene ring an inter-
ference between the scattered radiation from the regularly
grouped afoms analogous to the interference between the -
electrons considered above, he was able to obtain an estimate
of the diameter of the benzene ring, viz. 12:4x10~8 cms.

For a crystalline substance Debye’s formula does not apply,
since it assumes a random distribution of atoms. In its place
Bragg uses a formula derived by Darwin from application of
Fresnel’s classical theory of diffraction to atoms arranged in
parallel planes, special allowance being made for

(1) the general absorption ;

(2) the special absorption which takes place when the rays
absorbed are incident at the reflecting angle, due to multiple
reflexion within the crystal ;

(3) the heat motion of the atoms, expressed by the so-called
Debye factor =55 ;

(4) crystal imperfections.

In addition the essential factor F is introduced to express the
fact that the scattering is not effected by a continuous sub-
stance, but by discrete electrons, which, for short wave-lengths,
set up definite phase differences in the waves which they scatter.
It gives the ratio of the amplitude of the wave scattered by
the whole atom to the amplitude of the wave scattered by a
single electron; at zero glancing angle it equals the total
number of electrons. It is this factor F which is the object of



CLASSICAL X-RAY CONSIDERATIONS 135

W. L. Bragg’s researches. It may be pointed out that the
nucleus is assumed to play no part in the scattering, on account,
presumably, of its large mass, but it is not clear that, even if it
be immovable as a whole, the electrons which it contains may
not play some part in diffracting incident waves.

This brief account may suffice to indicate that the formula is
dependent on many assumptions, and cannot claim a high
degree of certainty. If the rotation method is employed to
get over the effects of crystalline imperfections,* and the crystal
have an angular velocity of w radians per second, and E be the
energy reflected from the given face, I the total energy of the
incident beam passing into the ionisation chamber in 1 second,

then Ew_ N22* . ¢* 1+c0s?20 oo,
T zusmz0 mis 2z ¢ ’
u being the linear coefficient of absorption and N the number
of molecules in unit volume of the crystal. From this formula,
and experimental determinations of Ew/I for various values of
6, W. L. Bragg and his collaborators calculate F, which is a
function of sin 6.
A crystal of rock salt is used. The values of F for the two
different kinds of atoms, sodium and chlorine, are deduced from

the following considerations. When ./Ew/I is plotted against
cosec § the values lie on two curves, one corresponding to re-
flexions from planes whose indices are all odd—(x11), (31I),
(331), etc.—and the other to the remaining planes. The first
set of planes contain alternately sodium atoms only and chlorine
atoms only, the reflexions from the chlorine atoms being 180°
out of phase with the reflexions from the sodium atoms. With
the other set of planes the reflexions from the sodium atoms
reinforce the reflexions from the chlorine atoms. Hence we have
the effect which can be symbolised as Na—Cl, and the effect
Na+Cl. From these the effectiveness of the two kinds of atoms
can be separated (cf. Fig. 27).

Having obtained experimentally F as a function of sin 6 for
sodium and chlorine separately, Bragg assumes various dis-
tributions of electrons, and calculates the corresponding values

* Consult, if necessary, W.H.and W. L. Bragg, X Rays and Crystal Structure.
1 The reflected and incident energies are measured by the ionisation method.
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of F. The assumption of electrons uniformly distributed
throughout a sphere gives curves which do mnot even
approximately resemble those derived from experiment. An
assumption of electrons arranged in shells—three shells of 2, §,
and 8 electrons respectively for the ionised chlorine atom, and
two shells, of 2 and 8 electrons respectively, for the ionised
sodium atom—in accordance with an atom model of Lewis-
Langmuir type is equally unsuccessful. Good agreement has,
however, been obtained on the following basis :

Sodium.
= electrons on a shell of radius 29 x 1078 cm.
3 ”» 2 » .76
Chlorine.
10 electrons on a shell of radius -25x10~% cm.
5 2 » tRs ‘86
3 » 2 EX] I'46

This does not accord very well with any accepted view of the
structure of such atoms. More interesting are the calculations
made on the basis of the type of arrangement of electrons
proposed by Bohr, which is described in Chapter XIV. This
postulates for iomised sodium 2 electrons describing one-
quantum (circular) orbits, 4 electrons describing two-quantum
circular orbits, and the remaining 4 describing two-quantum
ellipse-like orbits. Assuming for sodium :

as the radius of the 1-quantum circle *05x 1078 cm.,
as the radius of the 2-quantum circle 34
and as the major semi-axis of the ellipse ‘42

an approximate evaluation has been made for the values of F
at different angles, an arrangement of circular segments being
used to account roughly for the elliptical orbits. The variations
of F with sin 6 so obtained accord pretty well with experiment
considering the necessarily rough nature of the calculation.
The method awaits further development. It seems to open
a promising way for investigating the general distribution of
the electrons in individual atoms, but in its present form, at any
rate, it can only yield information as to the average distance of
electrons from the nucleus—the average volume density of
electrons, as it were, throughout the space surrounding the
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nucleus. It cannot distinguish between a static and a dynamic
distribution : it averages in time as well as in space. Different
distributions being assumed, the values of F must be calculated
for comparison with experimental values, though I understand
that, with practice, the general type of distribution necessary
to fit a given curve can be rapidly ascertained. In any case
the method offers, of course, a distinctly original procedure for
checking any theoretical distribution reached by other means.
For example, it speaks, as we have seen, strongly against the
physical reality of the type of distribution assumed by
Langmuir.

Recently Hartree has calculated the factor F in equation (3)
from the electronic core orbits, the dimensions of which have
been approximately worked out for certain types of atoms, as
described in Chapter XI. He has tabulated results both for
the original Bohr scheme of electronic distribution, and for the
modified scheme proposed by Stoner, which is now generally
accepted (see Chapter XIV.): in general the results obtained
are not very different in the two cases. The agreement with
W. L. Bragg’s observations is not altogether satisfactory.
Underlying Hartree’s work is the assumption, widely adopted,
that the electrons in the atom scatter X-rays just as free
electrons in their instantaneous positions would do on the
classical theory. It is by no means established beyond doubt
that this procedure is justified, at any rate for all the classes
of orbits, with varying degrees of firmness of binding, present
in the atom.
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CHAPTER VI1
THE STRUCTURE OF THE NUCLEUS

Some General Considerations. The work described in the
previous chapters has furnished a great body of evidence for
the nuclear type of atom. We have seen that the nucleus
must be very small compared to the size of the atom, its
linear dimensions being of the order 10-'2 cm.; heavy, in the
sense that practically the whole mass of the atom is con-
centrated in it; positively charged with a net charge equal to
the atomic number. We cannot, however, always treat it as
a small indivisible charged sphere, although for certain classes
of problems, such as the structure of spectra, the scattering of
particles when the approach is not too close, and chemical
combination, such an approximation is sufficient. The general
nucleus must contain charged helium nuclei*; charged
hydrogen nuclei, or protons; and electrons. Its constitution
must be governed by laws which permit these to be assembled
together in a stable manner over a range of varied proportions,
so that there can be changes of net charge without changes of
mass, and changes of mass without changes of net charge.
The nucleus must, further, in the case of certain heavy atoms,
have a mechanism for emitting a and § particles, and the very
penetrating y radiations which we have discussed as nuclear
y Tays.

The nucleus itself, then, must obviously have a structure
which is more rather than less complicated than that of the
extra-nuclear part of the atom, since it has a greater variety of

* It has. been suggested that the o particle is manufactured by the protons
in the act of discharge, but, although this cannot be definitely disproved, it
will be seen in the course of this chapter that many facts point to the nucleus

containing ready-made helium nuclei of great stability.
139



140 STRUCTURE OF THE ATOM

components and even more varied functions to perform. Within
the intricate structure of extranuclear electrons we have, on 3
very much smaller scale, a second structure of electrons and
protons, whose number is comparable to that of the extra-
nuclear electrons. There is, it may be said, an atom within the
atom. Further, the structure of the nucleus seems likely to
find its first satisfactory statement in terms of helium nuclei,
treated as separate entities, as well as protons and electrons,
The structure of those components of the nucleus will have to
be cleared up before the whole atom can be expounded in terms
of the two fundamentals, protons and electrons. Whether, as
fresh experimental results are obtained, the mind will rest con-
tented with two ultimates instead of one is a matter rather for
philosophic speculation than physical argument. At present
we would be well content if we could make a rough working
model with helium nuclei, protons and electrons.

Having indicated the problem, we must hasten to add that
not very much has so far been done towards its solution.
Certain generalisations are possible, certain tentative sugges-
tions have been made, which seem helpful. On the other hand,
the subject has offered a vast field for what the Germans call
Arithmetische Spielereien, which serve rather to entertain the
players than to advance knowledge. On this delicate point
it is easy to say too much. ,

Fundamental for all discussion of nuclear structure is Aston’s
proof that, for all elements so far investigated, the atomic
weights, given in terms of oxygen, can be expressed by whole
numbers, since elements whose atomic weights, as determined
chemically, show fractional parts, consist of mixtures of isotopes
of whole number weights. (Cf. the table in Chapter V.) The
only definite exceptionis hydrogen, whose atomic weight is1-008,
and this will be discussed later.* Fundamental, also, is Ruther-
ford’s proof that certain classes of nuclei, at any rate, contain
hydrogen nuclei as a component. Various other pieces of
evidence will be supplied in the course of discussion, but these
experimental results are at the basis of all speculations.

Stable Assemblages. The whole number rule allows us to
suppose that all nuclei are built up of the same mass elements,

* See, however, footnote to p. 119.
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;. pretons, assuming, for the moment without discussion, that
{he sunss of the proton when combined with other protons is
Jiwiiily iess than that of the free proton. If the nucleus con-
.i»ted only of protons the charge would equal the atomic mass,
wiience it is clear that the nucleus contains, besides protons,
electrons. Further, we know that the heavy nuclei eject a par-
ticles, of mass four and charge two, which must consist of four
protons combined with two electrons. We shall see that much
evidence points to the extreme stability of this group, which we
shall call the a group, and it will be considered as a separate
unit. :

Since we can alter the charge of the nucleus without changing
its mass, by adding or subtracting an electron, and can alter
the mass without changing the charge, by adding or subtracting
a (proton-+electron), we can obviously, on paper, make a
nucleus of any mass with any charge. Reference to experi-
mental fact, however, shows that not only does a given charge
have, even in the most extreme case,* a comparatively small
range of possible masses, but also that certain atomic masses
have never been detected, 7.e. that all combinations which would
give a nucleus of that mass are unstable. The table overleaf
shows the atomic masses from I to 44, a region that has been
searched for rsotopes, with those which are unstable indicated.

Non-occurrence is an indication of very great instability. But
within the range of atomic masses which do occur there must
be various degrees of stability, and for this there are three main
lines of evidence. For heavy nuclei we have the radioactive
atoms, whose half-value periods give a measure of stability.
For light elements we have Rutherford’s experiments, showing
that some nuclei give up protons when bombarded by a par-
ticles, while others do not.} In the third place, an indication
as to relative stability has been sought by Harkins in the

* Such as xenon, which has, .associated with charge 54, isotopes whose
masses range from 128 to 136.

1 The fact that heavy nuclei are not disrupted by « particles is not signi-
ficant of stability, since in the case of such nuclei the net positive charge is
also large, and the « particle is repelled or deflected before it gets close enough
to be able to exert a great force on one particular proton. When, however,
as in Rutherford’s experiments, a range of light nuclei is taken, in which the

atomic numbers of the disruptable and non-disruptable nuclei prove to be
intermixed, the result must throw light on the relative stability.
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ATOMIC MASS AND NATURE OF ATOM.

Atomic Mass.

Atomic Number.

Description of Atom.

o
o
[oe]
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Hydrogen.
Unstable.
Unstable.

Helium.

Unstable.

Lithium. Isotope.
Lithium. Isotope.
Unstable.
Beryllium.

Boron. Isotope.
Boron. Isotope.
Carbon.

Unstable.
Nitrogen.

Unstable.

Oxygen.

Unstable.
Unstable.

Fluorine.

Neon. Isotope.
Unstable.

Neon. Isotope.
Sodium.
Magnesium. Isotope.
Magnesium. Isotope.
Magnesium. Isotope.
Aluminium.
Silicon. Isotope.
Silicon. Isotope.
Silicon. Isotope.
Phosphorus.
Sulphur. Isotope.
Sulphur. Isotope.
Sulphur. Isotope.
Chlorine. Isotope.
Argon. Isotope.
Chlorine. Isotope.
Unstable.
Potassium. Isotope.
Argon. Isotope.
Calcium. Isotope.
Potassium. Isotope.
Unstable.
Unstable.

Calcium. Isotope.
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comparttive abundance in which the different kinds of atoms
accur | gature. It is well known that the radioactive elements
whitn are stable are relatively abundant, and the contention is
that this rule can be extended to the elements which are not
radioactive. The widest fields available for investigations
of this kind are afforded by the crust of the earth and by
meteorites, and Harkins has found that these two offer fairly
concordant evidence for the relative abundance of atomic species.

It need hardly be emphasized that no great precision is to
be attached to any figures of relative abundance, since our
sources of information are verylimited. Asregardstheuniverse
at large the spectroscope, while it tells us of the elements present
in the surface of suns, can give us no information as to relative
abundance. Asregardsthe earth,ithasbeenargued by Weichert
and others, notably F. W. Clarke, who has collected a large
amount of information on the subject under discussion, that it
consists of a core of iron and an outer layer of rock, or litho-
sphere, as it is called, the two being about equal in volume.
To get the average compdsition of the lithosphere, Clarke,
assuming that lower parts of it approximate to an average
basalt, takes a mean between the composition of the latter
and that of an average surface rock. The atmosphere, and
the thin film of water and organic matter, are neglected.
Meteorites can be divided roughly into two kinds, stone
meteorites and iron meteorites, the former being supposed to
be fragments of lithosphere from some planet or planets similar
to the earth, the latter to be fragments of the iron core: in
any case theyare samples of non-terrestrial matter, and therefore
valuable. The average composition of stone meteoritesapproxi-
mates to that of the lithosphere : if the iron meteorites be
included in the average, the result is to raise the iron and nickel
percentages at the expense of the other elements. If the
hypothetical iron core be included in the earth average, the
effect is similarly to raise the relative importance of iron and
nickel. Of a large number of possible ways of treating the
results I have judged best to exhibit in Fig. 28 the atomic
percentages of the elements (1) in the lithosphere, shown by
the right hand of the two columns corresponding to a given
atomic number; (2) in the average meteorite, shown by the
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left hand column. As in Fig. 18 for elements of even atomic
number the columns are white, for elements of odd atomic
number they are black. It must be understood that alternative
methods of averaging modify the figure, but leave unchanged
its essential features. By atomic percentage is meant the
relation which the number of atoms of the given element bears
to the total number of all kinds of atoms in the mass considered :

Mass  Numsers
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Fic. 28.

Relative atomic abundance of elements (1) in the lithosphere (right-
hand columns), (2) in average meteorite (left-hand columns).

it is, of course, obtained by simply dividing the number ex-
pressing the abundance by weight of the element, estimated by
the geologists, by the atomic weight. It may be noted inci-
dentally that over 99-8 per cent. by weight of the earth’s crust
and of meteorites consists of light elements of atomic weight
less than 60, which may be taken to indicate an evolution of
the heavier nuclei from light nuclei, a question which is too
speculative for discussion here.
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Iiorkins has pointed out that atoms for which Z is even are
much more abundant than atoms for which Z is odd, as is
reacily ~ecn from Fig. 28. TFurther, in 13 out of 14 atoms in
meteorites, and a proportion only slightly less in the crust,
the atomic mass P is divisible by 4. This indicates a particular
stability of groups of 4 protons. It is interesting to compare
these deductions with the results of Rutherford and Chadwick
on the artificial disintegration of nuclei. These also point to
a relative stability of nuclei for which Z is even, for from such
nuclei either no protons could be ejected, as in the case of
carbon and oxygen, or else protons were ejected in relatively
small numbers and of relatively short range, as with the even
number nuclei from neon to argon. So far no definite results
have been obtained from the bombardment of elements from
calcium to iron, but, as pointed out in the footnote on p. 141,
increasing Z will tend to prevent artificial disintegration quite
apart from all questions of stability. Originally no protons
were obtained with atoms for which Z=4%, which seemed to
confirm the special stability of such nuclei in accordance with
Harkins’ deduction, but the new disintegration results show no
particular difference between these and intermediate elements
of even number charge. In any case there seems no doubt
that there is an essential distinction between elements of odd
and even atomic charge, which is further confirmed by certain
results of Aston. His work has shown that elements of odd
atomic number never consist of more than two isotopes, and
that, after atomic number 9, when two isotopes occur for odd
elements their masses always differ by two. Even number
elements often contain a large number of isotopes, and when
there are only two their masses sometimes differ by four.
The significance of these differences is not yet clear.

There are certain general rules, independent of abundance
or radioactivity considerations, which deserve attention. To
begin with, it may be pointed out that the atomic number Z
is never greater than half the atomic mass P, or

Z=%P.
Further, the quantity $P—Z tends to increase as P increases.

Tt is not a one-valued function of P, since for the same P we may
A.S.A. K
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have different Z (the case of isobares), and a smooth curve
cannot be drawn accurately through the points when $P-Z is
plotted against P, but the points lie about a straight line
cutting the axis of P in the neighbourhood of P=35. For
all values of P less than 22 either P=2Z or P-1=2Z. The
interpretation of such a graph -is that the number of
nuclear electrons in excess of 4P tends to increase steadily
with P.

If the number of a particles in a nucleus be denoted by «, and
the number of protons and electrons not combined as a particles
be respectively p and ¢, while P is the atomic mass, we can write

Z=2a+p—e,
P=4a+p,

$ having as possible values 1, 2, 3 only.
This gives that e, the number of the electrons outside

a particles, is _
e=2 5‘1? +P— Z,

p being chosen so that %—2 is a whole number. It is found

that when P is even Z is even, and when P is odd Z is odd, for
most atomic species, so that in most cases ¢ is an even number.
This indicates that the nuclear electrons tend to occur in pairs,
even when not intimately combined with protons to form
a particles, a supposition which is supported by the fact that,
when there are several isotopes of one ‘‘element,” the one
that occurs in the largest proportions in the standard mixture
is,in general, that which has an evennumber of nuclear electrons.
This hypothesis of the existence of electron pairs is embodied
in the form of an assumption which is becoming widely
accepted, and which is used in the following sections of this
chapter, namely, that the nucleus contains as special units
o particles neutralised by the attachment of two electrons.
Of course, if to protons, electrons and a particles a fourth
nuclear constituent, the so-called isohelium (i.e. an assemblage
of mass 3 and positive charge 2) be added, as is done by many
nucleus builders, general equations can be made up expressing
P, Z and the number of constituents N of the nucleus in terms
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of these four. Neuburger, for instance, has made play
‘'with a general formula giving relations between P and Z
in terms of a, ¢ and s, the number of isohelium nuclei. It
does not seem to me that this takes us much further. The
evidence for the existence of isohelium is inconclusive—Aston
has found no trace of it. Neuburger contends that, even
granting that it is not found free, this cannot prevent his assum-
ing its existence in the nucleus. On these lines nucleus-
building takes on an airy charm denied to ordinary scientific
speculation.

In short, very little is definitely known as to the composition
of the general nucleus. It seems undoubted that the a particle
is a particularly stable entity : further evidence of this stability
is offered at the end of this chapter. Such particles take part
in the composition of all nuclei, and exceedingly stable nuclei
can be made up of a particles only,* such as the nucleus of
oxygen. Until Rutherford and Chadwick published (in July
1924) their newer results on artificial disintegration, all elements
of mass 47n were recorded to have withstood bombardment
by swift a particles without detachment of a proton, but the
results in question place neon, magnesium, silicon, sulphur
and oxygen on the list of disruptable nuclei. Of these elements
all but sulphur contain isotopes of atomic mass other than
4n, to which the detached proton might be attributed, but
sulphur, of mass 32, is single, and definitely shows that a
nucleus of mass 47 may be broken artificially.} It may, of
course, be supposed that the sulphur nucleus contains seven
o particles, and a looser collection of four protons and two
electrons, from which the proton is detached, but this is very
speculative, and it seems best simply to recognise that we are
no longer justified in saying without qualification that all nuclei
for which P=4n have a greater stability than other nuclei,

* Of course it is not certain that all the protons and electrons of the oxygen
nucleus, for example, are combined in four & particles because P=16. There
may be separate particles, composed of two protons and an electron, but the
fact that nuclei for which P=4n+2, such as, in particular, nitrogen, are

much more easily broken than those for which P =4# has been considered to
speak for the pure ¢ particle structure of the P =4# nuclei.

t Since this was written Aston has shown that sulphur has isotopes of mass
33 and 34, although the two together amount to only about 3 per cent. of the
whole. ' )
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although such a stability is on the whole indicated. The
existence of isotopes for many of the light elements concerned
in the disintegration experiments makes the connection of
stability and atomic mass more difficult to trace, but there is
no doubt that nuclei for which P =4#+ 3 have an easily detach-
able proton. A few of the deductions which have been made
concerning the number of nuclear electrons have been indicated,
and some investigators have attached significance to the fact
that with increasing atomic mass, and increasing excess of
electrons, isotopes occur more frequently and in larger groups.
We now turn to the radioactive atoms, for which a theory has
been put forward by Meitner which is both simple and suggestive.

Meitner’s Model for Radioactive Nuclei. Meitner’s model has
the merit that it expresses in a direct manner certain features
of the sequence of the radioactive charges, and of the branching
of series. In other words, it does describe by means of a simple
hypothesis, not in conflict with other observations, a collection
of hitherto unrelated facts, and so deserves to be taken more
seriously than many of the speculations which are merely re-
statements of isolated facts by means of an ad hoc hypothesis
for each of them.

Meitner supposes that a nucleus of atomic number Z, atomic
mass P=4a+p, contains 4Z ordinary o particles, and (a-%2)
particles neutralised by 2(a—%Z) electrons combined with them
in some looser manner than the electrons which actually form
part of the a particles. Further, it contains $ protons neu-
tralised by ¢ electrons. In other words, the net positive charge,
which determines Z, is supplied entirely by 4Z ordinary a par-
ticles. Z is here assumed even ; if Z is odd there is probably
an extra electron. The a particles which are neutralised in
the way described are denoted, for convenience, as o particles;
they are, of course, exactly the same as a particles once they get
loose from their environment. The heavier the atom, the
more of these o’ particles there must be, since for lighter atoms
Z is not very different from P.

For lighter atoms there is no particular evidence in favour of
such a type of atom more than in favour of any other type which
gives a number of o particles and a number of neutralised
protons. But radioactive changesfind a good descriptioninterms
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of such an atom, and Meitner suggests the following mechanism.
If an o particle is emitted, there follows a series of « changes
before one of the neutralised (o) groups becomes unstable.
When such a group does eventually break up, we have either
(a) the o particle emitted, leaving two electrons in excess,
which afterwards leave the nucleus successively in two § ray
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Table of radioactive changes, showing « and o’ transformations.

transformations, or (b) one of the electrons emitted, when
either a second f change or an o' change may follow, leaving
respectively an o’ or a § particle to be emitted later. That is,
in case (b) two classes of change can take place for the same
species of atom: some of the atoms will give a # and later an
a' change, while others will give an o' and later a § change.
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We have a branching and reuniting of the series such as is
found experimentally.

On this theory, then, a f change either follows an o change
(in which case a second f change succeeds) or it precedes
an o change, this latter alternative being attended by
branching.

A glance at Fig. 29 (produced by applying Meitner’s theory
to a diagram of Darwin’s) will show how far the theory repre-
sents the facts. There is one weak spot at the branching of
Uranium II., where we have the sequence a'Baf instead of
a'ppa, as we should expect. Apart from this, the agreement
is good. There are never more than two consecutive 8 changes,
which are always preceded by an a, or, as we call it, an o’ change.
A single f change always precedes a branching. The fact that
the model makes it easier to remember the sequence of changes
shows that it is of definite value, and, although it has not yet
been extended to nuclei other than radioactive ones, it deserves
an honourable place as having achieved some success in a
limited field. '

Instability Rules. The question as to why certain atomic
masses are unstable and do not occur has been attacked by
extending to the non-radioactive elements certain rules deduced
for the properties of the radioactive elements. Fajans seems
to have been the first to make a systematic attempt along these
lines, and he has been followed by A. S. Russell who, as a result
of somewhat involved analogies, has had success in predicting
isotopes.

We consider as an essential part of nuclear structure the
a particles neutralised by two electrons each, combined in a
manner less intimate than the two which form part of the
a particle itself, which have been called o' particles in discussing
Meitner’s theory, to distinguish them after they have lost their
two electrons from the o particles which have never had such
electrons. Such neutralised particles when existing in the
nucleus we shall call aff particles : they have mass 4 and charge
0. The other components of the nucleus are unneutralised «
particles, of mass 4 and positive charge 2 ; protons, of mass 1
and positive charge 1; and electrons, of mass 0 and negative
charge 1. Since Z<3P, we can with « and aff particles build
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up a nucleus which will differ in atomic mass by not more than
3 units, and in net nuclear charge by not more than 1 unit
from any given actual nucleus. By adding therefore to the
o and afp particles not more than 3 protons and not more
than 1 electron, any given nucleus can be imitated as far as mass
and charge are concerned. The following table shows how
Fajans divides up nuclei into eight series,* and the number of
electrons and protons which must be added to assemblages of
a and afp particles to make up nuclei of the series in question.

NUCLEAR SERIES.

Series. I IL | IIL v. V. VI VIL. | VIIL
Atomic weight -] 4% | 4% |[4n4I(4n+1 | 4n42|4n+2|4n+3 |42+ 3
Nuclear charge -|Even |Odd | Even | Odd | Even | Odd | Even | Odd
Number of protons -| o o I I 2 2 3 3
Number of electrons-| o I I o o] 1 I o

The table shows that in all series but series II. the number
of loose protons exceeds the number of loose electrons (the
term ‘“loose ” being applied to units not forming part of
a or aff particles), or, for definiteness, it may be said that the
loose electron is neutralised in all nuclei but those of series II.
Now this series consists of three elements only, T4 D (P =208,
Z=81), Th C (P=212, Z=83), and Ms Th, (P =228, Z=89),
which are all short-lived [ radiators, i.e. very unstable.
Generalising from this it may be assumed that all nuclei which
could be made up to fall into series II., or, in other words,
all nuclei of atomic mass 4% and odd nuclear charge are unstable.
Examples of such nuclei are Lig, Nyg, Fyo Nags, Clss, and
isotopes of the masses indicated by the suffixes have, in fact,
never been detected. Still more striking is the non-occurrence
of a silver isotope of mass 108, or copper isotope of mass 64.
Turning to the question of isobares, which are elements having
the same atomic mass, but different nuclear charges, we note
that adding an electron to a nucleus produces a new nucleus
of the same mass, but charge differing by I unit, and such a
nucleus with an unneutralised electron we hold to be unstable.

* There are four possible types of atomic weight, since the step of mass
in adding « or B particles is four units, and to each type of atomic weight
corresponds two series, one for even and the other for odd, nuclear charge.
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Accordingly, isobares whose atomic numbers differ by 1 are
not to be expected among the stable elements, and they do
not, in fact, occur, although ten certain pairs of isobares are
now known. Pairs of isobares provisionally indicated, but
not certain, also obey this rule. That a whole class is thus
excluded helps to explain the relative scarcity of isobares. -

Russell also bases his arguments as to the relative stabilities
of the isotopes of inactive elements on analogies drawn from
the radioactive series, but he starts from four radioactive series
the members of which have atomic weights 4n+3, 4n+2,
4n+1, and 4# respectively. The third series is a purely hypo-
thetical one whose end products may be bismuth (P =209)
and thallium (P=205). The reasoning is not always easy to
follow. Several interesting results are derived, many of which
await confirmation, but they are not of a nature that can be
briefly exposed.

In short, all speculation on the subject of stability is based
on the known properties of the radioactive elements. Sug-
gestive regularities have been pointed out, but the guiding
facts are scanty, and no great certainty as to the underlying
meaning of the rules put forward can yet be claimed.

Nuclear Dynamics. Attention is devoted to nuclear dyna-
mics rather to indicate the tasks of the future than to describe
the triumphs of the present. At present the problem offers
what is termed by some writers an almost virgin field. Ob-
viously some theory of the motion of the nuclear constituents
will have to be elaborated eventually. Rutherford and
Chadwick’s work gives a strong indication of an orbital motion
of at least one proton, and it is probable that a complicated
system of moving parts will have to be devised to give a stable
nucleus. Any successful model which will explain radioactivity
will have to contain moving protons and electrons. It is quite
possible that the nucleus will be definitely divided into inner and
outer parts, and a kind of nucleus within the nucleus assumed.
A start in this direction has, in fact, already been made.

Rutherford has recently put forward a provisional scheme
of nuclear structure, guided largely by a suggestive result
obtained in investigating the scattering of o particles by
aluminium. The experiments of Bieler, to which reference was
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made in Chapter II., showed that the closer the approach of
the a particle to the scattering nucleus the smaller becomes
the ratio which the number of particles scattered through a
given angle bears to the number indicated by the inverse
square law. Rutherford and Chadwick, using a particles of
greater energy, have found that for still closer approach

Fia. 30.
Rutherford’s nuclear scheme.

than Bieler obtained this ratio suddenly increases again.
This result was obtained with aluminium : with heavier ele-
ments, where, owing to the large nuclear charge, such close
approach does not occur, the inverse square law was found to re-
tain its validity within the limit attainable. For example, with
silver and gold the distance of closest approach is 2 x 1012 cms.
and 3 x 10712 cms. respectively with the swiftest a particles used.

The aluminium results can be explained by supposing that
the nucleus consists of a positively charged inner core, sur-
rounded by a ring or shell of circulating electrons, and a
system of still larger radius of circulating protons, as represented
crudely in Fig. 30. An o particle which does not penetrate
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the outer shell will be subjected to a force which follows approxi-
mately the inverse square law.* An a particle which pene-
trates within the proton system will then be subjected to a
repulsion smaller than would be the case on the inverse square
law (supposing, of course, the net nuclear charge to be con-
centrated at the centre of the nucleus), and for such particles
the scattering will be less than that calculated on the inverse
square law. o particles which possess’ sufficient energy to
penetrate the inner system of satellites represented in Fig. 30
will be exposed to a bigger field, and the scattering ratio will
increase. The quantitative departure from the inverse square
law will depend upon the exact distribution of the nuclear
electricity. When the laws of scattering for very close approach
are more completely worked out no doubt an attempt will be
made to represent this distribution more exactly.

The scattering results alone do not, of course, demand that
the electrons and protons of Fig. 30 shall be in motion, since a
statical distribution will effect the same thing. However, if
we are to retain the inverse square law of force between the
inner core and outside electric charges, as we shall do unless
we are irresistibly driven from this position, they must be in
motion to secure stability. Further, as we remember, Ruther-
ford was led to assume circulating protons in the outer part of
the nucleus to explain the behaviour of the protons expelled
by impact of o particles (Fig. 19). Other nuclear properties
also seem to call for a dynamical rather than a statical model
of the nucleus. Lindemann, by a combination of very wide
generalities and very special assumptions, has, as we have
seen, devised a nucleus in which there are moving parts, which
gives some account of Geiger’s law connecting range of a
particle and half-value period, but which does nothing else.
Ellis has brought forward strong evidence for energy levels
within the nucleus, differences between which can be emitted
as y rays, and assumed that these levels are due to circulating
electrons, like those in the extranuclear structure, but has not
referred to other nuclear properties. The approach to the

* If the distribution of electricity be assumed azimuthally continuous and
spherically symmetrical the inverse 'square law will, of course, be exact as
long as the « particle does not cross the boundary.
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problem from various directions is beginning to indicate certain
wide features of nuclear structure ; but we are a long way from
having any sure ground on which to build a more precise
dynamical theory, since it is improbable that ordinary electro-
dynamic laws, even as limited by the quantum theory, hold
within the inner part of the nucleus, whatever may be the case
in the outer regions. The fact that a heavy nucleus, contain-
ing some tens of electrons, appears to be of the same order of
size as the electron itself, as ordinarily estimated, shows how
much more complicated the problem of the nucleus is bound
to be than that of the extranuclear structure, where the dis-
tances are large compared to the dimensions of the parts.
Whereas in 1923, when the first edition of this book was
published, practically all the few experiments bearing on
nuclear structure were concerned with the spontaneous radia-
tions from the nucleus, and so applied only to very heavy
nuclei, containing a large number of units, Rutherford and
Chadwick’s latest experiments have indicated how information
can be obtained as to the outer parts, at any rate, of light
nuclei.* The continuation of these experiments is likely to
furnish us soon with further information as to nuclear structure.
The nucleus may, of course, have a rotation as a whole, in
addition to any internal motions. Infact, small asit is, it offers
an unbounded field for speculation, which, however, in the
absence of experimental information, has a limited value.
Shape of the Nucleus. When we say that a nucleus has a
certain size, say 5x107'% cms., we do not mean anything very
determinate. A nucleus is a centre of complicated forces,
which, at a great distance, may be taken as a minute charged
sphere, but even at a great distance it is not certain that the
field of force has spherical symmetry about the centre, although
in the investigation of Bohr and his school it is always assumed
to possess it. Near the nucleus it is practically certain that

* “ Unfortunately, at present the main experimental information bearing
on the dynamical problem is from the radioactive side, and so applies to nuclei
of such a complicated character and large number of constituents that the task
is of exceeding difficulty. The greatest hope at present seems to lie in
extensions of Rutherford’s work on o particles, which has indicated a revolution
of a proton within the nucleus, and may enable us to explain, at any rate, the
outer parts of a simple nucleus.”” (Structure of the Atom. First Edition.)
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ithasnot: the mere fact that o particle emission is accompanied
by so slight y radiation seems to indicate that there are certain
preferred paths along which the particles leave, without coming
close to extranuclear electron orbits. By the diameter of the
nucleus we indicate the distance between the centres of two nuclei
at which the inverse square law breaks down. In speaking of the
shape of the nucleus what has generally been meant so far is
that nuclear charges, distributed in a certain configuration, and
acting on external charges with an inverse square law, give one
or other of the experimentally established results: the con-
figuration is then called the shape of the nucleus. We shall
indicate now a few of the attempts which have been made to
devise an aspherical nucleus.

The first, perhaps, was made by Silberstein in 1919, when he
showed that a theory of the fine structure of spectral lines could
be based upon an axially symmetrical nucleus, any departure
from spherical symmetry producing a splitting of a line into
close components. He assumed an inverse square law between
each individual charge of the nucleus and external electrons,
and disregarded relativistic complications : the helium nucleus,
for instance, he took as two positive point charges separated
by a distance 24, upon which the separation of the components
of a line is shown to depend. Preliminary work only has been
carried out along these lines, but it is interesting as showing
that a departure from sphericity not exceeding the order of
size laid down by Rutherford for nuclear magnitudes can
produce appreciable results on the electronic orbits. It may
be noted that Darwin found a nucleus of Silberstein’s type, a
“bipole”’ of two like charges, fairly satisfactory from the point of
view of the collision relation between an a particle and a proton.

Rutherford’s work, showing that for close collision between
a flying a particle (helium nucleus) and a nucleus the helium
nucleus behaves as if flattened, has been considered in Chapter
IV., where it has been indicated that there is nothing to decide
whether the helium nucleus is permanently flat or deformed
from a spherical to a flattened shape by the near approach of
the a particle. It has been recorded that Chadwick and
Bieler, using Darwin’s calculations, have concluded that the
helium nucleus behaves—in collision—as an elastic oblate
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spheroid, moving in the direction of the minor axis, the semi-
axes being respectively 8x107%® cm. and 4xr10"® cm.
At present most speculation as regards shape has been re-
stricted to the helium nucleus, since it is only for the swift a
particle that close collisions with that minute proof-body, the
proton, have yet been studied in detail. The difficulties con-
nected with the collision between an « particle and a heavier
atom have been indicated in Chapter IV. As a general con-
clusion we may say that it is rather early to expect to get a
decision on the shape of even the simpler nuclei—the necessary
accurate experimental work is not yet to hand. Heavier
nuclei have, in general, been treated as spherical in explaining
the scattering results. There are, however, one or two inter-
esting pieces of speculation as to the possibility of other shapes
which may be mentioned before leaving the subject.

Chwolson has made a suggestion that the ultimate density of
electricity, positive or negative, is always the same, 7.e. thata
given elementary charge always occupies a given volume. He
adopts the disc form for the nucleus, and shows that for a given
charge in disc form the mass is inversely as the thickness of the
disc. He suggests that the positive elementary disc is the a
particle, and calls it a petalon : he calculates for its radius 70s
and for its thickness -00055s, where s is the radius of the elec-
tron. The nucleus is then supposed to consist of petalons
sandwiching electrons between them, a nucleus of atomic
number Z containing Z - 1 petalons and (Z —2) electrons. This
hypothesis is mentioned for its novelty rather than for any
positive achievements to which it has led.

Considerations of a different kind have led H. T. Wolff like-
wise to assume a disc form for the heavy nucleus at least.
He starts from the assumption that, just as optical and X-ray
spectrum lines are due to quantum transitions in the extra-
nuclear electronic orbits, so the emission of nuclear y rays is
to be attributed to the passage of circulating electrons in the
nucleus from one quantum state to another. This agrees with
the views of Ellis. He then showsthat, if thenucleus beassumed
spherical, and it be further assumed that Coulomb’s law of
force prevails, then the Sommerfeld-Wilson quantum condition*

* See Chapter X.
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for angular momentum leads to the result that, if the radius
of the smallest electron path is to be not greater than 107% cm.,
then the nuclear charge must be at least 139¢, which is out of
the question. He concludes that Coulomb’s law and the
quantum condition may be retained if the nucleus, instead of
being spherical, is assumed to be a positively charged disc of
radius 4 x 10718 cms., round which the nuclear electrons circulate
in a coplanar, concentric orbit. The positive charges in the
nucleus are supposed to hold together by themselves, which,
of course, means that Coulomb’s law cannot hold for them
amongst themselves for distances less than 4x107% cms., but
that the repulsion must change to an attraction. The radius
of the electron orbit works out at the reasonable value of 10712 cm.
These values, it may be noted, show a certain rough agreement
with Bieler’s estimates of distances at which the inverse square
law holds and breaks down. On Wolff’s calculations one of
the electrons detached from its orbit will leave the sphere of
atomic influence with a velocity of about -9g8c in the case
of radium B, a value which agrees pretty well with the measured
velocity of the swiftest § particle from this element. Wolff
has also considered the problem of a ray emission on the basis
of a disc nucleus, without any very striking result. There has
been no attempt to adapt the disc nucleus to the scattering
results.

Too much attention must not, of course, be paid to these
deductions, as the number of unconfirmed, if plausible, hypo-
theses on which they rest is great. At the same time, it is
noteworthy that certain independent lines of reasoning are, in a
very general sort of way, pointing to the conclusions : firstly,
that the field of force which surrounds the nucleus loses spherical
symmetry and assumes an axial symmetry as the centre of the
nucleus is approached ; and secondly, that the law of force,
which obeys the inverse square far out from the nucleus,
modifies its form and ultimately reverses sign as the centre of
the nucleus is approached. Much work is likely to centre on
the investigation of these points in the near future.

Effect of Packing on Mass of Protons. There remains to be
discussed the question as to why hydrogen does not comply with
the whole number rule, that is, why the mass of a proton when
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isolated is 1-0077, while in any complex nucleus it is 1:000 + *00I.
This effect of “ close packing *’ of protons, or ‘‘ mass defect ™
(Massendefekt) has been explained on the supposition that all
the mass, of proton as well as electron, is electromagnetic.
Classical theory shows that the electromagnetic mass is a func-
tion not only of the charge, but of the distribution of the charge :
the more concentrated a given charge, the greater the force
needed to accelerate it. Thus the electro-magnetic mass of

2
a charge ¢ on a sphere of radius a is m=§ f;. To obtain the

experimental mass of the electron the charge must be considered
concentrated on a sphere of diameter 3-8 x 10-3 cms.: to get the
greater mass of the proton the diameter must be 2x 1071 cms.
This, of course, assumes that these ultimate particles behave
like macroscopic charged spheres, which is a considerable
assumption.

On the electromagnetic theory, then, the mass depends on
the capacity of the system. If we bring two small charged
spheres of opposite sign close together the mass of the two so
placed will be less than the sum of the mass of the two separ-
ately. The diminution of mass which attends the packing of
the protons in the nucleus (which is in general 76 per cent. of
the mass of the isolated protons) can, then, be attributed to
their close packing with electrons. That the packing must
actually be close is indicated by the size of the electrons as
compared with the estimated size of the nucleus.

The mass defect is shown in the simplest case by the helium
nucleus, which, containing four protons and two electrons, has
mass 4, 76 per cent. less than that of four isolated protons,
4-0308. That thisis a very stable combination has been proved
experimentally, and we have also seen that the helium nucleus
is probably the chief unit of which nuclei are built. It may be
that only in the helium nucleus is the packing close enough
to produce the *76 per cent. mass defect, and that for the one,
two or three odd protons, and the electrons more loosely held in
the nucleus by both a particles (on Meitner’s theory) and else-
where, there is no appreciable packing effect. The heavy nuclei
are, however, so largely composed of helium nuclei that there
is so far no hope of a decision on this point.
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We can get a numerical estimate of the stability of the helium
nucleus from the mass defect, by taking into account Einstein’s
relation between mass and energy. According to this, energy
and mass are connected by the relation

E
m=5»
where ¢ is the velocity of light: if a system loses energy it
loses mass, and vice versa. Hence the loss of mass which takes
place when four protons are combined to give a helium nucleus
must, whatever be its cause, be accompanied by an output of
energy given by

E=0308xgx10% =-28 x 102 ergs
=#x 10 (small) calories

per gram molecule (4 grams) of helium. Thus, in the language
of the chemist, a helium nucleus is an exothermic compound,
giving out 1-75x 10 calories per gram as compared with, for
instance, the 1-6 x 10® calories given out when a gram of carbon
dioxide is formed from its elements. To resolve a gram of
helium into protons would, of course, require the input of this
amount of energy, and a substance which requires some 10!
calories to dissociate a gram of it may justifiably be called
stable.
A single helium nucleus would require

28 x 1020

m ergs=5 X 10~% ergs

approximately. This is more than three times the kinetic
energy of the swiftest a particle (that for thorium C, with range
8:6 cms. in air at 15° C.). Hence there seems little likelihood
that the helium nucleus will be dissociated at present, since the
a particle offers by far the greatest local concentration of energy
at our disposal.

It is not surprising that the enormous energy which would
be at our disposal if we could make protons combine to helium
nuclei (4 grams of helium in the course of formation from
hydrogen would give about a million horse-power for an hour),
has led to many brilliant flights of fancy. A comparatively
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small rate of formation of helium from protons in the sun would
give a sufficient supply of energy to compensate for that lost
by radiation. Delightful or horrible pictures of what could be
done were such a source of energy at our disposal are easily (and
profitably) drawn. It has been suggested that if once a single
helium atom could be built up from protons the energy liberated
would detonate in some way all neighbouring substances, and
blow the world—possibly the universe—to pieces. I confess
that I do not know quite what is intended by this detonation ;
presumably it is meant that all neighbouring protons would
combine, and the output of energy be cumulative. It seems to
me, however, that the fact that, in spite of the existence in
nature of radioactive changes, electric forces, enormous pressures
and temperatures, and plenty of protons to work upon through
all geological time, no detonation of the world has yet taken
place, assures us some degree of security. It must be remem-
bered that nature is continually carrying out experiments—
Rutherford has done nothing new in disrupting nitrogen nuclei,
which nature has been doing in the same way for millions of
years, wherever air is in contact with radioactive matter.
Rutherford was the first to demonstrate it, to show it going on.

Speculations as to the evolution of all elements from original
protons and electrons are entertaining, but hardly come within
the scope of this book.
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CHAPTER VIII
A DIGRESSION ON OPTICAL SPECTRA *

Importance of Spectral Evidence. The experimental study of
spectra, both optical and X-ray, has led to the discovery of
numerical laws which are of the utmost importance for modern
atomic theory. As the account of the regularities revealed in
series spectra is either entirely lacking or else very meagre in
the ordinary text-books of physics, a short description of the
chief properties of such spectra may, perhaps, be permitted
here, as a preliminary to considering the motion of the electrons
which run their courses round the nucleus.

The optical spectra of gases under ordinary pressures consist
of a number of discrete lines, each corresponding to a charac-
teristic frequency of vibration. In some cases the lines are
arranged in obvious groups,f within which they crowd up
towards a limiting line, or head : these, the well-known band
spectra, appear channelled or fluted to a low dispersion instru-
ment, and reveal their true nature only to spectrographs of
high resolving power. The band spectra are always associated
with the emission of light by undissociated molecules, that is,
by combinations of atoms and not by single atoms, although
sometimes these combinations may be relatively unstable.

* This chapter isinserted for the bénefit of those who are not acquainted
with the results of modern spectroscopy, and can be omitted by those who are.
Readers seeking relevant experimental data are referred to A. Fowler’s
Report on Series in Line Spectva, published by the Physical Society of London
(hereafter called ‘‘ Fowler's Report”), or to the book Seriengesetze der
Linienspektven, by F. Paschen and R. Gétze, published by Springer, of Berlin.

1 That the lines belonging to an ordinary line series—say one of the series
of lithium-—form a single group is not obuvious to the casual observer. In
fact, a prolonged investigation is often necessary to assign lines to their
proper series.
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Ordinary line spectra are of atomic origin, and thus demand an
atom model capable of emitting a large number of separated fre-
quencies. On the classical theory of electrodynamics this calls
for a large number of degrees of freedom of the vibrating centres
which the atoms must be supposed to contain. No theory
assumes that all the frequencies are emitted at once by a
single atom, but, all atoms being supposed similar, any one of
them must be capable of emitting singly any one of the
lines. '

The characteristic X-ray spectra are strictly atomic in their
origin : if a large number of different kinds of atoms are
present, either as a mechanical mixture or a chemical com-
bination, in the substance which is made to give out its
characteristic X-radiations, each kind of atom will emit its
own spectrum exactly as if it alone were present.* The X-ray
spectra have been conclusively shown to be connected with -
disturbances in the inner groups of electrons, which accounts
for their independence of chemical combinations, while the
outer electrons are concerned in the emission of optical spectra.
Since chemical combination is also an affair of the outer
electrons T the molecule does not give the optical line spectra
of its component atoms, but a band spectrum of its
own. .

Dispersed through a range of wave-lengths stretching from
about 10~® cms. to 1.gx10~* cms. we have, then, certain series
of vibrations which are characteristic of the particular atom
concerned in their emission. The X-ray series are of
comparatively simple structure, the modifications which take
place as we go from the lighter to the heavier atoms being
easily followed. The optical spectra, on the other hand, are
often of so great complexity that the laws which govern them
have not yet been hunted down : the iron spectrum, to take the
worst example, with its thousands of lines, long defied all
attempts to unravel it and, although considerable progress has
recently been made in classifying a proportion of the lines, is
still only partially ordered. The lines of the spectra of hydro-
gen and helium, and in general the spectra of elements in columns
I, IT and III of the periodic tables, have been resolved into

* But cf. the work of Lindh, p. 385. - t Cf, Chapter XIIL.
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series governed by comparatively simple laws. These regu-
larities will now be described, starting with hydrogen, which,
although the simplest case, exemplifies many of the properties
. of series spectra. It must not, however, be forgotten that the
spectra of many of the elements have not yet been satisfactorily
ordered into series, although the work now being so vigorously
prosecuted is fast bringing order into columns IV to VIII,
in which until recently only isolated relationships had been
established.

Hydrogen. It has been found that the regularities of spectral
series are always much more simply expressed in terms of the
frequency than of the wave-lengths of the lines concerned. If
A be the wave-length, ¢ the velocity of light, the frequency is,

' ¢ . . .
of course, 7 but spectroscopists have found it more convenient

to employ the simple reciprocal of the wave-length expressed
in centimetres, which is called the wave number and will
be denoted by v. In other words, it is the number of waves
per centimetre. When the true frequency, which is cv, is
required it will from now on be denoted by v;.

Balmer was the first to show that chosen lines of a spectrum
could be represented by a simple law, when he announced that
the wave numbers of the hydrogen lines then known were
represented by the simple formula*

v=R<1—¢I,—2— 1%) ............................... (1)

when »” has the value 2, and » takes successively the values
3,4, 5...togive the wave numbers of the different lines.t

* This is not the exact form in which this discovery was expressed, but is
the equivalent modern form.

t Fowler uses the notation y=N (_1_2 - I—z), and others use v=N (ia - _1_2)

mt  m nt m

It is not considered advisable to use m for the integer in spectral formulae
since m is generally adopted for the mass of the electron, which occurs in all
modern discussions of the theory of spectra. # has been widely used in
developing expressions for the general term of spectral formulae to represent
the general integer in the quantising equations. Itis therefore adopted here
for the general term, the particular value for the limit being demoted

by »’.
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The constant R,* which is of the utmost importance for our
subject, is known as Rydberg’s constant, and has the value, ac-
cording to Houstoun’s recent determination, of 109677470 +-04
(on the international scale).f The accuracy of the formula
may be seen by comparing the values given by the formula for
the first six lines with the experimental values.

WAVE NUMBERS OF THE FIRST SIX LINES OF THE
BALMER SERIES OF HYDROGEN.

Observed -| 15233-22 | 20564°79 | 2303254 | 24373706 | 2518134 |25705°96

2437306 2518135 |25705:97

Calculated} | 15233°17| 2056477 23032'54

The formula expresses a property of line series which is
quite general. As the lines are taken in succession from the
red to the violet they crowd up together, approaching a limiting
wave number given by putting #n=co in the formula.  Fig. 31

. ANinAU—
3500 4000 5000 6000 6500
Limit i
of Series | ¥
25 20 5 5
“—V«xI0
Fic. 31.

Balmer'’s series for hydrogen.

(Some 23 lines bave been measured in the gap denoted by *, but are too close together to be
represented on this diagram.)

shows the lines of the Balmer series with a scale of wave-lengths
above and wave numbers below : the lines of any other single

# Professors Siegbahn, Sommerfeld, and others, having decided to use R
to denote Rydberg’s constant, this notation is here adopted in preference to

the N sometimes used. R, it may be noted, is of dimensions [E}gﬁj' since
n and #’ are pure numbers, and v =%. -

+W. V. Houstoun, Nature, April 24, 1926. R. T. Birge earlier concluded
that the best value of R was 1096776 (Nature, March 3, 1923).

} Using the value R=109678-8. The wave numbers have actually been
measured to eight figures, instead of the seven given, and for closest agreement
the value R =109678+3 adopted, while the formula has been slightly modified
by the addition of a very small term to #’ and #. This is not of importance
for our considerations.
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line series have a similar general appearance. The diagram
offers no indication of the relative intensities of the lines,
which actually fall off in a regular manner as the limit is
approached. This decrease of intensity towards the limit is a
regular feature of all spectral series.

Three other series are now known for hydrogen, namely,
the Lyman series, in the ultra-violet, and the Paschen series
and Brackett series in the infra-red. These are expressed

by putting

n'=1,1n=2,3,4... (Lyman series)
n'=3, n=4, 5,6 ... (Paschen series)
and n'=4,n=5,6, ... (Brackett series)*

in the general Balmer formula.

These three series exemplify in a very simple way a principle
whose general conformation for all spectra which have been
ordered is one of the most important results of modern spectral
work—the combination principle first pointed out by Ritz.
The formula (1) gives the wave number as the difference of two

terms, both of the form —1—2 Now considering the sequence of

x
terms B -Zg, E, etc., it will at once be seen that as a con-
1 2% 32 :

sequence of the fact that any line can be expressed as the
difference of two of them, the wave number of a line can be
represented as the difference of wave number of two other
lines. For the spectra of other elements the terms have not
quite so simple a form, but they are always functions of whole
numbers, and the wave numbers can always be expressed as a
difference of two terms, with certain consequent relationships.
In general it may be said that the terms are the fundamental
characteristics of a line spectrum, for from them all the lines
* This series has only recently been observed by F. S. Brackett (dstrophys.

Jour., 56, 154, 1922), who, using a long hydrogen tube viewed end on as a
source, measured two lines in the far infra-red which may be represented by

n’ =4, n=5,6

in the general Balmer formula. The wave-lengths of these two lines are 4-o5u
and 2'63y respectively. At the same time Brackett observed for the first
time the third, fourth and fifth lines of the Paschen series.
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of the different series into which it may be resolved are
obtained. The constant R appears with slight changes in the
terms of all series.*

In addition to these four series there is a *“ secondary,” or
band, spectrum of hydrogen, consisting of thousands of lines
now in course of disentanglement, but this is due to a
hydrogen molecule, and may be put aside for the present.t

Arc and Spark Spectra. Classification of Spectra. The series
spectrum of hydrogen is particularly simple, corresponding,
as has been shown by all modern theory, to the very
simple structure of the hydrogen atom, which in its normal
state contains only one electron. Heavier atoms are capable
of emitting two or more distinct classes of spectra, each of
which has its own several series. When subjected to moderate
agitation the atoms give one class: when subjected to. very
rough handling they give another class, either accompanied by,
or unaccompanied by, the first. By careful search and selec-
tion of conditions, the existence of further spectra has been
established during the past few years. In general, in the
Bunsen flame, or in the arc, the disturbances suffered by the
atom are comparatively mild ; in the spark, with a condensed
discharge from Leyden jars or other condensers, the disturb-
ance is more violent. The spectrum produced in the first case
is therefore called the arc spectrum ; in the second case lines
which are shown only faintly in the arc are enhanced, and fresh
lines appear. The new lines and the enhanced lines constitute
the second class, the spark spectra. Some spark lines, of course,
sometimes appear in the arc : the complete ordering of the lines
into these two classes is a matter of careful investigation. It
may be stated at once that modern research has shown that
the arc spectra result when an electron is removed from
a neutral atom, while the spark spectra result when an
electron is removed .from an atom which has already lost
an electron. The existence of only one line spectrum with

* Th)us, for instance, R=109722'3 for neutral helium. (See Chapter IX,
p. 197.

+ With respect to the conditions necessary for the production of the Balmer
and the many-line spectrum of hydrogen in separated regions of a discharge

tube, a very interesting paper by R. W. Wood (Phil. Mag., 44, 538, 1922)
may be consulted. ’
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hydrogen is thus simply explained, for the hydrogen atom has
only one electron to lose.

The further classes of spectrum to which reference has been
made are excited, one when two electrons are removed from
the atom, another when three electrons are removed from the
atom, and so on. The existence of spectra emitted by the
aluminium atom which has lost two electrons has been estab-
lished by Paschen, and of spectra due to the silicon atom which
has lost three electrons by Fowler. The names arc and spark
spectra are therefore not particularly desirable in the light of
modern knowledge, since they fail to emphasize the real dis-
tinction between the classes of spectra to which they are applied.
It is, theoretically, preferable* to speak of the spectra of the
neutral atom (arc spectrum) and of the singly ionised atom
(first spark spectrum), continuing the notation by referring to
the further classes of spectra as of the doubly ionised atom,
of the trebly ionised atom, and so on. It is usual to abbreviate
this description by using symbols whose nature can be made
clear by taking as an example silicon. The four classes of
spectra, due to the neutral, singly, doubly and trebly ionised
atoms are called respectively Sij, Sip, Siyy and Siyy. This
notation goes back to Norman Lockyer. It is to be noted
that the spectrum of singly ionised silicon is Siy, not Siy.
By another notation the spectra are spoken of as Si, Sit, Sit+,
Sitt*. In the case of arc and spark spectra this form is
general ; for instance, the two magnesium spectra are often
described as the Mg spectrum and the Mg™ spectrum.

In general, most of the lines of either the arc or the spark
spectra fall into four distinct series, which are named the princi-
pal, diffuse (or first subordinate), sharp (or second subordinate),
and fundamental series + respectively. In the general case
the lines of the different series are intermixed, and the series
overlap. If all the lines had the same physical character it
would be difficult to sort them out; fortunately there are

* But often, for brevity, one is compel'led to use the older nomenclature.

1 The fundamental series is sometimes called the Bergmann series on the
continent, but the name is dying out. As a matter of fact, Saunders and
Fowler independently discovered such series in the visible region for calcium
and strontium before Bergmann measured a number of them in the infra-red
for other atoms.
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certain guides, in the appearance of the lines and their physical
behaviour, which aid the separation into series. The terms
diffuse and sharp series, for instance, originate in the fact that
for many elements the lines of the diffuse series are ‘com-
paratively ill-defined and “ washy,” the lines of the sharp
series clear and definite. (This is not the case for all elements,
but the names have been extended from the elements where the
lines are actually diffuse and sharp respectively to those where
these differences are not marked.) Continuing the physical
characteristics of the different series, we note that the lines of
the principal series are strong and easily reversed by absorption.
When the series consist of doublets, the separation (s.e. dif-
ferences of wave number of the two components), in the case of
the principal series, becomes less and less as the wave number
of the line increases, whereas for the sharp and diffuse series
the separation is constant throughout. In triplet series there
are analogous guides which need not be detailed. The relative
ease with which given lines are excited is also a guide to the
series to which they belong. Another test indicating the series
to which a line is to be attributed consists in observing the
Zeeman effect : in a strong magnetic field all lines which belong
to the same series behave similarly, showing identical resolution
if the scale of frequencies be adopted. In these ways, even
when the lines of different series are mixed up, they can be
allotted to their series. It may be added that there is nothing
particularly fundamental about the fundamental series except
that it is more Balmer-like than the other three; and the name
does not seem particularly happy, as if a series is principal it
might also be supposed fundamental. However, the name is
generally used, and is accepted in Fowler’s report, so it will
be adopted here.

A comparison of Fig. 32, on which are represented the wave
numbers of the hydrogen lines with Fig. 33, on which are
represented the wave numbers of the four main series of
lithium, will show how the series which are separated for
hydrogen, overlap for lithium, as they do in the general case.

Series Relationships. Since in all spectra which have been
ordered the wave number of any line is expressed as the
difference of two terms, the problem is to find a satisfactory
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general formula for the terms. The simple form Ez suffices for
n

hydrogen and ionised helium alone: for other elements a
somewhat more complicated function of the whole number # is
required. Various types of formulae have been suggested by
Rydberg, Hicks, Rummel, Ritz, Nicholson, Paulson, Johanson
and others ; * for present purposes the simplest of them, that of
Rydberg, will suffice. His expression for a typical term is

ALY where R is the constant which we have already seen in
Balmer’s formula,{ # is a whole number and ux is a number
which has a fixed value for a given series, but different values
for the different series of one element, and, of course, still other
different values for the series of other elements. Its values,
as allotted by the practical spectroscopists, are usually not very
different from unity—that is, they lie between -3 and 1-4.
For instance, for lithium u is 9596, -50921, -9974 respectively
for the principal, sharp and diffuse series.

Thus for one element any term is determined by a whole
number #, and by a constant u characteristic of the series.
The whole number # is called the sequence number (German
Ordnungszahl or Laufzahl), the body of terms determined by
giving # successive whole number values in the term formula
being called a sequence of terms, in contradistinction to a
series, which expression is restricted to lines, not terms.
The particular values which the constant w adopts for the
principal, sharp, diffuse and fundamental sequences are generally
denoted by P, S, D, F, and a term of the principal sequence

* See Fowler’s Report.

1 R varies very slightly from element to element, owing to the fact that
the mass of the nucleus, though large compared to that of the electron, is

not infinite. (See p. 195 ef seq.)
} The form (Zf—-p.)a is characteristic of arc spectra. For spark spectra

the constant is not R but 4R, a fundamental point. Of course, by taking
# not as a whole number, but as a multiple of -5, it would be possible to
express the spark series with the constant R ; this, however, as subsequent
considerations will show, would be to destroy a simplicity of expression which
is in the best accord with theory. Similarly, since not #» but #-y is deter-
mined in fitting an arc series, the value of #» can be changed by a unit if the
corresponding adjustment is made in p. (See p. 173 ef seq.)
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is written as #P, which is an abbreviated notation for

R
(n+P)2".
three series is written #S, #D, nF. If there were no
interrelation between the series, typical wave numbers of lines
written as P (n), S (#), D (n), F (n) would be

(n)=P_-nP

Similarly, an #th order term of each of the other

P = o

S(n)=S_-nS
D(n)=D -nD
F(n)=F_-nF,

where P_, S_, D, F_ are the limits of the different series
which the wave numbers of the lines P (%), S (%) . .. attain when
n is put =co , causing the second term to vanish in each expres-
sion. The limiting frequencies are, however, connected by
simple relationships. In the first place, the limiting frequencies
of the sharp and diffuse series are identical: S =D_.
Further, the limiting frequencies of the principal and the sharp
series are expressed in a very simple way by the so-called
Rydberg-Schuster law. The limit P_ of the principal series
is equal to the value of the term %S, the variable part of the
expression for S(n), where » is put 1, while the limit S_ of
the sharp series is equal to the value of #nP where » is put I.
A further law, discovered by Runge, states that the limit of
the fundamental series is given by putting # =2 in the term #D.
Thus the wave numbers of lines of the four series are given by

P(n)=1 S—nP n=I1,2,3...
S(n)=1 P-nS n=2,3,4...
D (n)=1 P-nD n=2,3,4...
F(n)=2 D-nF n=3,4,5...

The possible values of # are indicated on the right. It will be
seen that the first, or lowest frequency, line of the principal
series is given by 1S— 1P, while the first line of the sharp series
is IP-2S. If we put #=I in the expression for S(n) we get
1P-1S, which is the negative of P(r). Thus - P(x) behaves
as if it were the ““ first”’ line of the sharp series: it is not, of
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course, observed, because a negative frequency is only a fiction.
If, however, S(n) be plotted against », — P(1) at #=1 will fall
into line with the other terms.*

The different series are thus expressible by the difference
between a fixed limiting term and a variable term containing
a characteristic constant. There are, however, various other
lines whose wave numbers are expressible as the difference
between some value of the variable term of the series and a
value of the variable term of another series. These are the
so-called “ combination lines,” a further example of the fact
that the terms are the important things, since they can be
assorted in various ways so that their differences give observed
wave numbers. As an example of combination lines, with
strontium a series of lines 1D-nP is observed ; a single line
15-1D; and other combinations involving lines of triplet
series which have not yet been mentioned. Speaking
generally, it accords best with modern theoretical views
to lay stress on the terms, and to say that a spectrum of a
given class can be represented by a certain number of term
sequences. The four sequences nP, nS, nD, nF are the most
important, but, as will be seen later, there is no theoretical
reason for limiting the number of sequences to four, and
recently, for the representation of certain lines, other sequences
G, H. . .. (for which the lowest value of # is greater than it is
for the F sequence) have been introduced. A further con-
sideration of this point is best postponed until we take up the
theoretical aspect of the subject in Chapter XI. -The fact that
any spectral line can be represented by the difference of two
selected terms is embodied in the Combination Principle of
Ritz, to which reference has already been made.

It should be stated clearly that the allocation of the whole
numbers to the leading terms in the above series is to a certain
degree arbitrary, since the value of # in (n+u), which is the
quantity determined by the experimental data, obviously
depends upon the values selected for w, so that adding or

* Tt may be noted that sometimes the value » =1 will give a negative wave
number for the P series, which means that the first observed term is given by
n=2. In this case » =1 will give a positive wave number, i.e. an observed

term, in the S series.
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subtracting 1 from w changes the value of » by 1 for all terms
of the sequence. We are considering here Rydberg’s formula

for the term (%f E ; formulae used for more accurate fitting
2

of the experimentally found values of the terms embody a third

corrective term in the denominator, which term involves #,

and so is slightly modified by a difference of allocation of #,

but not sufficiently to serve to fix » unequivocally. The

allocation of # in the leading lines given above (i.e. 1S, 1P,

Axio® g 0w e p pRO 2 Y 0 OR0
T 11 I . LYMAN
T 1 BALMER
I T PASGHEN
T ][ BRACKETT

vxio® “Tlo 100 s0° 80 70 60 50 40 30 20 0 0

i’ n
4 A /
3 B 1%
3 e
4 1
o Brf [ 5
Le
6.
Fr7
74
. ré
o | T T
ol | \ i Lo
o i v
| ‘ é :
R A R
-/-2 22 52 4"3

F1G. 32.
Diagrammatic representation of series for hydrogen.

2D for the limiting terms) is Rydberg’s notation, adapted by
Fowler. In Paschen’s notation the 1P is replaced by 2P, and
2D by 3D, which affects the value of u, of course, but does not
affect the fitting to experiment. Rydberg and Paschen’s
notations are the only two used by practical spectroscopists.
It will be pointed out later that Bohr, on theoretical grounds,
allots # still differently : on his notation the value of # to be
given to the leading terms varies from element to element.
This notation, great as is its theoretical significance, has proved
unmanageable for descriptive purposes, and need not be con-
sidered at this stage. “The Rydberg-Fowler notationis adoptedin
this book, since most Bnglish readers rely on Fowler’s report for
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the mass of important reference which it contains. Those who con-
sult Paschen-Gotze must keep in mind the difference of notation.

Graphical Expression of Series and Series Relationships. Fowler
exhibits the series by plotting the wave numbers of the
lines against », the frequency scale increasing from right to
left, and 7 increasing downwards. Fig. 33 prepared for
lithium is typical. Above are the lines of the four series,
exhibited on a wave-number scale; below, the graphs of » -
against #. The lines approach the limits indicated as » tends

LITHIUM SERIES

vxio™ 40 . 20 T 9
Pool TII1 1T | [ PRINCIPAL
Soo1 [T 1 | | SHARP
Dool [T [ ] [ DIFFUSE

FUNDAMENTAL

Tl

Fic. 33.

Diagrammatic representation of series for lithium.

to 0. The common limit of S(#) and D (), and the relation-
ships P —S_=P(1) and S -F_=D_-F_=D(2), indicated by
dotted lines in the diagram, are immediately obvious. For
comparison the simpler hydrogen relationships are exhibited
in the same way in Fig. 32.

Bohr, on the other hand, plots the v-values of the ferms and
not of the lines. This type of diagram is sometimes known by
the name Grotrian.*

* Grotrian first ehployed a *‘ Grotrian diagram ”’ in a paper on regularities
in the neon spectrum, published in the Physikalische Zeitschrift for November
1st, 1920. However, as Grotrian himself clearly states, Bohr had used the

method some months previously in a lecture in Berlin, and had published it in
the Zeitschrift fiiv Physik, where it appeared a little before Grotrian's paper

(vol. ii, p. 423).
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The terms %S, nP, nD, nF of each different sequence are
plotted on a scale of wave number », from right to left on a
horizontal line, one line being used for each sequence, and the
different lines being spaced vertically in the order named, with
the S sequence uppermost. Fig. 34 shows the lithium spectrum
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Bohr-Grotrian diagram for lithium spectrum.

exhibited in this manner, a logarithmic scale being, however,
used for v in order to open out the scale for the higher terms
of the sequences. For comparison the hydrogen terms are
represented by the vertical broken lines. The advantages of
this method will appear when Bohr’s general theory of spectra
is discussed.

Doublet and Triplet Series: Fine Structure. Actually,
things are not, in general, as simple as they have so far been
described to be. Series consisting of single lines—so-called
singlet series—are in a minority. The lines of a series may
occur in pairs, known as doublets : the best known example of
such a doublet is the yellow sodium lines, A\ =5896, 5890,
which constitute the first pair of the sodium principal (doublet)
series. In the case of doublets each series is then duplicated,
since the shorter wave-length components of each doublet,
taken together, form one series, the longer components a second
series of the same kind. Again, the lines may occur in threes,
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known as triplets: the series are then triplicated. Many
relations, fundamental for the spectroscopist, have been
obtained experimentally, and explained theoretically, regarding
the separation of the lines in doublet and triplet series, relations
which distinguish in a characteristic way any selected series
from each of the other series. Thus the frequency difference of
doublets of a principal series decreases with increasing fre-
quency of the lines, so that the two series have the same limit,
while the frequency difference of doublets of the diffuse and
sharp series is constant throughout the series. Further, some
lines have satellites, or fainter companions, which were for-
merly regarded as, in a sense, a subsidiary complication, but
have now been shown to be an essential feature of the multiplet
mechanism.

Doublet and triplet series are not the only types of multiple
series. Recent research has shown that lines can occur in groups
resulting from combinations of terms of far greater complexity,
known as quartets, quintets, sextets, septets and octets, any
such groups being known, generally, as a multiplet. The lines
which go together to form a single multiplet are all characterised
by the same value of # : they are not, in general, readily dis-
tinguishable as belonging together, but have to be hunted out
by special methods, such as a consideration of the relative
intensities of the different components of the multiplets, of the
temperature classification, and of the Zeeman effect. The
characteristics of multiplets are considered in greater detail
in Chapter XV, which deals largely with their properties.

The spectrum of an alkali metal consists of doublets:
although in many cases the two components are too close to
be resolved it is perfectly clear, on both theoretical and experi-
mental grounds, that each member of the various series is
double. When we turn to the spectra of neutral atoms (arc
spectra) of the alkaline earth metals we find triplets, lines of
the S, P, D and F series being all triple.* Besides these
triplets, however, there are for the same atom quite distinct

* It has been usual hitherto to reserve different types for the terms of
different systems : thus both Fowler and Paschen always used small letters,
s, p, d, f, for triplet terms, while Fowler used Greek letters, o, , §, ¢, for double
terms. See, however, p. 302 ef seq.

AS.A. M-
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and different series of single lines, which can be classed as S,
P, D and F series. It must be clearly understood that all these
lines, triplets and singlets, are emitted by the same light source,
and that they are quite separate from the spectra of the ionised
atom (spark spectra) of the same element. In such a case we
say that the spectrum comprises a triplet sysfem and a singlet
system, each system consisting of the usual four series and com-
bination lines (together with possible other series, G, H, and so
on, to which reference has been made). The spark spectrum
may also comprise different systems, though the detection of
more than two is, so far, exceptional. Recent research has
shown that the arc spectra of elements of the higher columns
of the periodic table may comprise several systems: for
instance, quartet, sextet and octet systems have been
identified for neutral manganese, M.

The subject of multiplet series will be further considered later
in connection with the ‘“inner quantum number.” Their
systematic representation with the help of this third quantum
number is one of the recent descriptive successes of the theory.
The present brief account is designed to elucidate casual
references to such series which will have to be made before that
chapter is reached. It is also important that the multiplets
should not be confused with the fine structure of spectral lines
which, in the case of hydrogen and ionised helium, have proved
of great importance for the quantum theory.

The use of instruments of very high resolution, in the hands
of skilled workers, has shown that lines of hydrogen and ionised
helium, which under lower resolution appear to be of simple
structure, 7.e. to have a maximum of intensity, dying off on
either side, are really complex, having several components.
The effect is more clear cut with ionised helium than with
hydrogen, as is indicated by theory should be the case. The
exact nature of the resolution is discussed further when Bohr’s
theory is considered: the fine structure is mentioned here
merely as an experimental fact of spectroscopy. Figs. 1 and 2
of Plate V. show the fine structure of, respectively, the
4686 and the 3203 lines of ionised helium, as photographed by
Paschen in the third and fourth order, respectively, of his big
concave grating. With 4686 five components can be distin-
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guished in the reproduction, of which three are strong: with
3203 four components, of which three are strong. This fine
structure is discussed at length in Chapter X.

The Helium Spectrum. Now that the general nature of
line series has been indicated, there are ome or two facts
about the helium spectrum which call for further mention.
Non-ionised helium—which gives the “arc” spectrum—has
two complete sets of series, a doublet system, with principal,
sharp, diffuse and fundamental series and also combinations,
and a singlet system, likewise with four series and combinations.
This fact was originally interpreted as indicating that ordinary
helium was a mixture of two hypothetical gases—‘ ortho-
helium,” giving the doublet system, and * parhelium,” giving
the singlet system. There is no corroborative evidence of any
kind for this supposition, which is now abandoned. Bohr
has indicated a method of accounting for the two systems,
without any need for supposing two gases.

The lines of the spectrum of neutral helium cannot be
expressed by terms of the Balmer type, but call for terms of
the Rydberg, or, for better agreement, of the Hicks type,

R

(ree)
7’L+[l:+;i
The agreement is not always satisfactory, but this is the most
generally useful type of formula.

In addition to the systems associated with the non-ionised
atom there are, of course, series associated with ionised helium
which were originally attributed to hydrogen. These are

expressed by the formulae of the type 4R <n—1,2—’—:—2), where R

has a- value slightly different from that which it has for
hydrogen, namely, 109722 instead of rog678. (Cf. p. 168.)
Series have been detected for which, in the formula just given,
n'=1 and #'=2 (Lyman); »'=3 (Fowler); and »n'=4 (Picker-
ing). Lines of the Fowler series (also known as the ‘4686
series,” from the wave-length of the first observed line)
show the fine structure to which reference has just been

made.

3"
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The account here given of series spectra is, it must be under-
stood, incomplete. Only those points which are necessary for
the understanding of the developments of the theory handled
in subsequent chapters have been considered. Much ve
beautiful work has been done on the regularities exhibited in
spectra containing systems of different multiplicities and on
the systematic variation of spectra for different elements of
the same period, and for different elements of the same
column, of the periodic table. ~Some of these have not yet
been brought under the theoretical scheme to be outlined
in this book, others will be mentioned as occasion arises, in
connection with the particular theoretical results that concern
them.



PART II

THE EXTRANUCLEAR STRUCTURE






CHAPTER IX
THE DYNAMIC MODEL OF AN ATOM WITH ONE ELECTRON

Introductory. There is, we have seen, general agreement
that the atom has a nuclear structure, and that the number of
units of net positive charge on the nucleus, which is the same
as the number of extranuclear electrons, is equal to the atomic
number. The question of the distribution and behaviour of
the electrons is very difficult to answer in a way calculated to
please everybody and to satisfy nature. The configuration
and conduct of these electrons govern the series spectra, both
optical and X-ray, of the atom; the chemical properties of
the atom ; the magnetic properties of the atom; and other
physical properties, of which the compressibility is one that
has received special attention. In general the fields of
investigation indicated have tended to grow different atoms
—the extranuclear structure has been designed by each school
to suit particular phenomena, or groups of phenomena, at the
expense of others.

It is clear enough that if the forces between the nucleus and
the electrons are governed by the ordinary inverse square law
the atom cannot be stable if the electrons are supposed to be
at rest. For, ifan electron is to be in stable equilibrium, there
must, corresponding to a small displacement in any direction,
be a force tending to restore it to its equilibrium position.
Such a system of electric forces, all tending to move a negative
charge towards one point, is, by Gauss’s Theorem, only possible
if the small sphere enclosing the point contains, a positive
charge, which is contrary to hypothesis. There are various
alternatives. We may assume, with J. J. Thomson, that the
law of force is not the simple inverse square, but one adapt~?

183
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to give an equilibrium position for electrons. A very simple
type of such law supposes that the force due to the central

charge E is given by 1_2(1_9) , which changes from an attrac-
7 7

tion to a repulsion when »=:¢, and J. J. Thomson has worked
out the stabilities of various numbers of electrons on these
lines, and calculated compressibilities from his models. Or
we may simply assume that certain configurations are par-
ticularly stable, feeling that it is not ours to reason why when
it comes to forces within the atom, of whose nature we have
no direct evidence; that the object is to make an easily
visualised picture. Langmuir, extending the work of Kossel
and Lewis, has acted in this sense, and assumed certain *‘ cells,”
arranged in an order dictated by the periodic table, for the
reception of electrons. Or we may endeavour to extend to
the atomic structure new principles which have already found
a wide application in molecular physics, using as general a
dynamical scheme as possible, and striving to keep in touch
with classical electrodynamics by making the classical scheme
a limiting case. This is the method adopted by Bohr and his
school, the relation with classical procedure being given by the
so-called correspondence principle, which will be discussed later.

In the main the Bohr atom has been evolved by considering
the characteristic radiations, using the term to cover optical
spectra, of different atoms, while the statical atom models have
been elaborated from the chemical point of view. No successful
attempt has been made to explain the details of spectroscopic
observation on the basis of a static atom, and until very recently
the Bohr atom had but little application to chemistry. Within
the last few years, however, Bohr has extended his theory, and,
while obtaining valuable results on the theory of optical spectra,
has also indicated how it can be adapted to give the periodic
properties indicated in the modern forms of Mendeléef’s table.
There are strong indications that the general features of the
Bohr scheme are capable of covering a very wide range of
phenomena.

The Bohr atom is a dynamical one in that the extranuclear
electrons are assumed to be in rapid motion round the nucleus.
On the classical theory of electrodynamics this implies in-
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stability, since any acceleration of an electron must be accom-
panied by radiation, by which the energy of the atom would be
continually dissipated, the electrons finally falling into the
nucleus. Any orbit would be possible, the actual one depend-
ing upon initial conditions and the time during which radiation
had taken place, and we should expect not a series of sharp
lines, but a continuous spectrum. Bohr avoids the difficulties
of the classical theory by assuming a limited number of stable
orbits in which the electrons can revolve without radiating ;
these orbits are subject to certain quantum conditions in-
volving the generalised momenta of the electrons. The atomic
“system as a whole can, then, exist only in a number of so-
called stationary states, to each of which pertains a certain total
energy. States intermediate between these stationary states,
although dynamically possible, are excluded by hypothesis.
Radiation takes place only when an atom passes from one
state to another of lesser energy, the frequency of the radiation
being determined by the quantum relationship between fre-
quency and energy. This, of course, is avoiding the difficulties
presented by the question of dynamical stability by denying
that the classical relationships hold within the atom, but the
quantum theory has proved its worth in so many branches of
electronic physics that its invocation has not the ad hoc
character of Langmuir’s cells. . Bohr has introduced into the
world of spectra Planck’s universal constant 4, invoked to
account for very different phenomena.

In dealing with the dynamical atom we have to discuss both
the distribution and motions of the various electrons, that is,
to decide not only upon the possible orbits, but upon which—
or how many—electrons are executing each. The way in
which the quantum principle is introduced is a matter for
arbitrary decision, to be followed by a checking of the results
of the decision against the measurements of the spectroscopists.
Since the dynamics within the atom are certainly not subject
to the ordinary laws of mechanics there is no way of deciding
a priort if a particular method of ““ quantising  is correct, a
truism, which, with other truisms, is occasionally overlooked.*

* Similarly, of course, there is no a priori reason for saying that the
mechanics of the Schoolmen, which supposed that the state of a system was
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Besides the optical and X-ray emission spectra we have as a
guide the various absorption phenomena, and the effect of
electric and magnetic fields. Finally, the question of periodic
chemical properties has to be considered.

The Fundamental Assumptions of Bohr’s Theory. Before
Bohr put forward his theory of atomic radiation, which has
had such success in representing spectroscopic fact in the
widest way, all scientists who had worked on the fascinating
problem of making an atomic model which should emit a
spectral series had assumed the Maxwellian relation between
the motion of the electron and the emitted radiation. This
states, we may say, that if an electron describes a periodic orbit*
which can be resolved into a series of vibrations of frequencies
Vi, Vg Vs, . . , then radiations of the same frequencies will be
emitted. Thus, to take the simplest case, an electron describ-
ing a circular orbit of frequency », would, on the classical theory,
emit a radiation of frequency »;.

The physics of the present century has been marked by
severe attacks on the general validity of classical mechanics
and electrodynamics. In considering the radiation from a
black body Planck has been led, by the necessity of describing
experimental fact, to assume that there are elementary oscil-
lators, of frequency v;, which, instead of being able to vibrate
with all amplitudes, and consequently emit any specified
amount of radiant energy, can only emit energy in discrete
quanta. The quantum of energy which such an oscillator
can emit is proportional to the frequency »;, the coefficient of
proportionality being the same for oscillators of different
frequency, in fact, a universal constant. This universal con-
stant, called Planck’s constant, is always denoted by % ; its
value is 6-545x10727 C.G.S. units. The quantum of radiant

specified by the position of the parts alone, without their velocities—that
there was no such thing as inertia—is less reasonable than the mechanics
of Newton. Itis the appeal to experiment, in this case largely to observa-
tions of the behaviour. of that big atom which is our solar system, that
decides for Newton. If the scholastic conception had proved moderately
competent to deal with terrestrial experiment—which, of course, it was not—
the analogy would be better than itis. Itisinteresting to note that Kepler,
who did not understand the principle of inertia, provided the planets with
souls to guide them, and prevent them falling into the sun. Wehave provided
the electrons with quanta to prevent them falling into the nucleus.
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energy is thus Zv;. It is to be noted that % is of dimensions
(L2MT-1), which are those of a moment of momentum or an
angular momentum. In general a quantity of these dimen-
sions is spoken of as an action,* and % is sometimes called a
quantum of action.

Bohr assumes the Rutherford atom, in which electrons are
distributed around a small massive nucleus, and further
assumes that the electrons circulate in orbits under the inverse
square law of force, which prevails in ordinary electrostatics.
He further makes three bold assumptions, of which two
are in direct contradiction to the classical theory, the third

“not so much in contradiction to, as entirely unrelated to, the
previously accepted—or, to coin one of the pleasant compounds
now in favour, pre-Planckian—theory. Preliminary reference
has already been made to these assumptions.

The first is that within the atom electrons can circulate in
closed { orbits without radiating energy at all, whereas on classical
theory every acceleration of an electron must be accompanied
by radiation.

The second assumption is that of all the infinite number of
different orbits which, according to the initial conditions,
classical theory indicates as being able to occur, only certain
discrete orbits are possible, these possible orbits being deter-
mined by certain quantum conditions. An atom in which
electrons are describing orbits permitted by the quantum
conditions is said to be in a stationary state, and to each
particular stationary state pertains a certain energy. Thus, for
a given atomic system, a series of energies E,, E, Eg...
alone is possible. Frequently, to make the problem man-
ageable, it is necessary to fix the attention on a certain electron,
and to assume that the energy of the rest of the atom is un-
affected for a whole series of stationary orbits of this electron.

“ »

* The name being derived from the ‘’ principle of least action ’ used in

general dynamics. In the simplest case the action takes the form J.mv . ds,
which is of the above dimensions.

1 In Bohr's original theory the orbits were all closed. Later, as we shall
see, paths have been considered which are not closed, the electron tracing,
in the simplest case, a Keplerian or quasi-Keplerian ellipse with progressive
motion of perihelion—or rather perinucleon. The assumption still holds
for this class of orbits.
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In such a case, since we are solely concerned with the difference
of energies between two different stationary states, it suffices
to calculate the energies of the different stationary orbits of
the one electron. The assumption of stationary states is the
very essence of the theory, and constitutes an advance which,
in spite of difficulties as to details, has brought order into all
branches of spectroscopy.

The third assumption specifies the frequencies of the radia-
tions which the atom containing the orbits can emit; it has
been justified by its very considerable success in accounting
for experimental relations in line spectra. It is assumed that
under certain conditions (the conditions which provoke the
emission of the spectral series, whatever they happen to be)
an atom can be put into a stationary state of energy E, greater
than the normal energy of the atomic system, to pass later
from this stationary state to another stationary state of less
energy E,, and that this sudden passage, sometimes termed a
“ quantum switch,” is accompanied by a radiation ot energy
E, - E,, of which the frequency is given by the condition :

th=En—En’ ................................... (I)

Before E. T. Whittaker put forward the theory described in
Chapter XVI no way had been suggested by which a radiation of
this frequency could be connected with the machinery of classical
electrodynamics, and Whittaker’s model is rather cumbersome.
After all, there is no particular reason why the process should
be explained. “ Explained,” in this connection, means usually
‘“ described in terms of the classical theory " ; as the classical
theory has been thrown overboard in postulating stationary
states it should not distress us greatly if, for the moment, such
explanation is lacking.

At the same time, certain applications of the theory of
stationary states at present generally made (in connection
with the ordering of multiplets in line spectra and the abnormal
Zeemann effect) are purely empirical, and hard to reconcile
with the model valid for simpler cases. Here some extension
is certainly desirable, since the restricted applicability of the
model tends to diminish its use.

As the theory is developed it will be seen that while the
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break with classical mechanics is absolute in respect of the
postulates to which attention has been directed, yet it is less
universal than is sometimes hastily assumed. The motion of
the electrons in their stationary orbits is, by hypothesis,
governed by the ordinary laws of celestial mechanics (with,
when necessary, a relativity correction), although the quantum
conditions impose the restriction that out of all the states
mechanically possible only a certain number are perrhissible.
Further, the conditions which fix the stationary states are such
that a continuous and slow variation of the external forces,
such as of the electric or magnetic field in which the atoms may
be placed, while it affects, in general, the kinetic energy of the
motion, does not affect the value of the expression (or expres-
sions) which determines the stationary state, or, in other
words, the stationary states possess a peculiar stability deducible
on mechanical grounds, once the quantising conditions are
admitted. The principle which establishes this is known as
the principle of Adiabatic Invariance, to be explained in due
course. Finally, by considering the case when the difference
of energies between the successive stationary states becomes
very small (which is the same thing as saying when the total
quantum number is very large) it is found that in the limit the
frequency given by the quantum theory approaches that given
by the classical theory. This leads to the tracing of a corre-
spondence between the motion of the electron in its orbit and
certain‘properties of the radiation emitted, although, as has
been emphasised, the frequency of the radiation is not, in any
case but the limiting case, the same as that of the periodic
motion of the electron.

For instance, the simple character of the hydrogen spectrum
is connected with the simple character of the orbital motion
of the electron in the hydrogen atom, although not by the
relations deducible from the classical theory. If the simple
nature of the orbital motion be disturbed, the spectrum pre-
sents new features. This result, in its most general form, is
embodied in the so-called Correspondence Principle of Bohr,
which is of the utmost importance for the whole quantum
theory. By means of certain rules expressed in a Selection
Principle, it leads to a limitation of the number of transitions



190 STRUCTURE OF THE ATOM

mathematically possible between the various stationary states.
Excellent agreement with experiment has been established, the
lines excluded by the Principle being, in general, missing in the
actual spectra.

The case of the general atom, when the nuclear sun is sur-
rounded by a large number of planetary electrons, is obviously
very complicated, and only to be attempted at all by making
simplifying assumptions, since the mechanics of even three
bodies is not capable of a solution in finite terms. The simplest
case of the quantum theory of spectra is afforded by the
atomic system in which the nucleus is associated with a single
planetary electron; the atom of neutral hydrogen is an
example. An atom of helium from which one electron has
been altogether removed, and an atom of lithium from which
two electrons have been altogether removed, constitute
similar systems, and may be called hydrogen-like. We shall,
to begin with, confine ourselves to such hydrogen-like ators,
and use them to introduce in a simple form various con-
ceptions which will have to be thrown into a more general
form later.

In the case of circular orbits the calculation is straight-
forward, and will be given in detail as an illustration of the
fundamental method of the quantum theory of spectra.

Hydrogen-like Atom with Circular Orbits. We consider
an atom consisting of a nucleus with a single electron rotating
round it and, for generality, take the nuclear charge as Ze, to
cover cases such as that of ionised helium. Let M be the
nuclear mass ; ¢, m the charge and mass of the electron ; and »
the radius of an orbit, all orbits being supposed circular for the
present.

Since the potential energy is involved some arbitrary zero
of energy must be taken, the selection of which will not affect
the final result, since this involves differences of energy only.
It is usual, for simplicity, to take the energy of the electron as
zero when it is at rest at an infinite distance from the nucleus.
Then, since in an elliptic orbit the velocity of projection is
well known to be less than the velocity from infinity, the total
energy of an electron in an elliptic (or circular) orbit will, on
this convention, always be negative, and the numerically
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greater the expression for the energy, the less the energy will
be.* Let M be so large compared to » that the nucleus may
be considered at rest (in an inertial system of reference). This
may be done without any loss of generality, since if the problem
be considered as a two-body problem instead of a one-body
problem the bodies move about their fixed centre of mass, and

m M
In any circular—or elliptic—orbit the potential energy will

2
Ze ; the kinetic energy $mv?. Ina circular

all we have to dois to replace the mass m by u, where I, X
In

be negative, to wit —

orbit with an inverse square law of force, equating the centri-
fugal force to the attraction, we have

my2  Ze?
e e (2)
7 72
. Ze?
from which L =m? .
¥

2
The total energy is therefore _z + o= — 2,
7

which is always negative, as just stated. It will be observed
that the smaller the orbit the greater the kinetic energy, but
the less the total energy. It is convenient to introduce a
quantity W, the negative total energy of the system ; then

W=%m1)2=%§:_2.

We now have to introduce the quantum condition which will
determine the permissible orbits, restricting them to certain
selected values of . In the simple case of circular or elliptic
orbits the condition which fixes the possible stationary orbits
can be expressed by saying that the orbits which are stable are
those, and only those, for which the angular momentum of the

electron is equal to Z—k where # is any whole number and 4
JT

is Planck’s constant. The generalisation of this condition for

* Failure to grasp this point often leads to confusion with beginners as to
which orbit represents the greater fofal energy.
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the case of orbits which are not closed is a matter which will
demand a detailed discussion later, but, quite generally, the
stationary states are fixed by restricting the values of certain
determining expressions, of the dimensions of action, 7.e.
energy x time, to being whole number multiples of A.

In this simple case, then, the quantising condition is

where # is a whole number.
With (2) this gives
. h? _2wZe?

—2
r=nt— | y=__
4mPmZe?’ nh

f f revolution == 4772
or frequency of revolution =w="—-—.

2m*mZ%et 1
Also ' W =4mv? S g s (4)
For successive possible orbits as we go outwards from the
nucleus W has values inversely as the squares of the successive
whole numbers. W, of course, diminishes as we go out from the
nucleus, which corresponds to an increase of energy. When an
electron passes from an outer orbit to an inner orbit there is a
change of energy —AW, which, by the fundamental assumption
of the theory, (1), appears as radiation of frequency v,= ——%/,

AW . .
or of wave-number »= ~55 W is proportional to ;Ié, and

therefore gives a sequence of terms depending on # in the
way required for the hydrogen spectrum.

We must suppose that when the hydrogen atom is excited to
radiation theelectronisremoved from the innermost orbit, which,
having the closest binding, i.e. least energy, corresponds to the
normal state, to some outer orbit permitted by the quantum
condition (3). When the electron passes from this outer orbit to
a permitted inner orbit, of less energy, monochromatic radiation
takes place. Using the relation (1) we see that the frequency
of the lines emitted by a system consisting of a nucleus of
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charge ¢, and a single circulating electron, is therefore given by

_2nmPmet ;T I
=g (7 )

and the wave number by

v_z:z?me‘* <1 I
ookt \n ;1,5>
where #»' and » are whole numbers characteristic of the two
orbits in question. Comparing this with Balmer’s formula

2 4
v=R(—I.—-£> we find that R =27 "

. The numerical value-
n'? n?

of this expression is
: R=109800 cm."?,

which compares well with the experimental value 1096%8.
This numerical agreement, which involves only universal
constants whose value had been previously determined, is a.
very strong support of Bohr’s theory, and helped considerably
to establish it in the early days. The fact that W is propor-

tional to 32 would not by itself have been very convincing,
2

as the hypotheses were obviously directed to obtain this result.
It will be noted that the Balmer series is given by quantum
switches from various initial orbits to one final orbit, of quantum
number 2. This final orbit is not the most permanent, or most
closely bound orbit, since for this the quantum number is 1.
This innermost orbit, which is normally occupied by the:
electron, is the final orbit for lines of the Lyman series.

The results so far obtained have been deduced on the assump-
tion that the orbits are circular. It is noteworthy that if the
case of Keplerian, strictly elliptic orbits be investigated exactly
the same results follow : a single quantum number # fixes the
major axis « of the ellipse, which determines uniquely the energy
and the period of revolution of the electron.* Thus the

* By the familiar equations of elliptic orbits

as
%v“:g——g‘— -and T=27'::'\/i
7 2a ®

where . is the central acceleration at unit distance.
A.S.A. N
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energy of the electron describing a Keplerian ellipse is exactly
the same as if it were describing a circle of radius 4, and it is
characterised by the same quantum number, so that it leads to
the same frequency laws. This case of simple elliptic orbits
is not considered in detail here because it is a so-called degener-
ate case of a class of orbits which require two quantum numbers
for their specification : that is, it is an orbit with two degrees of
freedom, 7 and 6 (whereas the circular orbit only has one, ) and
only one periodicity. Such orbits are discussed in Chapter X.

The absolute size of the orbits involves some interesting con-
siderations. For the innermost orbit, for which #» =1, we have

2 . . .
the numerical value of which is -54 x 10-8 cms.

1 T 4mPmet’

This is of the order found for the size of the hydrogen atom
from gas-kinetic, and other, considerations. Now we have
seen that the radius r of the optical orbits increases as the
square of #, so that when a hydrogen atom is in the stationary
state preliminary to the emission of a higher member of the
Balmer series, say, the orbit must be very large—for instance
for the 20th member #» =22, »’ =2, and the radius of the orbit
is 222 =484 times that of the orbit in the normal atom, 7.e. the
diameter is about 5x10°¢ cms. For the hydrogen atoms to
have 5 x107¢ cms. as their mean distance apart, the pressure
of the gas must be about -22 mm. of mercury, so that it is to be
expected that at pressures of this order, or higher, the 20th
member will only show itself in feeble intensity, if at all. It
need not be entirely absent, since a certain small fraction of the
hydrogen atoms are always much further apart than the mean
distance, and also because the orbits, being plane, have more
room than is indicated by considering them as spherical sur-
faces. In general, however, we should expect the higher
members of the series to have a better chance of showing them-
selves at very low pressure. Now in stellar spectra as many as
33 lines have been observed (Pickering in { Puppis): the
diameter of the orbit in the higher stationary state for the 33rd
line is about 1-3x 1075 cms. The low pressure prevailing in
the outer regions of stars would be expected to render the
temporary existence ot an atom of this size possible. Further,
considering different stars, recent research seems to indicate
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clearly a correlation between pressure and number of Balmer
lines observed.

Normally in the laboratory only the first four members of
the Balmer series of hydrogen—the so-called q, 8, y and 6 lines—
are observed in any intensity. R. W. Wood, however, working
with a special disposition, at a pressure where *‘ Crookes’ dark
space is about 6 mm. long,” has obtained 2o lines, but he found
that as the pressure was raised the higher numbers of the
series disappeared successively. Again, Whiddington has
found that by reducing the pressure from 1 mm. to -o0x mm. of
mercury, and arranging for suitable excitation he can raise the
number of lines from 4 to 20. Although no very precise
quantitative results are -available, there is, then, no doubt
that low pressure favours the appearance of higher members of
the Balmer series, as required by Bohr’s theory. It may be
added, however, that Llewelyn Hughes has pointed out that
when the pressure is lowered the mean free path of the electron
is increased, and consequently, if the collisions are inelastic,
the energy which it acquires is increased. He is inclined to
attribute the appearance of the higher terms to the relative
preponderance of swifter electrons at lower pressures, since he
has shown that when electrons with low energies collide with
molecules of hydrogen the lines of higher term number are
relatively much weaker than when the impact energy is high.
This may well be a contributing cause to the effect under
discussion. The presence of atomic, instead of molecular,
hydrogen in the stars must also be taken into account.

Effect of Finite Mass of Nucleus. The discovery by Pickering
of certain lines in the spectrum of { Puppis, lines which were at
first attributed to hydrogen but have since been shown to be
due to ionised helium, was the first step in a series of investiga-
tions which has led to another important confirmation of Bohr’s
simple theory. The lines in question are represented fairly
closely, but not within the limits of experimental error, by
putting n=p+-5 (where p is a whole number) in Balmer’s
formula, and were therefore originally supposed to belong to
hydrogen. Fowler showed that the lines only occurred in the
laboratory with hydrogen containing helium, and it was later
shown that they were produced in helium in the entire absence
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of hydrogen. Fowler further observed in helium tubes sub-
jected to a condensed discharge lines whose frequencies agreed
approximately with those obtained by putting in equation (5)
n'=%,n=2, 3, 4. . ., and others given by putting #'=3, n=§,
%, $,... Al these facts can be simply explained in the
following way.

The helium atom is supposed to consist of a nucleus with a
positive charge of two units and a mass approximately four
times that of the hydrogen nucleus, accompanied by two
circulating electrons. If the gas be exposed to a powerful
discharge the atoms may become ionised, and lose, each, one
electron, thus becoming a kind of hydrogen atom with
a heavier, and doubly charged, nucleus. Putting E=2¢ we
have, instead of (5),
8nPmet 1 I I I
-—(;71/?— <;7‘,—',2— ;%—5>=4R (;;,2“;1;’>. .................. (6)

The double nuclear charge makes the constant 4R instead of R,
The spectrum of ionised helium is, in this sense, a typical spark
spectrum. The above formula gives approximately Fowler’s
lines if we put #'=3, n=4, 5, 6 . . ., and Pickering’s lines if we
put n'=4, n=5, 6, 7...* Thus all the lines can be referred
to ionised helium, but the value of R in (6) is not
quite the same as R in (5). This fact is beautifully
accounted for if we remember that the mass of the nucleus, .
while large compared to that of the electron, is not infinite, as
assumed in deducing (5) and (6). The centre of mass of the
system, about which nucleus and electron rotate, is not at the

=

nucleus, but at a close position determined by the ratio %, and
m

it has already been pointed out that the modification which this
introduces is expressed mathematically by substituting for m

* The original Pickering series included only alternate lines, beginning
with » =7. The failure to identify the other lines was due to their closeness
to Balmer lines of hydrogen, from which they were first separated by E. J.
Evans (Phil. Mag. 29, 284, 1915). Since then H. H. Plaskett (Publications of
the Dominion Astvophysical Observatory, 1. 325, 1922), investigating the spectra
of certain O type stars, has succeeded in obtaining Balmer lines (in the case
of 10 Lacertae the first four, Ha, Hg, H,, H;) and the neighbouring Pickering
lines on the same plate, and has measured the separation accurately, obtaining
excellent agreement with Bohr’s theory.
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in the equations the factor If we put Ry, Ry, * to

represent the values of R in (5) and (6) respectively, we have

3-9vmM I m

Ry, 397M+m _ M
Ry  mM I om .
I+ —
M+m 3-97 M

R )
He the numerical value

Fowler's determinations give for
H

1-0004095, which gives for the ratio % the value {gyv.t This

value, calculated by applying the quantum theory of spectra
to spectroscopic data, agrees closely with the accepted value,
deduced from very different experimental evidence. In the
face of this agreement it is hard to deny that th