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EDITORIAL NOTE

THis second issue of Science News is entirely devoted to the
subject of Atomic Energy, which is indeed science news in
its most spectacular form. For this one issue we have
intentionally broken our policy of producing a miscellany
ranging the whole of Science, because of thegserious
problems, political, military and moral, as well as scientific
raised by the invention of the atomic bomb. The chances
of survival of civilised life as we know it now may well
depend on finding a way to ensure that this new force will
never again be used for destructive purposes and scientists
as well as others are deeply concerned with thoughts and
hopes about these problems.

This collection of articles does not attempt to enter into
this whole wide fields but covers only the technical and scien-
tific questions. We have tried to tell the story of atomic energy
in a form that will be interesting and understandable to the
general reader who is not a specialist. It is a complex story
of a long technical development and, while we have aimed
at telling it in a way that requires little previous knowledge,
we could not hope to make it easy reading or suitable for
the reader who wants to skim through the book without
effort or thought. .

All the articles have been written by scientists who were
working at Los Alamos at the time when the plans for the
book were made. It was felt that, by-choosing authors who
could work closely together, we would have the best chance
of getting the story told fairly uniformly, while each article
could still be written by someone with special knowledge
on that particular aspect of the subject.

We have tried to make each article self-contained, since
different readers may want to concentrate on different parts
of the subject. For this reason there is a certain amount
of overlapping in the introductory parts of the articles to
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avoid excessive cross-references. The subject index will help
to find the explanations for terms or ideas not explained in
each article. The first article contains a general survey of
the whole field and forms the key to the rest. The articles
on “Atoms, Electrons and Neutrons” and “The Tools of
Nuclear Physics” explain the general background.
Someof the authors belonged to the American, others to
the British staff. The choice was indiscriminate and in this
. way the collection. reflects "the very friendly and close
collaboration which British scientists enjoyed in several

patts of the Atomic Energy Project, and in particular in the

;" isolated community of Los Alamos.

Secrecy rules still govern some of the technical informa-
tion on this subject. The authors found these rules less
trgpblesome in writing the articles than they expected. While
thg had to leave out some items that would have made
the story more interesting, the rule mostly concerned tech.
nical information that would have had no place in this
non-specialist treatment.

' [}
* *® *®

Next Science News 3 returns ,to the usual collection
of long and short articles on various subjects, including
“Scientific Method, and Philosophy” and “The History
of Blood Transfusion™.

THE RELEASE OF ATOMIC
ENERGY

By R. E. Peierls

1. INTRODUCTION. The explosion of atomi¢ bombs, in
the trial at Alamogordo, New Mexico, and in earnest over
Japan, marks the end of a continuous development that
started with the discovery of radioactivity by Becquerel in
1896. Throughout this time the problem held the attention
of scientists as one of the most fascinating fields of dis-
covery—but they were more fascinated by what they could
learn in this field about the laws of nature than by -the
prospects of practical applications. It is true that, probﬁ)ly
from the very beginning, physicists were aware of the large
sources of energy stored in all materials and they all liked:
to speculate what it would mean if these sources could be
tapped, but any practical realisation seemed remote.

In spite of the enormous progress made up to, say, 1938,
which was laying the foundations for future development,
the situation was then still the same. The study of the atomic
core or “nucleus” was by then a well-established and
important branch of physics, the splitting of the atom had
not only been studied, but could be produced at will in
many university laboratories, but there was as yet no
indication that-it might have practical significance outside
such laboratories.

But, by 1940 we find research teams independently in
many countries attacking the problem of tapping these new
sources of energy, as a terribly practical project, with the
hope of success in a short time.

What had happened in the interval was the discov

(13 s ” M ery
of the “fission” of uranium by Hahn's experiments and their
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interpretation by Meitner and Frisch, and the proof, given
shortly after, by Joliot, Halban and Kowarski in Paris and
by Fermi and Szilard and their collaborators in America,
that in this fission several secondary neutrons are given off.

To the layman these discoveries would have appeared
as inconspicuous notes in scientific periodicals stating some
numbers obtained in laboratory experiments, yet to any
physicist who had ever speculated on the release of atomic
energy, these results meant that such speculations were
suddenly removed from fantasy to actual possibility.

To be sure, much had to be done, and much had to be
learnt, before success was certain, but this moment may be
regarded as the turning-point. In the present article we want
to explain the arguments that made these discoveries so
sensational, and also to outline the work that had to be done
from there, which will be covered more fully in the followin
articles of this series. 8

2. STATE OF KNOWLEDGE BEFORE DISCOVERY OF
FissioN. Later articles will also tell the story of atoms and
their structure, but we need a few facts here for our first
survey. Atoms are the units of which matter is built. They
are extremely small, even the heaviest ones, like uranium
atoms, weighing only as much in comparison with a melon
as the melon in comparison with the earth. Even though
atoms are too small to be visible in the most powerful
microscopes, the lfist sixty years or so have brought man
methods of proving their existence, and the article by
Frisch will describe examples of ways in which the t :
of a single atopn can be detected. c e
1t was found that eac
“nucleus”, which carries ahpzts(i)tri‘\l/ehas o Sl s s
electric charge. This i
surrounded by electrons, which are i e of a
) very light particles of a

weight about 2000 times small ;
/ . er than th ‘
each electron carries a negative charge e lightest atom;
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All ordinary chemical changes in matter are concerned
only with the arrangement and movement of the electrons,
and usually, in heavy elements, only the outermost electrons,
which move with lower speeds and are easier to influence
than the inner ones. '

The nucleus of the atom comes in only in so far as the
amount of electric charge it carries determines the number of
electrons necessary to neutralise it; the number of electrons
determines the chemical nature of the atom. But in all
ordinary chemical or mechanical changes the nucleus of the
atom does not change its condition. ’

This is not surprising because the forces that hold the
constituents of the nucleus together are immensely stronger
than those that govern the motion of the electrons sur-
rounding it. For example, the energy required to break up
the nucleus of a helium atom is about a million times that
needed to pry an electron loose from the helium atom.

. Accordingly, while energies involved in atomic processes
ate usually measured in electron volts, those in nuclei can
be expressed in million electron volts. An clectron volt is the
energy which an electron acquires in passing through an
electric field under the influence of a potential difference of
one volt. Taken absolutely, it is a very small amount of
energy, since the charge on an electron is a very small
fraction of the electric charges that we are accustomed to
deal with. On the other hand, burning a substance such as

"coal releases about four electron volts per atom, and then

the energy contained in every quarter pound equals about
one kilowatt-hour, the familiar unit of electric power.

It was always evident that if one could succeed in produc-
ing a reaction between atomic nuclei one would deal with
very much larger amounts of energy.

That some atomic nuclei were capable of undergoing
changes which released energy was knoym ever since the
work of Rutherford and others had led to an understanding
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of radioactivity. Radioactive elements, i.e., elements that,

like radium, continuously emit penetrating radiations, were-

shown.to have nuclei which are unstable and tend to break
up, éxpelling, when they do so, particles of high energy-.
The particles emitted by such radioactive nuclei are usually
positively charged, and they carry ayay some of the charge
on the nucleus, so that the nucleus remains with a smaller
charge_, and the remaining atom will retain fewer electrons
and will be an atom of a chemically different substance

. Hence the process of splitting atoms, and of transt;:uta-
tioh of one substance into another is not new but has'been
going on In nature ever since there was radium, uranium
or any other radioactive element. But there is ’no wa ot"
controlling,. of accelerating or stopping this process g 1t
goes on at its own pace and of any quantity of radiun; for
example, one part in about 580,000 wil{ break up every ’da
so that after 1600 years only half the original amount ¥§
left: If we cou}d hurry nature and make all the radium break
upina few minutes, even small quantities of radium woutd
constitute a respectable source of energy.

Rutherford himself showed later (1919) that the splitting

or “‘disintegration™ of nuclei could be produced at will—at
a prigce.

F9r this purpose Rutherford used as projectiles the. "
particles emitted by radium, or other radioactive elements

which he had called “Alpha-particles” and whi

out. to be nuclei of helium, i.e., helium atoms stcrlilp:):ini)(;
thcx{ electrons, and hence positively charged. These
p'f;mclcs are thrown out by the radioactive substance at
high speed, the energy carried by each particle being of the
order of §everal M.E.V. (million electron volts). In passing
through light elements they would: occasionally collide with
one of the nuclei, and combine with it, causing the ejection

of some other pm;ticle, usually a “proton”

nucleus. , i.e. a hydrogen,
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Thus the artificial transmutation of elements had been
achieved but the amounts were minute and the energy
released quite negligibly smail. One must here remember
that the atom represents a target with an extremely small
bull’s eye, since the nucleus has an area which is ten million
times smaller than that of the rest of the atom. Hence, since
one cannot aim the projectiles, only a minute fraction of the
shots will, in fact, be hits. [Each alpha-particle will, in
passing through matter, go through many atoms in turn, and
thus have many tries at hitting a nucleus. The number of
such tries is, however, limited, since during this passage the
particle continuously collides with electrons, ‘thereby
gradually losing speed. Now, as its speed is reduced, it
finds it increasingly difficult to reach a nucleus, since both
the particle and the nucleus are positively charged and like

_charges repel each other. While a fast particle can overcome

this repulsive force fairly easily, this is almost impossible
fqr a slow one, and below a certain speed the particle is
practically incapable of reaching the nucleus.

Hence most of the particles must get slowed down and
finally stopped without ever making a hit, and only a small
fraction, sometimes one in 100,000, sometimes one in a
million, are successful. This means that®the number of
atoms we have split must be at least 100,000 times smaller

-than the number of radium atoms that broke up to give

the alpha particles we used. Therefore, any energy we may
be able to recover from the particles which we have knocked
off the nuclei we have succeeded in hitting, is many thousand

times smaller than that of the alpha-particles we have used,

so this method is certainly no way of releasing energy for
practical purposes.

‘From our present point of view the situation was not
materially affected by the discovery of Cockcroft and
Walton, who showed that instead of the alpha-particles
one could use hydrogen or other nuclei accelerated arti-
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ficially in an evacuated tube with a voltage of the order
of a million volts applied to its end. This made the job
easier and speeded up research, but still most of the pro-
jectiles stopped before finding a target, and the energy
'wasted was incomparably greater than that generated.

An important step was, however, the discovery of the
neutron by Chadwick in 1932. The neutron is a heavy
particle of practically the same weight as a proton, of
hydrogen nucleus, but it differs from it by carrying no
electric charge. This means that in passage through matter
it has no effect on the electrons in its way, and hence it is
much harder to detect than charged particles, which are
mostly observed by the violent disturbances they cause in
atoms along their way. Neutrons do, however, interact
strongly with nuclei at close range; they bave a strong
tendency to attach themselves to nuclei. In fact all nuclei
are built of neutrons and protons.

This means that neutrons are much more effective pro-
jectiles than charged particles for splitting nuclei, since théy
are not slowed down in their passage through matter except
when they have direct hits on nuclei; moreover, even a slow
peutron has a n‘good chance of a direct hit, since it is not
kept away front the nucleus by an electric repulsion.

If, therefore, we use neutrons as projectiles, we may hope
that in suitable conditions a fair fraction may break up
nuclei, instead of only every millionth or so, as with charged
particles.

But how are we going to produce neutrons for this
purpose? The easiest way to produce neutrons is, for
example, to bombard a very light element such as beryilium
with alpha-particles from radium. The neutrons from this
process were the ones first discovered. We can see that
this only moves the dlfﬁpulty one step further along, since
we know already that hitting nuclei with charged particles
is necessarily a very wasteful process. While a neutron has
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a fair chance of making a hit, we can obtain it only by a
process in which we use up much more energy than we can
expect to recover from the hit of a neutron on a nucleus.

3. DisCOVERY OF FISSION AND ITS SIGNIFICANCE.
This was the state of affairs when fission was discovered.
Hahn and his collaborators bombarded uranium with
neutrons, in the expectation that neutrons might get lodged
in uranium nugjei, thus building up a still heayier nucleus,
which might be expected to increase its electric charge by
the process known as ““Beta-transformation” and ghus form
new elements beyond the end of the series of elements then
known, of which uranium, carrying a charge of 92 units

- on its nucleus, was the last. We now know that this forma-

tion of “transuranic” elements does indeed take place, but
in searching for it, Hahn found a completely new pheno-
menon.

As usual, the amount of new material that is made by
such a bombardment is too small to be seen or weighed or
bandled in any other conventional way. However, such
new elements are often radioactive, since, having changed
their weight by the capture of a neutron they tend to change
their charge also, and this is achieved by a beta-tragsforma-
tion, in which the nucleus gives off an electron (which for
our purpose is essentially a charge without weight). Now
these fast electrons or Beta rays can be detectéd by sensitive
counters and other methods described in Frisch’s article
and therefore we can detect such substances in very small
amounts. Their chemical nature can be studied by perform-
ing a chemical analysis of the sample that had been exposed
to the neutrons and seeing which fraction gave the beta
rays. For example, if this sample is subject to a chemical
process in which barium would precipitate, while other
clements remained in solution, we would see whether the
solution or the precipitate was an emitter of beta rays, In
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the latter case we would say that the radioactive element
which we had produced had thechemical properties of barium.

This was indeed found by Hahn, to his surprise, since
none of the atoms heavier than uranium should have these
chemical properties. More careful analysis showed that

there were a great number of radioactive substances with

chemical properties similar to man
half the atomic weight ‘of uranium.
Lise Meitner and O. R. Frisch then pointed out that this
must mean that the neutron had caused the uranjum
nucleus 4o undergo fission, or in other words to split into
two, roughly equal, parts. It was known already that the
* heaviest nuclei were of an uneconomical size, They were
so highly charged that the electric repulsi
tended to break them up in spite of

- the binding forces
cementing them together. It was known that the energy
contained in a uranium nucleus was much more than twice

that of a nucleus of half the weight and half the charge.

y elements of roughly

“In the ordinary way, such a nucleus holds together since a

strong force opposes any effort to break it up. If some work
is done to overcome this force (like the effort required to
pull the plug out of a full bath-tub against the water-

pressure), the further breaking up of the nucleus pfoceeds '

by itself and in doing so much more energy is liberated than
* had to be invested at first.

It was soon verified by many
that this explanation was right,
- very heavy particles moving at high speeds, which were, of

course, the fragments of urapium nuclei, thrown apart

- violently as the nuclei split. They carry most of the energy

liberated in the process, and this was found to be about

160 million electron volts. To appreciate the significance of

* this figure, we remember that the energy liberated in burn-
ing one atom of cbal is

' i . 4 electron volts, and that in most
radioactive processes is of the order of a few million electron

physicists in many places
since they actually found

on of like charges’
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volts. Here was, then, a much more po"werful process than '
her known. - .
angoztn ifter this Joliot, Halban and Kowarski in Paris and
two groups in America including Fermi and Szilard showed
that in addition to the fission fragments, some neutr'ons
were the result of the process, and that for each uranium

" nucleus split, several neutrons were obtained. This was

the crucial fact, for here was a source of neutrons fm: v;/hufg
one did not have to Was:e. millions of charged particles i
i nuclei. .

anseuﬂ;.:)rct:stizgt:l t ;;mzimpﬁcity, that all neutrons hxttt:)ng
uranium nuclei cause fission, and.that there are two ne:d r ﬁs
given off for each fission. Then if once we havc;: cau: oli te
uranium nucleus in a large mass of pure uranium to stgei;
we have two neutrons. Both of these will co:x;mue ond it
path until each hits anothe}' uranium nuc f?us an | the
splitting of those two nuclei will ;,)’roduce 1(;\1; neu 1-.oht
altogether. In the next “gqneratxon we Sh:c a};zla elgw
neutrons, and clearly in this way the ‘number \;Il'lu ir:ve
extremely rapidly; after twenty generatlonls we hs a e
produced about a million neutrons, and only eighty ge:;e
tions are required to create in thxs.way as many neu r(t):ls
as there are atoms in a sizable piece of uranium metal.
Hence, if the process could really be allowed to continue
in thxs: way, a staggering amount qf energy would have
been released in a very short time, since the whole process
of using up these eighty generations would take only abO}xt
eighty times the time that a single neutrén needs to find its
next victim amongst the uranium atoms. L

In this process, which is usually d&cnbed. as a “chain
reaction”, lies the key to the rtalegse 'of.atomlc power on a
large scale, and from the description it is clear that the two
essential features are a reaction which can be caused by a
neutron and releases energy, and the emission of secondary
peutrons from this reaction.
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The picture given here is, of course, over-

implified.
is not essential that we h simplified. Tt

neutron used up, so that, as the chain proceeds, the total
number of neutrons will grow. Itis, b :

in the nucleu.s, thus forming ope of the trans-uranic ele-
ments for which Hahn was looking, ang these neutrons are
evidently lost from the p

i rocess since they dg g t directl
produce any offspring, Similarly, anyy othero cle;?nti

present as impurities in (he Uranium or g
materials of construction mg

Y absorb neytr,
reduce the number of seconda ons and thereby

PPreciable,
membered that the “meap free path”h has here to be re-

. ! yi.e., the distance that a
neutron can run jn uranium, op the’ o thata
hitting any nucleus is qu; . age, withou

Instead we must state what fract,'og of one uranium atom.

through the surface o
uranium nuclej,
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any particular neutron can cause further sphttm% alllld tjxus
continue the chain. This nur:ctl)e;, llxcsqallt);] ::li?talt f;r tx:;
ro ion factor” and denot y k, is i
gosgilll)(itltiltynof the chain reaction. I.f the ‘number 1;fle_sssth$2
one, say if it is 0.99, no chain reaction w1\ll form. ,tm othe
way, we have produced 100 neutrons In suc(l)l agsy;gem,The
next generation would contain qnly 100 %< 0.9 t= .On he
next after that 99 x 0.99, which is about 98, elcc:i. ‘ he
other hand, if, for example, k=1.01, we would from ;
initial 100 have 101, 102, etc., and after f;very seventy
generations the neutron number would doubeg b the
Further investigation of th.ese probk.:ms hml;]g c
following facts to light. In ordinary uranium t ec am;e 1(,)
any given neutron causing fission is very small: m(;)st o the )
neutrons will actually be caught ?nd retaine : by the .
nucleus. The average distance Wthl:l a neptron has' to
travel in ordinary uranium before causing fission, even if it
is not absorbed on the way, is very large, apd, therefore,
even if absorption did not outweigh production very large
quantities of uranium would be necessary to produce a

chain reaction.

‘4. CHAIN REACTION WITH SLOwW NEUTRPNS. An
obvious remedy for this last dlﬂicul‘ty appeayed at once to be
the use of very slow neutrons, since it was known that,
as in many other cases of colh§1ons with nuclei, both the
capture and the fission qf. uranium _happened. mu‘ch more
easily at very small velocities. (It might be said with some
over-simplification that a fast neutron does not stay near
the nucleus long enough to make the latter realise its
“presence.) It was known that one could easily slow down
neutrons if one allowed them to travel through a medium
containing very light elements. For example, very suitable
slowing-down materials are water or paraffin wax, which
both contain hydrogen. The hydrogen atom has about the
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Attempts were then

yvater_could give a chain i
..H:S.Z:sngations, which werer?i:;nnm:lrmziany e
o &cg{; i\;/:ll']eatn&t successful in achievingythi:m?h it
Potacle i that | c:u:zcl‘r‘ogen captures some of the oo
one hydrogen nucl heavy hydrogen” which oosists o
one ‘neung nucleus and one neutron, . This, t. gether with
the nc ons absorbed by the uranium ; ' ogethmer ma
erable loss, so that the “multinl 1t_self, "
may never exceed one. Plication factor” ,

m

th in S
at

uranium i - ;
mediate ‘::lggirtti;ul:,rg liable to capture neutrons at int
Couree of boi sl, edch the neutrons would reach in te;-
intimately on egc ofl‘c'lv down. By mixing the matetials | .
meeting 3 wranium ae;nsure tl}at neutrons had less chansceesi‘
slowing down to thont]i while they were in the proce; o
improvement, but ﬁ; nal velocities. This gay s of
reaction S$tll no success in establishi S some
The v.vork ‘then turped " 2 chain
: ned to oth .
hydro er Substa
Bydrogen, which wee not a5 light and, therelore, were
"\which in proporti reducing the speed of ;he o
portion absorbed even fewer of l:;:trons_ but
neutrons.
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< Attempts were made to use for this pufpose pure carbon

in the form of graphite or heavy water, j.e., water in which
the hydrogen is replaced by “‘heavy hydrogen”. We pow
know that both methods are possible, but both are extremely
difficult. In the case of the graphite system, the difficulty
is that even in idcal conditions the multiplication factor k
is only barely greater than one, and any impurity in the
graphite or in the uranium is liable to introduce sufficient
absorption to reduce it below one and make the whole
system unworkable. For the same reason the loss of even a
small fraction of, the neutrons through the surface would
be serious. One, therefore, has 10 make the system very
large so that the numbers escaping through the surface
should represent only a small fraction of the number of
peutrons present in the system. 4

In the other case, the chief difficulty is the supply of
heavy water, which has to be separated from ordinary water
{n which it is present only as an extremely small trace, sO
that the methods of isolating it are laborious and expensive. \
The scheme involving graphite was. the one actually adopted *
for the American project, and more details about it can be
found in another article of this series.

.5, THB ROLE OF U-235. EXPLOSION. In'the mean-
time, there was a parallel development based on the follow-
ing consideration. From the observations on the process
of fission, Bohr had concluded that, for the capture of
neutrons and for fission by slow neutrons, two different
kinds of uran}um were responsible. It is known that
uranium atoms are of different kinds, distinguished chiefly -
by their weight, the most common one being the heaviest
with a weight of 238 units, the rarer one, of which there is
only one to every 140 of the heaviest, having a weight of
235 units. More about thase “isotopes” can be found in the
article on “Isotope Separation”. Bohr concluded then that
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only the rather ﬁéht isotope,

uranium 235, could be split by
slow neutrons, whereas most

v of the capture of neutrons was
due to the heavy one. It was immediately clear that it

would be Very much easier to release atomic energy if one
could obtain a quantity of the rare isotope uranium 235
separated from the other; but it was well known that to
separate the isotope of so heavy an element was a job that
went far beyond the wildest dreams of anybody thinking
about laboratory experiments; no-one seemed prepared to
take such a suggestion seriously.
This situation changed, however, when people started
to think out in earnest what one could do with separated
uranium. This consideration must have occurred to many
people. It is natural for the present writer to think of the
discussions of Frisch and Peierls at Birmingham, in which
they tried to guess, following Bohr’s ideas, the properties
of uranium 235. As explained before, a slow neutron had
an appreciable chance of causing fission in ordinar.y
*uranium, and this chance, according to Bohr, was entirely
due to the uranium 235 contained in ordinary uranium
Separated uranium 235 would obviously give the ncutron.
a much better chance, and, at the same time would elimin-
ate almost entirely the chance of capture. In other words
almqst every one of the neutrons would be able to split z;
uranivm atom, and as long as the number of ncurt)ro
rcsqltmg frf)m this was well above one, the success of tlllls
chain reaction was practically assured. If the neutrons ar:

not slowed down they .have to travel somewhat further
befor'e th.ey make a collision, but sinc they will split the
uranium in a good fraction of the colljs;

: THE RELEASE OF ATOMIC ENERGY 15

neutrons have not been slowed down and, therefgrc:, a:e
still moving with high velocity, and waste less tu}le t:r“r,rt:an
collisions and also, because the multlgllcatlon acto . ty
now be well above one, fewer generations are required to
finite multiplication. '
rea’I":lt':isarc‘i)i,st(iisction is important because, if we W(?Ulditl"it
the reaction with slow neutrons go on Wlth‘?“lt Stfoppmgstém
would take enough time to allow the'materla o oulrt s}’f tho
to be molten and eventually vaporised as a resgt_no one
high temperatures caused by the encrgy we are :ete‘r gs ey
and as the system expands 1t will occupﬁy gr a theirpwa’
thereby increasing the chance of neutrons nt 11lngm el Hca}:
out without making collisions, and quite 5?‘?“1 el ‘e‘ otP "
tion rate will have dropped below the critical valu ¢ oha;
This will, in fact, happen when not much t-norehene gy
been liberated than is necessary to vaporlselt e uramumd
and whatever goes with it, so that_ an exp osxo;x cause
in this way, while very powcrful, v'wll release only aI fvery
small part of the energy contained in the grﬁr}lurtn. t, on
the other hand, we could cause 2 reaction with fast neu r(:gs
in a system with a multiphgahon factor. well above one, the
time in which the reaction 1s complete 1s sO short thz}t even
if the material is completely vappnsed it has not, time to
move very far befere a subs}antlal part qf the reaction is
complete. Actually, the fraction of the available energy that
can be liberated by an explosion of th1§ kind depends a gpod
deal on the arrangement of the.matenal and, the container
that surrouAds it, and a discussion of some of these factors
will be found in the article on “The Physics of the Bomb”.
But even the crudest estimate of the power of such an
explosion made it clear that its military value would justify
an extreme effort in attempting the separation of the
uranium isotopes and that this should be tackled, not from
the point of view of laboratory experiments, but from the
point of view of an industrial process. The question of what
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is involved in this is discussed
Separation”™.

6. PLUTONIUM. About the
approach was found to the same end. We have previously
seen that one could produce a chain reaction with slow
neutrons, but that of these neutrons g fraction will not cause
fission but will be captured by the uranium. Whenever
this happens the uranium nucleus of weight 238 will be
turned into a new isotope of

weight 239 by th, ition of
the neutron. It turns out that this new Yy the addition o

nucl
stability, needs a higher charge, and it there’t'(::'les ,pf:;l;egerde:tg;
the process known as beta-transformation to emit in
succession two electrons, each Carrying one unit of electrical
. charge and very little mass. Thereby the nucleus becomes
instead of a uranium nucleus with charge 92, the micleu;
of charge 93 called ‘neptunium and thep 94 or plutonium
" This new element, plutoni ]

. um, was discovered at Berkele
in 1940. From the laws of the behaviour of heavy nucle{
one had to expect that plutonium would have very similar

properties to the light isotope of uranium and it was,
therefore, likely that it would be equally suitable for use
in a military weapon. At first very small amounts of this
element were produced in the laboratory, essentially by the
wasteful methods outlined in the beginning of this article
and with these it was possible to confirm that plutonijum
like uranium 235, had a strong tendency to split when hi;
by a neutron.

This leads‘ to a scheme that might, at first ’sight sound
Jmore fantastic even than a large-scale separation of is:otopes:
a slow neutron reaction is alloweq to proceed in a con-
trolled way, so as not to destroy the plant; in this system
some neutrons cause fission ip uranium 235, thereby
producing the Dew neutrons needed to continue the reaction
and also producing energy which has to bedisposed of and

in the article on “Isotope *

same time, another line of

. ‘ .
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. i vert
could, in principle be utilised. Other rneutt:rolr:f.t ;v‘:ll:l ::nm
some of the uranium into the new elcme:lt. l; from uranium
has somewhat diﬂ.ere?ti:h:zw;leeimﬁ:cuzulated one can
o .
::gacwthietnfrg:;:nt,l%: uranium by _ordinary cgemlc:;nlgeg}ofht
The plutonium obtained in this Way 13 t1;:kstfown by now
powerful atomic fuels known, agd it is wz 8 on Tapan
that. while one of the two atomiC bombs r'opge lutonium
. ’ma de of uranium 235, the other co‘ntame P .
N. As the field of atomic energy |
& furer explod, s spplation lo pescei purpoes
Lo rtance, as compared to its uge for destruc
must gzg‘;“: “&3{!’1 processes, the Pr°d“‘fu.°n,,°f energy f;m.n
g::)c‘l‘i::ry ui:nium in a large system OF “pile” and the chain

eaction in much smaller amounts of separated uranium
S C

o of vital importance. The
25, o Of‘ Il,alm;‘;::g :;:Zil?;l is clearly the more attract-
fwcnon with o ically, but it involves a very 'large plant,
e o econom;f the’vcry expensive fuels uranium 235 aqd
Whereas the usclts in a very much more compact power unit,
plut om?m rcigng time Yo come, will be the only one worth -
Which, for a'deration for mobile power. Even so, the ne'ed
serious eon rsonnel from the intense radioactive
e p?otec.t‘ll:i o‘::; as a by-product of any system liberating
radlaflon gv}ver means that one has to use heavy shields of
atomlctgzr si,milar, material to surround the unit, and for
:zinc::ason the use of atomic power for cars and loco-
m:tives would, for the present, seem to belong en.tirely to
the realm of speculation. The same.co_uld not be said about
using power in ships an# units of similar size, but even for
these there are many technical problems yet to be solved,
and many economic factors to be thought out, before we

know what advantages can be obtained from such an
application.
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One use, however, ¢ i
» can almost Immediat
. *ge o . - el bc
thg_new. possibilities. Thjs 1S the utilisatior); of ?I:ade o
;a 1oactive elements, whose Presence in the power re ; o
lon appears merely as g great complication dp'0 o
venience. Some possible use e diso o™

. ) s of these : .
in the article on “Tracer Elementon Materials are discussed

ATOMS AND NUCLEI

v
By H. A. Bethe

ALREADY the ancient Greeks knew the concept of the
atom. They argued that if you take a piece of matter of
any kind and divide it again and again into smaller parts
you finally come to an end, to parts so small that they can
no longer be divided by any means. These they called atoms,
which means indivisiblesthings. Of course the idea that
matter consisted of atoms was not universally held; many
Greek philosophers believed that subdivision could be
continued indefinitely and that there were no atoms.
Neither side had any evidence in favour of its beliefs and
it was only in modern chemistry and physics that the atomic
hypothesis got a solid foundation.

Modern chemistry began with the researches of the
French chemist Lavoisier and his contemporaries at the
end of the 18th century. # They showed that most of the
common substances can be decomposed by chemical action
into simpler substances which they called chemical elepents.
Since then 88 different chemical elements have been found
in nature. They include hydrogen and oxygen, the two
elements contained in water; nitrogen, which with oxygen
forms the main part of air; carbon, one of the fundamenta]
elements in the human body and other organic matter,
and many others. Metals like iron, copper, gold, mercury
are chemical elements.

If a piece of an element, let us say a piece of iron, is
divided into small parts and this division is continued, one
finally arrives at small indivisible units which are the
atoms of modern chemistry. If a piece of an ordinary
chemical substance, a “‘chemical compound”, is subdivided



ties of the compound ap

dywhich is called a molecule.
) » i
All facts of chemistry cap explained by assuming that .

the molecule of any given substance f a
definite number of at s posed o

. oms of varioyg kinds. The number
of atoms in a molecule is yg

usually quite smafy; fo, instance
the water molecule contajps 2 atoms of hydrogen and 1
atom of oxygen, which is indi i

H.0. ) A molecule of ordinary taple §

' ] Organie molecules do we have
many atoms in one single molecule,

Chemistry was able ¢, Show that the atom of each
chemlcal element has. a definite weight called the atomic
weight, and to determine this atom;c weight. For instance,

when. water is decomposed into jts elements, it jg found
“that in Cvery case 16 grams of OXygen are formed for
each 2 grams of hydrogen.

; With the chemical form
H,0, this means that ope atom of 6

rop into
Compositiop,
COr.npos'ition i
units of the elements, the
Way to form the moleculeg,

natural assumption that this
by the fact that the smallest
atoms, combine in some simple

Only if we go
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the smallest units of the chemical compou?d.t itlsrzct;‘g:g
very long study to determine the number of a 1? O act
kind in a given chemical molecule; to show, for li stance,
that water contains two hydrogen atoms ﬁ;: efi?his sﬁdy
atom rather than equal numbers of eaci:ﬁ . his study
was helped by the integration of many differen
Ch;rln l:lt:eym?:a:il g::z:?:es the moleculee change their iom;h
position but the atoms always remain the same. In
simple reaction illlg; _:; +OH —NaCL+H,0 |
the properties of the end preducts of the :ﬁactexeg} salt
and water, are completely dx.fferen't frox:lx ‘(::ﬁc f oy
initial sub’stances, hydrochloric acid anc dc? reserved:
However, the number of atoms of each kxg isp ! om;
we have in the beginning two atoms of h‘); rog;n’eagxactl >
each of oxygen, sodium, and chlorine, and we hav ‘ y
th%iﬁzisfr? m;;: t]tll‘:uesndz;nswered the problem of the
alchemists. The alchemists’ aim was ghe changeﬁc;t; chglag
. metals like lead or iron into expensw.ct:) lenesCh of fhm
Chemistry stated that this was not possible; tc;,la h of these
metals was an element ?nd 11: wlism:;): possible to chang
each ¢ .
th?l‘:‘;m;:s;roki:lt:gischWﬁes were made when the atomic
weights of the various elements b.ecame accurately known.
The first of these was the periodic system of the element_s
which was discovered by Mendeleyev. He foend that }f
you order the elements acco‘rdmg_ to increasing at(?mlf:
weight, then their chemical properties will repeat penodnt
cally. For instance, some elements are known as alkali
metals: they include the common elements sodium and
potassium. The element following an alkali metal in atomic
weight will invariably be an “alkaline earth” like mag-
nesium and calcium while the element preceding an alkali
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metal is always a noble gas like helium, neon and argon.
The second fact was that most atomic weights turned
out to be near integers; this rule was €ven more accurately

fulfilled when the atomic weight of oxygen was taken to be

exactly 16, rather than that of h
With the weight of oxygen 16, the weight of hydrogen
turned out to be 1.008, sufficiently close to 1. There were
some notable exceptions to the rule, such as chlorine
which has an atomic weight of 35.5, but the rule was
sufficiently generally fulfilled ta draw the attention of
chemists.

Toward the end of the 19th centyr
to determine the number of atoms
material, or the weight of an indijvid
made possible by the kinetic theory o
for instance the pressure of ajr by th
cules of the air. The best measure:
show that for instance an ounce of
billion billion* molecules,
so the size of one individ
About one hundred milli
an inch long. .

The atom of 19th-century chemistr
of tht ancients, indivisible and unc
sign of its divisibility came at the end of the century, when
the English physicist Sir. J. 3. Thomson described how
small electric particles can under certain conditions come
out of atoms. These small particles he called electrons;
they were all found to be alike ip charge as well as in
weight. The charge of the electron is negative and is the
smallest electric charge that hag ever been observed. It is
therefore used in physics as a ypjt of charge. The weight
of an electron is much smailer than that of the lightest

A B .

il 5 R v

e English usage, meaning a
American usage this number is called a trillion.

ydrogen exactly equal to 1.

Y it became possible
In a given mass of
ual atom. This was
f gases which explains
¢ motion of the mole-
ments made since then
water contains about a
This is an enormous number;
ual atom is exceedingly small,
on atoms laid side by side are

y was like the at(;m
hangeable. The first

\
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atom; about 1840 electrons weigh as much as one hydrogen
at(;;n'there are negative charges in the ato.m there mu§t
also be positive charges because the atom‘as a 'whole is
electrically neutral. In 1910 Lord Rutherford discovered
the details about the positive charge. He founq that the
positive charge of each atom was concentrgted in a very
small space and was intimately connected with the largi;st
part™of the weight of the atom. This large mass carryiig
the positive charge he called the atomic nucleus, and th.us
was established the present picture of the atom: a masswef
nucleus, positively charged, surrounded by a number o
i d electrons.
ne%‘al:;vzli);ec});”rgtie atomic nucleus is exceed_ingly small,
The diameter of the atom is about 20,000 times greater
than that of the nucleus. The size _of the e}ectron has not
been satisfactorily determined but is certainly not grea'ter
than that of the nucleus. Therefore the atom consists
mostly of empty space, and if you cquld fly through atoms
you would only occasionally meet either an electron or a
nu’?ﬁ:S\‘veight of the atom is the sum of the weights of Fhe
nucleus and of the electrons, and since the electrqps weigh
practically nothing, the weight of the ngcleus is almost
the total weight of the atom. The electric charge of the
nucleus which is positive must just compensate that of the
electrons around it. We know that all electrons have the
same charge, which we may call e, we therefore find thgt
the charge of any nucleus must be a multipl.e. of the unit
positive charge .-+e. How many units of positive chgrge a
given nucleus contains can be determined by experiment,
the most accurate way being the wave-length of the charac-
teristic X-rays which are emitted by the atom. In this way -
it is found that the hydrogen nucleus has just 1 unit of
charge, the next heavier nucleus, helium, 2 units; carbon,
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nitrogen, and oxygen have respectively 6, 7, and 8 units of
charge, and the heaviest nucleus, uranium, has 92 units.
It turns out that the nuclear charge increases from-element
to element together with the dtomic weight. Each element
has its characteristic nuclear charge, and one can number
the elements conveniently by the number of units of charge
carried by their nucleus.

We have mentioned above that 88 chemical elements
hitve been found in pature. This is slightly less than the
92 for which there would be room according to the different
possible values of the nuclear charge. The remaining
four elements, of charge numbers 43, 61, 85, and 87 do
not occur in nature because their nuclei are unstable.
Discovery of some of these has been claimed repeatedly
but these claims were always found to be false. The elements
can, however, be produced by nuclear transformation as
we shall see later, and their properties have been
investigated.

A nucleus which has Z units of positive charge will
assemble around itself Z electrons in order to form a neutral
atom. If by some chance the atom should have lost one or
several of its electrons it will eagerly attract other electrons
which may happen to be in its surroundings, and will
recombine with these electrons to form a neutral atom
again. This is due to the strong electric attraction between
the negative charge of the electron and the positive charge
of the remaining atom.

In 1914 the great Danish physicist Niels Bohr developed
a complete theory of the atom on the basis of Rutherford’s
ideas and of the quantum theory. He showed how to
calculate the motion of the electrons and how to find from
this motion the properties of the atoms. In its present
form, this theory is believed to give a complete description
of the properties of the atoms. It permits o

ne to calculate
the. wave-length of the spectral lines which the atoms :xl:it.
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and to predict their chemical properties. The theoretical -
predictions are sometimes difficult to make because of
the very complicated mathematics involved; but whenever
the calculations have been perfoimed, their result was
found to agree with experiment to an amazing precision, .
which may be as good as 1 part in a million.

The properties of the atom can be predicted merely
from the knowledge of the number of electrons in the atom.
It is therefore this number of electrons which determines
the chemical behaviour; it determines for instance that 2
atoms of hydrogen will combine with 1 atom of oxygen
to form a water molecule. The number of electrons in
turn is determined by the nuclear charge, so it is ultimately
the nuclear charge which determines the properties of a
chemical element. On the basis of Bohr’s theory of atomic
structure it was possible to explain in detail the periodic
system of the elements discovered by Mendeleyev.

The electrons of an atom can be removed without very
great difficulty, for instance in an electric spark. This
process also goes on in very hot gases, for instance in stars,
and also in the cathode of a radio valve inwhich the electrons
are separated from the atoms of the cathode. The removal
of electrons requires considerable energy because of the .
electric attraction between the clectron and the positively
charged remainder of the atom; it is therefore not a source
of energy. It might properly be called atom splitting, but
it is not given this name in common usage. ,

The atom of Rutherford and Bohr is divisible and has
structure. However, the nucleus of this atom might still
have been indivisible. This assumption, however, turned out
to be false. Even before Rutherford’s discovery, and in
fact forming an important tool in that discovery, it had been
fgund that some of the heaviest atoms emit strange radia-
tions called radioactivity. These radiations come from the

atomic nucleus. The uranium nucleus and the nucleus of
SN—B
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the well-known element radium are examples. Both of
these emit particles which carry two positive charges and
can be shown to be identical with the nuclei of helium.
By emitting these particles, which are known as alpha
particles, the element radium, which is a solid metal, turns
into a gas called radium emanation. The cﬁarge of the
nucleus of emanation is two units less than that of the
radium nucleus, just the two units which were taken away
by the alpha particle. The helium atom has an atomic
weight of 4 units, and it turned out that the nucleus of
emanation had an atomic weight 4 units less than that of
radium.

. Other radiations also came out of the radioactive nuclei
so-called beta rays. These are ordinary electrons carrying’
one negative charge and practically no mass. Accordingly
the nucleus after emitting them had gained one unit of
positive charge and had not changed its atomic weight.

When first discofered, the phenomena of radioactivity
seemed restricted to the very heaviest nuclei, namely those
carrying a charge of 82 units or more. Moreover, the
splitting of these nuclei occurred spontanéously, without
any external influence and independently of such influences.
It is known as natural radioactivity or as spontaneous
radioactive decay. A completely new perspective was
opened in 1919 when Lord Rutherford used alpha particles
to bombard the nuclei of nitrogen. He found that occasion-
ally.a completely new particle resulted from such a collision
which turned out to be a hydrogen nucleus, a so-called
proton. The nitrogen nucleus itself was transformed in
this process into a nucleus of oxygen.

By this discovery the concepts of classi
were profoundly changed—although, of course, the
practical conclusions of chemistry were unaffected it was
now possible to change one chemical element int(; another
by bombarding its nucleus. Not only the atom but even the

cal chemistry
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nucleus had been shown to be divisible and to contain
yet smaller particles..

What these particles were was only revealed in 1932
when Sir James Chadwick discovered still another type of
particle coming out of light nuclei bombarded by alpha
particles. These new particles had no electric charge, they
were electrically neutral and were therefore called neutrons.
They had very nearly the same weight as protons, the
nuclei of hydrogen.

It is now well established fhat the fundamental units of
an atomic nucleus are neutrons and protons. The number
of units of charge in the nucleus is equal to the number of
protons contained in the nucleus, each proton contributing
one unit of positive charge. The atomic weight is approxi-
mately equal to the sum of the numbers of neutrons and
protons.

Considerably before the discovery of the neutron it
had already been found that there were several species of
nuclei of the same element. These species are called isotopes.
All isotopes of one element have nuclei of the same nuclear
charge, because it is the nuclear charge which determines
the chemical properties of an element. The isotopes differ,
however, in their atomic weight. According to our present
ideas, then, all isotopes have the same number of protons
in the nucleus but the number of neutrons is different for
different isotopes. .

The discovery of isotopes gave the explanation why
certain chemical elements have atomic weights which are
not integers. For instance the.clement chlorine was found
to consist of two isotopes of atomic weights 35 and 37,
present in the ratio of about 3 to 1 in natural chlorine. This
makes the atomic weight of natural chlorine 35.5.

Almost every chemical element was found to consist
of several isotopes. Even hydrogen has two isotopes, one
of weight 1 and one of atomic weight 2. However, the
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latter, called heavy hydro
in minute amounts, na
of natural hydrogen..

isotopes, for instance tin
individual isotopes were

much closer to integers than the ordinary chemical atomic
weights had been, but e N

: ven they were not exactly integers.
We have said before that nuclei consist of protons and
neutrons. These neutrons and protons, or nuclear particles,

are held together in the nucleus by /the strongest forces
known. The forces are about a million times stronger than
the electric forces that hold the electrons in the atom.
These forces are stronger than the chemical forces which
hold together the atoms in a molecule, The chemical
forces again are many times stronger than the elastic
forces which hold together, for instance, a piece of steel—
and everybody knows how difficult it is to tear apart a
piece of steel.

There is a very convenient method of measuring the
strength of the nuclear forces. This is based on Einstein’s
theory of the equivalence of mass and energy. This theory
which is a part of the well established special theory of"
relativity, states that one gram of mass is equivalent to an
enormous amount of energy, namely aboyt 25 million
kilowatt-hours.  This is the output of a very large electric
power plant such as that at Boulder Dam for one day

The application of Einstein’s theory to nuclej js conne:ctcd
with the fact that the atomic weights are not exactly integers
More precisely, a nucleus of Oxygen which containg egigh;
protons and eight neutrons, weighs nearly 19, less than the
separate protons and neutropg would weigl?. Accordin
to Einstein’s relation, this meang that the oxygen nuclcu§

arate protons and neutrons,
nergy, because the energy
mount of mass is so large.

genr or deuterium, is present only
mely only about | part in 5,000
Some elements have very many
has 10. When the weights of the

and in fact very much less e
equivalent of even a smaj] 5

determined they were found to be

forces by a factor of many billions of billions.
" theories have been made about the nature of the nuclear
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Since the oxygen nucleus contains less energy, energy
would be required to tear it apart into its protons and
neutrons. The splitting of the oxygen nucleus into protons
and neutrons would therefore not be a source of atomic
energy, but would on the contrary require large 'amm.mts
of energy to accomplish. The difference in atomic weight
betweén a nucleus and the separate protons and neutrons
of which it is made is a measure of the great strength of
the nuclear forces. )

All existing nuclei have this property of having l.ess
weight than the separate protons and neutrons of which
they are made. Therefore in all nuclei neutrons and prot.ons
are bound together with strong binding forces. Very. little
is known about these forces except their great magnitude,
and it is one of the most important and int_eresting prob-
lems of physics to explore the nature of the nuclear forcc.s.‘
It is sure that they are not electric in nature because electric
forces are much smaller; and even less can they be explained
as gravitational forces, which are smaller than m;&lear

any

forces, but none of them so far has explained all known facts.

Energy is set free when protons and neutrons are brought
together to form more complex nuclei. This is the principle
by which the stars are supposed to generate their energy.
In the stars, in effect, two protons and two neutrons are
combined to form a nucleus of helium, a process which is
connected with a great release of energy. This combination
cannot take place directly, but only by means of a com-
plicated sequence of reactions in which carbon and nitrogen
nuclei serve as catalysts. These reactions go on in billions
of atomic nuclei every second in the sun.

Energy can, at least in principle, also be released by the
splitting of nuclei. Whereas all nuclei are lighter than the
sum of the neutrons and protons of which they are made,

\
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reaction was small (a neutron, a proton or a nucleus of
heavy hydrogen or helium, having an atomic weight of
at most 4), but also one of the particles resulting from the
reaction was always small, again having an atomic weight
of 4 or less. All the remainder of the nuclear particles
remained in the other nucleys resulting from the reaction.

For the first time in 1938 this picture was changed-
A nucleus of uranium wag split into two almost equal parts.

This was shown for the first time by the German chemist’
Otto Hahn who received the

‘ Nobel prize for 1945 for this
dnsgovery. .Subsequent Scientific development was very

' Te able to calculate the energy

fl?lllease for this Process by means of Einstein’s theory-

I :hnucleus fof uranium is gy 0.1%, heavier than that
€ sum of the two fragments into which it can break ups

and we have seen that

energy. This energy wag i '

€xperiment and Einstein’measur‘e‘i Mependently by Cor

transformations, € observation of ordinary nuclear

From the sciept; .
about xiucl:asrmfei:l:ilgg point of view, the remarkable thing
two almost equa vas the splitting of a nucleus into

I part ) X
however, the m Parts. From the Practical point of view,

again emitted,

n
emitted in each fission

; . 0 1s gre; .
gives the basis for 5 greater than 1; ther

If we take a oy

this ,corresponds to a very great,
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isotope undergoing fission when bombarded by slow
neutrons, the following events can happgn. A neutron
emitted by some source falls on one uranium nucleus and
causes fission in it. Let us assume that two neutrons are
emitted in this process. Let us further assume that the block
of uranium is large enough for none of these neutrons to bg
able to escape, and also that no other process can be induce
by neutrons in U235. Then each of these‘ two ne_utrons
will again cause fission. In each of these ﬁssxons again two
neutrons will be emitted, and the resultxpg four neutrons
will again cause fission. This process w1}l ‘20 on,I alway;
increasing the number of neutrons available. In eac
fission a large amount of energy is set fn.'ee fromfth;, uranium
nucleus. The process will finally stop in one o tb ree wayi:i
either -(a) by some external contrpl such as 1s .elmg us;
in the neutron “piles” described in another article 1111 t el;
book or (b) because the large amount of energy fieve ?ph
will cause a high pressure and thereby an‘explosmn of the
uranium—this is the basis of the atomic bomb—or (c)
simply by the consumption of all the available U235 on
which naturally the process must stop. o ‘

In other articles in this book the :clpphcatlon of the
fisston process both to a controlled reaction and to the con-
struction of an atomic bomb is descnbcd.. In the cofttrolled
fission reaction we have a very ﬂexiblg, intense and cheap
source of neutrons, many thousand t.lmes more powerful
than the largest cyclotron. The properties of neutrons can be
studied with much greater ease and precision than was pos-
sible before the discovery of fission and of the uranium chain
reaction. Moreover, these neutrons can be used to produce
in quantity new species of atomic nuclei, especially radio-
active nuclei emitting beta rays. These nuclei are useful
for biological, medical, chemical and industria] research,
Finally the controlled nuclear chain reaction can be used
to transform the uranium itself into plutonium, an element

*
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just sufficient to neutralize that chargg, so that a hydrogen

nucleus and an electron together form an atom which has -

no net charge, and therefore no strong tendency to attract
other electrons. In sodium, on the other hand, the charge
on 'the nqc}eus equals that of eleven electrons 'exce t that
it is ppsnt}ve, so that eleven electrons are ’rc uifed 10
2eutrapze it. The charge on the nucleus is also 2alled the

atomic number”. The atomic number of hydrogen is 1,

that of sodium is 11. This number determines the chemical

behaviour of the element, si .

changes in the arrangement :(::j 2;nuo:i*(‘)enml;zlet}clhanlgcs alr;
in the outer parts of the atom. Any small e etectro a
positive elegmc charge equal in amount toc:);c ca;ry;n‘g n
electrons will gather eleven electrong SO as t at o le. ev;ts
qharge, and the whole will then behave i“c>€neutra ize i ;
like an atom of sodium, no matter wh very respec
structure of the core. at the weight or the

We can no .
an now see that a sodium nucleys cannot simply

consist of protons (or hydr
) N i .
equals that of tWenty~th)r,ee gen nuclei) since its weight

equals that of only eleven pr%rtzfsns, whereas its charge
The explanation became clear th.

: - n Chadwick di

g:let Illlzl;t‘l;l%n,(: }:‘:llrnch weighs about the same caks d:‘;\;;d,
suclens consistec%e(‘)f I; Was then evident that the sodium

At the same tim ;_evex} protons and twelve neutrons.
of “isotopes”. It lexatd l;;lnsc::::;rcye :x;;llained the existence
e]emf, nts °be¥°d the rule that thei: ::olr):icn?w? el?tn S 21:
nearly a multiple of that of hydrogen, and thi % Y:
with fa;ts found in the relations amor;gst radiz' tt?get ‘cr
::;:nts,t aq lgd Sodéy to the idea that not all atzc . fe:n

lement might be alike, but that some of th e
weights different from oth them might have

ers, although thei ;
nature was the same. Such atoms aregcallcl:: . chemical

From what we said before, this would clearly bapren it

happen if
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there were nuclei that had different weights, but the same
amount of electric charge; they would both be surrounded
by the same number of electrons moving in exactly the same
way, and they would undergo precisely the same chemical
reactions with other elements. Since the nuclei consist of
neutrons and protons, it is then clear that isotopes of the
same element each contain the same number of protons
(and hence have the same electric charge) but different
numbers of neutrons.

The existence of such isotopes was definitely proved by
means of the mass spectrograph, an instrument perfected
by Aston. Its principle is roughly this: In an ordinary gas
the atoms or molecules move in a very irregular fashion,
since they collide with each other. If we reduce the amount
of gas in a tube, however, by pumping some of it out,
the remaining atoms will meet fewer atoms on their way
with which they could collide, and they will therefore goin a
straight line for longer stretches. It is possible to evacuate
a tube to such a high degree that the remaining atoms will
hardly ever collide with each other and that each atom has
a good ehance of travelling the whole length of the tube
without disturbance.

If we now pass an electric discharge through such a gas
(such as is used, for example, in the familiar tubes’ of neon
signs, except that these are not as highly evacuated) some
atoms will collide so violently with each other, or with
stray electrons, as to have one or more electrons knocked
off in the process. After this they are electrically charged,
since the number of their electrons no longer equals that
of the positive charges in the nucleus. Such charged atoms
are usually called ‘“‘ions”. If the tube contains metal
plates which are electrically charged, the ions will now be
attracted or repelled by the plates; they will no longer move
in straight lines, but go along a curved path inclined towards
the plate carrying a negative charge.
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Now compare two ions of different wei i
erent weights, each havin

lost one electron and therefore h ' "

aving the same positive
charge. Let us further assume that both move wpi(:h the
same speed. Then the force due to the charged plates will

pul} on ﬂ.]em to thg same degree, but the heavier one,
owmg.to its greater inertia, wilj respond less to this force
and \\_'111, t.her§fore, be deflected less from its straight path.
The situation is the same as whep we throw a wooden and &

paper ball of the same size againgt .
o the wind on esch of them s the s, it has s

Sffect on the ligh s th

- because of its greater inertja, the heavy one keeps going
Henice, if we have artanged in the tube slits which make
sure that all ions initially trave] along the same straight
line, we s&;ﬂhﬁnd them at the other eng grouped according

to mass, A cavy ones being closer to the straight path.
In actual practice the problem is more difficult because
there is no simple way of making ali jop ith the

same speed. A faster moving § : s start with t

. . the dictines:
heavier and lighter ones. In order t: ::’S:nctxon betv;elgi
culty, the actual mass spectro rcome this
" field of electrically charged pla
at the Same time, provides a
. . a .
Thls'produgcs a magnetic field whifl?c;lso“lslde the tube.
the ions, since a moving' electric chargeo !:t':ds to deflect
electric current and is deflected by 4 ma haves h!ce an
same way as tl.xe armature of ap electric msneng field in ic
in the magnetic field of the motor otor is set moving
The magnetic deflection deper.;d
therefore, we arrange the tube ig suca aO:lv the speed. If,
tion due to the electric.p\lates isin a o:iy that the deflec-
that due to the magnetic field in g ver; |z°".‘al direction,
if we catch an ion in the far end of o 1 Jrection, then

. of . .
and vertical deviation from the s"‘i;:lelttlllil;ee 1::uhonzc:)nm;
. s us bot
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its mass and its speed. In fact, the ions can be detected if a
photographic plate is placed at the end of the tube. By
running the tube for a sufficiently long time many ions will
have reached the plate and will have blackened it at the
points corresponding to certain masses, and by measuring
the blackening some estimate can be obtained of the number
of ions of each particular mass. Thére are other more
sensitive ways of recording the arrival of the ions in each
position, but we need not describe them here (plates 7, 9).

By means of this instrument,* Aston succeeded in show-
ing that for most elements there existed, in fact, isotopes of
several different masses. The mass of each isotope was
nearly equal to a multiple of the hydrogen atom. Actually
the massas were always found to be slightly less than a
multiple of the hydrogen mass. But we shall not enter here
into the explanation of this “mass defect”.

The element uranium, with which we are here concerned,
was in this way found to consist mostly of atoms of weight
238, but a weak isotope of weight 235 was found, of which
there is approximately one atom for every 140 uranium
atoms, and a third isotope of weight 234 is even 100 times
less frequent than 235. The isotope 235 is of particular
value as an atomic fuel, as has been explained in the first
article. The problem, therefore, arjses of separatx'ng this
isotope from ordinary uranium. .

2. THe ProB1EM. Oneisfaced with the question, then,
how to separate uranium 235. In order to understand what
this implies, the following illustration may help. Imagine
one had a warehouse filled with tennis balls, all of the same
size. A small portion of these, less than one per cent, are a
little lighter than the rest, their weights being roughly in
the ratio of 99 to 100. We are given the task of sorting out

*The actual arrangement used by Aston differs from the one here

. described but it was based on similar principles.
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the lighter balls. The natural means of doing this, in the
case of tennis balls, would be to weigh each ball 0;1 scales
fmd sort out the ones of lower weight. But this necessarily
involves handling each ball separately, and therefore is a
procedure that cannot be adopted in,thc case of atoms
The next be§t thing would be to follow the method that iS’
usuall){ applied to separate grain from chaff—by throwing
a continuous stream against the wind in conditions where
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duced by a laboratory mass spectrograph. It is clear that,
in order to get anywhere, one would have to construct a
plant that would look very different indeed from an ordinary
mass spectrograph, even though employing the same
principle.

This is, however, not the only way in which one might
proceed. The alternative is, to return to our picture of
tennis balls, sorting them by dividing the whole amount
first in two parts by some device which would give some
slight preference to the lighter ones. For example, we might
put a large number of such balls into a box and shake the
box for a long time. In this way, more light ones would be
found near the top of the bof than near the bottom, but it
would not be practicable to go on until all the light ones
had risen to the top because, by continued shaking, we
would always mix up the balls again to some extent. We
might, however, now take out the balls in the upper half
of the box and proceed to shake those again. In the new
smaller box there would be more light ones at the top than
near the bottom. By repeating this process again and again
we could eventually reach a point where we had only light
balls left near the top. At first sight, one would think
that the best procedure might be just to také the upper half,
in which case starting with 10,000 balls we would take the
upper 5,000 out of the first box, shake these again and use
the upper 2,500. Repeating the same procedure we would
be left with 1,250 and so on. Clearly, if we go on in this
way, we reduce very rapidly the amount of material we are
handling and we would in this way recover only a small
fraction of all the light balls we set out to find. This pro-
cedure, while possible in principle, is too wasteful in prac-
tice. To make it work we have to modify it by a trick well
known to chemists who separate materials by distillation
or other means, and that is by using the “cascade” principle.

By this we mean the following: Start again with 10,000
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balls, shake them in the box and take out the upper 5,000.
However, we do not discard the lower 5,000 which contain
fewer light balls than the original mixture. Instead we also
shake the lower half in a separate box. When this is done,
the upper half of this box now contains more light ' balls
than when we started and, in fact, contains about as big a
fraction of light balls as in the original mixture. These We
can, therefore, return to the starting point and carry them
along with the next fresh supply. The lower half of this

light
product

Fe. 1.

last.box Now contains even fewer light balls. It will be split
- again and the upper part wil| be brought to a point where

it is th? same mixture as the lower 5,000 from the first
separation. It can, therefore, be included when we again
geta lows:r l?atch of 5,000 from a fresh supply once treated.

The principle of this method now becomes clear, and the
scheme of such a “‘cascade” s illustrated in fig. }. Here each

~ for retreatment, and if we were dealing,
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circle represents a *“stage”, such as our process of shaking
a box; the material used in the process is, for convenience
of drawing, shown as entering from left and right. The
“light fraction” which is in our example the contents of the
upper half of tHe box, after shaking, is shown to come out
at the top, the *‘heavy fraction” at the bottom.

The stages are numbered, 0 being the one handling fresh
material; in stages I, 2, etc., the material contains succes-
sively more of the light component, in those numbered
-1, =2, -3, the material gets successively heavier.

Each stage is fed with the light fraction froug the previous
stage, and the heavy fraction from the succeeding stage, and
these have just the same composition. For exaynple, star?ing
at stage 0, which contains natural matena!, the light
fraction transmitted to stage 1 is somewhat richer in the
light component, and therefore the material processed in
stage 2 is somewhat richer than the natural mixture. The
heavy fraction returned from stage 2 is, hqwever, depleted
by just the same amount by which the light fraction is
enriched, and is therefore just back to the natural com-
position. The same is evidently true for any other stage.
The diagram shows five stages above, and five below, the
norma}, composition, but the scheme can be extcgded to
as many stages as required. From the highest stage a
product of the required concentration is obtained, the

" lowest stage discharges material which is depleted in the

light component, and which, if necessary, can be made to
consist only of the unwanted heavy component.

It is also clear that the amount of work to be done in going
through this process may be very large, because in the stages
in which the fresh supplies are first handled, we must
handle, in addition, the amounts returned from other stages

for example, with
would have to be
ut 100 times the

100 stages in the process the amount that
handled in the first stage might be abo
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original supply, since each ball on the average
handed back 100 times for reprocessing beforge itm ;r)l’alt;;
finds its way to one of the end stages.

The cascade principle which we have described here has
to be used whenever we work a process that does not sort
out all light atoms completely in a single operation, as the
mass spectr.ograph is capable of doing, but merely p;oduccs
a‘mlxtufe in which the number of light atoms has been
shgl}tly increased. There are many different ways of pro-
ducing such a slight enrichment, and most of them t;ave been
known for a long time, but had never been used on anything

but a very small scale. We sh )
: : all describe se
methods in the next section. some of the

3. METHOD.S OF [SOTOPE SEPARATION. The first ele-
ment for which isotope separation had been carried out
on a commercial scale was hydrogen, although it was one
of the last elements in which the existence of isotopes was
pr(?ved. In addition to the common hydrogen ‘: m of
wexght 1, yvhich in fact we used as a standagrd fa OCOm'
parison with other atoms, it was found by Ure oa:'nd his
collgborators that a very rare isotope of wei ht); existed
?rdnnary 5hydrogen contains only one heavy h?drogep aton;
ho every 5,000 atoms of weight 1, and for this reason the
e%vhxzri ;chtopc had escaped detection for a long time.

e opes of l}ydrOgen Tepresent a rather exceptional
case, clfxusc the difference in weight of the two isotopes
isvzries‘:x{?e" the one being twice as heavy as the other.
As a resul ,hlt Is possible to detect differences even in the
chaviour of the two isotopes and it is, therefore

;)If;edr:: customary to {alk of the heavier atoms as tixough the);
terium}l’? ;hizp‘:ratfd c‘hemlcal element that is called “deu-
which we m guf seem to be a coptradiction to the fact
foneh » ] etore that the ghemlcal action of an atom
p merely on the charge on its core and that, therefore,

v
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isotopes ought to be quite indistinguishable in chemical
behaviour. The explanation is as follows: Consider a
chemical compound of hydrogen and some other element,
say the combination of 2 hydrogen and 1 oxygen atoms into
a water molecule H,0. This molecule forms because
there are attractive forces between the oxygen and hydrogen
atoms, which tend to put the hydrogen atoms into posi-
tions adjacent to the heavier oxygen atoms; we might
think of the molecule as one of those figures that modern
sets of toys encourage children to make up—a big sphere
in the centre with two small spheres joined to it by little
sticks, the whole being fixed together quite rigidly. How-
ever, modern atomic theory teaches us that light particles
have a dislike to staying fixed in a permanent position.
For this reason, for example, electrons, which are extremely
light, are never found in any definite place within the atom,
in particular not near its centre, in spite of the electric
attraction, but roam round over a region of considerable
extent. This same tendency still exists for hydrogen atoms,
although to a much smaller extent, and has the result that
the hydrogen atoms in a water molecule will not stay in fixed
positions but will wobble a little in the neighbourhood of
their equilibrium positions. This phenomenon is usually
referred to as “‘zero-point vibration™ to distinguish*it from
the motions of the atoms that are caused by heat, whereas
the motion described here persists even at the absolute zero
of temperature. Now, since the phenomenon is more pro-
nounced for lighter particles, the zero-point motion will be
stronger for ordinary hydrogen atoms than for heavy hydro-
gen. Therefore, a molecule of “‘heavy water” will differ from
an atom of ordinary water by having less vibration in the
heavy hydrogen, although the chemical forces are the same
in each case. This means that the ordinary water molecule
is a little less stable and can be broken up a little more
easily by action from outside than the heavy water molecule.
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This:fact is the basis for a number of different methods of
separating heavy water from ordinary water. Historically,
the first process to be so used was the electrolytic method
which was adapted to this purpose by Urey. Urey neticed
that if water is split into hydrogen and oxygen by passing
an electric current through it, the hydrogen gas so collected
contained a somewhat lower proportion of heavy hydrogen
than the original water, whereas the remaining liquid water
was somewhat enriched in deuterium. In principle one
could azply the cascade process to this method, but in this
case, sifice the raw material is plentiful, it is best to start
by electrolyzing & very large quantity of water until only a
small fraction of it is left. This will be well enriched in
heavy water and make a good starting point for the cascade
process. Actually, such residues of large quantities of
water that has been electrolyzed are found in many com-
mercial electrolytic plants and all commercial processes for
the production of heavy water start from such residues.

It might be worth noticing in passing that the property
which makes the production of heavy hydrogen fairly
convenient in fact delayed its discovery, because the first
work on mass spectrography that was done with a view to
looking for isotopes of hydrogen had been done with
hydrogen produced by electrolysis, and we have seen that
such gas is particularly poor in heavy hydrogen.

The question may now be asked whether the same
principle can be applied to other elements and in particular
to uranium. Indeed a search was continued for a long time
for chemical methods that would allow of the separation of
the uranium isotopes or for chemical compounds which
might be slightly more or slightly less stable according to
the isotopes of which they were made.. No such process
was found, and it is not surprising that this should be so,
because, as we have seen, the only difference in the chemical
behaviour of isotopes is due to the persistent wiggling or

§
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zero-point motion of the atoms. This effect gets p'rogrei:;‘v::z
smaller as we go to heavier atoms. In uran;‘}fi’s‘,motion
atoms weigh 238 times as much as hxdroge;ln, his Mot
is very much weaker and, moreover, smsce ;1 1e :1 :)er:dy ifer
only so slightly in weight (3 parts in 238) thls'soto yve
weak motion is almost the same for l:iot' 1‘ ot l‘avea; oo
addition, any chemical #1o P e t“;vhich the heat
noticeable only at very low temperatures a e nero-point
motion of the atoms is not larger than : zeropoint
vibration”. In hydrogen, where the zerc:i-%?éuu otion 18
still fairly substantial, this causes no di atu:!e,s out .
uranium, it would force one to g0 to tcr;lpef T do not
that all known uranium compound: :llie rozen
.y chemical reactions at at. )
ung;rf;i:ar\ymethods can be applied to sm)mte 02 Sthgl}:g:;;rl
elements if one desires to separate their 150 ogaSi,n e wieh
increasing atomic weight the mc?thod gets :)r;cr cas ft ())'ms e
difficult and is already quite impracticablé ,
jum weight. .
" S s b
jefly with mechanica . nplest
:;:s:fitncg;inéple, would be to sort z.xtomlsI by ;hﬁngif{f:;
rather like the picture of sl?akmg tennis baO S mmi ox whict
we discussed in the previous section. .neble gaseous k
for example, of a tall column of some suita gd. ot
liquid compound of uranium which :asﬂl.e:; :tz;\:pl;xii euxt) h;e
i pium could be skimmed ofl
tclll':alrlngt}:olgaa milk bottle. No .doubt this lmelt)thct)d wfo:::g
work in principle, but itis made: impracticable by v;r?( aou;
The one is that the heat motion of the atoms gl i et
continued shaking of the boxes) tends to mix up t §~ ; omst
again and therefore t0 undo the effect of the difieren
weights. Hence we would need, for complete separation, Z
column many miles high. For ex.ample,.the oxygen axlx
nitrogen contained in ordinary air cdnsist of molecules
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whose weight differs by two units, i.e. by almost

the uranium isotopes. o much

Nevertheless, they do not get

The height which is required for such a column would

re. If we cool the whole column,

_ umn is extremely s 2
solid state, on the other hand, atoms are n)c;t ;’I::ll'tolgmc:l\:e

" around and the process would not work
The second fact is that the’ great heigi'lt of the column

Practical inconvenie
for a very tall column, the time for which one r}]s:s’ tl:)ecl::\f:
l.ctomes into equilibrium, i.e.
ones to the by have 8rated to the top and the heavier

column could only be s e Laree. Aually, such &

kimmed afi
and this, clearly, ruins the whole tigrc:ome thousand years

However, the picture jg changed if we improve on the

help of the force of i
ne forc gravity as provided by ns
produce “artificial gravity” as is done in ya n::::;f:;:

Ocess of separating cream from
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it is not an easy task, because of the large number of high
speed centrifuges required for the job; these are very
delicate pieces of machinery and need precision methods
for their construction.

Even with the fastest practical speeds, it would not be
possible to produce pure 235 in a single operation of a
centrifuge, but it is possible to produce a considerable
enrichment, and several units would have to be combined in
the cascade scheme discussed before.

4. DI1¥rFusioN AND OTHER METHODS. Another
method that was known to be suitable for the separation
of isotopes relies on the diffusion of gas through porous
membranes. The reasoning behind this is as follows:
It is well known that the atoms or molecules of a gas are
moving about at speeds which are greater the higher the
temperature and, in fact, heat is just the effect of this fast
motion of molecules. At any given temperature the speed
with which the molecules move depends on their weight.
The speed varies inversely as the square root of the mass,
so that if one molecule weighs four times as much as another
its speed, at the same temperature, will only be one-half
that of the lighter molecule. This means that if gas is
allowed to escape into an empty space or a space “where
the gas pressure is lower, the lighter molecules will tend
to run faster,than the heavier ones and to get ahead. Now
this does not mean that if we discharge, say, a storage
tank of compressed air through a pipe, more nitrogen will
escape than oxygen. Here, in their passage from the tank,
molécules have frequent opportunity to collide with each
other, and hence the oxygen molecules, which tend to be a
little more sluggish, will be hustled along by the nitrogen
and this, in turn, will delay the progress of the faster
nitrogen atoms. The situation is similar to a dense crowd
of people walking through a passage, where everyone will
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make progress at the same rate even though some people
may want to walk slowly and others may be in a
hurry.

The high natural speed of the lighter molecules can make
itself felt only in conditions in which the progress of each
individual molecule depends only on that molecule itself
and is not influenced by collision with the others. This is
the case, for example, if gas “diffuses” or seeps through
porous material such as clay in which it has to pass through
a large number of very fine pores; the point being that each

there is, therefore; much less tendency
cules to speed up the slower ones and
molecule will move at a rate that
natural speed.

This method had been successfully applied by G. Hertz
to the separation of isotopes of the rare gas neot.J in a
laboratory apparatus which gave a few litres of ga; in a
run ot: several hours. Hertz used unglazed porcelain tubes
as the porous membranes, and he had again to use the
cascade arrangement. The isotopes of neon have atomic
weights of 20, 21 and 22. In other words, the lightest and
the heaviest differ by 10 per cent in weight and' their
velocities at a certain temperature will differ by 5 per cent.
Hence, in the most favourable case, where we have made
the pores in the membrane so small that the collisions
betyveen gas molecules do not matter at all, the rate at
which the molecules diffuse through the membrane differs
by 5 per cent. In other words, if we start with a mixture
containing say 10 per cent of the light isotopes, the gas
seeping through the membrane will have been em:iched by

vice versa, and each
depends on its own
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5 per cent of the original number of light molecu.les an-d
Will contain 104 per cent of the light isotopes. If this gas is
passed on to the next stage of the cascade, the light fractgon
obtained from that next stage might have a cpnceptratnon
of 11 per cent, and so on. It is seen that even in this case a
large number of steps are ljoquired before we have prac-
tically purified the lighter isotope. _

In the case of urapnium the problem is more difficult
because the weights differ only by roughly one per cent and,
hence, the maximum increase in the conce.n.tratlon in each
stage would, in most favourable condmons,_ only be
approximately § per cent. In other words, for 1d?a1 con-
ditions the fraction of light atoms woulfi, per s‘tage, increase
by something like a factor 1.005. Since this fraction is

. only 0.7 per cent to start with, we sce again what a for-

midable undertaking is presented by our ;?roblem. More-
over, uranium itself is not a gas ordinarily but a metal,
and to vaporize it would require temperatures for which
no porous membranes or pumps could be found. It has,
therefore, to be used in a compound, and qf .the compounds
of uranium, only one is 2 vapour in cpn_dxtxons that are at
all suitable for practical purposes. This is the hexafluoride
of urapium, consisting of 6 atoms of ﬂ.uorm? combme.d
with one atom of uranium. The atomic weight of this
combination is 352 for the heavy uranium and 349 for the
lighter. The weight difference is, therefore, even somewhat
less than one per cent. .

The properties of this compound make it an extremely
unpleasant substance to handle. It is highly corrosive and
many of the materials ordinarily employed in constructing
chemical apparatus would be attacked by the gas. This is
bad not only because it will gradually destroy any apparatus
in which such materials are used, but also because in the
reaction the gas itself decomposes, and in place of the
volatile uranium compound we are left with a solid de-
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posit on the wall which will be lost from the process.
Since, in the very many stages of a separation plant, the
gas has to circulate for a very long time before it cventually

finds its way into one of the end stages, one cannot afford

to lose even a small fraction of the gas on the way; otherwise
there would be no product left at all when one finally
got to the end. In addition, such solid products may also
form dust which will tend to settle in the fine pores of the
membranes and make them unusable. One of the worst
enemies of uranium hexafluoride is moisture, which will
not only react with it and decompose it, but at the same
time liberate from it fluorine in combinations such s
hydrofluoric acid, HF, which is an even more highly
corrosive substance. Throughout all the stages of a separa-
tion plant, the gas must, therefore, be extremely carefully
protected from contact with ordinary atmospheric air
which is always moist.

In order to colfect the gas that has passed through the
membranes and compress it again to make it ready for
passing through the membranes of the next stage, pumps
are required, and these again must be of a very unusual
design, since the construction materials ordinarily used for
pumps, and, for example, the oil and grease normally used
to lubricate them and prevent leakage, would be attack
by the gas very rapidly.

The size of the pumps required depends very much on
the perfection of the membranes one uses. The connection
is as follows: We have seen previously that it is necessary
that the pores be so small that, in their irregular motion
through the pores, molecules should run into a pore wall
more often than they run into other molecules. Now,

collisions between molecules depend on the density of the.

gas. If the gas is denser, molecules collide more frequently,
and bence for each kind of membrane there is a greatest
gas density or gas pressure for which they will work satis-

PRODUCTION OF ATOMIC FUEL 55

factorily. If we make a better membrane with smaller pores,
we can afford also more collisions between molecules and,
therefore, a higher gas pressure. Now the size qf a pump
does not depend much on the actual mass of gas it handles,
but chiefly on its volume. If we have to work at lower
pressures the same amount of gas will occupy a larger
volume and therefore need larger pumps. .

To summarize, we can see from this descrlptlofl th?t, in
principle, the process of separating isotopes by filﬁ'usxon is
simple enough, but that the practical problem 1x}volved in
finding membrane materials, construction materials, lub‘n-
cants and seals that would stand exposure to the corrosive
gas, in designing pumps, in building a plant containing all
these pumps and keeping it completely protected from
external air and of contfolling the flow of gas through all
the many stages of the cascade scheme, represents an enor-
mous undertaking. ) ' )

Itis not at present possible to describe the many mge;mous
inventions that were made in the course of overcoming all
these difficulties, but it is by now common knoyvledge that
the difficulties were overcome by the co-operation of la.rge
teams of scientists and engineers, and that a plant working
along these lines is in operation. :

Thgere exist other metlt)lods which depend on the dfﬂjerem
speeds of isotopes of different weight; one of them pelng a
method also developed by Hertz, which uses the diffusion
of gas through a-stream of another gas rather than through
a membrane. Another method, due to Hevesy, uses the
fact that if you evaporate a liquid while keeping the space
above the liquid evacuated, the lighter components of the
liquid will evaporate more quickly, since there again the
motion of the vapour molecules is more rapid. These and
many other methods were discussed and discarded as less

suitable to the problem in hand than the diffusion through
membranes,
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One method that came to mind immediately when the
problem first arose was that of thermal diffusion of a gas.
This term is -applied to a peculiar phenomenon that is
found in most gases and consists in a tendency of lighter
molecules to go to the hotter part of a tube and for the
heavier ones to go to the colder end, if the two ends of the
tube filled with gas are kept at diffgrent temperatures. The
particular attraction about this scheme is that Clusius and
his collaborators had invented a very neat trick by means of
which one could avoid the use of a large number of separa-
tion stages in a cascade arrangement and could effectively
have a large number of stages in a single tube. The trick
works in the following way. Imagine two vertical walls
close together—one hot, the other cold. Then, because of
the thermal diffusion effect mentioned, the gas near the hot
wall will be slightly enriched in the light isotope. At the
same time, because it is hotter, this gas is at a lower density
and tends to float up, whereas the colder gas tends to sink
down. The result is, therefore, a circulation of the gas
up the hot wall, across the top and down the cold wall.
Now, since the gas near the hot wall is slightly enriched,
the upward current carries an excess of light isotope and
there is a net flow.of light isotope towards the top and light
gas will accumulate at the top until a difference in com-
position has been established which, by the natural tendency
of the gases to mix again, will compensate the upward flow
of light gas. This arrangement is equivalent to a large
number of individual stages, that number bejng roughly
equal to the ratio of the height of the column to the distance
between the walls. As the height can easily be many feet
gnd the distance between the walls a small fraction of an
inch, we see that this scheme is equivalent to a great many
stages, and one need only connect a few such columns to
obtain a reasonable enrichment. In practice, the scheme
of Clusius does not use plane walls but concentric tubes,
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the inner one being heated by a flow of hot liquid or gas,
the outer one being cooled.

Unfortunately, measurements of the thermal diffusion
effect in uranium hexafluoride showed immediately that
in this particular gas the effect happens to be extremely
small. The cguses for the effect are complicated and depend
a great deal on the nature of the molecules and the forces
between them, so it is not possible to predict before:hand
Whether it is going to be large or small in any particular
gas. In this gas, however, it turns out to be so smgll. ghat.a
plant built on this principle would be quite prohibitive in
cost, power consumption, and size, even though it has the
great advantage of simplicity and contains no moving parts.

Many people had studied the same principle as applied
to liquids, and had always found that use of liquids was very
much less efficient than use of gascous compounds, the
chief reason being that liquids have a higher heat c_onduc-,
tivity, so that if a gap between a hot and a cold wall is filled
with liquid, much more heat is supplied on the hot side
and more taken away by cooling on the other side to main-
tain the same difference in temperature. It was, therefore,
thought that the same would be true in the case of uranium
hexafluoride, but experiments carried out by Abelson gave
the surprising result that, while the thermal Hiffusion
coefficient of gaseous uranium hexafluoride was extremely
small, that of the liquid happens to be rather large, and that
using liquid hexafluoride it was not impossible to build a
Plant of reasonable dimensions. Even so, it would have been
impossible to rely on such a plant entirely for the produc-
tion of pure Uranium 235. Even for 2 moderate enrichment,
the plant would consume very large amounts of heat, for
€xample in the form of steam. There was, however, during
the completion of the separation plant at Oak Ridge,
Tennessee, a period when a large capacity for steam
Production was available while the plant that was to use
SN—C .
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it had not been completed. It was then decided to erect

thermal diffusion plant which would use this steam an
produce in this way enriched material that would lighten the

burden of the electro-magnetic plant which was thep

already in operation.

Lastly, we should here mention another method which
was investigated at length, that is the electrolytic method.
It is well known that if an electric current is passed throu_gh
a solution of a salt in water, the electric charge is carried
through the solution by the motion of charged atoms Of
molecules. Just as in the case of a gas, there is some
difference in the speed with which the lighter or heavief
molecules tend to move, and, in general, the light ones will
get slightly ahead of the heavier ones. A nice trick to make
this method convenient in practice was suggested indepen”
dently by several people. It consists in letting the solution
pass slowly through the tube in a direction opposite to that
of the electric current and arranging the strength of the
electric current in such a way that the charged molecules
will just stay put. This balance between the backward ﬂof”
of the solution and the forward flow due to the current w}ll
be slightly different for the light and heavy isotopes and 10
any given part of the tube the light isotope will gradua“)’
drift forward and the heavy isotope back. H. London

succeeded in measuring the magnitude of this effect and

getting a slight separation with it. It turned out, howevel

that the effect was not favourable enough to compete
seriously with other methods of separation.

5. THE ELECTRO-MAGNETIC PLANT. All the methods
discussed in the three preceding sections are based OB
principles which allow only a slight enrichment in every
stage of the process and which, therefore, have to be
applied repeatedly in a large number of stages to obtain
nearly pure U-235. We have already seen that, in principle,
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the mass spectrograph is capable of pekforming ther:fip?:l:t
tion completely in one step, but it always app?:strument
the translation of this delicate laboratoryoulld present
into industrial practice on a large scale wrence started
insuperable difficulties. However, E. O. Law R eing was
research on this problem. The method hehwa The yoain
essentially that of the mass spectrograpa. to improve
modifications that had to be made were those ass spectro-
the economy of the process. In the ordinary slzlllmple that is
graph only a very small fraction of the £38 by collisions
put in for analysis is actually charged up thye,be,am that
(ionized) so that it can be accelerated to fofmtus The rest
goes through the main part of the apparatts: d through
remains in the form of neutral atoms which Sprez: keep the”
the tube and are carried away by pumps tha keep the
tube evacuated. It is evidently ‘mp?rmqt ttcl)le beam as
fraction of the gas that is actually utllllcdt“:hat has to be
large as possible and to reduce the amoun ul. purpose.
dealt with by the pumps and serves 0O userecover any
It is also necessary to make provision to he walls and
material that has settled as a sohd deposxt 0;1 t ©  santities
other parts of the apparatus, since with the arg.ls eant only
handled by an actual plant, one V{ould otherv;d 1 so0n
have serious losses of raw material but w;’ uthe magnetic
completely clog the apparatus. Moreove ,aratus require
fields necessary for the functioning of thehap;ost expensive
large electro-magnets which represeﬂt‘t. c these as well as
part of the equipment. In order to uulize of charged
possible, it was necessary to make the beamts s many of
atoms as intense as possible and also to gfe ach'magnet-
those beams as possible within the field o eabmin mag-
In addition, very high precision 1S required to ond to have
netic fields of just the right strengtl} and Shapeha ositions.
the receivers for the product in just the rig .tupd hysic-
This would normally require careful work by skilled phy



60 SCIENCE NEWS

]

ists in a laboratory. Provision had to be made to have
these adjustments effected by less highly trained personnel
and in the conditions of a large plant. And, lastly, a very
complicated chemical plant had to be provided to turn the
raw material into the compound used in the separation
plant and to convert back to the same compound the many
different amounts recovered from gas carried out by the
pumps from deposits inside the apparatus, etc., which had
usually undergone chemical reactions with the materials
of the wall and with other impurities and, therefore, needed
chemical treatment.

Again, only an enormous effort of scientists and engineers
made the completion of this task possible and, in spite of
the fact that the step from a delicate laboratory instrument
to a large-scale plant is even larger and more unexpected
here than in the case of a diffusion plant, the electro-
magnetic plant was, in fact, the first plant to produce useful
amounts of uranium 235.

Although it would be possible, in principle, to carry out
the whole separation in one stage, it turns out that this is
not convenient in practice, because the beam carrying the
heavy isotope is so much stronggr than that carrying the
light isotope that very high pregsion would be needed to
get perfect separation in the first step, since one has to
avoid any spread on each beam which would mix up even
a small fraction of the stronger beam with the weaker one.
This would be possible, but it would severely limit the rate
at which' material could be handled in each unit, and it
pays, therefore, to use, instead, a plant that in the first stage
will ogly produce an incomplete separation and to pass the
material thus obtained through a second stage, which can
now be smaller since it handles a much smaller amount of
material, and to complete the separation in the second
stage. This second stage is much less of an enginecring
problem because of its smaller size, but it has to be much

-
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more carefully designed because it is more important that
the recovery of material from it be complete, since the
material fed into this stage is very valuable, representing
the output of the first expensive plant, and the loss of even
a small fraction of this material would be serious.

i There exist designs for devices working on other prin-
ciples which are similar to the electro-magnetic plant, in
.that they are capable of producing appreciable separations
In a’single stage, and which use atomic beams running in
conditions of high vacuum so that each atom keeps its
Own path regardless of the presence of others. The most
Interesting of these is the “isotron” which uses a rapidly
oscillating electric field which will accelerate and decelerate
In rapid succession a beam of charged atoms, when again
the light atoms will respond somewhat more quickly to
the field than heavy atoms. One can arrange matters in
such a way that if a continuous stream of atoms leaves the
source they will all meet at a certain point further down the
tube because the later arrivals have passed the field at a
time when it was accelerating and have been speeded up,
whereas the earlier ones passed at a time when the field
tended to decelerate them and have been held back. Because
of the different response of the different isotopes the point
where the atoms will be accumulated is different for the
light and the heavy isotopes, and if arrangements are made
to draw off atoms at the right instant from the right point
In space, one can arrange to collect preferentially the light
ones. This device was developed by R. R. Wilson and
probably could also have been turned into a plant of in-
dustrial dimensions, but the electro-magnetic plant was

;nore promising and the ‘isotron was abandoned in its
avour,

6. CoNcLusioN. We have attempted to give a brief
sketch of the principles involved in the known methods of
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isotope separation and of the enormous scale of the opera-
tions required for this. All these plants serve the common
purpose of producing in a pure or nearly pure form the
isotope uranium 235. The next article will describe simi-
larly the plant that produces the element plutonium, which
is the other possible atomic fuel. Large-scale plants for
both purposes were pushed to completion because it was
not known at that time which of the two fuels would be
more suitable for making bombs nor how long the actual
completion of each plant would take.

In the future, we may hope that the importance of making
bombs will gradually be superseded by that of releasing
atomic energy for peaceful purposes. In this, the plants
are at a disadvantage because the “piles” described in the
next article produce power directly, starting from uranium
in its natural form. Nevertheless, for many applications
it will be essential to have small and concentrated power
units which have to use pure active material, i.e., pure of
nearly pure plutonium, [Or pure or nearly pure uranium 235.
It is too early yet to see through the many factors that
govern the economy of these two possibilities, and it iS,
therefore, not known now whether separation plants will
remaip a permanent feature of atomic energy projects of
whether their function in producing the material used in
the first atomic bomb is now a matter of history.

THE TAMING OF ATOMIC
POWER AND THE PRODUCTION
OF PLUTONIUM

By H. L. Anderson

ATOMIC* ENERGY i3 not a new discovery, for it was first
recognized as an energy source when radioactivity was
discovered. Nor is it an unimportant source, for not only
is it responsible for a part of the earth’s heat (the interior of
the earth is kept from cooling by radioactive heating), but
also, if we go back a step, the wood, the coal, the petroleum
and the water power, all our common energy supplies, derive
from the sun; and the evidence is now quite strong that the
energy which is developed by the sun is largely due tothe
nuclear reactions taking place there. But this energy,
instead of being produced by the disintegration of nuclei,
is released by the building-up of the light atomic nuclei.
Astrophysical data show that the sun contains a large
amount of hydrogen. It is this hydrogen which combines
in a succession of nuclear reactions to produce heflium.
These reactions do not take place spontaneously on
earth, because, in every case, the interacting particles are
charged and tend to repel one another. In the laboratory,
a few of the nuclei can be accelerated to sufficient speeds
so that the particles can get close enough together to react.

. This permits us to study the reaction, but not to use the

energy. Inside the sun the temperature is of the order of
20 million degrees, so that, because of their thermal
agitation, the atoms move with sufficiently great velocities

*Atomic energy is a popular term for what ma i
termed nuclear energy. ¥ be more strictly
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to penetrate-the strong electrical repulsive force field and
come close enough together to react. The release of energy
maintains the high temperature so that the reaction con-
tinues, in much the same way as coal is burned.

It appears, then, that atomic energy is the principal
source of energy for the earth. The coal, petroleum and
wood which we burn were all made by photosynthesis of
carbon dioxide and water using the sun’s energy. By
evaporation of the water of the oceans and the lakes, the
sun provides us with our water power.

EQUIVALENCE OF MAss AND ENERGY. In every re-
action in which energy is liberated, a corresponding amount
of 'mass js lost. Thus, we might say that the energy comes
from the mass in accordance with Einstein’s relation
E=mc?

where E is the energy in ergs, m is the loss in mass in grams,
and c is thé velocity of light, 3x10'° centimetres per
second. The relation holds just as faithfully in chemical
reactions as it does in nuclear reactions even though the
mass changes for the chemical reactions are vanishingly
small. The Einstein relation tells us where the energy comes
from—what we have said about the forces which act gives
a little mote insight into why the energy appears. When all
the masses of the reacting components are known this
formula provides a simple way to calculate the energy
release. In many cases it is not easy to measure the change
In mass which takes place and it is generally simpler and
mmore accurate to measure directly the heat liberated, or the
lonization produced. However, the formula does give the

maximum possible energy which would appear if all the
mass were converted into energy.

-

ENERGY FROM THE FissioN or U
RANIUM. If the
whole of ode gram of mags (it makes no difference of what)

'
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were converted into energy we should obtain 2x10!3
calories. In the fission process the energy release has been
measured and is approximately 2x10!° calories* per
gram (ten million kilowatt-hours per pound). This is
about two million times more than the energy which is
released in the burning of equal weights of petrol or high-
grade anthracite coal. In the case of the combustion of
coal, we say that the atoms of oxygen and carbon which
enter into the reaction are attracted to one another when
they are brought together and energy is released in bringing
about their combination. More precisely, there are forces
which act between the electrons and the nuclei of the
atoms which make up the molecules of matter so that
in some combinations the energy required to hold them
_ together is less than in others. The excess energy is released
whenever the transition from a less to a more stable con-
figuration is brought about. These general notions apply
in the case of nuclear reactions as well. The forces between
the neutrons and protons, constituents of the nucleus, are
very many times greater than those which act between the
electrons and the nuclei of the molecules. For this reason
nuclear transformations involve much greater energy
changes than molecular transformations.

* . In the fission of uranium the heaviest nucleus is splif into

two approximately equal parts. The neutrons and the

, Protons which make up the uranium nucleus are, however,

in a more stable configuration when they are divided among
the two fragments which are formed in the fission. The
energy which is released is, in fact, a measure of this im-
proved stability. The excess energy appears as kinetic
energy and is evidenced in the great speeds with which the

*The calorie is the amount of heat energy required to heat 1 gram

- of water 1 degree Centigrade from 15° C. There are 4.18 x 107 ergs

in one calorie. Symbols such as 107 or 101° are the scientist’
for a 1 followed by 7 or 10 zeros respectively. e scientist’s shorthand
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two fragments fly apart. In addition to the two fragments
it is known that two or three neutrons are also given off.
The neutrons provide the mechanism whereby the fission
reaction can be propagated to very large numbers of the
uranium nuclei and so make it possible for large amounts
of energy to be released, as we shall see.

THE F1ssioN ProcEss. The fission process can be
brought about by bombarding uranium with neutrons.
The neutron, being an uncharged particle, has little diffi-
culty in entering the uranium nucleus. Tt is frequently
unnecessary to use neutrons of very high velocities as would
be the case for the charged particles. In fact, the slower
the neutron is moving the more readily is it absorbed 10
the uranium nucleus.

Tt is necessary to distinguish between the various kinds
of uranium nuclei which there are. Insofar as chemical
properties are concerned, all the isotopes of uranium
behave in the same way because they all have 92 electrons
outside balancing’the charge from the 92 protons which
their nucleus contains. The different uranium isotopes
differ in the number of neutrons which they contain.
There is a light isotope U235 which contains 143 neutrons,

and there is the heavy isotope U238 which contains 146

neutrons. There are also other isotopes, containing different
numbers of neutrons, some of which can be madc by nuclear
reactions, as we shall see. In their nuclear behaviour, the
isotopes may behave quite differently from one another.
The two isotopes which we have mentioned are the most
abundant which are found in nature, but the he
is 140 times more abundant

The light isotope of yrap
found in nature which can
It is possible to produce p
property. Slow neutrons ar.

avy uranium
than the light uranium.

tum, U235, is the only nucleus
be fissioned by slow neutrons-
ew nuclei which also have this
€ absorbed in the nucleus of the
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heavy uranium, but fission does not tal'ce place beca.use
the isotope which is formed, U239, remains s.table against
fission unless the neutron brings with it a fair amount of
energy to start the fission process. Thq same is true in .the
case of the thortum isotope Th232, which yvxll only ﬁssx(?n
provided that the incident neutron is Suﬂic1er}tly energetic.

Of the other heavy elements which are fairly abundant
on earth, both bismuth and lead have been stud.ied and no
fission has been observed with either. It is most 1mprpbable
that elements still lighter than lead would show thlS' pbe-
nomenon. Thus, energy release is possible in the building
up of light elements and in the breaking down of. heavy
elements, and one might guess, correctly, that in the
medium-weight elements such as irog, energy release does
not take place in general because their nuclei are the most
stable.

PropucTioN ofF PrutoNiuM. Fission is produced by
neutrons in only a few nuclei, but in a}rnost every nucleus
the neutron may be more or less readily captu.red.. When
captured, the neutron converts the nuclegs Wh]Cl"l 1t enters
into the next heavier isotope. When th}s new isotope is
not naturally stable it is radioactive and in most cases will
ultimately emit a beta particle, and be converted, thereby,
to the next higher element in the periodic table. We will
refer to the process forming the next isotope as the capture
process, to distinguish it from the fission process. When we
say that a neutron is absorbed we shall mean that it is either
captured or has produced fission. The neutron may strike a
nucleus and instead of being absorbed may be re-emitted.
This neutron re-emission is called scattering. The scattering
is elastic if kinetic energy is conserved, or inelastic if some
of the kinetic energy of the neutron is used to change the
state of excitation of the nucleus,

Plutonium is produced from the capture of neutrons

.
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in the heavy uranjum U238. The process takes place most
readily with slow neutrons, and starts with the formation
of U239 according to the reaction

U238 xn=U239

ive and emits a beta particle after an
average time* of 34 minutes, to form the neptunium isotql’e
Np239. This isotope is also radioactive and by emitting
a beta particle after an average time of 3.3 days is converted
to the plutonium isotope Pu239. The plutonium formed
in this way
Jarticles, but at such a low rate that for practical purposes
quantities of it can be accumulated, and its properties
studied. Its significance in our discussion is that, like U235,
Pu239 is also fissionable by slow neutrons.

The U239 is radioact

NUCLEAR CHAIN REACTION, While a great number
of nuclear reactions have been studied and are known to
yield sizeable amounts of nuclear energy, it was possible
to bring the reaction about in only a few atoms at once.
We want to produce copious amounts of energy we have to
contrive to make the reaction propagate itself so that a
large number of the atoms will be involved together. .
The burning of coal is a thermal reaction which will
not proceed below a certain kindling temperature; but
once this ignition point is reached the heat generated 18
usually sufficient to maintain the mass at a sufficiently
high temperature for the burning to proceed as long as
oxygen is able to come in contact with carbon. In nuclear
reactions which proceed in the same way, as they do in
the sun and the stars, the ignition temperatures are much
higher. We have not learned how to achieve in a large mads

{ionis average time is not identical with the half-life of the radio-

active substance, but is longer by a factor of about 1.44, How half-lives

;Lcy measured is described in the article on “The Tools of Nuclear
sics.

does disintegrate by the emission of alpha -
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of material, temperatures high t:ltlxoughl for such thermo-

ions to propagate themselves. _
m.lfl_lle?lrlergaszitoz procé:s vge have available apother gnech-
anism whereby the reaction may propagatq 1tse_lf, without
the need for high temperatures. The ﬁsmgn is brought
about by the absorption of neutrons, apd in the process
of fission more than one neutron is em.ltted. If the new
neutrons can efficiently make contact w1}h other uranium
nuclei, it is clear that the fission of uranium nuglel can be:
continued until a very large number of the uranium nuclei
have been disintegrated. . _

Let vs study a sgimpliﬁed example. 'Imaglnc a.large mfls;
of an easily fissionable substance like U?SS mt(_) wh‘Jc
we introduce one neutron to produce one fission. This fission
produces, let us shy, two*neutrons which are then at?sorbed
elsewhere in the mass. Suppose both'of these in turn
produce fissions so that now 4 neutrons in all are emitted..
This process can continue and th; pumber of neutrons
produced by the mass will be multiplied panyfold. Since .
the neutrons travel at high speeds, and since they do not

‘have to travel very far to be absorbed, this multiplication

can take place very rapidly and in a very short t‘ime an
enormous number of nuclei will have undergone fission and
large amounts of energy will hav'e been released: .

The neutrons which are emitted upon fission have a
velocity of about 1.5x10° centimetres_ per second, and
since they have to travel only some centimetres before they
are absorbed again, their number will increase by a factor
of two, in the present example, in a time of the order of
10" seconds. In a millionth of a second, therefore, the
number of neutrons would have increased enormously and
some hundreds of tons of the light uranium would have
fissioned. Of course, this is a much greater amount than
would ever be caused to react at one time, but it does show
that quite large amounts of material could be made to
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react in an exceedingly short time. When we realize that
the energy release for one kilogram of material is equivalent
to 17,000 toas of T.N.T., and the reaction time is even
shorter, the explosive power of the fission reactor becomes
. apparent.

This mechanism is the one which underlies the atomic
bomb, but in practice we should not use an indefinitely
large mass of uranium. When we consider that the mass
of our material must have finite extent we have to realize
that some of the neutrons may escape from the mass and
not be utilized in the reproduction process. Furthermore,
there are competitive absorption processes which absorb
neutrons but do not cause fission and hence reproduction.

In natural uranium the capture process in U238 which
leads to Pu239 consumes such a large® fraction of the
neutrons that, even in a very large mass, few are left to
cause fission, and the number of neutrons produced per
nheutron absorbed is less than one, so that the multiplication
of neutrons cannot proceed indefinitely.

({ONTROLLING THE NUCLEAR REACTION. One rather
direct way to reduce the competitive absorption is to
}'educe the amount of U238 in uranium. This involves an
isotope szparation which is no simple task, although it has
peen carried through at great expense and difficulty. It has
In this way become possible to make atomic bombs of
Zsos;r;lbhes of purified U235. (See article on isotope separa-

ane sufficiently pure fissionable material has been made
available, the problem of assembly becomes all-important.
How do we bring sufficient material together so that once
started, the energy release will take an explosi
and yet be sure that the bomb will not go off
Neutron§ which could initiate the reaction
by cosmic rays, they are emitted from so

ve character
prematurely?
are produced
me substances
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which might be present as impurities, and, in addition,
uranium nuclei are known to fission spontaneously, if
infrequently. Thus, we may expect that there will always
be a few neutrons produced in the assembly and we
cannot hope to inhibit the reaction by not furnishing the
initial neutron.

What we can do, however, to avoid premature explosion
is to balance the production of neutrons by a corresponding
rate of leakage, so that there are never enough neutrons
in the uranium mass to keep the chain reaction spreading.
Clearly the loss of neutrons by leakage out of the mass
depends on its shape and size—the relation of its surface
area to its total bulk, and below a certain amount of
uranium, the critical mass, leakage accounts for the majority
of neutrons, and not enough are left to ,‘reproduce”
themselves by causing further fissions. The Reproduction
Factor is a term to express this briefly and precisely. It
is a ratio: the total number of neutrons in one generation
causing fission, divided into the number of those neutrons
produced by that fission which will go on to cause the
fissions of the next generation. Thus in the simple example
before, one neutron caused a fission producing two
neutrons; each of these in turn caused fissions which
doubled the number of neutrons; and the reproduction
factor is clearly 2. But if, of every two neutrons produced
in a fission, one leaked away, only one would be left to
produce a further fission, and the reproduction factor is
only 1. In this latter case, the neutron level, and hence the
energy production level at which the reaction works,
remain constant at whatever they happen to be. Therefore,
as long as.the reprodu.cthlon factor is less than 1, as it always
must be in a sub-critical mass, a stray neutron cannot

set off a divergent chain reaction, and the material remains
safely quiescent.

. The value of the reproduction factor is simply varied
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.
by changing the ease of neutron escape (leakage) by baving
the material in two or more subcritical masses which can

be brought closer together or separated at will. The closer
they come the higher the reproduction factor. The atomi®
bomb is a device in which the subcritical masses are

aggregated very rapidly, so that the reproduction rate for

neutrons rises very steeply and an enormous amount
energy is produced in a very short time.

CALCULATION OF NBUTRON INTENSITY. There are .
always a few neutrons being produced inside a mass of
fissionable material. We will suppose that we have some- .
_ what more than a critical mass of material but we have
removed part of this mass far enough from the rest for
the leakage of neutrons to be great enough to bring th9
reproduction factor below 1. In this case the .ori
neutrons will be multiplied somewhat, but the neutrof

intensity will finally reach a well-defined value which
' becomes greater as the reproduction factor approaches L
Consider a primary source of neutrons emitting one neutrog,
per second in the mass. If we denote the value of the.
reproduction factor by k, the first generation will produc®
k neutrons per second, these k neutrons will in turn produc®
k* neutrons per gecond in the second generation, and so 0B
so that in all, if k is less than 1, the total resulting number of
neutrons being produted per second will be given by

_ 1+ k+ kM k.. =1/(1-K)
_ Tuus, if the yﬂg:‘ factoris 09 and if the source 3:
s 1n the mass, 1 neutron per second, the abo¥e.

 amalysis shows that, after a while, ncutr:ms will be produced

in the mass at the rate of 10 neutrons per second. BY
bringing the adjustable part of thé assembly closer and
closer to the rest of the

mass the value of k can be brought
closer and closer to 1 and the pe i i be
brought to any desired value, utron intensity can

Piate I. The two-million-volt generator being assembled at the
High Tension Laboratory at Cambridge University, In the back-
ground is a million-volt generator used for accelerating deuterons,
which pass down the tube on the right into the room under the
platform (see plate 2).

PLATE 2. The accelerated deuterons pass down the tube (now seen
on'the left) and are turned along the gleaming glass 'tube in the
centre by a massive magnet. They are bombarding atoms under
the hand of the operator, and will smash some of their nuclei.

i
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Pipes rahn;:eogéf‘xﬁfrﬁo"hpf the Cambridge cyclotron. The
diagram below). achine carry water 1o keep it cool (see

PLate 4. D

agram of the cyclotron in plate 3.
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PLATE 5. Tokyo cyclotron, before the war. The scientist appears to be
tightening some bolts on the tank, poking his head between the coils. The
big rectangular structure of solid steel around the coils is the yoke of the
magnet. The destruction of this machine caused great indignation amongst
scientists both in this country and America, who did not regard cyclotrons
as weapons of war.

PLATE 6. Van de Graaff generator (Notre Dame University) with outer
cover removed, and partly dismantled. High-voltage electrode close to
spectator, carried by framework mounted
on the base plate in the background.
The accelerating tube passes through
the lower part of the framework.
looking like a fat earthworm: the
thinner earthworm in front of it
is a resistor, used for measuring
th¢ voltage. The belt can
be seen too. passing (twice)
through the upper
part of the
framework.




PLaTE 8.

the tube to the left
shown), pass the
photographic plat

PLaTE 7. Astc:g'es massd
spectrograph : secon
model, built 1935. (Mass
Specira and Isotopes by
Aston: Edward Arnold &
Co.)

lons are produced in the discharge tube and pass down

, through slits and between charged plates (not
poles of the electro-magnet (dotted lines) to the
¢ PP shown lying horizontally inside the camera.

The pea tamp makes a mark on the plate 10 show how it was placed

n the camera.

(Diagram of plate 7.)
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PLate 9. Typical mass
spectra. Each black band is
the mark made on the film
by the particles of a single
isotope; the atomic weights
are marked in. (Mass Specira
and Isotopes by Aston : Edward
Arnold & Co.)

PLate 10. Electron
tracks.

PLaTE 11. Alpha-ray
tracks. (Cavendish
Laboratory, Cam-
bridge.)
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(The Director, Gevlogical Survey Museum.)

The chief productive localities are in heavy type.

PLATE 14. World distribution of radium-uranium deposits.
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If we are somewhat impatient and wish to raise the
neutron level more rapidly we could increase k slightly:
above 1. The neutron intengity will then double itself for .
each interval of time given by the formula i

. ,
T=0.7—
. k—1 :
Here - is the average lifetime of one generation of neutrons.
Once the desired level is reached, k could be reduced to 1
again so that this level is maintained.

If all the neutrons Wwere emitted instantaneously upon
fission so that the reproduction time was just the time
between emission and absorption, then for the example we
have baen considering the value of = would be about 10¢

seconds. In order to bring the doubling time to a reasonable -

value, say 10 seconds, and so allow some time for the

ool

o
-

24

. THE MEN WHO SPLIT THE ATOM

PLaTE 15, L
- i to right :— eces
and Dr. §. D y ight :—Dr. E. S. Walton, Lord Rutherford : ‘hanisms, i be nex '
tory, Cambtiacoc!‘cmﬂ- who split the atom at Cavendish Labora- ad‘lust'lnent of the conh"d mech e 'ms; it would ben i A
ge. in 1932, . to adjust the value of k-1 t0 within 10, In practice this

would be virtually impossible to achieve, because expansions

‘!‘ due to slight temperature changes would alter the value
! - of the reproduction factor by amounts much greater than
) this. There would always be the danger that a slight
| temperature change or 2 slight mechanical disturbance
would cause the neutron intensity to rise at an urcontroll-

able rate.

Professor
Niels Boh Profess
' Sir James Chadwick Or. Enrico Fer™ \ ’
o ' Tug DeLAYBD NEUTRONS. Fortunately, there is a

delay before some of the neutrons are emitted. The delayed
neutron emission is due to the fact that some of the fission
products are transformed by beta particle emission into
nuclei which in turn emit neutrons. The delay in the emis-
sion of the neutrons is due to the time for the beta dis-
integration which precedes it. Because of the delayed
neutrons, the average reproduction time is increased an
the adjustment of the neutron intensity is made less sen’sitive
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to the value of the reproduction factor. About 19, of the
neutrons which are emitted jn fission are delayed by an
average time of about 10 seconds. If the total k exceeds l.by
less than 0.01 the prompt néutrons have a reproduction
factor less than 1 and s cannot, of themselves, cause a
divergent increase of the neutron intensity. Each geperation
of neutrons has to wait for the delayed neutron emission
before a net gain in the neutron intensity can be accomp-
lished. If we call &, the reproduction factor due to the
Prompt neutrons alone, and 4 the overall reproduction
factor, then wheq K, is less than 1 the doubling time is
given approximately by
1-k,
T-07——
k-1

where <, is the dverage time for the emission of delayed
heutrons (about 10 seconds). Now we may adjust k to 1.905
and then since k, will be about 0.995, the doubling time
will be about 7 seconds. It can thus be seen that k can be
adjusted through the range between | and 1.005 and the
Teaction will still pe quite controllable. This is a much
larger range than could occur owing to normal temperature
ﬂugtuations, Or other chance movements of parts of the re-
acing system. Because of the delayed neutrons, it becomes
€35y 1o control the chain reactiop at any desired level of
Power outpuyt by a simple adjustment of a control rod,
Which may be 4 small part of the reacting mass. So smooth
and so delicate can the control of the chain reactor be made,
that by 5 simple motion of 3 light mechanism the power
level can be held within a very small fraction of one per

cent over long periods of time. There are very few machines
which cap equal this performance,

4

SLow NEUTRON REacTION,

tai

i . Natural uvranium cop-
0s 140 times ag much of the he

avy isotope U238 as of
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the light isotope U235. The capture process 1ln liZ?g
Which leads to the production of Pu239 is so argduc-
the natural mixture of these isotope§, that the reprot -
tion factor in a large mass of uramum.metal cgnnic;S e
Made greater than 1, and a power-prqduqng reactxonbe not
Possible. As has been pointed out, this dlfﬁcul‘ty can be an
has been circumvented by isotope separ’a.tlonl, w ;uéeg
the amount of heavy isotope can be .suﬂicxen.t y rer uced
While the more readily ﬁssionablg light isotope is mcri wsed
in concentration. However, the isotope §epar§§1c}>)n pe eess
is expensive, and if all the active material w 1c' nvaaction
In our reactors were made in this way only a s_m‘:j rac
of the available uranium supply would be utlhzek. + ehain
However, natural uranium can be used to r;m :d chain
Teaction, provided that the neutrons z(aire slcz)v\s; 1 down
in the reactor. Such a reactor is called a s v neutron
Teactor in contrast to the fast neutron reactor ;viv 1 ‘1:3 e
discussing up to now. When they are moving slowly pough
the neutrons absorbed by natural urar;x;gn c’e;}:lsee fssion
e duendly th;m th:t);osr?sd‘tlﬁz rg;mb.er of neutrons
i in rea ‘ .
ggggltxgzdfgerran:ﬂion absorbed. For natural uranium tln:
number becomes greater than 1 w.hen thc? neutrons ‘;r
moving slowly enough, hence a chain reaction is possxbe.
When the neutrons are moving more rapldly, this ngn.xblcr
is generally less than 1, and a chalr} reaction is not pObSI’ e.
The slow neutron reaction was in fact successfull).l‘mdde ‘
with patural uranium several years l‘ae'forc the isotope
separation plants could produce sufficient amounts of
uranium enriched in the U235 content to establish the
fast neutron reactor. .
There is, however, one catch. The neutrons which are
emitted in fission are fast neutrons. Their velocity is of the
order of 10° centimetres per second. In order to establish
a slow neutron chain reaction it is neeessary to reduce the
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velocity of the neutrons to about 2.5x 105 centimetres per
second. This is the average velocity of neutrons which are
moving owing to the thermal agitation produced by a
temperature of 20° C. The process whereby neutrons may

be slowed down was discovered by Fermi in 1935. He

found that placed in a medium containing light elements,
the neutrons would make elastic collisions with these light
nuclei and with’ each collision some of the energy of th.e
neutron would be transferred to the nucleus with which it
collided. The process of slowing down neutrons has beep
given the name moderation, and the material in which this
process takes place is called the moderator. .

The slowing-down process does not continue indefinitely
because the moderating atoms are themselves in motion
owing to their thermal agitation. When the neutrons are
slowed down to thermal energies they gain energy by
collisions just as often as they lose it, so that on the average
their energy becomes equal to the thermal agitation energy
of the moderator. At these low energies, fission in the heavy
isotope does not take place at all, but it happens that
the rate of fission of the light isotope is greatly increased,
much more than the competitive capture process in the
heavy isotope. Hence: the neutron production for each
neutror absorbed by both isotopes in the natural mixture
is sufficiently greater than 1 for a chain reaction to become
feasible.

We have now introduced a new substance into our
Teactor and we have to take care that the neutrons are not

absorbed in the moderator to such an extent that the
reproduction factor falls below 1. '

RESONANCE CAPTURE. Care must be taken that while
they are being slowed down an excessive number of the
neutrons are not captured by the heavy isotope. The
probability that a neutron will be absorbed and produce

favours capture. In particu
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fission in the light isotope, and the probabilit); ::saig;:awbil;
captured in the heavy isotope, both vary consiveresy
according to the velocity of the neutron. In gent; agitation
the neutron is moving much faiter[tjhz?S tl:: tcl:l;rtnl::e iﬁl U238
: . jons in
aocity, the ratio of ﬁsslonie)ar there are certain ranges of
i i ecomes
Deutron speeds in which the capture In 1?2312 gnd it is
enormous. These are called the resonance ban £ ’esonancc
parﬁculariy important to minimize the ?mc;‘:::‘tto?' arbove 1.
Capture if we are to keep the reproduction be made sma'l if
The amount of resonance capture ca];1 for them to spend
We can slow the neutrons rapidly enouﬁ dangegous speeds.
only & small fraction of tllileir tml:: e?ltirtx aeil e ia reactors
ningeni me which was um i
mit:zgir:t?l‘:salscll::anium was to arrange the utriamuat:'lram
lumps in the moderator in some sort of lattice y.

istinct advantage over a

Suc ment has the dis
ho h an nrrange ture of uranium and moderator that a
mogeneous mix ch are being slowed down

large fraction of the neutznstl:_ glugh the resonance region
in the rator may pass { . :
Withourtn:c?r;ing in contact with the uramumtatnillr.eascz;lyltt}llg
the same thing in other WOfds‘hgngz t:::o?]e;y“;bsorbed by
en i here they co

th::rg)' region Za ture process they have a good chance
" reiionanott:l S follision with a moderator nucleus before
rea?lf;n; at‘;:: uranjum, and so to escape the resonance
traop;‘ce the neutrons reach thermal energies the lattice
arrangement is a disadvantage, becau.sc now we. war}t the
neutrgns to be absorbed in the uranium and there is the

- danger that they will be absorbed in the moderator before

they reach the uranium. However, by carefully proportion-
ing the size and the spacing of the uranium lumps in the
moderator the resonance trap can be made small enough,
without too much loss from absorption by the moder ator.
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reactor can be exp ing from the uranium etffergy is still
foourons in ehmel.rJng38g and U235 w}:!lent:f?:eutrons by this
fissions in bot iplicatio .
high. We denote by E:gzrrlnilf?ll:lw“o_“s which bCSS:flf; t:’l;
Process, by p the frathe fraction which fg : ;the number
Tesonance trap, by fl energies are reached, by absorbed by
Uranium once therma d for each neutron hich are lost
of neutrons produC: fraction of neutrons w trons not
Uranium, and by L tl iL) is the fraction of ns;l:en by the
o leakalge'k Smctehé reproduction factor is g k
lost by leakage,

formula, k =EpfN(1-L)
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LEaRAGE: IRI;;;E can always be rfr;iaccil:natiy large. In the
neutrons by lea . stem su loss of
. cting sys to keep the loss
by making the rea it is necessary . ires
; eactor 1 r cent. This requir
natural uranium r 4 to a few per, f
own . he leakage o
neutrons by leakagl; y. In a certain measurc:i itrlg the aotive
a very large assim be reduced by surrpunof the neuton
neutrons can a soﬂcctor. A large fracuorrxl eflector, make
material with a ;Zacting structure enter ; 1e ra e ’turned
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tive
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reflector so as .
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The reflector mber of neutrons and gamma rays which -
nu r
It redu'if:dﬁ;’:om the reacting structure., Both the ncutrons
are emi
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and the gamma rays are dangerous to man and special care

must be taken to reduce their number below the tolerable

amount,

CONTROL OF THE SLow NEUTRON REACTOR, One
way to control the reactivity of a reactor has already been
indicated. It can be done by changing the neutron leakage
by moving one part of the reactor relative to another. But
there is another possibility where slow neutrons are con-
cerned. Certain substances, especially boron and cadmium,
Capture thermal neutrons very strongly, and it has been
found convenient to use rods or strips of these materials
Wwhich can be moved in or out of the reactor to change the

- Teactivity. Such control rods alter the reproduction factor -

by absorption of neutrons rather than by altering the loss
of neutrons by leakage. The control is effected by the adjust-
ment of a light and easily movable mechanism.

In the slow neutron reactor the reproduction time even
for the prompt neutrons is much longer than in the fast
Teactor. The thermal neutron travels at a much lower

velocity (2500 metres per second) and travels a much

greater distance (perhaps 3 metres) before it is captured, so
that the reproduction time for the prompt neutrons is
about a thousandth of a second. For this reason the energy
prodtiction in the slow neutron reactor can hardly be
rapid“enough for an explosion to take place. In the worst
case the uranium vould melt, possibly even vaporize to
Ssome extent; the reaction would then stop before the
pressure developed was high enough to cause an explosion.
A bad fire might result and the radioactive fission products,
some of which are gaseous, might escape, but if the whole
were confined to a suitably designed concrete building,
the disaster could be kept fairly well localized.

' THB CHAIN REACTING MAcHINE. The first chain
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reactor used natural uranium with gra;?hnte as the mo?etr:‘-
tor. It was built at the University of Ctncago.and ?omp e
in December 1942. Since the mass _productlon ? llxraxtnmm:
metal was only beginning at that tu'{le, ‘mosttl o tde snl -
ture was made up of lumps of uranium oxi ; ans. (;e {he
small amount of metal (about 6 tons) was used. fltl;g © the
number of neutrons emitted when one neutron o crmal
energy is absorbed by natural uranium, 1 not 1I'elrysses ok
above 1, close attention had tq bc paid to 2 ei:)her o
neutrons. In particular, impurities present in ither the
uranium or the graphite might absorb an exc&sscltv  number
of neutrons. The first experimental lattice stru uWas hich
was erected to measure the reproduction i:actor was bull
at Columbia University in July 1?41. using i,(; 2 Tepto-
grades of uranium oxide and graphite. Thlsf tg: © 8 repro-
duction factor of only 0.87, largely‘becaus.e o ;le rxfwhich
in the materials used. The major mdustflal pro 1 which
had to be solved, before a successful cl3am reac:tosfl gstances‘
made, was the production of very s;_;ecxa.lly ptul;% ubstances.
Some elements were not tolerable if presen , the extent
of one part per million. To produce sufﬁge;; ]jlbp
materials was the primary task of thf: Me?allurgxca a 182;.
tory in Chicago, which was organized in F«’:I»ruarytién i;;
and the successful production of the t?rst chain reatlﬁ ain
December of the same year was testimony that this
ha'(li'l::eegr:to l::]llszl:i:ttfdx:e.a\ctor had no proYisioq for cooling
and was operated at a power output wtpch dxl;i.lnot eixc&cie;
200 watts. In the following year the Clinton Pile, a acon-
structure using uranium metal and graphxtel, was o
structed at Oak Ridge, Tennessee. The meta v§a§ mI
form of short cylindrical slugs and was placed in ) i;mg
channels in the graphite so that air could be ma.dt;1 tc;: ow
past to remove the fairly large amount of heat whic was
developed in them. To protect the hot metal from oxi-
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dation by the air, the uranium slugs were enclosed in gas-

tight aluminium cans, By Junc 1944 the power output

exceeded 1800 kilowatts, .
A number of much more powerful plants were built

at Hanford, Washington. These were also lattice structures

of uranium metal and graphite, but were water-cooled

this time in order to remove very large amounts of
power.

PropuUCTION OF PLUTONIUM. These high-power piles
- were not designed for power production. Rather, the
heat production which was necessarily associated with
the operation of the plants was a nuisance, since it had to
be disposed of in some way. Nor were they to manu-
facture fission products: the emphasis was on capture, not
fission. The plants were built in order to produce plutonium,
the substance which is made from the capture of neutrons
in U238, because plutonium was found to be a highly
fissionable substance and very suitable for making atomic
bombs. The resonance trap, which we had to struggle
against so much in order to make a chain reaction go at all,
was just what is needed in plutonium production. An

elementary consideration shows roughly how much energy .

must’ be dissipated becanse of the energy released on
fission, in order to produce a pound of plutonium per day-
Somewhat more than I neutron per fission is needed to
sustain the chain reaction, and to provide for the leakage
and the absorption by the moderator and impurities; all,
the remaining neutrons which are emitted per fission can
be captured by the U238 for the plutonium production.
Thus, approximately 1 plutonium atom will be made for
each fission and the energy dissipation will have to be ten
million kilowatt hours per pound. Onp a 24-hour schedule,
the pl'fmt would have to operate at a power of a quarter of
a million kilowatts, to produce a pound of plutonium per
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ich is
. i t of power, whic
1 of this amount ol P e
‘siai)‘l’i. i ihe re}rlne::aa city, is an engmeermgrf::;t)t;e o
i‘“lspgie:gt ptr%portions and makes up a large pa

of the plant. al, the problem of chemically

v )
In addition to the h?a:-mreelgoplutonium from the l:iramun;
i ewly-fo nitude, an
:ﬁtéa;ltmg :ih;nnpfoduds is of comparable mag s
e fis

i . The fragments which are
Perhaps of even fgirc?;ira?'g:relzcly radioactive. Th(:1 ﬁss;tcig
groduced bly thes :ke place in exactly the iar:esvtvhg’same :
th(::e:‘r: o wa\)alvhich are produced are not alw {') ly carcly
B ewhat in mass and charge. To becoma
Ones, but differ som two equal fragments. To b :
does the splitting give emit several beta particles in
succc?sslqn. The o}?fn time, but the later beta pz;lmc S ey
pamc!c fnavery® average time of weeks, months, agon 2
be emitted after an ours. Accompanying the leS:il e o
few cases, many ie emission of gamma rays, an Zre
beg Qartmleﬁ s the can disrupt cells and tissue, ¢
fadiations, Smcf:ft ):rhis means that the handling an
danggrous to life. of the uranium slugs which contain
chemical pr(_)cessm!%ductS and the plutor_uum must be done
both the fission Pr;b remote control in order to protect
behind shiclds an gre since the radiations can disrupt
the men. Furtherrgs t’he problem of carrying t‘hfoxfgh
chemical compfoulfq‘em’ical reactions required for pupfyu}g
the sequence ° SS special consideration. In practice, in
the material m,: the intensity of the radiations from the
ord'er to reduc a certain time is allowed for “cooling”.
ﬁssmn.pr?du;w; down and the active uranium slugs are
The pllq s sauswrage basin. After a month or two the
s::t:fgr l:; Othc slug has decayed sufficiently for the pro-
cessing to be carried out, d in ord duc
w.The Clinton Pile was constructed in order to produce
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plutonium on a pilot plant scale, so that th i
problem could be studied, ’ € separation

DANG'ERS FROM RADIATION. A nuclear reaction

operating at a power output of 1 watt produces as many

gamma rays as 3 grams of radiuth. About half as many

neutrons are emitted but the neutrons are from S to 10

- times as dangerous. However, a large fraction of both the
neutrons and the gamma rays are absorbed in the reactor so
that only f:rom 1to 10% of them actually emerge, depending
on the design of the reactor. Asa rough figure we may take
the radiation from a one-watt reactor as equivalent to that
frogn 1 gram of radium, but keep in mind that any shielding
Whlf:h Is provided must be against neutrons as well as
against gamma rays,

The unit of radiation dosage is the Rontgen, or briefly
the R unit, It is the amount of radiation which can produce
l.electrostanc unit of ionization in one cubic centimetre of
air, The tolerable dose for gamma radiation is taken to be
Q.l R per day, while 500 R taken in a short time is con-
sidered fatal, and radiations of this order killed a very large
mfmbef of persons when the atomic bomb was used over
eroshlm;i and Nagasaki. If we assume that a man may
want to stay about 10 feet away from a one watt nuclear
reactor for 8 hours a day he will receive about five times the
tole.rabl& dose. In plants which operate between 10,000
kw aqd 100,900 kw a shielding factor of from 5x 107 to

. 3%10° is required. For neutron and gamma ray shielding,
each foot of concrete will afford a reduction in both the .
gamma rays and the neutrons by a factor of 10, so that for
adequate protegtion of personnel a concrete shield between

8 and.9 feet thick is required. Considering that a reactor

- even if made of pure fissionable material can hardly be

smaller than 3 feet on a side if it is to dissipate 100,000 kw

*1 kw==1,000 watts.
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(this large amount of energy appearing as heat), it can be
seen that the weight of the shield above (at 150 Ib/cubic
foot) will be about 600 tons.

By using shields having higher density it would be possible
to reduce somewhat the total weight of the shield. Since it is
necessary to provide shielding against neutrons it is not
sufficient to use a heavy metal like lead alone.. Some amount
of hydrogenous material is needed to slow down the
neutrons to an energy where they will be readily captured,
so that even if we are fairly clever about the design of the
shield it is clear that the total weight of our reactor must be
of the order of 100 tons.

One major consideration in the design of a power reactor
is that practically every substance which is inserted becomes
radioactive from the capture of neutrons. For this reason
any part which may require some maintenance should either
be protected from neutron irradiation by a suitable shield,
or some means be provided for it to be reached and
manipulated from behind a shield, or with remote-control
devices.

APPLICATION OF NUCLEAR POWER. If the nuclear
reactor must weigh of the order of 100 tons—and for
inexpensive shielding, a good deal more—it is clear that we
cannot hope to see motor-cars driven with this type of
power. A 200-ton airplane, driven by a nuclear power plant,
becomes a possibility, and it is true that such planes of this
size are being contemplated.

For ocean-going vessels and submarines the nuclear
reactor is particularly well suited, because not only can it
supply a large amount of power but it need not be r¢fuelled
very frequently. Another practical use of such nuclear
reactors would be for stationary power plants in remote
places where coal or water power are not readily available.
The nuclear reactor also opens up the possibility of an
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interplanetary space ship on the rocket principle, if not
manned, at least with remote control by radio.

NATURAL UrRANIUM REACTOR. In our discussion so
far we have indicated two general types of nuclear reactors,
slow neutron reactors and fast neutron reactors. Natural
uranium can be and has been used in the slow-neutron type
with a number of different kinds of moderators, but care
must be taken not to introduce ncutron-absorbing sub-
stances in the cooling arrangements in excessive amounts.
Moreover, the size of these units must be made quite large
in order to reduce the loss by leakage, although this is not
always a disadvantage if large amounts of power are to be
removed. The total weight of such an installation may be
several thousand tons including shielding, but the power
output may amount to 1 million kilowatts or more.

Such a reactor initially “burns™ only the light isotope
U235, which is present only to the amount of 0.7% in
natural uranium, but as we have secn, the fissionable
element Pu239 is produced simultaneously from the more
abundant heavy isotope U238. Insofar as the number of
aeutrons per fission is greater than 2 it should be possible
80 to arrange the design that somewhat more than half of
these neutrons are used to maintain the reaction, and the
remainder to produce Pu239 to replace the U235 which is
being burned.

Under such conditions when the U235 is all gone the
reaction could continuc on the Pu239 which was made to
replace it, and in this way most of the uranium could be
utilized.

In the course of the reaction, fission-products are formed.
Some of these products may absorb neutrons so strongly
that after some time, the excess neutrons will be used up by
absorption in them and the reaction will stop. In this case
it will be necessary to tear down the reactor, chemically
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remove the fission products, and refabricate uranium metal
with the appropriate amount of the plutonium added to
make the material sufficiently reactive. The fission products
being intensely radioactive, all this procedure requires
elaborate plant, and equipment with remote-controlled
apparatus to handle the intensely radioactive material
behind thick shields.

One limitation to the power-output and life of any
nuclear reactor is the effect of the strongly ionizing particles
and rays on the structural properties of the materials from
which the reactor is built. Owing to their strongly ionizing
effect, the gamma rays, the neutrons, and the fission
fragments themselves destroy the molecular bonds of a
large number of molecules. A large number of potentially -
useful substances will not be usable for this reason. The
substances which can be used are those which tend to
return to their original state even after intense ionization.
For the most part these substances are the elementary
metals and simple ionic compounds. The extent to which
even these will withstand the higher and higher irradiations
which will accompany the attempt to extract greater and
greater power outputs is not at present known.

REACTORs WITH CONCENTRATED FISSIONABLE
SussTaNCES. Material enriched in U235 can be made by
isotope separation, while, as we have seen, Pu239 can be
made in the slow neutron natural uranium reactor. By
concentrating the amount of material which is fissionable
by slow neutrons, the number of neutrons produced per
neutron absorbed in the active substance may be increased,
a higher leakage may be tolerated and the size of the
reactor reduced. The neutrons which escape by leakage
need not be lost completely, since we may surround our

reactor with natural uranium so that the leakage neutrons #

will be utilized in the production of Pu239.
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As a general thesis the neutrons are too precious to waste
at any time, and it is usually possible to arrange for them
to be usefully consumed. In many cases the neutrons may
be used to produce special radioactive materials, Som®
fission products are useful radioactive materials very mBCh‘
worth while recovering. .

With sufficiently enriched material a fast neutron chait
reaction becomes possible. Whether a fast neutron reacter
has special advantages for power production over the slow
neutron reactor cannot be clear in this early stage of the
development. There are differences which may prove
advantageous in some applications and not in others. The
moderator and its accompanying absorption is elimina
a definite advantage. The poisoning due to fission products
will be different—perhaps less great. On the other hand,
a larger amount of active material is required in the fast
neutron reactor because at the higher energies the geutrons
are less readily absorbed, and therefore more likely t0
escape.

SAFETY IN THE NUCLEAR REACTOR. It is not easy 10
imagine that a nuclear reactor which has been designed fof
power production could explode by accident in the way g
the atomic bomb explodes. In order to get such an &
plosion, as we saw earlier a special set of conditlox.is are
required which have to be prepared for specially 12 ﬂ;;
mechanical design. The active material has to be assembl
to give a very large reproduction factor in a very sl;ort tlm°"
The great danger in the nuclear reactor is thatitis a gl’“
store of intensely radioactive fission products. In a high-
power reactor the radiations from these fission products
might be equivalent to many tons of radium. If these
fission products were to escape, the risk to the health Of
life of all persons within some miles of the plant would b¢
great,
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The usual design of a reactor includes a number of safety
rods. These rods usually act by absorbing neutrons and so
decreasing the reproduction factor, in the event of the
operating level or concentration of neutrons exceeding
a certain predetermined value. These are usually adequate
to prevent damage from most of the possible mishaps,
but since they are mechanical devices they 'take at Jeast
a second or so to act. For an accident which increases
the reproduction factor 1%, into the region where the
prompt neutrons can multiply of themselves, an enor-
mous intensity could be reached before the safety rods would
have a chance to act. If the safety rods did not act the reac-
tion would stop itself by some sort of mechanical displace-
ment which would cause an increase in the neutron leakage.
This might bé just a thermal expansion of the active
material, or it might wait for the metal to melt or to vapor-
ize. In the extreme case, the accidental increase in the repro-
duction factor rgight be so large that a low order explosion-
would occur blgfore the vaporized active material had a
chance to move very far. In most of these cases the reactor
might be wrecked and it wquld be difficult to repair it
because of the intense radiations from the fission products;
but the greatest worry comes from the possibility that, in
the course of the vaporization due to the explosion, the
fission products might be let loose among the neighbouring
population.

Generally, most of the dangerous contingencies can be
rendered impossible in the design, but it is necessary to
examine the possible kinds of accidents very carefully in
every case. In a safe design, less active material is used than
can possibly give an excessive reproduction rate in any
of the conceivable arrangements of the material. Nor
should it be possible to bring any additional material
sufficiently near for the reproduction factor to be increased;
shielding permanently placed about the structure can
SN—D
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prevent this. The reactor should be' designed to be tempera-
ture-stable, so that an increase in temperature reduces the
reproduction factor. Morcover, loss of coolant should
decrease the reproduction factor, or if this is not possible
the loss must not be so fast that the safety rods cannot act
in time,
’

UTILIZING THE POwWER. None of the nuclear reactors
which have been built to date have been designed for
power use. For this reason much experimental work hi}S
yet to be done in order to explore the possibilities of this
source of power. Although the encrgy appears initially
as motion of the fission particles this motion is quickly
dissipated to the surrounding material and appears as heat.
If the purpose of the nuclear reactor is to supply heat—as
for the heating of cities—it is not particularly difficult to
transfer the energy by passing cold water through the reactor,
SO turning it to hot water or steam. If we are imeres_ted
in some form of mechanical or electrical power the heating
of water would not be a very efficient use of the nuclear
power. Other cooling media which could extract heat at
much higher temperatures would be more desirable,
although each possibility has to be judged from the point of
view of neutron absorption, radioactivity, stability against
radiation and corrosion. Liquid bismuth and liquid sodium
are possible coolants in this class. Nor should gaseous
coolants be excluded, for it is quite conceivable that a

nuclear reactor might serve as the heat source of a jet type
engine.

THE PHYSICS OF THE BOMB
By P. Morrison

NucLcarR ENERGY CONTROLLED: THE PILE. The
Hiroshima explosion signalled to the world the}t the large-
scale release of nuclear energy had been achnev.ed. The
spectacular and terrible detonation dr.ew all attention to the
catastrophic release of energy which in the bomb had beep
made possible. Even now that the facts”of the matter are
known, a belief remains that the “control” of nuclear energy
is still beyond our means. Nothing could be further from
the truth. As the reader of the article by H L. Ar_ldcrson,
P. 63, will remember, the nuclear chain reaction ha.s
operated literally every day from December_ 23 1942, until
now. It has worked in one of the several existing for.ms of
piles, or chain reactors, whether t@e uncooled Plle of
graphiie blocks and UO, lumps ».vhxch was man’s first
nuclear reactor, or the huge plutomum-producm.g units at
Hanford which quietly warm the 'Columbna Rl\;]er.
This is operated with a small reproquctxon factgr SO ft ;n
the number of neutrons produced in a generation o the
chain by a single neutron reaches unity only after }tle
delayed neutron emission from t.he fission ‘fragmdent‘s as
occurred. By this means the chain reactor 1s made mft:') a
smooth and trouble-free device. Probably no other machine
can be made to operate successfully over such a great
range of intensity, and stabiliz'ed at any operating powTr
level allowed by the engineering design by the simp g
motion of a single control element. No complicate

moving mechanism or delicate vacuum system forms
part of a chain reactor. The.steadmess and smoothness
are noteworthy; the system is inherently stable.‘ And whk):
pot, for the only moving parts are neutrons! At bot
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the Argonne and the Clinton piles, one minor problem has
been to provide a routine of meter-reading and recording
exacting enough to ensure that the man who is operating
the pile does not find it too easy to fall asleep. The normal
demands of keeping the pile intensity constant are so easily
met that the operator has very little to do. Starting and
stopping the reactor is simply a matter of displacing the
control rods by a predetermined amount.

The problem before the whole Manhattan Project, given
the production of quantities of fissionable material, was to
make the chain reaction uncontrolled and explosive. The
Los Alamos laboratory was given this problem, and its
practical solution was in almost every detail conceived and
executed there. While the scale of the operations at Los
Alamos is far smaller than that at the great production
plants, the diversity and the difficulty of the research and
production there carried out make the site a unique and
incredible one. Military security regulations still prohibit
the discussion of many of the interesting problems there
solved, but following the Smyth report and making obvious
extensions of previous knowledge very much of the physics
of the bomb can be discussed.

THE MEANING OF A MICROSECOND. It was clear
from the beginning that the great piles of uranium and
moderator could not make satisfactory military weapons.
In the first place, they were too large for reasonable means
of transport. Even more so, while they are capable of
running at any power, and can certainly be so set that the
intensity will me]¢ any structure, they cannot violently ex-
plode. The rapid rate of energy release is what makes an
explosion. In the pile, the balance of neutrons made in the
chain against those lost by non-fission capture is too narrow.

The gain in number of fissions per generation is small, so -

that many generations are needed to produce a doubling of
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the intensity. Even more important, the chain operates on
thermal neutrons. Such neutrons move at rifle-bullet
speeds, and in travelling the many feet that are required to
escape from the pile, they make a large number of collisions
and eventually spend a lifetime of a thousandth of a second
Or so in each generation. Since many generations are
needed, the time which would be required for the explosion

" of a pile may be measured in hundredths of a second.

A block-buster explodes in the time it takes for a detonation
wave, travelling some five thousand metres per second, to
cross the mass. This time is perhaps one hundred micro-
seconds.* The deliberate explosion of a pile would have
the character not of 2 bomb, but perhaps of a steam boiler
bursting.

All the criteria for a weapon are satisfied by a very
different kind of chain reactor, the kind from which an
atomic bomb is actually made. The reactor is hot a large
and carefully arranged lattice of moderator and natural
uranjum, but a small compact mass of nearly pure fission-
able material. Instead of the tons of even the best pile, the
critical mass of a sphere of pure plutonium or highly-
enriched U235 is measured in kilograms. The loss of
neutrons to the chain by non-fission capture is nearly zero,
so that the reproduction factor is large, much greater than
the near-unity value of the pile. Perhaps most important,
the chain no longer operates on thermal neutrons. Even
the primary fission neutrons have a good chance of produc-
ing daughters for the chain. Only a few collisions make up
the whole life-history of even an unusually long-lived
neutron, and the fast neutrons move not at rifle-bullet
velocities, but at velocities many thousands of times
greater. A typical fast neutron would travel from Los

*Throughout this article we shall find it convenient to measure
time in millionths of a second, or microseconds. A high-velocity rifle
bullet could cross the letter 0™ in one microsecond.

¢
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Alamos to London in a second. A generation in the small
chain reactor which is a bomb, is measured by the time that

it takes a fast ncutron to travel a few inches. The time is
perhaps a hundredth of a microsecond. And the intensity
increases markedly in a single generation if we use a mass
well above the critical mass.

How many generations are needed for an explosion? We
know that the cnergy released from the fission of a pound
of fissionable material is about that resulting from the
explosion of eight thousand tons of TNT. The present
atomic bomb, which yields the energy of some twenty
thousand tons of TNT, must therefore consume a couple
of pounds of material. If to every fissioned atom we assign
one neutron—the one that did the job—we must have
released two grams of neutrons at least in the explosion.
But in two grams of neutrons there are about 10* particles.
All of these descend from a single neutron which initiates
the chain. If we needed, for the sake of example, only one
generation to double the intensity, this would mean about
seventy-five generations of the complete chain. The whole
process would take only a microsecond, and the violence of
the true explosion would clearly be present. This is the
very opposite of the controlled reaction of the pile. It is
worth while noting that the delayed neutrons, which are
not even emitted for tenths of seconds after fission, play no

part whatever in the explosion of the bomb, though their .

role is determining in pile operation. The two applications
of the nuclear chain are as different as the burning of coal
and the detonation of TNT. It is not the least remarkable
property of the fission chain that the same mechanism can
act in two situations physically so different.

THE CHAIN STARTS. From all this it is perfectly clear
ho»y to make a bomb. You must bring together enough
fissionable material to have more than a critical mass. The
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more you assemble together, the less the proportionate
leakage of neutrons out of the mass, the greater the increase
of neutron intensity per generation, and the more rapid the
whole process. The trick, of course, is to make the initial
assembly. For the geometrical conditions and the nature of
the material alone determine the rate of change of the
neutron or fission intensity, and hence the energy release.
There is no switch to turn the chain reaction on or off. You
must do this by modifying the shape. If you have, say, two
pieces of material each weighing nine-tenths of the critical
mass there will be no self-sustaining chain until you begin
to bring the two pieces together. As they draw close the
neutrons which once escaped out of the neighbouring sur-
faces of the two pieces now have some chance to take part
in the chain, because they are captured and induce fissions
in the other piece of material. Long before you had caused
the two pieces to make contact, the total configuration
would have become critical. As the pieces approached even
closer the reproduction factor would steadily increase, and
the neutron intensity, had a chain started, would grow at
an ever-increasing rate. If your actions were slow, the
energy released would have melted the pieces long befere
they had approached contact. Under these circumstances
the energy released would not be that of thousands of tons
of TNT, but simply that sufficient to melt or otherwise
destroy the assembling mechanism. Obviously this will not
do. The solution is clear: bring the pieces together rapidly.
Assemble them by making one piece the projectile of a
small cannon, the other its target, placed directly at the
mouth of the cannon. But recall the time scale of the whole
phenomenon. Only microseconds are required for a
tremendous energy release.” Even special artillery will not
move our pieces more than a fraction of an inch in this
time. It is clear that the movement needed must be of the
order of the size of the masses assembled, certainly several
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inches. There is only one way out of this dilemma. Nothing
will happen to our assembling device if the chain does not
start until the pieces are assembled.

Let us try to follow in words the incredibly rapid events
which make up the nuclear explosion, beginning with the
role of chance and ending with the catastrophe that follows.

THE Toss oF A Coin. All the spectacular effects of the
atomic detonation are started by an event as purely chance
in its nature as the toss of a coin or the flip of the ball in
roulette: the presence of a single neutron. If the neutron
appears, by sheer chance, before the assembly has reached
the degree of supercriticality which its designers had hoped
for, the bomb will fail, though all of its components function
exactly as planned. For the first time, perhaps, a single
atomic event, a necessarily uncontrolled circumstance, can
measurably affect the world of men. Again, if no neutron
appeared, though some were expected, the projectile might
pass through the target, and the bomb parts fly apart again
without detonation. Of course, some ingenious though
simple device can be .introduced to prevent the fiasco of
failing to get started on the chain, the fiasco of pOSf'
detonation. Any neutron source—such as a beam of radium
alpha-particles arranged to strike a berylium foil when the
position of target and projectile is the best possible one—
which can be turned on at the right time, will make it very
sure that a neutron is present, by emitting many of them in
he time the projectile moves only a short distance. But
10thing can save the bomb from pre-detonation except
‘hapce.

However he may be intrigued by the philosophic im-
slications of the predetonation problem, the designer of the
itomiq *‘gun” must face it realistically, which is to say
luantitatively. While he cannot escape pure chance, he
nay estimate how likely is his failure. He will not worry if
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after he has finished his design he is willing to wager odds
of 100 to 1 that his gun will explode. No military venture
has a chance of success much greater than that, neutrons or
not. Is this high reliability possible? Let us x'nake a guess
at the numbers, using only pre-war information, and not
the precise data now available to the workers of. .the
Manhattan District. You will remember that the critical
mass of U235 is measured in kilograms. Sucha mass—even
if we are pessimistic and take Dr. Smyth’s upper limit of
one hundred kilograms—will be only about six inches in
diameter. The projectile and the target will each be of this
size in a possible design. Now when these two active pieces
are within say six inches of each other, the neutrons ffo'm
each piece will find their way with consnderab!e‘ probability
to the other. The assembly will be supercritical. If the
chain begins, it will build up to a h_igh enough'number to
destroy the whole device in a few microseconds, as we saw
above. The stray neutrons must be kept down. How well
must this be done? The projectile in a light naval gun moves
six inches in a fraction of a thousandth of a second (a .long
time in our nuclear scale, some three hundred micro-
seconds). During this time, we should. have no neutrons,
or at least none to start the chain. It is clear that not all
neutrons will start the chain. Some will be absorbed in the

~ steel structure of our gun, some may even produce a fission,

but the neutrons from the fission fail to find the active
material again to continue the chain. About the average
neutron we can make the sure predict.nc‘m that it will begin
a divergent chain reaction in a supercritical mass; but about
a single neutron we must quote only probabilities. But we
will leave this out of account, so as to plan for the most
difficult case. We shall assume that any neutron appearing
in this crucial third of a millisecond can make the bomb
fizzle out. We must then require that during that time the
wager is a hundred to one against any neutron appearing.
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Sl{lcg the neutrons may come at any time taken at random,
this is about equivalent to saying that in thirty milliseconds
on the average not more than onc or two neutrons appear-
Where wxl‘l neutrons come from? The Smyth report lists the
SOUFC.CSI.(I) cosmic rays, (ii) nuclear reactions in light im-
punt'les in the heavy metal, in which the weak alpha rays of
uranium may induce neutron emission (analogous to the
fg{mhar radium-beryllium neutron-producing reaction),
(iii) the xjelease of neutrons by the spontaneous fission of
the uranium itself. Let us estimate these stray neutrons.
Cosmic rays produce a neutron at the rate of a dozen or s0
per square foot per second. The impuritics, it can be shown
by snmple calculation, cannot produce even this many if the
meta.l Is quitc reasonably pure. The spontaneous fission
rate is publicly known for normal uranium through work
pubh.she'd in 1940 in the Physical Review (the chief American
phy51cs Jjournal) by two Russian workers, who first observed
this queer phenomenon and there described it. Just as
uranium 'spontaneous]y disintegrates by alpha-particle
emission, it spontaneously disintegrates, though very rarely,
by fission, without any incoming neutron to cause the event.
The rate of such disintegrations is very slow. For every
urantum atom which dies by spontaneous fission, tens of
mllllgns die by the emission of an alpha particle. The
Russian work of 1940 indicates that between five and fifty
neutrons will be given off spontancously by a kilogram of
norrqal uranium in one second. This rare event—so slow
and improbable that it would take uranium from ten to 2
hundred million times the age of the earth to decay by this
process alone—is the controlling factor in our problem. We
do not know how this rate varies from isotope to isotope;
let us assume it is the same for U235 as for U238. Then
spontaneous fission will produce some five thousand
neutrons per second in our bomb, and is by far the chief
source of stray neutrons. Our design cannot get the
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reliability we had hoped. Even if we take some advantage
of the fact that every neutron will not start a chain, the
chance of pre-detonation by a neutron appearing in the
crucial three hundred microseconds is something like even,
and not a hundred to one. We have been too pessimistic,
of course. For some of the six inches of motion is near the
fully assembled position and here the predetonation will
make very little difference to the final energy release. The
problem is after all one of continuofis gradation from dud to
great explosion, and we have spoken as though it were all
or none. But our numbers, guesswork as they are, still show
that the controlling factor in bomb design may very well
be predetonation.

Against this danger there are few measures the designer
can take. He can reduce the cosmic ray and impurity
neutrons by shielding and by painstaking purification. But
their importance is not great. He cannot affect the spon-
taneous fission rate. To reduce the probability of pre-
detonation he may reduce the amount of material in the
bomb. When he does this, of course, he reduces the
potential energy release. He must use at least a reasonably
supercritical total mass. The spontaneous fission rate of the
particular isotope which is his active material will thus help
determine the size of his bomb: it cannot be too small, or

it will not be sufficiently supercritical, nor can it be too

large, or the spontaneous fission may cause pre-detonation.
Only one thing is at his choice. As the Smyth report says,
he may *‘reduce the time of assembly to a minimum”. He
may shoot the two parts together at great speed. In this
way he can cut the chamce of a fizzle just in proportion to
the amount by which he reduces the time of assembly. The
atomic bomb is simple, but its design is not easy!

THE CHAIN 1s UNDER WAY. Let us trace the explosion
still further. By chance and design, let us get projectile
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fully meshed with target. A neutron initiates the chain
reaction. For illustration (we do not know the réal numbers)
let us assume as we did before that a single ncutron may
be absorbed, and the resulting fission yields two to take its
place. These two each give rise to two, and the chain is
unde_r way. In some seventy generations, one neutron has
multiplied to a thousand miltion’ billion (10%) and enough
energy has been released to turn the materials of our bomb
mto vapour. This is still no nuclear explosion. Only an
energy equivalent to that of some ten tons of TNT has been
liberated. Everything now depends on the next generations.

If the reaction stops now, the atomic bomb is nothing
but a costly and unreliable block buster. But if after seventy
successful generations, only ten more can be sustained, the
chain will yic\ld the twenty-thousand-ton explosion which
devastated Hiroshima. Time is indeed of the essence. AS
we have said before, the fast neutrons which carry the chain
in the bomb require very little time to multiply. The whole
of the first seventy generations can take place in about oneé
microsecond, during which a bullet would travel hardly 8
tenth of an inch, or an explosion in TNT proceed a quartef
of an inch further into the mass. And the next tenth of &
microsecond will make all the difference between an atomic
bomb and an ordinary one.

THE CHAIN REACTION STOPs. The nuclear properties
Of_m'alter are not affected even under the conditions noW
existing within the bomb. The chain proceeds as usual. It
will stop only by exhausting all the fissionable material—if
a perfectly efficient bomb, this is the mechanism of the end
of the reaction—or by some geometrical change which will
alter the supercriticality of the assembly. If the now
vaporized bomb expands, its surface will increase, and the
Cham‘? fO}' a neutron to leak out of the less dense active
material into the outside world will grow. When suflicient
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expansion has taken place, when the chance for neutron

leakage has so increased that the chain reaction no longer

multiplies the number of neutrons present, the release of
nuclear energy has stopped. The bomb reaction is ended.

It is clear that if the bomb we have described expanded in

all directions a foot or so, its density would have very much

reduced. The chance that a neutron could escape from the

mass without colliding with a fissionable atom on the way

would have increased very much, and the excess of one

neutron would probably no longer be enough to sustain

the chain. To expand a foot in a tenth of a microsecond

implies a motion at a speed of a few thousand miles per-
second, and an accelerating force corresponding to suddenly
created pressures of millions of tons per square inch. It is

as though the weight of ten battleships were suddenly

brought to bear on every portion of a surface as big as a

sixpence.

It is clear that some expansion will occur. This is in fact
what limits the reaction. The details of the physics of this
spectacular event will have to wait for later publication.
Obviously the strength of solid materials plays no part in
this phenomenon. All that matters is the behaviour of the
intensely heated gases, their inertia, and the way in which
the great blast wave can eat its way through the material
of the bomb and the matter surrounding it, pushing out
with these great pressures, until the whole device has ex-
panded and the energy release has stopped. The release of
energy in the form of the enmergy of motion of fission
fragments, its transformation to heat, at temperatures
beyond those of the centres of stars, and the expansion wave
of the hot gas are all subjects of importance to the designer
of bombs. For the key to the efficiency of a bomb is the
speed at which this expansion takes place, compared to the
speed at which the last few generations of the chajncansethe..,

energy release w The last tenth o it

THi2 R
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is the crisis of the end of the reaction, just as the first three
hundred microseconds were the critical time for its initiation.
The measure of the difference between nuclear explosive
and ordinary cordite js found in this vast change in time
scale. Nuclear explosions are fast.

The role of the so-called tamper, a heavy wall of matter
placed around the active component of the bomb, is now
clear. Such a wall will, of course, act as a cloudy neutron
mirror: it will reflect back to the fissionable material some
of the neutrons which might otherwise have been lost into
space. This will make a given mass of material more super-
critical than without the reflector.  This is obviously a
sought-for result. Even on the controlled piles such neutron
reflectors are used. In the bomb they are less advantageous
than at first glance appears, because the time that a neutron
takes to wander into the tamper and come back to the
bomb again will find it arriving long after its birth. By that
time the neutrons present in the bomb have multiplied con-
siderably in number, and the inheritance of reflected
heutrons from an earlier and neutron-poorer epoch is no
longer so Important.  On the other hand, a simple
mechanical property of the tamper is now of great im-
portance. The heavy tamper must be pushed out by the
expansion of the heated active material. The blast wave
must move into the tamper before expansion can end the
reaction. The tamper really does “‘tamp” the nuclear
explosion, almost as the wooden tamping rod of the miner
tamps the dynamite into the drill hole. It increases the
pressure required for €xpansion, delays the final expansion,

lengthens the time of the reaction, and hence increases the
energy release.

THE EXPANSION: THE BALL OF FIRE AND THE
MusHROOM. In a fraction of a microsecond, then, the
energy of the bomb has been released. From heat, part of
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it has become the mechanical energy of the out-.ru.shlng
Material of the tamper. Some fraction of the total is in the
form of “penetrating” radiation—neutrons a}nd gamm:-
rays—which must be considered later. But just norv(; g
interest centres on the hot ionized star -stuff of the exp ode
bomb. Out the edge moves, until in a few score mlﬁ'rﬁ-
seconds the whole mass occupies a sphere sgmethu(lig tl T
ity fot n dametr Wben he berty i snd st
bo n spread as thin as » 1t c.
de:;ibtyh?); ;e:ta],pbut that of ordinary air. F.rolm ths 31:;
on the expansion is slower, and the hot materia mnl;es e
the air around, by now also heated to an 1omzmtg), eyt one
white, heat. The air and the vapour of the b.on}l) cont into
to mi;( and the heated mass eats further‘and furlt er c{)u into
the undisturbed airdisplacing and hgatmg thehayer zided
the edge of the hot sphere. When this h(;]t ga:h as :;Is’ure of
until the pressure within is not greater than the 1?1 essure of
the atmosphere it stops growing. Perhaps ‘z‘lball of fire”
has elapsed. The gas has formed the hqt e netor o
which measures many hundreds of feet in ’ztimor so. It
glows with a white heat for as much as a sec;{nh turne'd it
is this hot ball sitting on the desert sand w l; ' carveted
into the iron-containing friable green gl?jsért' a}t ’
the desert floor in the test CXplo,Slon calle di rtin y;glwa its
The ball of fire then cools a little, b_y ra].;(atlrtl}%e hoty air
heat. In a short time it begins to rise, 1he_ around it
balloon that it is, and the cool' currents ru§1- o column Of
It rises, leaving beneath it as it goes a tralling within it
dust an'd cloud. The great column rises, carrfllngaterial of
the active fission fragments left by the burne trl? twenty-
the bomb. It is incredibly fadloacn.ve'- Eorb ct a kilo-
thousand-ton-equivalent bomb '}rl?ls “élit:ilrl::elgtr:tig: of this
ion fragments. € " .
rg;g;!;a:éveﬁ ids::?)ris ingthe first few sgcgnds or mmutcdqf 1ts‘
rise represents the activity of a million tons of radium!
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The fission fragments
lived, and in a few

dropped by a very large factor. We who watched at Trinity
could see the violet glow of heavily ionized air around the
rising column as the material irradiated the upper air. )
Everyone has seen the fantastic grandeur of the rising
column of heated gases over the ruined cities. Two

Phenomena of special interest are seen in those fine photo-

graphs. The column itself js mainly a cloud, just like any
thunderhead, except for the dust and vapour it holds,
radioactive and generating heat. The cooler air of the
upper air causes the water vapour brought up in the hot
column from the air near the ground to condense and the
cloud forms. - As the column rises like the smoke from a
chimney it may come to what is called,an inversion by the
meteorologists. This s a layer of air warmer, instead of
cooler, than the air below it. When such a layer is reached,
the gas of the column will spread out and rise no longer-
This is the formation of the mushroom. But some of the
gas of the column is still being warmed by radioactivity-
This gas is warm enough to break through the inversion
layer, and the column sends another stem from the ﬁr.st
mushroom cap. This too mushrooms, now very high in
the air, perhaps six to cight miles. All of these grand a.nd
ironically beautiful phenomena can be seen in the moving
Pictures of the attacks on Hiroshima and Nagasaki.

THE SHOCK WaVE: How A CiTy 15 FLATTENED. W
have left the ground for an account of the relatively lasting
spectacle of the mushroom. But 3 grimmer and more im-

portant phenomenon hag already taken place below. A

large fraction of the energy of the explosion went into

pushing aside with extraordinary speed a large mass of air
as the ball of fire formed, The pressure wave which pushed
aside the tamper as the bomb expanded continues through

» of course, are principally short-
hours or a day the far-spread activity has.
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the ball of fire, and, leaving the ball of fire when ;1_1: ‘ﬁalx)s:;

stop expanding rapidly, hammers qgamst the x;n 1; urbec

The ics of the shock wave, nly

tivel)l!)hiynS Cthis atomic explgsxon g:cx:lortll;: os‘::;l:ork c»za;;
explosion, is a su

gz‘;(:ili:??nbghznglain‘: but forged to a real completeness by‘

the requirements of the war.

A :gock wave is simply a sharp sound wave of v?‘;){lgz‘f:;
intensity. In a sound wave the pressure fncrease.,tude ved
rapidly by an equivalent decrease, is small in m?gaie e. But
the great compression which the push o ceute by &
explosion gives to the air not.oqu increases 1;15 P:ed oy 2ol
very large factor, but also heats it, as a tyreis &lza F . y th}; d
Pumping. The sound wave so started traveshas ]::r o
sound in the cool air still unreached by th; s ;)c .ves e
shock front penetrates further and further. Asi fmgr st
represents a sharp boundary between two regxfﬁls o lal 'd ©
region ahead of the shock, yeF untouched, sti cc:jo .ant l:1
normal pressure; a second region, hot, comgrc;lsse . ﬁxs : ;,-
hind the front, where disturbances travel‘at high speed in the
hot dense air. As the shock frpnt mOVCS'lt loses some epergy
by fulfilling its purpose, that is by pushing over anything in
its path, but more and more its energy }eaks away as heat,
by cond,uction and radiation. The air in the very front of
the atomic bomb shock is at first actually‘ red-hot. :The
shock becomes increasingly less sharp; as it spreads ina
great sphere the pressure excess and the temperature .rapldly
fall, and far away, the disturbance has faded out into an
ordinary sound wave, and a rumble is the only eVldenf:e of
its passage. All the phenomena of sound are associated
with the shock wave: it may be reflected, it may leave
shadows, it may diffract aroun_d obstagles. Such phenomeng
are responsible for the not quite predictable behaviour of 3
shock wave passing through the complex pattern of a city.
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All who have seen the results of an air raid incident will
fully appreciate what I mean,

The wave itself is simply a transmission ef pressure
through the air, successive layers in turn feeling the com-
pression. Behind the compression there follows generally
a rarefaction, representing the wake of the original displace-
ment.  After the entire wave, both the increase and' the
decrease of pressure, there comes a real current of arr, a
wind, which may in such great explosions reach hurricane
velocities near the centre, especially in constricteds places
like buildings.

How is damage done? The high pressures of the S_hOCk
hammer on the surfaces of Buildings. The air inside—
ahead of the shock—is, of course, still at ordinary pressures.
The difference in pressure represents a force which can
break the strongest walls, Through every opening the
pressure difference will force a current of air as well, a
wind which devastates the interior of most structures lucky
€nough to withstand the main force of the shock. Here a
few figures wil) make very clear what happens.

At about a thousand feet from the atomic explosion the
€Xxcess pressure in the shock is as much as ten or fifteen
times the normal pressure. This is the pressure needed_ to
cause the death of a man from blast alone, from crushing
the walls of the chest and smashing his ribs. At about twelve
or fifteen hundred yards the over-pressure has dropped
very much indeed. The excess is here only about a third of
the normal pressure alrcady present. This seems small, but
it is enough to demolish most houses, brick, wood or stone.
On an ordinary wall such a pressure difference means a
thrust of fifty tons, the weight of a locomotive. Still further
out the over-pressure drops more and more. At two miles,

it is only a mere fifteen per cent of the normal pressure.
But this is as much as the effect of a tornado, and will
damage structures of any ordinary kind, and demolish the
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weaker ones. At three miles the cﬂ'ect i§ down to Zk;latw c;t; :
strong gale, and only light roof txleg, sngns,for ;3 h weak
objects will ’Suﬂ'cr damage. In Hfrostyma we :tueight c st
Missing roof tiles and broken window panes
from t t. )
Briti}:\ 1r)lilasders will be imprf:s?ed by compara\rl;Iei Sﬁ%;;:e
for the v.1 explosion: the killing over-pressu e
found only at fifty feet; the demolition pressurc:daed enty
five yards,y and the tomadq effects at, thO lf};rntt:e gr)::ates;
The explosions of the atomic gomb are by
man- blasts ever observed. _ y
On?gidﬂ?erence between the blast phepomenj in :ihoena(t)?r:ll:e
explosion and those of a block-buster 1s then ur:;1 on of the
Over-pressure, that is, the depth of th_e.stroh%mdredth ont
The shock from a block-buster passes in a ey 1
Second or so: that from the atomic bomba;‘;ls , %he rally last
i ] ing its force ag
™ longer, exerting 1ts :
w::lrllsy ft::eas lc(::gger time, and usually causing more severe
d .
a'rl"n:eg t:hock moves at first much faster tilartx sct)lllmd, ::dt ::;
e sp
istance comes down nearly to
zotxar:geilsrl:g;rtngisﬁr, about a thousand feet per second, or
seven hundred and fifty miles an hour. Th_us t?e twg1 oxt'
thr iles of Hiroshima which saw destruction from blas
Wc:: trsiltf:ned in the time it took the shock te cross that

distance, perhaps ten or fifteen seconds.

BomB. We lay on the ground nine
'rIr;g:s fi[::-lt-tht:;i in the desert where the first bomb
Wwas ready to detonate. The night was cold; the t?un air of
the high desert just before dawn madg us shiver even
though it was mid-July. Then came the blinding blue-white
flash of the bomb and simultaneously the heat of the noon-
day sun full on the face. That great heat out of the cojg
dawn at ten miles distance is for all of yg who were at
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Base Camp the most deeply remémbered experience. The
bomb radiates a not negligible fraction of its total energy
in infra-red, visible, and ultra-violet light. Its average '
temperature in the first second or so, when the ball of. fire
has opened up until there is a sizeable surface to radiate,
is like that of the sun, or perhaps somewhat hotter. The
effect at ten miles is that of many seconds of solar radiation -
delivered in a much shorter time. At one mile distance the
radiation intensity is one hundred times greater than that
we experienced. This terrible flash heat deeply burned
most of the men and women in the street within about 8
mile from the explosion at Hiroshima. Many light cloth
and wooden objects-—curtains, mats-—were set on fire. Tl)e
flash wa$ so short that no one could move during its maid
brilliance. As a result the shadow of the nose was sunburned
into the skin of many present at the explosion in Hiroshima-
We saw a horse with the shadow of a rail fence unburtle'd
on his flank, which was clsewhere raw and hairless. This
radiant heat is after the blast the most important source of
damage. Tens of thousands of dead and injured, and scores

of secondary fires can be ascribed to the radiation of the
bomb.

NUCLEAR EFFECTS: GAMMA RAYS, NEUTRONS, AND
THE FissipN FRAGMENTsS. For every uranium atom
fissioned in the bomb, two fission fragments are produoed-
By the time the ball of fire has formed, these fragments
are no longer screened by the dense matter of the bomb,
but only by the dilute vapour of the bomb’s debris. Thus
the delayed neutrons they emit, and the gamma rays asso-
ciated with the beta decay of the typical fission fragment,
can freely irradiate the outside world.

About one neutron is produced by the fission fragments
for every hundred fissions in the bomb. These neutrons
spread out in all directions. They are however rather

m t
- phorus which they Pmpﬂfed fro .
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fissions (as with delayed neutrons) in the seconds that it
takes to produce the ball of fire, This represents more than
10 gamma rays. At one kilometre, neglecting the effect
of the absorption of the air, about 10" gamma rays strike
eyery square centimetre. The ajr shielding is small at this
dlstance—perhaps as much as a factor of ten, but not
more—and the actual irradiation would be about that which
physicians estimate as a minimum lethal dose. Many
persons at even larger distances in Hiroshima and Nagasaki
died from gamma radiation. Three thousand yards further,
however, the dose received would be down by a factor of
nine from the inverse square effect of distance alone, and
by about a thousand from the six feet of earth equivalent
which the additional air represents. So at two miles distance
there can be no noticeable effect of the gamma rays from
the explosion.

Some of the fission fragments may be blown into the
ground. At the test shot, Trinity, the bomb exploded only
a hundred or so feet above the surface on a steel tower.
The ball of fire containing the vaporized fission fragments
rested on the desert sands. A portion of these active atoms
became fixed in the glassy slag which was the imprint of
tl}e ball of fire. This material remained on the ground, and
dld‘not rise when the ball of fire drifted into the air. The
region of the crater thus was made very radioactive. Early
entry into this area was possible only in the lead-lined
Sherman tanks which rumbled in the first two hours into
the centre of the crater.  The short-lived fission products
gradual.ly‘ decayed. About a month after the explosion,
the activity was down by a factor of hundreds from the
acuvity observed when the tanks made their initial survey.
A party of reporters toured the central region. But even
then the ground was active, and no one would have liked
10 make camp at that blasted spot. The collecting of active
samples of the green glass,fwhich has become tacitly named
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‘trinitite”, is still possible. The piece on my desk will still

_drive the counting dial of a Geiger-Muller detector set at

Staccato speed. )
At Hiroshima and Nagasaki, the bomb was detonated

high in the air. This was done both to enhance the energy
of the shock wave, by taking advantage of a reflected shock
from the surface of the ground, and to lessen the radioactive
contamination of the earth. The ball of fire did not touch
the ground. Very little of the fission fragments reached the
ground, and no dangerous activity was observed at any
time. No casualties were caused in these cities by early
entry into the region of the explosion.

As the cloud and the mushroom drift across the country-
side, the fission fragments they hold will in part _cqnden;e
out ‘on to dust or water droplets, and the activity will
gradually shower down on to the surface of the earth far
below. The details of this phenomenon are strongly
dependent on the weather: a hard rain through the act%ve
cloud in the first few hours would deluge the surface yw.th
dangerously active water. As time passes, the activity
decreases and the cloud spreads; the danger frofn the con-
tamination lessens. The direct gamma radiation is well
shielded by the few miles of air between the s.urface and the
cloud high above the inversion layers. Only if the atoms of
the fragments are brought closer to thf: ear_th,_ as by actually
falling upon it, is there any sizeable 1rrad1at_1op of the sur-
face. About twenty or thirty miles frqm Trinity there is a
mesa a couple of miles wide and ten miles long on‘to which
a rather considerable activity fell. The New Mexico range
cattle which were grazing there developed very noticeable
loss of hair, greyness, and even ulcerated sores on their
backs. It is dry in that country; the cattle received the dust
from the cloud, and it remained for weeks on their backs,
close to the skin, representing a serious though not fatal
local dosage of radiation. The beta rays from the active
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material in contact with the hide of the animals much
increased the effect.

A thousand miles away from Trinity, in Illinois, the corn-

fields lay in the hot sun and strong rains of the Midwestern
summer. The corn straw from certain of these fields is
used for manufacturing the paper in which some sensitive
photographic film is wrapped for sale. The batches of paper
prepared from corn harvested a week or two after the test
shot proved inacceptable to the film manufacturers; it con-
tained enough radioactive contamination to fog some of the
film. A physicist testing some Geiger counters in Maryland,
two thousand miles from the test shot, noted an inexplicable
Increase in the background activity of his instruments on
July 19, which went away a few days later. Only when the
news of the bomb over Japan was released did he see 2
reason, which he transmitted to the Physical Review. Local
rains may have brought down some material from the dilute
cloud passing over Maryland in the stratosphere winds.
While there is no definite proof that either of these remote
events were direct consequences of the first bomb ex-
plosion, their timing is most suggestive. It must be said
that even more remote effects are not absurd. There are
some 10* active atoms of fission fragments produced in the
explosion. Weeks afterwards, there are still 10" atoms
dqcaying per second. If these atoms had been uniformly
mixed by the winds over a belt a hundred miles long,
thousands of miles wide, and the full height of the atmo-
Sphere—which certainly overestimates the dilution—the

resulting activity would still be conspicuous on an ordinary
Geiger counter.

THE DEATH OF A CiTy. In all that has gone before we
have described the physics of the atomic bomb. But the
bomb did not seem like an experiment in physics when we
walked through the long half-ruined shed of the rail station

i
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at Hiroshima and saw the litters of the blackened wounded
and dying. The bomb is a weapon: the n?ost. deadly and
terrible weapon yet devised. Against any city in the world
from New York and London to the hundrcd-s of large
towns like Hiroshima and Nagasaki, thc? bomb is a threat.
In any of man’s cities a strike from a single atomic bomb
will claim some hundred thousand deaths an'd some square
miles of blackened ruin. The shock wave will wr;ck brlf:k
as it does wood, the gamma rays will kill men with white
skin as it does those who have a yellow pigment, the fire
will burn the cotton clothing of Manchester xpanufacture
as well as it did that of Kyoto. And the bombs, if they come
again, will not come in ones or twos, but in hgndreds or
thousands. Their coming will wreck not cities, ‘but whole
nations. - .

' Ph;:icists have learned to say more than Pfllysgﬁ tht}:‘SiG
days. I hope the reader will see the propriety of en mgi S
Partial account of the work of the great laborat_ory at Los
Alamos with a few sentences from a speech of its wartime

i nheimer:

d]t‘e.Ct.oT’ Il:;)?:;ticolfgzbs are torbe added as new weapons
to the arsenals of a warring world, or to t!mc arsenals of
nations preparing for war, then the time will come when
mankind will curse the names of Los Alamos and of
Hl:%sl\}zr;:éples of this world must unite, or they will pe}'ish.
This war, that has ravaged so much of the earth, has written
these worgs. The atomic bomb has spelled them out fgr
all men to understand. Other men have spoken them, in
other times, of other wars, of othc_:r weapons. They have
not prevailed. There are some, mlslgd by a false_ sense of
human history, who hold that they will not prevail to-day.
It is not for us to believe that. By our works we are com-
mitted, committed to a world united, before this common

peril, in law, and in humanity.”



RADIOACTIVE TR ACLERS
By M. Argo and E. Teller

INTRODUCTION. The spectacular results of the atomic
bomb demonstrated the wartime applications of atomic
energy. As long as war is even a remote possibility questions
of the' atomic bomb have paramount importance. The
peacetime application of the tremendous energy liberated
from_a small amount of material seems at first §ight hardly
less .1mpr‘essivc. But while utilization of such power Is
possible, it meets with many difficulties. Complete replace-
ment‘ of the usual energy sources by atomic energy must
certainly not be expected. One of the main difficulties lies
in tl?c radiation which always accompanies energy liberated
by flsspn, a radiation which is so intense where considerable
power is generated that human beings can be in the vicinity
only behind the protection of thick and heavy shields (see
page 84), .

One use which will become very important is of a more
subtlg type. It is based on the fact that the radiation just
mentioned, which is so harmful when present in big
amounts, can be detected in very small amounts which are
entirely harmiess to the human body. This radiation is
mterestu‘xg because much of it originates in atoms which
in pra.ctncally all other properties are completely similar
to ordinary atoms (which do not radiate). These new kinds
of atoms can therefore be employed in biological, chemical,
anq industrial processes as “tagged” atoms which can
easily be recognized, and this makes them exceedingly
useful. As an example let us consider the atom known as
carbon 14, which is a radioactive counterpart of normal
carbon or carbon 12. In any chemical compound this
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radioactive substance behaves like any other atom of carbon.
Its radiation, however, will be detectable if a thousandth of
a milligram of carbon 14 is present and will be dangerous
only if this amount is multiplied by several thousand. Thus
a considerable range is left for safe application.

It can easily be realized that much valuable and, indeed,
unique information can be obtained by following the path
of a batch of atoms, labelled by their radioactivity. We
shall give several examples how such atoms have been
used in the past or may be used in the future to understand
the mechanism of certain physical processes and chemical
reactions. In particular, the functioning of living organisms
may be studied, with this fine tool, in much greater detail
than was possible so far.

But before entering the field of these applications we
must learn more about the nature of radioactive atoms.

WHAT 1s CArRBON 14?7 The structure of atoms and
nuclei has already been discussed on pages 19-36. It
will be remembered that all atomic nuclei are made up of
an aggregate of protons and neutrons. The mqst common
type of carbon nucleus has six protons and six neutrons
or a total of twelve heavy particles, hence we call it carbon
12. Other carbon nuclei have five, seven, or eight neutrons
giving carbon 11, carbon 13, and carbon 14 respectively.
Carbon 14, whose nucleus is two neutrons removed from
the balance is radioactive and tends to eject an electron
from the nucleus (or rather from a neutron within the
nucleus). This transforms a neutron (which has no charge)
into a (positive) proton. Because of the additional proton,
one more electron attaches itself, and the resulting atom no
longer resembles carbon but nitrogen, having seven protons
and seven neutrons in its nucleus and seven electrons
round it. The electron emitted in the process can be ob-
served by various means as discussed on pages 130 et seq.
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This process of conversion does not take place simultane-

ously in all atoms of radieactive carbon nor does it occur ‘

immediately upon the formation of carbon 14. Many
of its atoms continue to exist for thousands of years.
If one has a quantity of such carbon, however, one will
find that on the average, half of the quantity has con-
verted itsclf, or “‘decayed”, into nitrogen at the end of
three thousand years, and after another three thousand
years, only one quarter will be left. The time in which one
half of the material decays is known as the half-life of the
isotope. Some radioactive elements have longer half-lives,
others have shorter ones. Some are too short even to pro-
vide time to recognize the isotopes’ existence; others are
of the order of seconds, minutes, days, and so forth. If an
element has a short half-life this means the rate of disin-
tegration is great, and the large number of particles emitted
per second makes the element easy to detect.

PropucTION OF RADIOACTIVE [soTOPES. One way
to produce the labelled carbon 14 is to bombard carbon
with neutrons. Most of the ordinary carbon atoms are
carbon 12. But one per cent of the atoms are carbon 13.
If these capture a neutron “they 'get transformed into
carbon 14. This is only one example of the production of
radioactive isotopes of the elements by neutron capture.
There are many others. The development of the chain
reacting pile has greatly facilitated this method of produc-
tion because of the great number of neutrons escaping
from the pile.

It will be remembered that uranium nucleus can split
into parts of varying relative sizes; therefore a great variety
of active nuclei are formed. Isotopes of about 22 elements
‘are among these fission products, including, for instance,
bromine, iodine, molybdenum, and silver. Both the fission
products and neutrons are extremely abundant by-products

RADIOACTIVE TRACERS 17

of the pile, and radioactive substances are therefore now
available in quantities vastléfd g(eatcr than were ever applied
before i or in medicine. .

I(l)lr:hl: f?::;;f:g discussion we _mentioned only the kind
of radioactive isotopes which eject an eleqtron frf)m a
Nucleus, There are other isotopes In which positrons
(Positive electrons) are emitted, for instance carbon 11.-
Furthermore there ‘are some isotopes which emit alpha
Particles (helium nuclei), as for instance radn:)r:. Itladlo(;
active isotopes of this kind are not hke_l)_' t'o 11);0 uce
in such great abundance as electron-emitting substances.
We shall therefore limit the discussion to the latter.

DEetecTion. It has been mentjox}ed that radjoactive
atoms can be detected by dll;e radll)ag(::;s th;)i,\ i:;mt\;] . ’1;3:
ch istic property of the subs e

go?,ﬁzﬁrﬁf;ﬁusi ispe they emission of electrons. The e;ect;lon
of a electron may, however, be accompanied by lurt er
radiation. It happens frcque‘ntly. that, aftgr th‘? electron
has escaped, the nucleus remains 1o an excited state, con-
taining an excess of energy, of wt}lch the nucleus then rids
itself by emitting electro-magnetic waves. These waves
are akin to visible light, but they bave a mpch higher
frequency. Actually they are more pearly like X-rays,
electro-magnetic waves with frt?quenc:es some .thou§and
times greater than the frequencies found in. visible light.
But the electro-magnetic waves emitted by nuclei surpass
even the X-rays in frequency and also in power of pene-
tra'lt'll?: ;,lectrons emitted by radioactive substanc;s are 9a1_led
beta rays. The accompanying electro-magnetic radiation
is called gamma radiation. Gamma rays are extremely
penetrating. The cxtent to which they are absorbed_ in
materials depends on the energy they carry; the penctrating
power increases with increasing energy. The same is true

4
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about beta rays, but, on the whole, beta rays are much
more easily absorbed than gamma rays. About two inches
of aluminium are nceded to absorb half of the energy of an
average gamma ray. Complete absorption can be obtained
for an average beta ray by thirty times less aluminium.
Low-energy beta rays are absorbed in exceedingly thin
layers of matter and this makes the detection of some
radioactive materials difficult because special care is needed
to get the radiation into the detecting device.

A number of instruments for recording not only the
presence but the number of beta and gamma rays are in
use. The most common of these is the Geiger-Miiller
counter (briefly G-M counter). The sensitive part of most
counters is a volume filled with gas. If a beta ray, i.e., 3
fast electron, enters this volume, it immediately begins to
share its energy with the atoms or molecules of the gas by
colliding with the gas molecules. Usually the amount of
energy given to the gas molecule is sufficient to rip off one
of the outer electrons of the gas atoms, leaving the atom
with an excess positive charge. The process of separating
the gas molecule into oppositely charged particles is called
ionization; the positive and negative particles are called
ions. The more energy the beta ray has, the more ions it can

Specimen holder Wire

st “Window”
Fig. 2. GEIGER-MULLER COUNTER TUBE.

The specimen slides into the grooves at different distances from
the window (sce also Fig. 6, page 138)
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produce. Gamma rays ionize the gas indirectly, first collid-
ing with an electron, imparting to it a considerable amount
of energy and leaving the electron to behave as a beta ray
does.

The Geiger-Miiller counter tube consists of a cylinder
made of conducting material. Stretched along the axis

- of the cylinder is a fine wire (see Fig. 2). The tube is first

evacuated and then filled with gas at a pressure usually
about a fifth of atmospheric pressure. A good gas mixture
has been found to be 90% argon and 109, ethyl alcohol.
An electric potential of about a thousand volts is applied
between the cylinder and the wire, making the wire positive.
This potential is low enough to secure that in the absence
of ions no current flows. Now assume a beta ray enters,
It starts to ionize the gas and the positive “ions move
toward the cylinder wall, the electrons to the positive
wire. These electrons are accelerated by the electric
potential and ionize further gas partieles. In this way an
avalanche of electrons is produced. The potential is ad-
justed so that a single electron will start an avalanche
powerful enough to be recorded, yet one which stops when
all the electrons have reached the wiré. After that, in a
somewhat slower process, the heavier positive ions are
drawn to the outer wall and then the tube is ready to count
another beta ray which might enter. The whole process
takes approximately one ten-thousandth of a second.

The current developed may be fed through an electronic
device to amplify it (just as a radio signal is amplified)
and then to a mechanieal or electronic recording device.
The energy obtained from a G-M tube is not the energy of
the particle which enters but is drawn from the energy stored
in the voltage supply of the counter. The particle merely
serves to trigger the sudden release of this energy.

Owing to the different nature of beta and gamma rays
their detection presents somewhat different problems.
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Gamma rays will easily penetrate the walls of the counter but
once inside they will lose energy to the gas at a correspond-
ingly low rate. Therefore only one out of a hundred gamma
quanta passing through the counter will be recorded.
On the other hand beta rays produce ions inside the counter
more copiously and nearly every onc of them is counted;

but it is more difficult to let them enter. Beta counters aré

made with thin walls or provided with a thin window
(usually of aluminium foil or mica) with a thickness of the
order of a thousandth of an inch. In some cases where no
gammas are emitted and the betas have low energy, no
window can be conveniently constructed which will allow
the radiation to enter the counter. In such cases it is usual,
for instance in the case of carbon 14, to introduce a com-
pound containing the radioactive element into the counter
jtself. :

Radioactive atoms are not the only ones which can be
or have been used as marked atoms or tracers in research.
Other rare isotopes like heavy hydrogen (hydrogen 2,
consisting of a neutron and a proton) or carbon 13 (con-
sisting of six protons and seven neutrons) have been used,
particularly in biological work. In the case of oxygen and
nitrogen the stable isotopes oxygen 18 and nitrogen 15 are
used since all the radioactive isotopes of oxygen and nitrogen
have very short half-lives. In all these cases the detection
of the marked atoms is a more elaborate process demanding
the use of a mass spectrograph (see the article on isotope
separation). If one wants to detect radioactive isotopes
the only apparatus needed is a counter and an amplifier
system. This apparatus is in principle not more complicated
than a common radio set and there is little doubt that in
due time it will become both cheap and available.

APPLICATIONS. Radioactive tracers havealready been used
in many important experiments, but before the war these
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experiments were limited by the scarcity of artificially pro-
duced radioactive isotopes. These isotopes were obtained in
small amounts by bombarding various materials with high
energy ion beams produced in quite costly apparatus such
as the cyclotron. When the development of chain reacting
piles made radioactive materials available in much greater
Quantity, wartime secrecy stood in the way of distributing
these valuable products to research institutions. Now that
the secrecy has at least partly been lifted we may expect
that in the near future investigations in the most varied
fields will obtain considerable impetus from this powerful
and simple tool.

In the following pages we shall mention a few experiments
that have been actually carried out with the help of these
substances. We shall also try to give an impression of the
Probable future scope of applications by discussing possible
new lines of research. Some of these may seem fantastic,
some may not be fruitful and some may be actually im-
possible, but we hope to be able by our discussion to show
the breadth and importance of the field.

One rather fantastic application, but one not altogether
impossible, is the tagging of air masses. Modern meteorology
is based on following the course of air masses and the
changes they undergo as they move. This has made long-
range weather forecasting possible. In order to identify
air masses one had to rely on properties such as humidity,
which can vary and thus occasionally lead to some ambi-
guity. Also one cannot follow an air mass unless it happens
to differ from neighbouring masses in some more or less
permanent characteristic. The use of tracers will allow us

- to observe more exactly the travel and mixing of air masses.

One has to introduce the tracer as very fine dust or, pre-
ferably, as a gas. Geiger-Miiller counters placed in the
usual ascending balloons would then locate the air mass
and by measuring the amount of radioactivity would give

SN~—E
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some idea of how much the air mass had become mixed '

with non-radioactive air from adjacent masses. The one
apparent objection to this application is the large amount
of material necessary to tag the atmosphere. Actually air
masses were tagged unintentionally when the atomic bombs
were set off. The resulting radioactivity was found in high
altitude air masses onemonth later, after it had travelled once
around the earth. Much smaller amounts of active material
might be sufficient to tag small air masses for short periods.

Coming down to earth, one may use radioactivity t0
observe the motion or the surface wear of internal parts of
machines. Iron has a gamma-emitting isotope with a half-
life of 43 days. This can be used to impregnate the steel
from which the parts are made. It would appear simpler
to paint the surface a distinctive colour or use a layer of
different material on the surface; but then one would have
to disassemble the machine in order to observe the surfaces.
The gamma activity, however, could be measured through
the walls of the machine. In this way one could notice if an
inner surface is worn off or if a part of the machine does
not move as it should. In Babbitt metal, from which bear-
ings are made, the gamma-emitting isotope of antimony
with a 60-day half-life could be used. The rate at which
the bearings wear could then be determined by measuring
the radioactivity appearing in the lubricant.

Radioactive isotopes may be used to make easier the
task of the analytical chemist. Quantitative analysis is the
procedure for finding the total amount of a certain element
in a given sample. To achieve this one must separate the
- element in question (or a well-known compound of it)

from the sample, and the main difficulty lies in making sure '

that nothing is lost. In the proposed method a radioactive
isotope of the element is added in a minute amount, giving
the sample a certain activity per gram weight. The usual
separation is then performed and the activity of the pure

RADIOACTIVE TRACERS 123

resul‘ing preparation is measured. Theé increase in the
activity per gram is inversely proportional to the original
concentration of the element for which one has analyzed.
The losses occurring during the separation are of no impor-
tance. The only important thing is to obtain in the end a
pure sample.

The really important applications are in the fields of
medicine and biology where one has familiar objects whose
interior details and functions are not well known. Unfértu-
nately there are no usable radioactive tracers for the essential
elements, nitrogen and oxygen. For two others, carbon
and hydrogen, the tracers, C14 and H3, are not cheap and
the inactive isotopes, C13 and H2, may continue to be
used. It cannot be said which will be more available; it
can be said that the radioactive isotopes will be more -
easily detectable. Radioactive carbon has already been
used in studying the path and the history of lactic acid,
a waste product produced in the muscles by exertion.*
It was found that the lactates can be resynthesized in the
liver into sugars and other carbohydrates. )

The radioactive isotopes of the other elements like
sulphur, iron, phosphorus, or iodine are easy to produce
and detect and are also of vital importance to organisms.
Radioactive iron has been used to determine the volume
of blood in dogs by a technique which can be applied to
other animals and to man. One dog is fed radioactive iron
which is. deposited in the hemoglobin of the red blood cells.
A known number of active cells are then extracted and
injected into a second dog. The dilution of these active cells
is then a direct measure of the blood volume.{

Apart from these examples of investigation gaining

*Hastings, Kistiakowsky, Cramer, Kiemperer, Solomon and
Venneland: Science 91, 421 (1940).

. tWhipple, Hahn, Balfour, Ross, Bale; }ied Cell Volume, Circulat-
ing and Total, as Determined by Radio-iron. Science 91, 87 (1941).
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some understanding of the fundamental properties and
reactions of organisms, radioactive eclements can provide
a L_lseful tool in diagnosing the abnormalities of organisms.
It is often a difficult task to decide at what point a gangre-
nous limb should be amputated. We have in mind the case
where gangrene is due to poor circulation of the blood.
If one introduces radioactive sodium into the blood
stream, the blood will carry the radioactivity as far as the
circulation extends. The radioactive sodium has a gamma

ray which can be detected merely by moving a counter over

thc.surface of the limb. The point at which the gamma
radiation is no longer found locates the point above which
one must amputate.

Cancer is another case where diseased tissues must often
be removed by surgery. One reason a cancer operation
may be unsuccessful is that small pieces of the diseased
tissue might have broken off and might have been carried
by the blood stream to other parts of the body, where
they may not be detected until irritation of other organs
has begun. It would be of great help in cancer therapy
if these loose particles of cancerous tissue could be traced.
In general we do not see at present any way of doing this.
In the special case of cancer of the thyroid, however, there
seems to be some hope. Radioactive iodine, like normal
iodine, is taken up by this gland. Even broken-off pieces
of the cancerous thyroid tissue in other parts of the body
will take up iodine. In this way these dangerous centres
of abnormal thyroid tissue may be found by moving a
counter over the surface of the body.

The tracer method may also make it possible to check
long-range biological effects. It is likely that the formation
of caries is connected with the rate of deposition of phos-
phorus in the teeth. But it is not possible to check this
assumption except by somewhat indirect and statistical
methods. Futhermore, it is not easy to find out what
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factors control the deposition of phosphorus. These
questions can now be settled by including radio-phosphorus '
in the diet and investigating how much of the radioactivity
appears in the teeth.

Other slow processes may also be investigated. Radio-
calcium may prove valuable in investigating arterio-
sclerosis which is associated with the deposition of calcium
in the arteries. This might make possible early detection and
it also might yield a fast method for testing preventive
measures or cures. In fact the detection of disorders and
the testing of curative procedures are second in importance
only to an easy and reliable cure.

Generally speaking, it scems not unlikely that the follow-
ing of metabolism by radioactive tracers will become a
routine procedure in hospitals and even in private medical
examinations. Of course, the usefulness of such tests
would have to be established by experiments on metabolism
in healthy and diseased organisms. .

Diagnosis, while perhaps the most important, is not the
only use of radioactive materials in medicine. Hitherto
radiation therapy could be carried out only with the help
of costly apparatus and materials. The large-scale produc-
tion of radioactive substances will make this type of treat-
ment generally cheaper and more available. Both in the
most important field of destruction of cancerous tissue and
for such minor applications as the removal of warts and
ringworm infections there will be a widespread demand
for radioactive substances. In some cases these short-lived
isotopes could be applied inexpensively in the form of
plasters and packings; the very fact of their short radioactive
lifetime will minimize dangers of overexposure. Internal
cancer and widespread cancer can very often not be treated
by radiotherapy because healthy tissues are apt to be
damaged by the radiation. It is a great, though perhaps
distant hope, that with the help of radioactive substances
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specific and localized treatments can be achieved. For.

instance the capacity of the thyroid gland for accumulating
jodine, which we have mentioned before, may be used to
concentrate the radiation of an active isotope of iodine onto
the cancerous tissue in the gland without endangering
healthy tissues nearby. With the range of radioactive
substances now available, many of which are isotopes of
normal constituents of body tissues, one might look for
other instances in which the radioactive materials attach
themselves to the cancerous growth or the infected organ.
Experiments with both phosphorus and strontium in the
treatment of leukzmia show that the leukamic tissuc
absorbs more phosphorus than normal bone and that t'he
radioactive material can thus be placed for most effective
irradiation.®  However, the greatest progress in the fight
against cancer and many other diseases may come from
fundamental research in biology, undertaken merely for
the better understanding of physiological processes rather
than for a specific aim.

Agriculture is also expected to make its demand on the
supply of radioactive materials. New variants and even
new species are occasionally formed by so-called mutations,
and it is well known that the frequency of mutations can
be increased by radioactive irradiation. Experimentation
with plant variations might be opened to the trained
horticulturalist. In fact it is likely that the production of
new plant species will soon be limited mostly by the supply
of trained plant breeders who can recognize newand valuable
variants rather than by the possibility of producing variants.

Perhaps the study of fertilizer efficiency under the actual
growing conditions will become the most widespread of all
applications. The use that the plant makes of elements
supplied in fertilizer can be determined easily and quickly

(lgiil;sm' 1. H., Scott, K. G. and Tuttle, L. W. Int. Clin. N.S.3
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by measuring the amount of radioactivity appearing. in
the plant owing to the uptake of tagged atoms added to the
fertilizer. The variations of soil conditions from farm to
farm need no longer be a factor of uncertainty in fertilizing,
for each farmer can run a series of tests to find the fertilizer
best adapted to his own land.

The suggested widespread applications bring us to the
question of the safety of wholesale distribution. Like
motor cars or gunpowder, radioactive materials can be
dangerous through ignorance, accident or intentional
misuse. For medical purposes, after proper instruction,
doctors will handle active isotopes as trustfully and as
trustworthily as any drug. Certainly they are not more
dangerous than many drugs in common use. For industry,
agriculture, and other fields, distribution should be made
somewhat on the same careful basis as that of recognized
poisons. It must be remembered that for many uses only
very small, unharmful amounts are unecessary. While strict
rules are certainly needed, unnecessarily strict rules must
not be allowed to strangle the progress.

We have seen that radioactive products can be used not
merely to increase our wealth and our power to wage war,
but also to widen our knowledge and probably to save
human lives. These wonderful tools should be made
available at an early date to all scientists of the world.
This would be one way in which the progress of nuclear
science instead of creating alarm and suspicion might be
made to promote world-wide co-operation.



THLE TOOLS OF NUCLEAR
PHYSICS

By O. R. Frisch

THE recent spectacular success in unlocking the large
amounts of energy contained in heavy atomic nuclei was
made possible through a long and patient process of
investigation and interpretation through which physicists
gradually gained some insight into the structure of that
small core of very dense matter which is at the centre of
every chemical atom and comprises nearly all its weight.
Becquerel’s chance discovery of what came to be callefi
radioactive phenomena started a series of dramatic investl-
gations through which some of our firmest scientific beliefs,
such as the immutability of elements and the conservation
of both mass and energy, came to be replaced by wider
concepts, and which laid the foundation for our present
knowledge of the structure of atoms. It was soon discovered
that radioactive bodies liberated, at a very low rate, very
large amounts of energy; but for a long time all attempts
to control the release of thesc energies were utterly unsuc-
cessful. The amounts of energy which were released by
*“atom splitters”, although tremendous in proportion to
the minutc amounts of matter involved, were ridiculously
small compared with human needs. Yet the effort of the
atom splitters was not wasted, for through their labours the

knowledge was accumulated which eventually permitted us -

to solve the problem of controlled release of nuclear
energies.

Nuclear physics is usually understood to mean that field
of knowledge and endeavour which concerns the transe

i .
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formations of atomic nuclei. The electric charge, the mass,
the magnetic moment, the size and the shape of atomic
nuclei have been explored by means which do not involve
their transformation; these investigations are not usually
regarded as part of nuclear physics.

Until around 1930 nuclear physics was essentially the
study of radioactivity. The task of the physicist was to
observe what happened; he did not have to produce the
phenomena he wanted to study. He had to isolate, out of a
number of things happening all at once, the one to which
he wanted to pay special attention, and he had to set up
instruments which were sufficiently sensitive to the
phenomenon in question.

In later years we have learnt to produce nuclear trans-
formations artificially, and now the observation of radio-
active substances forms only a small part of the activities
of nuclear physicists. Large and spectacular machines
(of which the cyclotron is only one much publicised
example) were built for the “smashing of atoms”, and large
and spectacular advances in our knowledge have accrued
from their use. At the same time, the tools for observing
nuclear transformation are still basically the same as before °
1930, although their scope, speed and accuracy is con-
stantly being increased. .

I shall therefore begin my report on the tools of nuclear
physics with a description of the “detecting tools” used to
observe the phenomena which accompany nuclear trans-
formations (spontaneous or artificial). This will be followed
by a chapter on the ‘“‘attacking tools” used to produce
nuclear transformations; their description will be necessarily
incomplete, owing to the great complexity of these machines.
Finally 1 shall discuss the ways in which these two kinds
of tools are employed together, and some of the techniques
which are needed in order to isolate one particular pheno-
menon for study.
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Detecting Tools

ALL nuclear transformations result (directly or indirectly)
in the appearance of fast-moving, electrically charged
particles. On their way through air (or some other gas)
these particles collide with molecules on their path, fre-
quently tearing off an electron in the process; this electron
usually attaches itself to some nearby molecule. As a result,
the particle leaves a trail consisting of molecules some of
which have lost an electron and are thus positively charged
while others have gained an additional electron and there-
_fore carry a negative charge. Such electrically charged
molecules (or atoms) are called ions, and the process by
which they originate ionization.
The ionization of gases by fast-moving electrically
charged particles forms the basis of nearly all existing
methods for the observation of nuclear transformations.

THE CLoup CHaMBER. C. T. R. Wilson (Cambridge)
invented a method of making the trail of ions visible. The
method consists in attaching a droplet of water to eac}h
ion, by condensing moisture out of the surrounding air.
When air is compressed it becomes hotter (as your bicycle
pump will tell you), when it is expanded it becomes coldqr.
Water, if left in contact with a limited volume of air, will
evaporate only until the air is saturated with water vapour;
the amount of moisture needed to saturate the air is greater
at higher temperature. 1f moist, saturated air is suddequ
expanded it comes to contain more moisture than its
lowered temperature warrants; it is supersaturated. The
excess moisture condenses on whatever is at hand and if
the supersaturation is strong enough individual ions can
act as nuclei for condensation. Each ion then becomes a8
smhall droplet of water, and the trail of ions looks like a
fine streak of cloud not unlike the white trails which are
sometimes produced by high-flying aircraft. To summanze,
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the method consists in letting the particles under investi-
gation pass through moist air which is then suddenly
expanded.

The instrument designed to put this method into effect is
called a cloud chamber or expansion chamber. Numerous
types have been built to suit special requirements. A fairly
typical chamber is shown diagrammatically in Fig. 3.

Q \Q__\Two photographic cameras
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FiG. 3. CLoup CHAMBER, SCHEMATICAL

The top is a glass plate, the sides are formed by a glass
ring. The bottom of the observation volume is a perforated
metal sheet covered with black velvet, which acts as a
background against which the cloud tracks can stand out
clearly. Below this there is a rubber membrane which

" separates the expansion volume from the auxiliary volume.

The latter is at first filled with air at a suitable pressure
(adjusted with the help of a manometer), pushing the rubber
membrane up, as indicated in the diagram. When the
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expansion is wanted the conical valve is opened; air rushes
from the auxiliary volume into a large, previously evacuated,
container, sucking the rubber membrane against the bottom
plate. In this way the air in the observation volurfie 1§
suddenly expanded by a definite amount. The perforated
sheet and the velvet prevent any eddies, created by ?he
sudden motion of the rubber membrane, from disturb!ﬂg
the droplets in the observation volume. Before assembling
the chamber, the velvet is made wet to provide a source
of moisture.

Unless fixed by the formation of droplets, the ions take
part in the thermal agitation of the gas molecules and drift
apart rapidly; within a tenth of a second the trail has become
so diffuse that it would give only a blurred wisp of fog if
an expansion were made. In order to clear the cloqd
chamber of these ol ions one has to have an electric
field. Several fine wires near the top plate, kept .at 100
volts above the,potential of the perforated metal P_latf:’
will sweep out all ions as fast as they are produce_d, within
a fraction of a second; the electric field can be switched off
automatically, at the instant of the expansion. '

The track of droplets remains visible and .undlstorted
only for a second or less since the droplets quickly fall to

the bottom. It is usual to take a photograph of the tracks -

within a fraction of a second after the expansion. Ordinary
filament bulbs are frequently used as a light source; they
give a very intense flash of light if momentarily run at about
‘twice their rated voltage, and will yet survive a large numbfr
of flashes. Frequently two pictures are taken simultaneousy
from two different directions, so as to get a Stereoscopic
effect; from the two pictures it is possible to reconstruct
the location of the tracks in the chamber completely, 1B
all three dimensions.

Some typical cloud chamber pictures are shown on plates
10and11. Inplate1]alpha particles were obtained by putting
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4 strong polonium sample right inside the chamber; as a
Tesult a large number of alpha tracks were formed during a
single expansion. It is seen that all the tracks have very
nearly the same length. Alpha particles have a well defined
range which depends on their velocity. As the particle
travels through the air it loses speed until it is no longer
able to ionize air molecules, and its track comes to an end.
Measurement of the range is a convenient way to deter-
mine the speed, and hence the energy, of the particle.

Electrons (see plate 10) give tracks which are far less
dense and straight, because they produce far fewer ions
over the same path length, and because they are more
easily deflected by collisions. Their range is ill defined and
usually much greater than that of alpha particles. The best
method for measuring their energy is to place copper coils
round the chamber and send an electric current through
the coils, creating a magnetic field in the chamber. In such a
field, electrons are deflected so that they run in a curved
rather than in a straight line. There is a simple relation
between “the amount of curvature, the magnetic field in-
tensity, and the energy of the electron, from which the energy
can be calculated.

The cloud chamber can also detect gamma rays and
neutrons although they carry no electric charge and hence
form no track themselves. Gamma rays are light quanta
(photons) of high energy; they can impart enough energy
to an electron for it to make a track in a cloud chamber.
Neutrons do not interact measurably with electrons, but
they do with nuclei. In colliding, for instance, with a
hydrogen nucleus (a proton) the neutron rebounds, giving
part of its energy to the proton. Hence a cloud chamber
containing hydrogen will detect fast neutrons, through the
tracks of protons which start inside the chamber for no
“visible™ reason. Protons give straight tracks with a well
defined range like alpha particles, only somewhat thinner.
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The visual and detailed character and the wonderful

directness of the information which.a cloud chamber
supplies are advantages too obvious to need elaboration-

Much of our confidence in the truth of our detailed descrip~ .
tions of nuclear processes derives from the documentary -

evidence obtained from cloud chamber pictures. The draw-
backs are better explained later, by comparison with other
research tools.

THE ELECTROSCOPE. The electroscope is the oldes:
research tool of the nuclear physicist, indeed the oldes

electrical measuring instrument. It gives only the most

primitive sort of information and is not very sensitive,
but it is simple, reliable, and accurate. In a typical design,

the main part is a strip of very thin gold foil, hanging along

one side of a vertical metal rod which is mounted on a g0 l
electric insulator fusually a piece of sulphur) inside a meta

can (see fig. 4). An electric charge is given to the rod by -

thin window
sulphur insula absorbing foil
metal tan ’ radicactive sample
metal rod gold foil

F1G. 4. ELECTROSCOPE, SCHEMATICAL

touching it momentarily with a charged wire (not shown

in the diagram); the gold foil will then rise because of -

the mutual repulsion of the equal charges on it and on
the rod. If there is no source of ionization present the rod
will remain charged for a long time (many hours)~ If
however the air in the can becomes ionized it becomes
slightly conducting. Assuming, for instance, that the rod
is positively charged, the negative ions will move towards 1t
while the pqsitive ions go to the wall of the can. Asa result
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the rod gets gradually discharged and the gold foil slowly

moves back to its natural vertical position. This move-
ment can be observed by a low-power microscope mounted
on the can, and the speed of the movement (measured with

- the help of a stop watch) is an indication of the intensity

of ionization.

In contrast to the cloud chamber, the electroscope tells
nothing about the nature of the particles which cause the
ionization. On the other hand it is quantitative, it tells
accurately at what rate ions are being produced. By varying
the conditions it is even possible to analyse the radiation
in a rough way. For instance, if the can-has a window of
very thin aluminium foil and an active sample is placed
in front of that window, alpha, beta and gamma rays are
able to enter the can. Interposing a sheet of paper will
stop the alpha particles, and the corresponding decrease
in ionization—as measured by the slower motion of the
gold foil—indicates which fraction of the ionization was
due to the alpha pasticles. A 1/16" sheet of brass will
stop all the beta rays (the electrons) and the residual weak
ionization will be due to the gamma rays only. If one
increases the thickness of the intefposed absorber in small
and accurately known steps and plots the observed ioniza-
tion as a function of the absorber thickness one gets what
is called the absorption curve of the radiations emitted
from the sample. From this curve the composition of the
radiation can be obtained in fair detail, and many properties
of radioactive bodies have been determined in this fashion.

One drawback of the electroscope isits limited sensitivity.
About a hundred alpha particless—or an even larger
number of electrons—have to pass through the can to
produce a visible shift of the gold foil. Numerous attempts
have been made to improve the sensitivity of the electro-
scope and among the rather complicated instruments
(called electrometers) which were developed there are
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some which are so sensitive that the ionization due to 8
single alpha particle is not merely detectable but indeed
accurately measurable. However these instruments are
so delicate and so awkward to use that very little research
has been done with them.

THE PROPORTIONAL AMPLIFIER. Efficient detectioq of
the ionization due to individual particles became possible
only through the development of the radio valve. A
considerable effort was needed at first to develop amplifiers
which would magnify the tiny input signals (.001 volt or

less) to an output signal sufficiently large to be recorded -

and yet accurately proportional to the amount of ionjzation.

Greinacher in Switzerland, Ortner and Stetter in Ausm.a
and Wynn-Williams in England were the pioneers of this
development.

At the input end of the amplifier is the
chamber which the particles have to enter in order :
recorded. Some typical ionization chambers are shown 10
fig. 5. The principal parts are the collecting electrode—2a

jonization
to be
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FIG. 5. IONIZATION CHAMBERS, SECTION VIEW
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plate or rod of metal—which is connected t
the amplifier and the high-voltage electro
connected to a battery of a few hundred to a

volts and which serves to create an electric field in the |

neighbourhood of the collecting electrode. The ions are set

to high voltage bu{ery
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in motion by this field, the positive ions being driven towards |

the negative electrode and vice versa.
Whenever an alpha-particle runs through the chamber,

“leaving a trail of ions, a small current, representing the

motion of the ijons, begins to flow and continugs (for a
small fraction of a second) until all the ions bave reachegd
the electrodes. This brief current pulse charges the collect-
ing electrode—and hence the input grid of the amplifier—to
a potential slightly different from its normal value. This
little potential jump is the signal which is magnified by
the amplifier in the same way in which a radio amplifier
magnifies the small signals picked up by the aerial.

There is a variety of recording devices which can be
attached to the output end of the amplifier. The simplest
and most common is a counting device such as is used in
telephone exchanges to indicate the number of calls made
by a customer during an accounting period. The device
is set so that only pulses above a certain size will affect it;
repeated counts with different settings give information
on the distribution of pulse sizes, from which conclusions
can be drawn as to the number and character of the particles
passing through the chamber. .

If one connects a loudspeaker to the output of the
amplifier the individual particles become audible as sharp
cracks above a persistent hissing noise. This noise is largely
due to the random motion of the electrons in the first
valve of the amplifier; by careful design it can be reduced
but not entirely eliminated. It represents the limit to the
size of signal that can still be detected; if a signal is so small
that it disappears in the noise no amount of amplification
will make it detectable. A particle has to create several
hundred ions in order to produce a detectable signal; this
is more than a fast electron will producﬂi on passing through
an ionization chamber of reasonable size. If one wants
to detect individual electrons one must strengthen the

SN—F
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signal before it enters the amplifier. This can in fact be
done.

GaAs MuLTIPLICATION. If the electric field in an
ionization chamber is made strong enough the ions will
move so fast that they themselves become capable of
ionizing the gas. The newly created ions join the race a'nd
in turn produce further ions. Thus we get a growm%
avalanche of ions (somewhat similar to the avalancht‘e o
neutrons in an atomic bomb), and the number of 1ons
originally produced becomes multiplied through their
interaction with the gas. .
To make use of this effect it is common to use a thin
‘'wire for the collecting electrode; close to the wire th‘;
electric field is very intense and with a modest voltage ©
about thousand volts on the other (cylindrical) electrode
one can make it so strong that gas multiplication sets in.
An ionization chamber designed in this fashion is fregucm}:y
called a counter (sec fig. 6). By carefully adjusting the

1000 volt battery
FiG. 6. G-M COUNTER AND RECORDING CIRCUIT

voltage one can obtain multiplication by factors up to la
thousand and still get pulses which are ap.prox1mate'y
proportional to the original amount of ioniz?tlon; used in
this way the instrument is called a proportional counter.
With increasing voltage the multiplication goes up Ve{'l);
rapidly and eventually gets out of control; a single ion Wi

then set off a discharge involving many millions of ions.

k-’—mechanical countel
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THE GEIGER-MULLER COUNTER (OR G-M COUNTER).
Geiger and Miiller (Germany) were the first to show how
one could quench the discharge so that a ‘fraction of a
second later the counter is back in is original condition
and ready for the next particle. Each discharge is vigorous
enough to be detected by an electroscope, and some of the
first investigations with this counter were indeed done by
visual observation; however, this method is very tedious
and later a simple amplifier was used to operate a mechanical
counting device. :

The quenching of the discharge can be achieved by making
the resistance R (see fig. 6) very large, a thousand megohms
or more, by filling the counter with a special gas mixture
(for instance argon containing some alcohol vapour) or by
having the amplifier reduce the voltage on the counter for a
short time after each pulse. The frst method is now little
used because the counter takes too long to recover after
cach pulse; the other two methods both have their
champions.

Since an ionizing particle produces all its ions practically
at the same time (within a hundred-millionth of a second
or less) each particle passing through a G-M counter will
produce just one pulse, whether it ionizes only one gas
molecule or many thousand, whether the particle is an
electron or an alpha particle. However the main value of
the G-M counter lies in its ability to count individual

. electrons. A large number of radioactive isotopes decay

under emission of (positive or negative) electrons, and G-M
counters are widely used to study this decay or to measure
the amount of a certain isotope contained in a given sample.
The use of radioactive tracers in chemistry, biology and
medicine (sce the article on Radioactive Tracers) has
brought the G-M counter to numerous laboratories where
no nuclear physicist has ever set foot.

Common to all counting methods are three limitations'
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which can be labelled briefly by the words: statistics,
background, and resolution. ‘
Nuclear events happen at random, independently of
one another. Therefore, the number of events in a given
time interval is subject to fluctuations such as are encoun-
tered in all statistical phenomena. If 100 pulses 8re
observed in one particular minute this does not mean that
the average pulse rate is exactly 100 per minute; it merely
indicates that the average is likely to lic between 90 and 110
per minute, although a value even further from 100 is b,
no means excluded. In general, if N pulses are observ
the true average is likely to lie between N+VN and
N-VvN. The uncertainty—VN—grows more slowly
than N itself and hence the accuracy improves as more
pulses are counted. If the rate at which pulses occur ‘3“
low one has to run the experiment a long time to aocum11!at°'
a sufficient number of pulses. At very low rates the tme
required becomes excessive owing to the presence of the'
“background”. :
All common materials (glass, metals etc.) contain traces
of radioactive substances, and every counter (or ionization
chamber) will therefore occasionally produce pulses all by
itself. For each counter this background has to be deter
mined and subtracted from the result of every experiment.
This correction becomes relatively large and uncertain
the effect to be measured is very weak. :
For instance, if a G-M counter has a ba.ckgroum:l‘ﬁf
30 pulses per minute, the measurement of a sample which
produces,only one additional pulse per minute is alm
impossible. If one works for two hours—one to measur®
the background, one to measure the sample—one should’
ideally get 30 X 60 =1800 in the first run and (30 x 1) X60=
1860 counts in the second. Each of these runs is however
affected by a statistical uncertainty of about v/ 1800 =43
the expected diffcrence of 60 therefore lies at the verge

' : - . -
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the statistical uncertainty and its very existence is still

doubtful after those two hours’ counting. It would take
about fifty hours to obtain the strength of the sample
with an uncertainty of plus or minus twenty per cent,”
which is still very inaccurate.

If the problem allows it one will try to arrange for a
high counting rate so that the required accuracy can be

‘reached in a short time. This means, however, that the

pulses get very close together and occasionally two happen
in such quick succession that they are not resolved, and
only one is recorded. Mechanical counting devices usuatly
need one hundredth of a second or more to record a pulse,
and if anotfier pulse occurs within this time it is not recorded.
Hence with increasing counting rate an increasing pro-
portion of pulses is lost, and eventually the mechanical
counter jams altogether.

An ingenious device, the “scale-of-two” (invented by
Wynn-Williams) transmits only every second pulse and
has a very high resolution since it contains no moving parts,
only radio valves. Usually several scales-of-two are arranged
in cascade so that each transmits to the next one half of
the pulses which it receives. Through this process of

- repeated halving the number of pulses with which the

mechanical counter has to cope can be greatly reduced;
if six scales-of-two are employed in cascade the mechanical

- counter has to record only every 64th of the original

pulses and can therefore easily record many thousands of

 them per minute. A G-M counter needs about one ten-

thousandth of a second to recover after-each discharge, -
and if one does not want to lose more than a few per cent

~ of the particles one should not count more than about ten

thousand per minute. With ionization chambers even
greater counting rates are feasible.

THE PHOTOGRAPHIC PLATE. If fast particles fall on a
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photographic plate they produce (just as light does) a
latent image which can be developed. Thus a large number
of electrons, either falling on the plate or generated in it
through the action of gamma rays, will affect the plate so
that, after developing, it appears blackened. It was through
this effect that Becquerel discovered radioactivity. The
photographic plate is much less sensitive than a counter,
but there are experiments where this does not matter af\d
where one wants to know in which place the electrons strike
the detecting instrument. )

A single alpha particle entering a fine-grained emulsion
can make scveral grains of silver bromide capable of being
developed, and hence its trail can be identified later under
a strong microscope, as a straight row of about a dozen
black dots (silver grains). Thus the photographic plate can
be used to make visible the tracks of alpha particles and
other fast-moving nuclei. It does not give such fine details
as the cloud chamber, and it does not make electrons visiblt?,
but it is very simple to usc and has the advantage that 1t
records particles all the time, in contrast to the cloud
chamber, which records particles only during a short instant
after cach expansion.

SUMMARY OF DETECTING TOOLS. Most of the pucl.eal'
research work nowadays is done with counters or ionization
chambers; mechanical counting devices are used to }”e_COTd
the results. This method combines maximum sensiuv?t)’"
since it will detect single atomic events—with the capacity—
necessary to obtain accurate results—of recording a large
number of events in a short time. Isolation of particleg ofa
definite kind is usually possible. By adjusting the amplifica-
tion, a proportional amplificr can be made to count protons
in the presence of electrons, alpha particles in the presence
of protons, fission fragments in the presence of alpha par-
ticles. On the other hand, a G-M counter will detect

THE TOOLS OF NUCLEAR PHYSICS © 143

electrons while heavier particles are absorbed in its wall,
unless it is deliberately made very thin. When the particles
are very plentiful they can be measured by an electroscope;
this is also a kind of counting method, in the sense that
weighing a bag full of coins is equivalent to counting them.

If a phenomenon is new and not yet understood it is
often very difficult to unravel it by counting only. This is
where the cloud chamber proves of the greatest value,
since it shows at a glance the kind of particles involved and
their interrelations. Had there been no cloud chamber,
the discovery of the neutron, the positron and the meson
would no doubt have been made, but later and with much
greater effort. On the other hand, the accumulation of a
sufficient number of data with a cloud chamber is slow and
laborious. The chamber usually has to rest a few minutes
after each expansion, and only a few tracks can be photo-
graphed each time, or else the picture gets too confused.
After the pictures are taken each individual track has to
be measured by a human observer. Therefore the cloud
chamber is used for actual measurements (as distinct from
orientation) oMy for phenomena which are hard to isolate
by counting methods. In some cases the photographic
plate can take the place of the cloud chamber; however,
measuring the tracks under a high-power microscope is
even more tedious than measuring cloud chamber tracks.

Attacking Tools

IN ORDER to provoke a nuclear transformation one has
to concentrate a large amount of energy on a nucleus.
A rifle bullet has a vastly greater energy than an alpha
particle, but its energy is distributed over a very large
number of atoms and cannot be made to bear upon a
single nucleus. ,
For this reason the bullets used in transforming nuclei
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must themselves be of nuclear dimensions. Rutherford
discovered the transformation of nitrogen nuclei under the
impact of fast helium nuclei (alpha particles) which fortu-
nately are supplied by natural radioactive substances. He
realised that the scope of these investigations would be
greatly enlarged if other light nuclei could be accelerated
artificially to similar or even greater energies. It was undqf
his direction that the first successful experiment of this
kind was carried out by J. D. Cockcroft and E. T. S. Walton,
the disintegration of lithium by fast protons. »

The velocities which must be given to protons or other
nuclei, to enable them to cause nuclear transformations, aré
measured in thousands of miles per second, vastly more
than can be achieved by any known mechanical means,
including explosives. The only way in which we can impart
to them such large velocities is through the action of el;ctﬂc
ficlds on their electric charge. The kinetic energy which a
particle acquires on being accelerated is equal to the product
of the charge and the electric potential difference between
the points between which the acceleration takes place.
It is therefore usual to express the energies of particles 1n
units of one electron-volt (abbreviated ev) which is the
energy of an electron (or a proton, since it carries the same
amount of charge) which has been accelerated by a potential
difference of one volt. For the purposes of nuclear physics
this js a very small unit and a million ev—written one
Mev—is a more appropriate unit. A proton with a kinetic
energy of 1 Mev has a velocity of about 9,000 miles per
second.

Only the lightest nuclei are suitable as bullets because
heavier nuclei have a larger electric charge and are therefore
more strongly repelled by the nuclei which we may want
to hit. Most of the work has been done with protons
(ordinary hydrogen nuclei), deuterons (nuclei of heavy
hydrogen, the rare isotope with atomic weight 2, also
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called deuterium), and alpha particles’ (helium nuclei).
In the description which follows of vdrious methods of
accelerating particles I shall speak of protons by way of

- example,

-

HIGH-VOLTAGE ACCELERATION. The straightforward
way of producing protons with energies of, say, 1 Mev is to
place protons at one end of an evacuated tube the ends of
which are kept at a potential difference of one million volts.
The electric field drives the protons along the tube with
increasing speed until, at the other end, they hit the “target”,
a layer of the clement the atoms of which we want to trans-
form, or of one of its compounds. .

The complete arrangement therefore consists of these
four main parts: the ion source, where hydrogen is ionized
in order to get protons; the acceleration tube in which the .
protons gather speed; the target where a few of them strike
the nuclei which we want to study; and the high-voltage
generator from which they derive their energy.

The ion source is built somewhat on the same lines as a
radio valve. A hot filament emits electrons, which are drawn
towards an anode by a potential of a few hundred volts,
A slow stream of hydrogen gas is admitted so that some of
the electrons on their way to the anode strike ‘hydrogen

.molecules and ionize them. The ion source communicates

with the accelerating tube through a small opéning (say
1/8" diameter), and those ions which come close to this
opening are sucked through by the strong electric field at
the other side. If deuterons or helium nuclei are wanted
rather than protons, deuterium or helium is admitteci
instead of hydrogen. .

The accelerating tube is usually made of a number of
insulating sections (of glass or porcelain), separated by
metal sections which are connected to the high-voltage
generator in such a way that the electric potential increases
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in equal steps from one section to the next. In this'way cach
of the insulating sections has to carry only a fraction of tge
total potential, and experience shows that 1t 18 thereby

possible to make the accelerating tube withstand much higher

potentials than if it were just one long insulating tube.
Several fast pumps (oil diffusion pumps) are attached to
the tube to provide a good vacuum, constantly removing
the small amounts of hydrogen which leak in from the ion
source, along with the ions. A good vacuum is‘ r'leedcd.to
prevent the protons from losing energy by collisions with
gas molecules on their way along the tube; furthermore,
if the vacuum gets poor, the gas in the tube becomes €
- ducting and the generator is then no longer able to keep
up the high electric potential required.

The target has to be cooled since the protons are brOlfght
to rest within it and their kinetic energy is converted into
heat. Hence the target is often a hollow plate of coppet
through which water is circulated, covered with a layer ©
the element which we wish to bombard with protons-
Only a thin layer is needed since cven fairly fast protons
cannot penetrate more than a millimetre of solid matter.
The physicist speaks of a “thick target” if the layer 15
thick enough to stop the bombarding particles comple“?ly'
In this case the protons lose their energy gradually on going
through the material and may cause disintegrations at any
time during this slowing down. If the experimenter wants
to study the effect of protons of well-defined energy he
uses a “thin target”, by placing only a trace of the subs.tance
wanted onto the target plate, usuaily by distilling it OB
in a vacuum. In this thin layer the protons suffer very little
loss of energy and the material below is chosen so that they
do not cause nuclear transformations in it.

The most difficult task is the production of the necessary
high voltage. If the potential difference between two pieces
of metal is raised one comes eventually to a point where

on- -
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the insulation of the air between them breaks down; a
spark jumps from one piece to the other and the potential
abruptly drops to a much lower value. In order to get
higher voltages, one has to increase the distance between
the two metal pieces; however, at one million volts a spark
can traverse a distance of many feet. The resistance of air
against electric breakdown can be enhanced several time$
by increasing its pressure and also by adding small amounts
of certain other gases, in particular Freon (dichloro-
difluoro-methane, commercially used in refrigeration
plants).

Two types of high-voltage generators are at present in
most common use: the transformer-rectifier set and the
electrostatic belt generator (invented by Van de Graaff
and usually called after him).

The transformer-rectifier set is a straightforward appli-
cation of electrical engineering practice. Alternating current
(as supplied by the power company) is converted, by means
of a transformer, into a smaller current at higher voltage
and is then passed through a rectifier valve (kenotron)
which allows it to pass in one direction only. The current
which has gone through the rectifier is a pulsating current
and is smoothed with the help of large condensers. Every
AC-operated radio receiver contains a similar unit for
producing a DC-voltage of a few hundred volts, and the
main difference lies in the necessity of using larger trans-
formers, rectifiers, and condensers in order to get higher
voltages. Since the transformer is the most expensive part
and its price rises rapidly with its peak voltage, considerable
ingenuity has been employed in the successful design of
systems where the output voltage is several times larger
than the peak voltage of the transformer used.

The “*Van de Graaff” is a brilliant offspring of the ancient
family of electrostatic machines, once the glory of the
physicist’s art, now mostly relegated to a dusty corner of
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the lecture room. The fundamental principle of these -

machines is that electric charges can be carried bodily
from one point to another by means of rotating discs, mad_e
of an insulating material. In the Van de Graaff the disc 18
replaced by an insulating belt travelling around two pulleys.
Charge is sprayed onto the belt near one pulley and taken
off to a large hollow metal sphere which surrounds the
other pulley. As more and more charge accumulates
* on the metal sphere the potential rises until either a spark
occurs or enough current leaks off the sphere to prevent
the voltage from rising any further. For attaining voltages

above a million volts, the whole arrangement (including

the accelerating tube and ion source) is placed inside a
large steel tank into which air (containing some freon)
is pumped to a pressure of about 100 pounds per squar®
inch. The target is usually placed at the end of a tub_e»
. several feet long, which protrudes from the Steel tank in

order to make the target easily accessible to whatever

detecting tools are to be used (see fig. 7 and plate 6).

A
target Sk Bie tie”
( Abﬁng supports d —

small auxillary
20,000 volt generator

Fia. 7. BeLt GENERATOR (VAN DE GRAAFF), WITH ACCELERATING
' TUBE, SCHEMATICAL

Transformer-kenotron sets have been built for voltages
up to about two million volts, and with belt gencrators
about four million volts have been reached. Further slow

\
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progress along these lines is likely. In the meantime,
several methods were discovered whereby it is possible to
impart energies of many Mev to particles without actually
generating such high voltages. -

MULTIPLE ACCELERATION; THE CYCLOTRON. The
first attempt of this kind was the linear multiple accelerator.
A number of short metal tubes are lined up inside an
evacuated container, with an ion source at one end; all
the even tubes are connected together, and so are all the
odd ones. If we were to place a constant potential difference
between the two groups of tubes, for instance making the
odd ones positive with respect to the even ones, a proton
would be accelerated on passing from the first to the second
tube, but would lose this extra energy again on passing
from the second to the third tube. We can however use
the time which the proton spends in the second tube to
reverse the potential difference between the two tube
systems so that the proton gets accelerated again as it
enters the third tube, and this reversing process can be
repeated for every tube in the system, so that the protons
emerge with an energy which corresponds to the potential
difference used multiplied by the number of tubes. To
produce the required voltage reversals, the odd and even
tubes are connected to a high-frequency generator (similar
to a radio transmitter). The tubes are made longer and
longer with increasing distance from the ion source, so
that the ions spend the same time in each tube, despite
their increasing velocity. . ‘

In order to get worthwhile energies one has to have a
large number of tubes, and then the apparatus becomes
impracticably long (hundreds of feet). The idea which made
the method practicable was to put everything into a strong
magnetic field, because in such a field the path of a freely
moving charged particle is a circle rather than a straight
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. line. And here one very fortunate fact is of decisive impor-

- tance: As the particle gets faster the circle on which it
moves increases in size in just such a way that the time
needed for a full revolution remains the same.

The instrument which was based on this idea soon
became known under the name “cyclotron”. Instead of a
number of tubes, only two accelerating electrodes are needed
which are called dees, for their similarity in shape with
a capital “D”. Together they form a hollow metallic
“pill box”, cut along one diameter. They are placed in an
evacuated container, between the pole pieces of a very large
electromagnet designed to produce a strong uniform
magnetic field across them (see fig. 8). lons are produced

magnet yoke
1 S Dee's”
agnet poles
evacuated /]
: container
agnet colls
4+
|—4-to high frequesc
generator

Fig. 8. CYCLOTRON, SCHEMATICAL

near the centre of the dees, with the help of an ion source
somewhat similar to the onc described carlier. Those 1onS
which emerge from the source at the right time will be
accelerated into one of the dees; after describing a semi-
circle within it, the ion will get to the edge of the dee when
the voltage (delivered to the dees from a high-frequency
generator) has changed dircction so that the ions get
accelerated again. Of course the frequency of the field has
to be carefully adjusted so that the ions keep in step with 1t.
If this adjustment is achieved (largely by trial and error)
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each ion will move on an expanding spiral, gaining energy
every time it crosses the gap between the two dees, until
it hits the edge of one dee. If one wants to utilize as many
of the fast ions as possible one uses an “internal target”
which intercepts the ions before they reach the edge of
the dee; alternatively, it is possible-to deflect part of the
ions by means of strong electric fields and to guide them to a
point outside the magnetic field where the target is more
€asily accessible.

By enlarging the magnet and the dees one can enable the
ions to spiral out further and thus to gather more energy.
For this reason, cyclotrons of ever-increasing size have been
built in order to get particles of ever greater energies.
The largest operating cyclotron has a magnet which weighs
200 tons, with pole pieces of 60 inches diameter; it can
produce helium nuclei (alpha particles) of 40 Mev energy.
A cyclotron with a 3,000 ton magnet having 184 inch poles
has been designed to produce helium nuclei of upwards of
100 Mev, and there is little doubt that it will do so. H\owever
there is a limit to progress along these lines. The statement
I made before, that an ion always needs the same time for
a full revolution in a given magnetic field, independent
of its velocity, is no longer strictly correct when the velocity
of the particle becomes comparable with the velocity of
light. When an alpha particle reaches an energy of 80 Mev
the time for one full revolution has been lengthened by
two per cent; very powerful high-frequency generators
have to be used to complete the whole acceleration process
in a fairly small number of revolutions, so that the particles
do not get out of step before the acceleration is completed.
Special tricks are needed, and are being developed, in order
to push to appreciably higher energies (see plates 3, 4, 5).

Various schemes are at present under consideration by
which it may be possible to produce particles with energies
of several hundred Mev. The multiple linear accelerator
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may stage a come-back, helped by the great progress that
has been made, thanks to radiolocation, in the techniques
of producing short electric waves of great intensity. We
shall mention one instrument, the betatron, with which
electrons (but not nuclei) of 100 Mev have actually been
produced. ‘

THE INDUCTION ACCELERATOR O BETATRON’’).
The betatron is an ingenious application of the principles
on which the operation of a transformer depends. In 8
transformer, an alternating electric current is sent through
a coil (the “primary””) which surrounds an iron core. The
oscillations in the magnetism of the core, caused by the
9scillating primary current, produce an oscillating voltage
in the “secondary” coil which also surrounds the iron core.

This voltage is proportional to the number of turns in
the secondary coil, and it is not difficult to build a trans-

former which will produce 100 volts per turn. A secondary
coil containing a million turns would theoretically produce
a voltage of one hundred million volts, but of course the
Ansulation would break down long before such a voltage was
reached.

In the betatron there is no secondary coil. Instead,

there is a circular tube of glass or porcelain (shaped like.

the inner tube of a tyre) in which electrons are made to g0
round a large number of times. For each circuit the electron
gins an amount of energy corresponding to the voltage
produced in a single turn of an imaginary secondary coil,
or about 100 volts, and it is actually possible to make the
electrons go round approximately a million times. An
appropriate portion of the magnetic field is diverted from
the iron core so as to pass through the region in which the
electrons are circulating, in order to bend their path (which
would naturally be straight) to a circle of the desired size.

The betatron was invented in America during this war
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(by D. W. Kerst, about 1941) and little use has been made
of it for purposes of nuclear physics. Late in 1945, the

. General Electric Co., Schenectady, announced the success-

ful operation of a betatron for making electrons of 100 Mev.
This instrument is now being used for research and import-

ant results have been obtained with its help.

NEevuTrON PrODUCTION. Neutrons do not occur in
nature (except in very small numbers in the cosmic radiation)
and if they did we could not accelerate them since they
carry no electric charge. If we want neutrons we have to
Produce, with the help of protons or other charged particles,
some nuclear transformations in which neutrons are
liberated.

One way to do this is to bombard beryllium with alpha
Particles from a radioactive source. For instance, some
radium salt is mixed with an excess of beryllium (both
finely powdered) and enelosed in an airtight capsule (perhaps
hailf an inch overall size). Such a source will emit the order
of a million neutrons per second uniformly in all directions;

«itis easily fitted into any experimental setup, and practically

unchanged with time. Nearly all the fundamental properties
of neutrons were discovered with sources of this type.

The neutrons emitted from a radium-beryllium source
are very heterogeneous, with kinetic energies varying
between .1 and 10 Mev, approximately. By using artificially
accelerated” particles it is possible to produce homogeneous
neutrons, that is, neutrons which have all very nearly the
same energy. For instance, by bombarding deuterium
with deuterons of .1 or .2 Mev (only a small transformer-
kenotron set is needed) one gets neutrons of 2.5 Mev energy.
A thin target of lithium, bombarded with protons of about
2 to 3 Mev (from a Van de Graaff) serves as a source of
neutrons with energies which can be varied between almost
zero and about 1 Mev, simply by varying the voltage of the

}
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Van de Graaff. Very fast neutrons, and enormous numbers
of them, are obtained by bombarding lithium with fast
deuterons from a cyclotron.

The most powerful neutron source of all has recently
come into existence through the realisation of nuclear
chain reactions. The number of neutrons produced by a
large graphite pile running at full power is millions of times
greater than what can be obtained from a cyclotron.
Even much smaller reactors could be used as very powerful
neutron sources, and it is very likely that such rcactf)rs
will soon find their place in nuclear physics laboratories.

Since neutrons are clectrically neutral they are not ‘

repelled by the electric charge of atomic nuclei, and there-
fore can approach them even if they are quite slow. Some
nuclei are even much more strongly affected by slow
neutrons than by fast ones. Neutrons can be slowed down
very easily by materials like water or paraffin wax w}'llCh
contain a lot of hydrogen. Each time a neutron colhd;s
with a hydrogen nucleus it loses, on an average, half its
energy. After some twenty collisions its energy has become
so low that it is comparable to the energy which the hyd_rO'
gen atoms themselves have, on account of their heat motion
(thermal agitation). After that, the neutron is just as likely
to gain as to lose energy on colliding with a nucleus apd
it continues to wander aimlessly around in the material
as a “thermal neutron™ until it eventually combines with
one of the nuclei present, or elscescapes from the material.

i Auxiliary Techniques
IN ADDITION to attacking tools—to cause nuclear trans-
formations—and detecting tools—to detect the particles
which result from those transformations—the nuclear
physicist needs a number of technigues which serve 10
separate, out of a multitude of things which happen all
at once, the particular phenomenon which he wants to
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observe. Out of the large variety of such techniques, I
shall describe a few of the more important ones.

CoLLimMaTiON. Alpha particles are very easy to collimate,
that 1S, to confine into a narrow beam; two small apertgres
Cut into thin metal sheet or even paper will do the trick,
One aperture being placed close to the source of particles,
the other a little distance away. With electrons, the sheet
has to be thicker, and furthermore, electrons tend to get
deflected by collisions with air molecules, hence for good
collimation the electron source and the collimating aper-
tures have to be put into an evacuated containt}r. Gamma
Tays can penetrate inches of solid lead; to collimate them,
the source must be placed at the centre of a -large lead
block (say, a cube with sides a foot long) with a hole
drilled from the surface to the centre. Neutrons can be
collimated like gamma rays, only pa{aﬂin wax is usged
instead of lead, and an even greater thickness of material
is needed (about two feet). . _

In many cases collimation can be achxe\fed without the
use of collimating apertures, simply by placiag the detqctor
at such a distance from the source- that.only particles
Within a narrow range of directions can hit the detector

at all. '

ABSORBERs. Alpha particles are completely stopped 'by
a piece of paper. Mica can be split to proc!uce sheets wl}xch
are much thinner than paper and very uniform; .the thick-
ness of such a sheet can be found by weighing. If ncreasing
thicknesses of mica are placed in a collimated beam.of
alpha particles of uniform energy the number which
¢merge remains unchanged at ﬁrst', but drops to zero
quite rapidly if the thickness of mica exceeds a certain
amount; by measuring this amount one can find the energy
of the alpha particles. If the alpha particles are a mixture
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of particles with two different energies, the number recorded

will drop to zero in two steps, as the thickness of mica is -

increased.

Electrons behave somewhat similarly, only the drop t0

zero is much more gradual. As a result, the use of absorbers
(in this case usually thin sheets of aluminium) allows one

to determine the greatest energy represented among the

electrons in question, but gives only very vague indications
concerning the presence of electrons of lower energy.

In the case of gamma rays—and even more so of neutrons$
—the use of absorbers is usually not the best way for
energy determination.

THe CoinciDENCE METHOD. If an electron passéS
through two G-M counters it will produce a discharge m
each, and the two discharges will be practically simul-
taneous. One can connect the two counters to a valve
circuit which is made so that it will operate a mechanical
counter if, and only if, both G-M counters discharge at
the same time. Such a circuit is called a coincidence
circuit. v

One interesting application of a coincidence circuit 15

the following method for the determination of the energy -

of gamma rays. The gamma rays are allowed to fall on'a,
thin metal foil; most of the gamma quanta go through

but some of them eject electrons from the foil. If one now -

tries to determine the maximum energy of these electrons
(which is equal to the encrgy of the gamma quants) by
measuring their absorption in metal foils, as mentioned
before, the absorption effect will be partly masked by the
fact that, as we increase the thickness of the absorber;
additional electrons are ejected from the absorber by the
gamma rays. However if the original electrons are recorde

by two G-M counters connected to a coincidence circuit,

and the absorber foils are placed between the two counters,

. L4
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* ‘then the additional electrons will pass only through one
. of the two counters and will therefore not be recorded,

and the absorption of the electrons ejected from the first

~metal foil can be determined correctly.

Other applications of coincidence circuits are the investi-
gation of nuclear reactions which result in the simultaneous

' emission of two particles from the same nucleus. ‘It is also
. possible to connect more than two, that is, three, four

Or more G-M counters to the same coincidence circuit
and thus to select, for instance, electrons, travelling in a
given direction, which have' been emitted simultaneously
with two gamma quanta, without being disturbed by~the

- presence of numerous other electrons and gamma quanta

which do not fulfil this special condition. It is easily
seen that the coincidence method is indeed a very powerful
and versatile tool for disentangling nuclear phenomena.
NEBuTrRON DETECTION. Fast neutrons are detected
usually by their capacity to collide with hydrogen nuclei
and to transfer part of their energy to them; the fast protons
which result can be detected with an ionization chamber
connected to an amplifier. For this purpose, the ionization
chamber is either filled with hydrogen or lined with a
thin layer of a hydrogenous compound such as paraffin
wax. Slow neutrons, in particular thermal ones, have too
little energy to be detected in this way. Here one can
make use of the fact that boron nuclei are very readily. trans-
formed by slow neutrons, under emission of fast alpha
particles which are easily detected. The “boron cham-
ber”, an ionization chamber lined with boron or else filled
with gaseous borod trifluoride, is a very convenient and-
widely used instrument for measuring the intensity of a
stream of slow neutrons.

An entirely different method depends on the fact that
certain elements (gold, iodine, manganese and many others)
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become radioactive under the action of slow neutrons.
This activity can be measured with a G-M counter 0f,
if it is strong enough, with an electroscope.

Decay CURVES. Many nuclear reactions result in the
formation of a nucleus which is unstable and tends t0
disintegrate spontaneously after some time, in most cases
with the emission of a (positive or negative) electron.
For instance, if sodium is exposed to slow neutrons someé
of the neutrons are captured by sodium nuclei, resulting
in the production of sodium with the atomic weight 24
(ordinary sodium has 23). If a sample of this irradiated
sodium is placed near a G-M counter one finds that the
counting rate due to the sample decreases with time in &
quite defined fashion. If the rate decreases by a certain
factor during the first hour it will decrease by the sam®

factor during the second hour, or indeed during any hour,

and the same statement is true if, instead of one houf,
some other time interval is chosen. It is usual to charac-
terise the rate at which a given radioactive substanc®
decays by indicating the so-called half-life, that is, the time
interval in which the counting rate drops to one half.
The half-life of sodium 24 is 15.5 hours; hence in 2x15.5 =
31 hours the counting rate drops by a factor 4, 1f
3 15.5--46.5 hours by a factor 8, and so on.

At this point it is convenient to consider the loganth_m

of the counting rate. If a number decreases by a certain
factor its logarithm decreases by a certain amount. Henc®
the logarithm of the counting rate, in our example, decreases
by a constant amount every hour. If we make a graph“:al
representation of the logarithm of the counting rate as 8
function of time (just as a business manager represents ic
varying rate of sales by a curve) we get a curve Wl}lCh
descends with a constant slope; in other words, a straig t
line.

«
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From the slope of this line, the half-life can be obtained
at a glance, and tHe fact that the line is indeed straight
assures the experimenter that he is dealing with a pure
radioactive sample. If his sample contains a mixture of
two or more active isotopes the line willno longer be straight,
For instance, if sodium is irradiated with fast, rather than
slow, neutrons the activity of the sample is found to drop
very rapidly for the first minute or so, then more slowly
during the next half hour, and finally at a slow rate corres-
ponding again to a half-life of 15.5 hours. If the logarithm
of the counting rate is plotted against time as before one
obtains a curved line (fig. 9). This line can be shown to be a
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“superposition” of three straight lines; in other words,
the sample contains a mixture of three active isotopes,
the half-lives of which turn out to be 40 seconds, 10 minutes
‘and 15.5 hours. If more than three or four radioactive
isotopes are present in a sample, and in particular if their
half-lives are not widely different (as they fortunately are
in the case of sodium) this analysis of the decay curve
becomes very unreliable, and the chemist must be called
in to help.

CHEMICAL SEPARATION. In most cases the radioactive
substances which result from the bombardment of a
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certain element are not all isotopes of the same element.

and can therefore be separated by chemical ‘methods-
One may for instance dissolve the sample and then 2

some reagent which will precipitate one of the elements
in question but not the others. One peculiar difficulty lies
in the fact that although the reagent may form an
insoluble compound with the element which we want to
separate, so little of it is usually created in the nuclear
transformation that no solid grains can be formed which
are big enough to be held back on a filter, and hence 1O
precipitate is formed which can be filtered off. One there-

fore usually adds to the solution a small amount of the .

clement which one is trying to separate, SO that a precipitate

may be formed. This so-called carrier.iS'ordit}ary, nop- -
radioactive material and therefore doés not disturb the

radioactive measurements.

The transformation of uranium by neutrons, which forms

the basis of atomic power, is such a complex superposition
of different processes that for about three years it frustrated
the efforts of scientists in Rome, Paris and Berlin. Clu§ to
the right answer accumulated but were not recognised
Following one of these clues, Hahn and Strassmann in
Berlin fixed their attention on a certain active substan.oe
which resulted from the bombardment of uranium wit

neutrons, and which could be precipitat
as a carrier. This fact did not yet prove that the substanc®
in question was an isotope of barium, for radium behaves
similarly. The crucial experiment Wwas the attempt t0
separate the unknown substance from its barium carriels
an attempt which was unsuccessful while a small amount

of a known radium isotope which had deliberately b're;;

added was indeed ted from the barium carrier. 11

experiment proved conclusively that the unknown active
product was an isotope not of radium but of barium. Since
the barium nucleus has less than two-thirds of the charge

ed with barium .
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of the uranium nucleus, the conclusion that the uranium

‘nucleus, on impact of a neutron, may break intoitwo

pieces of comparable size had become unavoidable and
was indeed soon confirmed by physical experiments. It was
soon found that it is mot SO that one of the fragments
is always a barium nucleus; the uranium nucleus can break
in a variety of ways, and isotopes of more than twenty

elements have been found among the products of nuclear .

fission.

i:' i
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