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A—STATEMENTS BY THE PRIME MINISTER AN MR, ( HURCHILL
ISSUED ON MONDAY, AUGUST 6th, 1945.

Statement, by The Prime Minister.

1. Everybody will have seen ithe important staizinents which have been
made by President Truman and by Mr. Stinison, the United States Secretary
for War, about the atomic bomb. The problems of the release of energy
by atomic fission have been solved and an atomic bomb has been dropped on
Japan by the United States Army Air Force.

2. President Truman and Mr. Stimson have described in their statements
the nature and vast implications of this new discovery. Some account is now
required of the part which this country has played m the remarkable
scientific advances which have now come to fruition. Before the change
of Government Mr. Churchill had prepared the staicment »\hnh follows and
I am now issuing it in the form in which he wrote it.

Statement by Mr. Churchill.

3. By the year 1939 it had become widely recognised among scientists of
many nations that the release of energy by atomic fission was a possibility.
The problems which remained to be solved before this possibility could be
turned into practical achievement were, however, manifold and immense,
and few scientists would at that time have ventured to predict that an atomic
bomb could be ready for use by 1945. Neventhzless, the potentialities of the
project were so great that His Majesty’s Government thought it right that
research should be carried on in spite of the many competing claims on our
scientific manpower. At this stage the research was carried out mainly in
our Universities, principally, Oxford, Cambridge, London (Imperial College),
Liverpool and Birmingham. At the time of the formation of the Coalition
Government, responsibility for co-ordinating the work and pressing it forwand
lay in the Ministry of Aircraft Production, advised by a committee of leading
scientists presided over by Sir George Thomson.

4. At the same time, under the general arrangements then in force for ‘the
pooling of scientific information, there was a full interchange of ideas between
the scientists carrying out this work in the United T\mgdom nad those in the
United States.

5. Such progress was made that by the summer of 1941 Sir George
Thomson’s Committee was able to report that, in their view, there was a
reasonable chance that an atomic bomb could be produced before the end
of the war. At the end of August 1941 Lord Cherwell, whose duty it was
to keep me informed on all these and other technical developments, reported
the substantial progress which was being made. The,gecneral responsibility
for the scientific research carried on under the various-technical committees
lay with the then Lord President of the Council, Sir John Anderson. In
these circumstances (having in mind also the effect of ordinary high-explosive
which we had recently experienced), I referred the matter on August 30, 1941,
to the Chiefs of Staff Committee in the following miute:

““ General Ismay for Chiefs of Staff Commuttee.

Although personally I am quite content with the existing explosives, I
feel we must not stand in the path of improvement, and I therefore think
that action should be taken in the sense propesed by Lord Cherwell, and
that the Cabinet Minister responsible should be Sir John Anderson.

T shall be glad to know what the Chiefz of Staff Committee think.”

The Chiefs of Staff recommended immediate action with the maximum priority.
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6. It was then decided to set up within the Department of Scientific and
Industrial Research a special division to direct the work, and Imperal
Chemical Industries Limited agreed to release Mr. W. A. Akers to take
charge of this Directorate, which we called, fer purposes of secrecy, the
** Directorate of Tube Alloys . After Sir John Andersco had ceased to be
‘Lord President and became Chancellor of the Exchiequer, 1 asked him to
continue to supervise this work, for which he has special gualifications. To
advise him, therc was set up under his chairmanship a Consueltative Council
composed of the President of the Roval Society, the Chairman of the
Scientific Advisory Committee of the Cabinet, the Secretary of the Depart-
ment of Scientific and Industrial Research and Lord Cherwell. The Minister
of Aircraft Production, at that time Lord Brabazon, alsc served on this
Committee. Under the Chairmanship of Mr. Akers there was also a Technical
Committee on which sat the scientists who were directing the «lifferent sections
of the work, and some others. This Committee was criginally composed
of Sir James Chadwick, Professor Peierls, and Drs, Halban, Simon and
Slade. Later it was joined by Sir Charles Darwin and Professors Cockcroft,
Oliphant and Feather. Full use was also made of University and industrial
laboratories.

7. On October 11, 1941, President Roosevelt sent me a leiter suggesting that
any extended effonts on this important matter might usefully be co-ordinated
or even jointly conducted. Accordingly all British and American efforts
_ were joined and a number of British scientists concerned proceeded to the

United States. Apart from these contacts, complete sectecy guarded ali
these activities and mo single person was informed whose work was not
indispensable to progress.

8. By the summer of 1942 this expanded progranune of research had
confirmed with surer and broader foundations the promising forecasts which
had been made a year earlier, and the time had come when a decision must
be made whether or not to proceed with the construction of large-scale pro-
duction plants. Meanwhile it had become apparent from the preliminary
experiments that these plants would have to be on something like the vast
scale described in the American statements which thave been published to-day.

9. ‘Great Britain at this period was fully extended in war production and
we could not afford such grave interference with the current munitions
programmes on which our warlike operations depended. Moreover, Great
Britain was within easy range of German bombers, and the risk of raiders
from the sea or air could not be ignored. The United States however, where
parallel or similar progress had been made, was free from these dangers.
The decision was therefore taken to build the full-scale production plants in
America.

10. In the United States the erection of the immense plants was placed
under the responsibility of Mr. Stimson, United States Secretary of War,
and the American Army administration, whese wonderful work and
marvellous secrecy cannot be sufficiently admired. The main practical
effort and virtually the whole of its prodigious cost now fell upon
the United States authorities, who were assisted by a number of British
scientists. The relationship of the British and American contributions was
regulated by discussion between the late President Roosevelt and myself,
and a ‘Combined Policy Committee was set up.

11. The Canadian Government, whose contribution wwas most valuable,
provided both indispensable raw matenial for the project as a whole and also
necessary facilities for the work ot one section of the project which has been
carried ont in Canada by the three Governments in partnership.

Nrp et
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2. The following official statement has been prepared to fulfil a similar
purpose in this country. It begins with a very brief account of the out-
standing discoveries in that branch of physics. known as ‘‘ nuclear ”* physics,
which by the year 1939 had led scientists to the Lelier that it should be
possible to find a way of releasing atomic energy on a siganificant scale and
under controlled conditions. It will be seen that scieniisis of many countries
shared in this development and that the contribution of Pritish laboratories
was outstanding.

3. There follows an account of the examinaticn cf the problem in this
country from the beginning of 1940 to the middle of 1g41, when a scientific
committee reported that there was a good chance tnat atomic bombs could
be produced in time for use in the war. The next section of the statement
deals with the organisation of the work in this country and with the scope
of the research programmes undertaken. Reference is made to the inter-
change of information with the corresponding U.S. organisation and to the
decision, already referred to in the Prime Minister's statement, that full-scale
plants for the production of atomic bombs should be bLuilt not in this country
but in U.S.A. There is a short reference to the decision to transfer to
Canada one section of the work. This was at first a joint Anglo-Canadian
project but became later, with the co-operation of the U.S. Government, a
tri-partite enterprise.

4. In the Prime Minister’s statement there is a reference to the setting up in
Washington, after discussions between President Roosevelt and Mr. Churchill,
of a Cembined Policy Committee. This committee acrepted certain recom-
mendations from its scientific advisers for a closer integration of the scientific
work, which involved the transfer to U.S.A. and Canada of many of the
scientists working on this project in the U.K. The present statement ends
with a note on the effect of this on the British programmes.

5. This statement’is intended to be read in conjunction with the American
and Canadian statements. It is, therefore, confined as far as possible to work
in the U.K. and to the share taken by British scientists in the American and
Canadian projects.” Consequently no reference is made to the gigantic scale
of the American scientific and technical effort the successful outcome of which
constitutes, as Mr. Churchill has already said, one of the greatest triumphs of
human genius of which there is record.

II. HISTORICAL SURVEY.

6. The discovery of the fission of uranium and its application in the atomic
bomb is no isolated event but follows a series of discoveries which, since the
end of last century, have been the basis of the modern science of physics.
This work has been done in many countries and is the result of full and free
collaboration between scientists, among whom thoce working in Britain have
played a most important part. .

#7. Classical ideas on the nature and propertids of matter culminated in the
atomic theory of the nineteenth century. It was accepted that all matter was
made up of discrete, indestructible particles or atcms, which were classified
into g2 different species or elements. From the atoms of one or more of
these elements all the different chemical compounds that exist in nature are
built up. But it was regarded as a cardinal point that the atoms of any one
element could in no way be changed or converted intc those of another,

(@) Radio-Activsty.

8. The fundamental break with this theory occurred when the French
physicist . Becquerel, in 1896, discovered that one of the elements—uranium
—was continuously emitting radiation of an mmknown type which could |
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appreciably their relative concentration. We must take recourse to pro-
cesses which depend on the nuclear mass of the atoms, making use of the
difference in mass between isotopes. This difference is usually only a small
fraction of the total mass. Moreover, while some of these methods, such
as that used in the mass-spectrograph, are not difficult to apply, they can
ordirarily deal only with very small quantities of material, too small to be of
much practical use. In 1932 Urey and Brickwedde of Columbia University,
New York, showed that hydrogen itself is not a simple element but contains
a small amount (about 1/5000) of an isotope known as ‘‘ heavy hydrogen *’
or deuterium which has almost double the mass of a proton. Because, in
this case, the ratio of the masses of the isotopes is as two to one the physical
and chemical properties of hydrogen and deuterium are sensibly different and
it was found possible to separate them, in a pure state, in large amounts by
normal technical methods.

14. The atoms of nearly all the elements are stable and it is only in the
case of the radio-active elements that spontaneous disintegration of the
nucleus takes place. Although it was known that, when this occurred, energy
was released, atom for atom, on a scale incomparably greater than that con-
nected with any known chemical reaction, it was recognised to be of no
practical use because the rate of decay can in no way be influenced and it was
obvious that any hope of understanding the conditions which might make such
influence possible would depend on an understanding of the structure of the

atomic nucleus.

(b) Artificial disintegration of atowms

15. The first decisive step in the solution of this problem was taken by
Rutherford who, in 1019, showed experimentally that the charged alpha
particles from radium -C could, in rare instances, collide with the nucleus of
an atom of the common element nitrogen in such a way that it broke up
and, as a result of the collision, the nuclei of two other atomic species or
elements (oxygen and hydrogen) were formed.

16. While the discovery of radio-activity had shown that some of the
elements could, spontaneously, break up to form other elements Rutherford
had now shown that the particles emitted in this process could be used to
break up, or transmute, the atoms of other elements which were normally
stable.

17. This development was pursued in the following years by Rutherford and
Chadwick, who found that many other light elements could be transmuted
in a similar way. In each case a proton was ejected, and generally the
process of transmutation was accompanied by the release of a considerable
amount of energy. It thus appeared that the proton was a common con-
stituent of atomic nuclei and one of the fundamental particles of which
matter is built up. Moreover, the release of energy in these processes was
a further indication of the store of energy resideljt in atomic nuclei.

18. In parallel with this development, Rutherford, with Chadwick and
other eolleagues and students of the Cavendish Laboratory, attacked many
other questions concerning the properties of atomic nuclei and their structure,
laying the experimental foundations of a whole new branch of physics, now
known as nuclear physics, arising from Rutherford’s discoveries, first of the
nature of the phenomenon of natura] radioactivity; secondly, of the existence
of the atomic nucleus; and thirdly, that some nuclei could be transmuted by
bombardment with alpha particles.

1g. A further very important step was taken here in 1932 when Cockroft
and Walton carried out an experiment in which hydrogen nuclei, produced
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artificially in an electric discharge and accelerated to a high velocity by

means of an applied voltage, were used to bombard another stable element, |

lithium. The atoms of this element were found to disintegrate, and trans-
mutafion, the dream of the alchemists, had been achiev:d in a completely
controlled laboratory experiment.

20. In this transmutation, and in others which followed this new discovery,
the release of energy was enormous for such a minute event as a reaction
involving a single nucleus. Nevertheless, the number of nuglear reactions was
so small that the amount of energy generated by the reaction was extremely
small compared with the total input of energy used to produce the bombard-
ing particles. The practical value of these nuclear reactions as a source of
energy was still completely negligible, :

21. The reason is not far to seek; not only are these nuclear reactions very
rare events, but the reactions are not self-propagating. This is quite different
from the chemical reactions with which we are familiar in our daily life,
such as the combustion of coal or oil. Once started, these propagate
themselves and the reactions develop and spread, involving the whole
bulk of material: thus the lighting of a fire releases enough heat to ignite
the neighbouring fuel, which in turn relcases more heat to ignite more
fuel, and so on. This is not the case for the nuclear reactions which have
so far been mentioned; the particles which are formed in them are insufficient
to affect neighbouring nuclei so as to maintain the reaction and propagate
it. It is clear that if we wish to tap the hidden reserves of energy in atomic
nuclei and put them to practical use we must find a reaction which can proga-
gate itself; for example, a reaction in which particles are emitted of the same
kind that initiated it and in sufficient numbers to affect neighbouring nuclei,
which in their turn emit new particles to react with other nuclei, thus begin-
ning a chain-reaction which spreads through the whole mass.

2z. It is convenient at this point to consider the form of this reserve of
energy in atomic nuclei. As long ago as 1go5 Einstein showed that, accord-
ing to the theory of relativity, there is no essential difference between mass
and energy, but that energy has mass and mass represents energy. For
many years the proof that energy and mass were equivalent depended on
indirect, although conclusive, evidence. The reason for this lack of imme-
diate evidence is the extreme size of the ratio between mass and energy. A
very small mass corresponds to a very large amount of energy. For example,
a mass of one ounce transformed entirely into heat energy would be sufficient
to convert nearly a million tons of water into steam. The fantastic size of
the figure for conversion of mass to energy explains why a loss of mass
has never been observed in ordinary chemical processes; the heat given off
in combustion has, we believe, mass associated with it, but its amount is so
small that it cannot be detected by the most sensitive balance.

z3. Very striking and direct evidence for the equivalence of mass and
energy was furnished by the experiments on the artificial transmutation of
atoms. It was shown that in these nuclear reactions a release of energy was
always accompanied by a decrease of mass and that the equivalence between
mass and encrgy was exactly as predicted by Einstein. It thus appears
that in these nuclear reactions matter is being partially converted into energy
and that the reserve of energy of the atomic nucleus is hidden in the most
obvious place, its own mass. There is therefore a store of energy resident
n matter which is enormously greater than that available to us from any
known chemical process. Tt is clear that since no such extraordinary sources
are known on this earth there can be no appreciable conversion of matter into
energy. On the other hand, it is now generally accepted that it is this
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store of energy in matter itself which rpaintains the heat of the sun and
of other stars, through a cycle of nuciear charges in which matter is converted
into energy.

24. In the newly-discovered reactions, involving atornic nuclei rather than
the outer screen of electrons, there was an enommous release of energy of this
type for each atom that was successfully bombarded. The scientific importance
of the results was immense but the apparent practical value was still negligible
because only one successful collision could be obtained in many thousands
and the total input of energy in producing the bombarding particles was
far greater than the energy release irom the very few successful collisions.

25. This low efficiency is, in part, due to the very small size of the nucleus
compared with that of the atom as a whole. The massive central nucleus of an
atom, with its surrounding cloud of electrons, has often been compared with
the sun in the planetary system and a direct coliision between the bombarding
particle and the nucleus, which would be needed to break up the latter, is
an inherently improbable event. But when both the nucleus and the bom-
barding particle are positively charged there will be a force of repulsion
between them which will greatly lessen the chance of a direct collision. Only
particles of very high energy can overcome this force and nearly all the
bombarding particles will lose their energy in collisions with the electrons
surrounding the atomic nuclei before they have a chance of reaching the
nucleus itself.

(c) Discovery of the Neutron

26. In 1932 Chadwick, working in the Cavendish laboratory, made a dis-
covery of fundamental importance. The observation was first made by Bothe
and Becker in Germany that, when the element beryllium was bombarded with
the alpha-particles emitted by polonium—a natural radio-active element—a
very penetrating radiation was emitted. Joliot and his wife, Irene Curie-
Joliot, in Paris, carried these observations further and finally, as a result of
detailed measurements of the masses and energies of recoil particles, Chadwick
was able to prove that this apparent radiation consisted of fundamental
particles which had a mass almost the same as that of a proton, but had no
electric charge. These new-found particles were called ‘‘ neutrons ’’ and it
was at once realised that they, together with protons, were likely to be the
ultimate constituents of the nuclei of atoms of all elements. The nucleus of
any atom could be built up from the number of protons required to give the
observed positive electric charge together with the additional number of
neutrons to bring the nuclear mass up to the observed value.

27. The discovery of the neutron was, however, of even greater practical
importance in that its lack of electric charge made it an ideal projectile for
carrying out nuclear transformations.  The use of neutrons as a means of
exploring the structure and reactions of atomic nuclei was taken up vigorously
in physics laboratories throughout the world. Netron sources could be made
either by mixing radium or polonium with beryllium so as to take advantage of
the nuclear reaction already mentioned or by the use of an instrument, known
as the ““ cyclotron,”” which had been developed by E. O. Lawrence of the
University of California, Berkeley. This instrument has been of very great
value in the production of high-energy beams of charged atoms or nuclei and
many nuclear reactions, which could be carried out with such beams, were
found to produce neutrons,

28. In the meantime an important contribution to the rapid advance in
the new science of nuclear physics was made by Joliot and Mme. Irene Curie-
Joliot who, in 1933, showed that certain eJements, which are normally stable,
undergo nuclear reactions when bombarded by alpha-rays and yield new

]
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atomic nuclei which are isotopes of known elements but which are not stable
and decay in the way characteristic of the natural radio-active elements. This
decay was associated with the emission of ' beta-rays’ which, since the
early work on radio-activity, had been recognised as being negatively charged

electrons whose mass is negligible compared with those of cither the proton

" or the neutron. In any radio-active series the emission of au electron, while

leaving the atomic mass number unchanged, resuits in the increase, by one
unit, in the net positive charge of the nucleus.

29. In 1934 E. Fermi, and the school of physicists then working with him
at Rome, began an intensive study of the reactions produced when the nuclei
of all atomic species were subjected to neutron bombardinent. 1n the course
of this work the heaviest known elements were examined and, in particular,
uranium-—with the atomic number g2-—was subjected to neutron bombard-
ment. The results of this work showed that new isoctopes were formed which.
were unstable and were subject to radio-active decay. Tt therefore seemed
that, by bombardment of the heaviest known atom with neutrons, it was
possible to produce in the laboratory atoms of higher atomic number, 93 and
upwards, than were found in nature.

30. Further experimental work, however, led to certain difficulties in this
explanation and it was found to be impossible to account for the existence,
in the normal arrangement of atomic species, of the very large number of so-
called ‘* trans-uranium ’ elements that were discovered. At this time it was
generally accepted that these new elements were all, in fact, of higher atomic
number than uranium and elaborate chemical tests had proved that they
certainly could not be identified with any of the elements immediately below
uranium in atomic number or weight.

(d) Discovery of Fission

- 31. Professor O. Hahn and Dr. Strassmann in Berlin became interested in
this problem at the end of 1938 and, from the particular point of view of their
chemical nature, carefully re-examined the new elements. In January, 1939,
they published a most important paper in which they reported positive
chemical evidence to show that one, at least, of the new isotopes which were
believed to be of higher atomic number and mass than uranium was, in fact,
an isotope of the element barium which has an atomic number and mass
not very different from half that of uranium.

32. Immediately afterwards Dr. O. Frisch and Professor Lise Meitner pointed
out that this discovery could only mean that, when uranium was bombarded
by neutrons, a nuclear reaction took place of a kind utterly different from any
so far studied and that the uranium nucleus split into two parts of roughly
equal mass. This phenomenon, for which they proposed the name ‘‘ nuclear
fission,”” could be explained in terms of the theory of nuclear reactions which
had been developed by Professor Bohr in the preceding years. They also
pointed out that the fragments of the uranium nucleus would fly apart with
great energy and this predlctlon was given a direct prool by experiments
carried out by Dr. Frisch in Copenhagen. Confirmation of the reality of the
fission process with uranium, and of the great energy released which accom-
panied it, was obtained by Professor Joliot in Paris independently (and at
nearly the same time) and by other physicists throughout the world as soon
as the original work was known to them.

33. Very shortly afterwards, in the spring of 1939, Professor Joliot and his
collaborators Drs. Halban and Kowarski gave an experimental proof of the
additional fact, which was expected on theoretical grounds, that when the
fission of uranium tales place a number of free neutrons is also produced.
Their first experiments showed this number tc be about 3. Experiments







13

38. It is relevant, at this point, to refer to a dirfvrent phenomenon shown
by the U.238 isotope when bombarded by ceutrons of one rather narrowly
defined energy value which is intermediate betwecen the very high energy
required to cause fission of this isotope and the very low energy which is most
effective in causing fission of U.235. Neutrons which have this sc-called
‘“ resonance *’ energy are very strongly abscrbed by the U.z23% nucleus but
fission does not follow. Instead the new nucleus, which now has a mass
number 239, emits two electrons in successive steps and is thereby converted
first to an isotope of an element with atomic number 93 (for which the name
““ neptunium *’ has been suggested) and then to one of an element with atomic
number ¢g4. This latter has, provisionally, been named ‘‘ plutonivun *’ and
the isotope formed from U.238 after resonance capture of a neatron may be
represented by the symbol Pu.239.. Neptunium and plutonium are true
" trans-uranium *’ elements, of the type suggesied by Fermi, and are not
found in nature. Of the two, Pu.239 is of particular interest in connection
with the general problem of fission and the release of atomic energy. because
it could be expected, from the Bohr-Wheeier theory, to show the same sort
of properties as U.235 and to be capable of undergoing fission with the
greatest ease when bombarded by neutrons of very low energy.

39. Reference must also be made to the fact that the three nuclear species
U.235, U.238 and Pu.239 are not the only ones that can undergo fission.
The two elements next below uranium in the atomic series were also shown
to have this same property. Thorium, with atomic number 9o and consisting
of one isotope only of atomic mass 232, behaves in the same way as U.233
and fission can only be brought about when the bombarding neutrons have
very high energy. The very rare radio-active element protactinium, with
atomic number g1 and atomic mass 231, behaves, as regards fission, in a
manner intermediate between U.235 and U.238. These facts, again, are all
explicable in terms of the Bohr-Wheeler theory which enumerates certain
general rules covering the behaviour to be expected with regard to fission of
any heavy nucleus, known or unknown.

(e) Chain reaction and the Atomic Bomb

40. The foregoing survey of the development of atomic and nuclear physics,
through necessarily brief and incomplete, has traced the growth of the idea
that there are enormous reserves of energy in all matter; that these are of a
nature quite different from those involved in chemical processes, such as the
burning of coal or oil or the detonation of T.N.T. or other explosives, and
that the nuclear reactions by which they are released are more comparable to
those occurring in the sun or stars or in the natural radio-active elements
found on the earth.

41. While this idea has been formed and steadily strengthened since the
discovery of the phenomenon of radio-acitivity at the end of last century it is
only since the discovery, reported at the beginning of 1939, of the special
phenomenon of fission that a way has been clearly seen by which this atomic
or nuclear energy in matter could be released, controlled and put t¢ use by
man.

42. In recent years the enormous effort expended on the solution of this
problem, practically all of which has been borne by the U.S.A., has been
concentrated on the development of an atomic borub. Censiaerations of
security make it impossible to disclose many of the details of this work but,
in what follows, some indication is given of the share in it which has been
carried out in Britain. Before doing this, however, it may be worth sum-
marising the nature of the problems relating to the use of fission, either to
produce a violent explosion or to liberate atomic energy under controlled con-
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increase more rapidly with size than the loss by escape, which is a surface
effect. It follows that if the explosion is possible it will require a certain mini-
mum amount of material, which is called the critical size. The chain reaction
will develop so fully that an explosion occurs only if the quantity of Uz35
is greater than this critical amount. Quantities less than this are quite stable
and perfectly safe. On the other hand, if the amount of material exceeds the
critical size it is unstable and a reaction will develop and multiply itself with
enormous rapidity, resulting in an explosion of unprecedented violence. Thus
all that is necessary to detonate a bomb of U235 is to bring together two pieces
each less than the critical size but which when in contact form an amount
exceeding it.

46. If an appreciable fraction of the atoms in a mass of U235 undergo fission
within a very short time the amount of energy liberated will be sc great that
the mass will attain a temperature of many million degrees and a pressure
of many millions of atmospheres. It will consequently expand with very
great rapidity. As the density of the mass decreases the neutrons can escape
more easily from it, and the chain reaction will come to an end. In order
to release an appreciable fraction of the available energy, it is therefore
necessary that the reaction should develop so rapidly that a substantial part
of the material can react before the system has time to fly apart. The
neutrons produced in the fission process are fast enough to fulfil this con-
dition (but not if they are slowed down by artificial means as mentioned in
the paragraphs above). .

47. The interval of time between the beginning and the end of the nuclear
reaction is exceedingly brief. In this interval the mass will have expanded
so much that the nuclear reaction breaks off, owing to the escape of neutrons.
During this interval a substantial part of the mass of U235 should undergo
fission, releasing a large amount of energy. If only one pound of Uz35
is affected this release of energy will be as much as from 8ooo tons of T.N.T.

I1I. TuE REALISATION OF THE AToMIC BoMmB. BRITISH ACTIVITIES AND
ORGANISATION

(a) Professor Sir George Thomson’s Commuttee.

48. A committee of scientists, with Professor Sir George Thomson as chair-
man, was set up in April, 1940, originally under the Air Ministry and later
under the Ministry of Aircraft Production. This committee was instructed to
examine the whole problem, to co-ordinate work in progress and to report, as
soon as possible, whether the possibilities of producing atomic bombs during
this war, and their military effect, were sufficient to justify the necessary
diversion of effort for this purpose.

49. The first step to be taken was to establish the nuclear data on which
depended ‘the possibility of an atomic bomb and which determined its size.
This work had already begun at Liverpool early in 1940 under Professor Sir
James Chadwick and it was now pushed on more rapidly with Drs. Frisch
and Rotblat as his senior collaborators. As the work developed and further
problems appeared, it was extended to the Cavendish Laboratory, Cambridge,
under Drs. Feather and Bretscher. This also had the advantage of providing
an insurance against possible interruption from the effects of enemy bombing,
to which the Liverpool laboratory was somewhat exposed. The many
theoretical aspects of the problem were investigated by Professor Peierls,
assisted by Dr. Fuchs and others. They used the experimental data provided
by Liverpool and Cambridge to caloulate the critical size of the bomb, they
examined the mechanics of the reaction, and calculated the amount of energy
likely to be released in an atomic explosion, studying the conditions for
increasing the amount.
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diffusion method, and research and development on scme aspects had shown
considerable promise. A scheme had been put forward by Dr. Simaon and
Professor Peterls which had proceeded to the first stage of desigi. Leading
experts of industrial firms had been consulted who had agreed thul it should
be possible to build a satisfactory plant, although difficulties were to be
anticipated. Estimates were given for the cost of a plant to provide adequate
quantities of U.235 and for the time required to build it.

54. In short, the Committee was completely convinced that an atomic bomb

.~depending on the fission of U.235 was feasible and that its effect would be

comparable with that of some thousands of tons of T.N.T. and that a method
of separation of U.235 from ordinary uraninm could be realised on a large
scale, so that sufficient quantities of the material could be obtained.
Admittedly, a great deal of work remained to be done on all aspects of the
project. More precise nuclear data were required so that, for example, the
critical size could be estimated with better precision; sorae points needed
confirmation; methods of assembly and of fuzing of the material had to be
thoroughly examined. The main problem, however, was the design and
construction of a plant for the production of the material, and this most essen-
tial part of the project was only in its early stages.

55. A different but important aspect of the application of the fission of
uranjum was also reviewed by the Committee. This was the possibility,
mentioned in a previous section of this statement, of finding conditions under
which a mixture of uranium and some suitable ‘‘ slowing-down ’’ medium
might give a neutron chain reaction i which the release of energy was obtained
in a controlled way. This work was being carried out at Cambridge by
Drs. Halban and Kowarski.

These two French physicists had been sent by Professor Joliot to this
country at the time of the fall of France in June 1gqo.  They brought
with them the 165 litres of ‘‘ heavy-water ’—practically the whole world
stock of this material—which the French Government had bought from the
Norsk Hydro Company just before the invasion of Norway. Drs.
Halban and Kowarski were instructed by Professor Joliot to make every
effort to get in England the necessary facilities to enable them to carry out,
with the co-operation of the British Govermment, and in the joint interest
of the Allies, a crucial experiment which had been planned in Paris and for
which the ‘“ heavy-water ©” had been acquired. Facilities were provided at
the Cavendish Laboratory, Cambridge, and, by December, 1940, they pro-
duced strong evidence that, in a system composed of uranium oxide (as
actually used) or uranium. metal with ‘‘ heavy-water ”’ as the slowing-down
medium, a divergent slow neutron fission chain reaction would be realised
if the system were of sufficient size. It seemed likely that, if uranium metal
were used, this critical size would involve not more than a few tons of
‘* heavy-water . ‘

56. The Committee concluded that this work had great potential interest
for power production but that this particular application was not likely to be
developed in time for use in the war. It was, however, recognised that the
slow neutron work had a bearing on the military project, for the plutonium
which would be produced in such a system could be extracted chemically and
might be capable of use in an atomic bomb instead of U.235." The difficulties
in the way of building a slow neutron system seemed to be prohibitive at
that time. In order to produce the quantities of plutonium which it was
guessed, from analogy with U.235, might be required for a bomb, many
tons of uranium and many tons of heavy water would have been necessary.
The latter particularly would have demanded a major industrial effort.

























WARTIME INFORMATION BOARD (CANATM)
J205 Fifteenth Street, Horthwest,
HASHINGICN 5, De C. August ¢ oy 1945,

STATEMCNT BY THE HOMCURABLE
C. D. HOWE, CANADIAN MINISTER
OF MUNITIONS AND SUFPLY .

The President of the United States has just amnounced that t e Jrmud
Forces of his country have dropped the first atomic bomb on Japan and woub
a single stroke destroyed a large part of Hiroshima,

2, This statement is pregnant with significance and widlu it will tuolo.
some time properly to assess its full implications it is probablu tiat 3¢ will
go down in history as one of the most important scicntific end militery announce~
ments ever made by the head of & great nation,

3 The real significarce doos nol lie in the fact that this now bomb as
accnmp]i hod &n almost iner-dible feat of destructi’m, importsnt as thei e
may bes its significange is that this bemb il & siga which all can ap, dote
that the basic problems of the 1 ‘se of encr y by atomie fission have buen
solved, and that the unbellevabl; - rge cmount: of cnirgy which seicntists have
long believed to be associated with maticr can r:r Lo made availrrle.

ba The fuet that scinuists and engine.rs have succeeded ir rel.:sin
this cnorgy on a practieal seule ushers in, as the President has ciid, “a noi
ere in mants understanding of miturcls forccs®, Th first a,pli ¢« tion of this
now scource of encrgy has been for purpescs of war but not &1l ite uses are ics=-
tructive and we may justifiably oxpuct notable devclopments alon: the wilis of

peace, Thest industrisl applications will require many ycars of re and
development before they ome into geniral use,

Se It is a particular pleasurc for mc to amnounco that Canadicn sei. ntists
and Coradian institutions have playid an intimte pert and have bion csroeint.d

in an offuetive way with this groad seientific davelopment,

6. While the strietly Cans idan offert cannot be compsred, i
personncl involved or monics spont, with the truly otupirdous of
Unitcd Status bas modu, nuverthe Canzdian selentists and
operation with distinguished workers from Britain amd Amcrice.
part tial guarantecs us a front line position in the sciweifis
1i-c ahead.

a

7. There 1s in Cunade today under the wdministre
Reocarch Council by far the larg.st ard most dintingy
workera vver scsumbled within ou- borders, In ont Nutin ;
laboratory in Neatroal thers is u otaff of alout 35U - the 1ot

sci.nuists numbr » meny infcrretiorally b
of tho staff ar- nosent hioee o
ment and include a fcu a g i f‘r res o ceiontists. 1o .d
sizcable seiuntific gr.oups werkir- in th Divisions of Chemictry,
Enginccring of the Nationul Rescorch Ceunell at Ot
Iaboratorics of the Department of idn.s and Res .o s, Ottuva, and iar

problims ar: bcing workcd on at leMuster, Toronto, and #eGill Univeresi

The other undversitics have co-op.roted in lending important m mb.rs cf Lmu'
staff apd the Undiversity of Monmtr.r1 bas made valuntle spacce availsole For the
laboratory I have mcntioneds

ol

8, Camada has also undertsken, as part of Lhe co=opurative cffcih, {c
build a pilot plant for thc purposc of investiguting one of the metuocs of
mking matcrisl which is roquired for the atomie bomb, and 10,000 acris ...
of tho Potawawa Militury Camp wer: oxpropriat.d and t.h\, ncecssary ind
facilitics, townsitc and laberatories arc ncaring ecomplction,

9. As part of the ovorall cntorprisc and in order to guuriatoc 2
Government supply of urenium, which is the raw material on whiol
of poucr at proscnt deponds, the Government, with the knoLdg: und ©, ov.]
of the Governments of the United Kingdom and of the United Stut -, tecs ovur
the Elderado Mining and Refining Cempany. The Govermment alse trok o ¢ %
providc for nu# surveys and cxplorations in scarch of wranium or z. . -
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m:nts wery made with most of the provinces te the end that @it =
uranium might be obtained for the Crown and ultimutely us.l under e
arrangenents are made for contrellling the releesc of atomlie energy in the
interosts of mankind,

10, Steps have been taken by the throe Govermments concorrn..l to o o=
guard the patent position by acquiring tbe rights to any invmtmm’md« in
this ficld by their persorncl crgaged on the work and by other apprcpriat,
MULSUTCS

Canada h:g buun sscsoeciat-d with scicntifie devel rment il ’
:1d since the days when Rutherford madc his first discover: .t leGil™
University. Until reeently scicntific eetivitiss were confiiid to tw sork
of individwl university profossc: t and somc small scale oxperiments at the
Natiomal Research Council in 1940, "ut our scicniiste had followed ihe -ork
donc in Europe, where the phenomenon of fission wns discowrud in 193y, and
the subscquent dovelopments which took place in ma.y different cowmil o,

12, Yihen it beeame apparent thet the produstion of & bomb for ws  in
the prosent wer wis o distinet possibility if cufficicnt offort ceuld e
focusied on the problem, the U,S, authoritiss deedded o put for*.. - ncir wimcst
cndéaveurs, snd the mignitude and effectivencss of their ~iforts during

the last three yoars hea beor almost wnbelicable.

13, The British, who lrd tuk:on an active and lcading part in the ro-
scarch from th. buginning ard worc in close contact with the corrusponaing
rescarch being donc in Amcrica, proposcd towsrds the ond of 1942 thrt onc
importent scetion of the work should be carricd on in Camd: as o joint
cnterprisc,  &n agrecment wes mede wheriby a rescarch labor:tory .as orsuns=
isud under the administration of the Metionel Rescarch Council, and,
alr..dy stated, a lerge and distinguishud group of British and Craud
scicntists heve been operating in Montreal for the past two end a Wlf jo.rs.

Lo By 1943 progresc had boun so micecssful that it beenme probablo o
bomb could be producced and during thut summer the three pertrner Governpents
the United States, the Undted Kingdom and Canada, regarding the clo
operation to bu in the inturests of the Allied Powcrs, agrucd )
work should be more intimatcdy irtegrated, and & ComL:m d lt:1 1y Cer:
was sct up under the chuirm.rsnip of Scerctary
goneral supervision of the joint . flurt of the
Honoureble Mr, C.D. 'lowe nam.d 15 Cenada!s roproc. on this
committee, A joint tSehni suberm:ittee, en.sicting cf Sir Jarnu: Chad~-
wick of England, Mejor Genuvel I. 7. Grom s or the U, 8., !m ellent
of the Betionnl Rescarch Covneil f Camcaw, ap, nirtea Loow i
cibilitics for the sciontific pelicy of the prej ot 2
o jolnt Unitud States, United Ringdom, Camdian ;r <oct with
for onc phaso of the overall prejeet, Steps were ohin tok b
construect the pilot plant mention d abowe, The Neticnal R
stefT me mede prosponsible fer t!. basie dosien dut., Dot
Lidted wnicTteck the ¢ 1 cnwire ring or o oo foo Banis, ad L
Bracce Compuny were am ructicn eontract: the wewk !
at a repid rate and the plont n.1ing operction,

AN

15, It hus been noecowa: to take cxtraordin
and while we are anxicus to give the jeople all po:
obvlous that until som. aprropriate metheds erc devised townirei thi- r o
source of enurgy that hus bien developed it vill aot be possibl. to diy
the toehnieal proccgsus of production or of military applieatlon,

16, The President bas announced that ho will meke
Corgr.cs as to how futurc control of production .rd is- N
may be achicved and the Canndian Governmert hns oimil studiL" under @
and will be preparcd to cnter into egrocments to thit ond,

17, The intornaticnal egspeet of this new dov\,lrpm(,nh, gt
po.,s:.bilztiw boti of good and cvil, will be forcmest in t it e
and it is to b hoped that som. moans will be found to usc 1\' e i fit
of mankind, not for our destruction, but for the maintcmance of .oice.

18, I hawe given only a gonural review of Carsdals yer
most slgrdficant cciintific dovelormunt, I w uld like to o .
that quito upert frou the silito= and pelitie~l aspie~c we conoali, Tt
take pride in the faet thot for - firct tim sizeable greup of G
scientists under the suspic & ¢f ¢ Cumndian & Stution heve be.o. t
engagud in the pioncoring phasuo of wint may well preve to bo on
major scientific advences ir aistory.
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FOREWORD
P s

The story of the development of the atomic bomb by the combined
efforts of many groups in the United States is a fascinmating but highly
technical account of an enormous enterprise. Obviously military security
prevents this story from being told in full at this time. However,
there is no reason why the administrative history of the Atomic Bomb pro-
Ject and the basic scientific knowledge on which the several developments
were based should not be available now to the general public. To this
end this account by Professor H. D. Smyth is presented.

All pertinent scientific information which can be relsased to
the public at this time without violating the needs of national security
is contained in this volume. No requests for additlonal information
should be made to private persons or organizations associated directly
or indirectly with the projJect. Persons disclosing or securing additional
information by any means whatsoever withﬁut authorization are subject to
severe penalties under the Espionage Act. |

. The success of the development is due to the many thousands of
scientists, engineers, worlkmen and administrators - both civilian and
military - whose prolonged labor, silent perseverance, and whole-hearted
cooperation have made possible the unprecedented technical accomplishments

here describsed.

L. R. Groves
Major General, USA

War Department .
Washington, D. C.

~ August 1945



PREFACE

The ultimate responsibility for our nation's policy rests
on its citizens and they can discharge such responsibilities wisely
only if they are informed. The average citizen cannot be expected
to understand clearly how an atomic bomb is constructed or how it
works but there is in this count:y a substantial group of engineers
and scientific men who can understand such things and who can ex-
plain the potsntialities of atomic bombs to thgir fellow citizens.
- The present report is written for this professional group and is a
matter-of-fact, general account of work in the United States since
1939 aimed at the production of such bombs. It is neither a
documented official history nor a technical treatise for experts.
Secrecy requirements have affected both the detailed conteﬁt and
general emphasis so that many interesting developments have been
omitted. |

References to British and Canadian work are not intended
to be complete since this is written from the point of view of the

activities in this country.
The writer hopes that this account is substantially

accurate, thanks to cooperation from all groups in the project;

he takes full responsibility for such errors as may occur.

H. D. Smyth

July 1, 1945
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CHAPTER I

INTRODUCTION

l.1. The purpose of this report is to describe the scientific
technical developments in this country since 1940 directed toward the mi:
tary use of energy from atomlc nuclei. Although not written as a "popul:
account of the subject, this report is intended to be intelligible to
scientists and engineers generally and to other college graduates with a
good grounding in physics and chemistry. The equivalence of mass and ene
is chosen as the guiding principle in the presentation of the background
material of the "Introduction".

The Conservation of Mass and ofj_:hem

1.2. There are two principles that have been cornerstones of t
structure of modern science. The first -- that matter can be neither
created nor destroyed but only altered in form -- was enunciated in the
eighteenth century and is familiar to every student of chemistry; it has
to the principle known as the law of conservation of mass. The second -
that energy can be neither created nor destroysd but only altered in form
emerged in the nineteenth century and has ever since been the plague of i
ventors of perpetual-motion machines; it is known as the law of conservat

of energy.

1.3. These two principles have constantly guided and disciplin
the development and application of science. For all practical purposes t
were unaltered and separate until some five yesars ago. For most practica
purposes they are still so, but it is now known that they are, in fact, t
phases of a single principle for we have discovered that energy may some-
times be converted into matter and matter into energy. Specifically, suc
a conversion is observed in the phenomenon of nuclear fission of uranium,
process in which atomic nuclei split into fragments with the release of a
enormous amount of energy. The military use of this energy has been the
object of the research and production projects described in this report.

he Equivalence of Mass and Ensrgy

P ———

l.4. One conclusion that appeared rather early in the developm
of the thecry of relativity was that the inertial mass of a moving body i
creased as its speed increased. This implied an equivalence between an i
crease in energy of motion of a body, that is, its kinetic energy, and an
increase in its mass. To most practical physicists and engineers this
appeared a mathematical fiction of no practical importance. Even Einstei:

"
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could hardly have foreseen the present applications, but as early as 1905 he
did clearly state that mass and energy were equivalent and suggested that
proof of this equivalence might be found by the study of radioactive sub-
stances. He concluded that the amount of energy, E, equivalent to a mass,
m, was given by the equation

E = me?

where ¢ is the velocity of light. If this is stated in actual numbers, its
startling character is apparent. It shows that one kilogram (2.2 pounds) of
matter, if converted entirely into energy, would give 25 billion kilowatt
.hours of energy. This is equal to the energy that would be generated by the
total electric power industry in the United States (as of 1939) running for
approximately two months. Compare this fantastic figure with the 8.5 kilo-
watt hours of heat energy which may be produced by burning an equal amount
of coal.

1.5. The extreme size of this conversion figure was interesting in
several respects. In the first place, it explained why the equivalence of
mass and energy was never observed in ordinary chemical combustion. We now
belisve that the heat given off in such a combustion has mass associated with
it, but this mass is so small that it cannot be detected by the most sensi-
tive balances available. (It is of the order of a few billionths of a gram
per mole.) In the second place, it was made clear that no appreciable
quantities of matter were being converted into ensrgy in any familiar ter-

" restrial processes, since no such large sources of energy were known.
Further, the possibility of initiating or controlling such a conversion in
any practical way seemed very remote. Finally, the very size of the con-
version factor opened a magnificent field of speculation to philosophers,
physicists, engineers, and comic-strip artists. For twenty-five years such
speculation was unsupported by direct experimental evidence, but beginning
about 1930 such evidence began to appear in rapidly increasing quantity.
Before discussing such evidence and the practical partial conversion of
matter into energy that is our main theme, we shall review the foundations
of atomic and nuclear physics. General familiarity with the atomic nature
of matter and with the existence of electrons is assumed. Our treatment will
be little more than an outline which may be elaborated by reference to books
such as Pollard and Davidson's Applied Nuclear Physics and Stranathan's The
Particles of Nuclear Physics.

Radioactivity and Atomic Structure

l.6. First discovered by H. Becquerel in 1896 and subsequently
studied by Plerre and Marie Curie, E. Rutherford, and many others, the
phenomena of radioactivity have played leading roles in the discovery of the
general laws of atomic structure and in the verification of the equivalence
of mass and energy.
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Tonization by Radioactive Substances

1.7. The first observed phenomenon of radiocactivity was the
blackening of photographic plates by uranium minerals. Although this ef:
is still used to some extent in research on radioactivity, the property
radioactive substances that is of greatest scientific value is their abi.
to ionize gases. Under normal conditions air and other gases do not con
electricity -- otherwise power lines and electrical machines would not
operate in the open as they do. But under some circumstances the molecu:
of air are broken apart into positively and negatively charged fragments
called ions. Air thus ionized does conduct electricity. Within a few m¢
after the first discovery of radiocactivity Becquerel found that uranium |
the power to ionize air. Specifically he found that the charge on an
elactroscope would leak away rapidly through the air if some uranium salf
were placed mear it. (The same thing would happen to a storage battery i
sufficient radioactive material were placed mear by.) Ever since that ti
the rate of discharge of an electroscope has served as a measure of inte:
of radioactivity. Furthermore, nearly all present-day instruments for si
ing radioactive phenomena depend on this ionization effect dlrectly or i
directly An elementary account of such instruments, notably electrosco;
Geiger-Miller counters, ionization chambers, and Wilson cloud chambers it
given in Appendix 1.

The Different Radiations or Particles

1.8. Evidence that different radlioactive substances differ in
their ionizing power both in kind and in intensity indicates that there &
differences in the "radiations" emitted. Some of the radiations are muck
more penetrating than others; consequently, two radiocactive samples havir
the same effect on an "unshielded" electroscope may have very different
effects if the electroscope is "shielded," i.e., if screens are interpose
between the sample and the electroscope. These screens are said to absor
the radiation.

1.9. Studies of absorption and other phenomsna have shown that
fact there are three types of “radiation" given off by radioactive substa
There are alpha particles, which are high-speed ionized helium atoms
(actually the muclei of helium atoms), beta particles, which are high-spe
electrons, and gamma rays, which are electromagnetic radiation similar to
X-rays. Of these only the gamma rays are properly called radiations, and
even these act very much like particles because of their short wave-lengt
Such a "particle™ or quantum of gamma radiation is called a photon. In
general, the gamma rays are very penetrating, the alpha and beta rays les
so. Even though the alpha and beta rays are not very penetrating, they hi
enormous kine’ ic ensrgies for particles of atomic size, energies thousand
times greater than the kinetic energies which the molecules of a gas have
reason of their thermal motion, and thousands cf times greater than the
energy changes rer atom in chemical reactions. It was for this reason th
Einstein suggested that studies of radloactivity might show the equivalen
of mass and snergy.



The Atom

1.10. Before considering what typss of atoms emit alpha, beta, and
gamma rays, and before discussing the laws that govern such emission, we shall
describe the current ideas on how atoms are constructed, ideas based partly
on the study of radioactivity. ‘

1.11. According to our present view every atom consists of a small
heavy nucleus approximately 10~12 ¢m in diameter surrounded by a largely empty
region 10-8 cm in diameter in which electrons move somewhat like planets about
the sun. The nucleus carries an integral mumber of positive charges, each
1.6 x 1019 coulombs in size. (See Appendix 2 for a discussion of units.)
Each electron carries one negative charge of this same size, and the number of
electrons circulating around the mucleus is equal to the number of positive
charges on the nucleus so that the atom as a whole has a net charge of zero.

1l.12. Atomic Number and Electronic Structure. The number of posi-
tive charges in the nucleus is called the atomic number, Z. It determinss
the number of electrons in the extranuclear structure, and this in turn deter-
mines the chemical properties of the atom. Thus all the atoms of a given
chemical element have the same atomic mumber, and conversely all atoms having
the same atomic number are atoms of the same element regardless of possible
differences in their muclear structure. The extranuclear electrons in an atom
arrange themselves in successive shells according to well-established laws.
Optical spectra arise from disturbances in the outer parts of this electron
structure; X-rays arise from disturbances of ths electrons close to the
nucleus. The chemical properties of an atom depend on the outermost electrons,
and the formation of chemical compounds is accompanied by minor rearrange-
ments of these elsctronic structures. Consequently, when energy is obtained
by oxidation, combustion, explosion, or other chemical processes, it is ob-
tained at the expense of these structures so that the arrangement of the
electrons in the products of the process must be one of lowered energy con-
tent. (Presumably the total mass of these products is correspondingly lower
but not detectably so.) The atomic nuclei are not affected by any chemical
process.

1.13. Mass Number. Not only is the positive charge on a nucleus
always an integral number of electronic charges, but the mass of the nucleus
is always approximately a whole number times a fundamental unit of mass which
is almost the mass of a proton, the nucleus of a hydrogen atom. (See Ap-
pendix 2.) This whole mumber is called the mass mmber, A, and is always at
least twice as great as the atomic number except in the cases of hydrogen and
a rare isotope of helium. Since the mass of a proton is about 1800 times
that of an electron, the mass of the nucleus is very nearly the whole mass of
the atom.

1.14. Isotopes and Isobars. Two species of atoms having the same
atomic number but different mass numbers are called isotopes. They are
chemically identical, being merely two species of the same chemical element.
If two species of atoms have the same nass mumber but different atomic
numbers, they are called isobars and represent two different chemical ele-
ments. ’
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Radioactivity and Nuclear Change

1.15. If an atom emits an alpha particle (which has an atomic
ber of two and a mass of four), it becomes an atom of a different elemen
with an atomic number lower by two and a mass mumber lower by four. The
emission by a mucleus of a beta particle increases the atomic number by
and leaves the mass number unaltered. In some cases, these changes are
companied by the emission of gamma rays. Elements which spontaneously c
or "disintegrate" in these ways are unstable and are described as being
"radiocactive.® The only natural elements which exhibit this property of
mitting alpha or beta particles are (with a few minor exceptions) those
very high atomic numbers and mass mmbers, such as uraniwm, thorium, rad
and actinium, i.e., those known to have the most complicated muclear str
tures.

Half-Lives; The Radioactive Serles

1.16. All the atoms of a particular radioactive species have
same probability of disintegrating in a given time, so that an appreciab
sample of radioactive material, containing many millions of atoms, alway
changes or "disintegrates™ at the same rate. This rate at which the mat:
changes is expressed in terms of the "half-life,"™ the time required for
half the atoms initially present to disintegrate, which evidently is con:
for any particular atomic species. Half-lives of radioactive materials :
from fractions of a second for the most unstable to billions of years fo:
those which are only slightly unstable. Often, the "daughter" nucleus L
its radiocactive "parent®" is itself radioactive and so on down the line f
several successive generations of nuclei until a stable one is finally
reached. There are three such families or series comprising all togethe:
about forty different radiocactive species. The radium series starts fro:
isotope of uranium, the actinium series from another isotope of uranium,
the thorium series from thorium. The final product of each series, afte:
or twelve successive alpha and beta particle emissions, is a stable isot«
of lead.

First Demonstration of Artificial Nuclear Disintegration

1.17. Before 1919 no one had succaeded in disturbing the stabi
of ordinary muclei or affecting the disintegration rates of those that we
naturally radiocactive. In 1919 Rutherford showed that high-energy alpha
particles could cause an alteration in the mucleus of an ordinary element
Specifically he succeeded in changing a few etoms of nitrogen into atoms
oxygen by bombarding them with alpha particles. The process involved may

written as
He4 + N4 ——> 017 + g1

meaning that a helium nucleus of mass number 4 (an alpha particle) strikd
nitrogen mucleus of mass number 14 produces an oxygen nucleus of mass num
17 and a hydrogen mucleus of mass number 1. The hydrogen mucleus, known

the "proton," is of special importance since it has the smallest mass of
nucleus< Aithough protons do not appear in natural radioactive processes
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there is much direct evidence that they can be knocked out of nuclei.
The Neutron

1.18. In the decade following Rutherford's work many similar ex-
periments were performed with similar results. One series of experiments of
this type led to the discovery of the neutron, which will be discussed in
some detail since the neutron is practically the theme song of this whole pro-
Ject.

1.19. 1In 1930 W. Bothe and H. Becker in Germany found that if the
very energetic natural alpha particles from polonium fell on certain of the
light elements, specifically beryllium, boron or lithium, an unusually pene-
trating radiation was produced. At first this radiation was thought to be
gamma radiation although it was more penetrating than any gamma rays known,
and the details of experimental results were very difficult to interpret on
this basis. The next important contribution was reported in 1932 by Irene
Curie and F. Joliot in Paris. They showed that if this unknown radiation
fell on paraffin or any other hydrogen-containing compound it ejected protons
of very high energy. This was not in itself inconsistent with the assumed
gamma-ray nature of the new radiation, but detailed quantitative analysis of
the data became increasingly difficult to reconcile with such an hypothesis.
Finally (later in 1932) J. Chadwick in England performed a series of experi-
ments showing that the gamma ray hypothesis was untenable. He suggested that
in fact the new radiation consisted of uncharged particles of approximately
the mass of the proton, and he performed a seriss of experiments verifying
his suggestion. Such uncharged particles are now called neutrons.

1.20. The one characteristic of neutrons which differentiates them
from other subatomic particles is the fact that they are uncharged. This
property of neutrons delayed their discovery, makes them very penetrating,
makes it impossible to observe them directly, and makes them very important
as agents in muclear change. To be sure, an atom in its nomal state is also
uncharged, but it is ten thousand times larger than a neutron and consists of
a complex system of negatively charged elsctrons widely spaced around a posi-
tively charged mucleus. Charged particles (such as protons, electrons, or
alpha particles) and electromagnetic radiations (such as gamma rays) lose
energy in passing through matter. They exert electric forces which ionize
atoms of the material through which they pass. (It is such ionization pro-
cesses that make the air electrically conducting in the path of electric
sparks and lightning flashes.) The energy taken up in ionization equals the
energy lost by the charged particle, which slows down, or by the gamma ray,
which is absorbed. The neutron, however, is unaffected by such forces; it is
affected only by a very short-range force, i.e., a force that comes into play
when the neutron comes very close indeed to an atomic mucleus. This is the
kind of force that holds a mucleus together in spite of the mutual repulsion
of the positive charges in it. Consequently a free neutron goes on its way
unchecked until it makes a "head-on" collision with an atomic mucleus. Since
nuclei are very small, such collisions occur but rarely and the neutron
travels a long way before colliding. In the case of a collision of the
"glastic" type, the ordinary laws of momentum apply as they do in the elastic
collision of billiard balls. If the nucleus that is struck is heavy, it ac-
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quires relatively little speed, but if it is a proton, which is approxi-
mately equal in mass to the neutron, it is projected forward with a larg
fraction of the original speed of the neutron, which is itself correspon
ly slowed. Secondary projectiles resulting from these collisions may be
tected, for they are charged and produce ionization. The uncharged natu
the neutron makes it not only difficult to detect but difficult to contm
Charged particles can be accelerated, decelerated, or deflected by elect:
or magnetic fields which have no effect on neutrons. Furthermore, free )
trons can be obtained only from nuclear disintegrations; there is no nats
supply. The only means we have of controlling free neutrons is to put m
in ‘their way so that they will be slowed and deflected or absorbed by co:
lisions. As we shall see, these effects are of the greatest practical ir

portance.

The Positron and the Deuteron

1.21. The year 1932 brought the discovery not only of the neut
but also of the positron. The positron was first observed by C. D. Ande:
at the California Institute of Technology. It has the same mass and the
magnitude of charge as the electron, but the charge is positive instead ¢
negative. Except as a particle emitted by artificially radioactive mucle
is of little interest to us.

1.22. One other major discovery marked the year 1932. H. C. {
F. G. Brickwedde, and G. M. Murphy fourd that hydrogen had an isotope of
number 2, present in natural hydrogen to one part in 5000. Because of it
special importance this heavy species of hydrogen is given a name of its
deuterium, and the corresponding mucleus is called the deuteron. ILike tt
alpha particle it is not one of the fundamental particles but does play ¢
important role in certain processes for producing nuclear disintegration.

Muclear Structure

1.23. The idea that all elements are made out of a. few fundame
particles is an old one. It is now firmly established. We believe that
are three fundamental particles -- the neutron, the proton, and the elect
A complete treatise would also discuss the positron, which we have mentic
the neutrino and the mesotron. The deuteron and alpha particle, which he
already been mentioned, are important complex particles.

l.24. According to our present views the muclei of all atomic
species are made up of neutrons and protons. The number of protons is eq
to the atomic number, Z. The number of neutrons, N, is equal to the diff
ence between the mass number and the atomic number, or A - Z. There are
sets of forces acting on these particles, ordinary electric coulomb force
repulsion between the positive charges and very short-range forces of at-
traction between all the particles. These last forces are only partly un
stood, and we shall not attempt to discuss them. Suffice it to say that
bined effects of these attractive &nd repulsive forces are such that only
certain combinations of neutrons and protons are stable. If the neutirons
protons are few in number, stability occurs when their numbers are about
equal. For larger nuclei, the proportion of neutrons required for stabil
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is greater. Finally, at the end of the periodic table, where the mmber of
protons is over 90 and the number of neutrons nearly 150, there are no com-
pletely stable nuclei. (Some of the heavy nuclei are almost stable as evi-
denced by very long half-lives.) If an unstable nucleus is formed arti-
ficially by adding an extra neutron or proton, eventually a change to a
stable form occurs. Strangely enough, this is not accomplished by ejecting a
proton or a neutron but by ejecting a positron or an electron; apparently
within the nucleus a proton converts itself to a neutron and positron (or a
neutron converts itself into a proton and electron), and the light charged
particle is ejected. In other words, the mass number remains the same but
the atomic number changes. The stability conditions are not very critical so
that for a given mass number, i.e., given total number of protons and neutrons,
there may be .several stable arrangements of protons and neutrons (at most
three or five) giving several isobars. For a given atomic number, i.e.,
given number of protons, conditions can vary still more widely so that some
of the heavy elements have as many as ten or twelve stable isotopes. Some
two hundred and fifty different stable nuclei have been identified, ranging
in mass number from one to two hundred and thirty-eight and in atomic number
from one to ninety-two.

’ 1l.25. All the statements we have been making are based on experi-
mental evidence. The theory of nuclear forces is still incomplete, but it
has been developed on quantum-mechanical principles sufficiently to explain
not only the above observations but more detailed empirical data on arti-
ficial radiocactivity and on differences between nuclei with odd and even mass
nunbers.

Artificial Radioactivity

1.26. We mentionsd above the emission of positrons or electrons by
nuclei seeking stability. Electron emission (beta rays) was already familiar
in the study of naturally radioactive substances, but positron emission was
not found in the case of such substances. In fact, the general discussion
presented above obviously was based in part on information that cannot be
presented in this report. We shall, however, give a brief account of the
discovery of "artificial' radioactivity and what is now known about it.

1.27. 1In 1934, Curie and Joliot reported that certain light ele-
ments (boron, magnesium, aluminum) which had been bombarded with alpha parti-
cles continued to emit positrons for some time after the bombardment was
stopped. In other words, alpha-particle bombardment produced radioactive
forms of boron, magnesium, and aluminum. Curie and Joliot actually measured
half-lives of 14 minutes, 2.5 minutes, and 3.25 minutes, respectively, for
the radioactive substances formed by the alpha-particle bombardment.

1.28. This result stimulated similar experiments all over the
world. In particular, E. Fermi reasoned that neutrons, because of their lack
of charge, should be effective in penetrating nuclei, especially those of
high atomic number which repel protons and alpha particles strongly. He was
able to verify his prediction almost immsediately, finding that the nucleus of
the bombarded atom captured the neutron and that there was thus produced an
unstable nucleus which then achieved stability by emitting an electron. Thus,
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the final, stable nucleus was one unit higher in mass number and one un
higher in atomic number than the initial target nucleus.

1.29. As a result of innumerable experiments carried out sin
1934, radioactive isotopes of nearly every element in the periodic table
now be produced. Some of them revert to stability by the emission of
trons, some by the emission of electrons, some by a process known as K-
electron capture which we shall not discuss, and a small number (probab]
three) by alpha particle emission. Altogether some five hundred unstab)
miclear. species have been observed, and in most cases their atomic numbe
and mass numbers have been identified.

1.30. Not only do these artificially radioactive elements plc
important role throughout the proJject with which we are concerned, but t
future value in medicine, in “tracer" chemistry, and in many other field
research can hardly be overestimated.

Energy Considerations

Nuclear Binding Energies

1.31. In describing radioactivity and atomic structure we hav
deliberately avoided quantitative data and have not mentioned any appli-
cations of the equivalence of mass and energy which we announced as the
guiding prineciple of this report. The time has now come when we must sp
of quantitative details, not merely of general principles.

1.32. We have spoken of stable and unstable nuclei made up of
assemblages of protons and neutrons held together by nuclear forces. It
general principle of physics that work must be done on a stable system t
break it up. Thus, if an assemblage.of neutrons and protons is stable, «
must be supplied to separate its constituent particles. If energy and m:
are really equivalent, then the total mass of a stable nucleus should be
than the total mass of the separate protons and neutrons that go to make
up. This mass difference, then, should be equivalent to the energy requi
to disrupt the nucleus completely, which is called the binding energy. I
member that we said that the masses of all nuclei were "approximately" wt
numbers. It is the small differences from whols numbers that are signifi

1.33. Consider the alpha particle as an example. It is stable
since its mass number is four and 1ts atomlc number two it consists of tw
protons and two neutrons. The mass of a proton is 1.00758 and that of a
tron is 1.00893 (see Appendix 2), so that the total mass of the separate
ponents of the helium nucleus is

2 x 1.00758 + 2 x 1.00893 e 4.03302

whereas the mass of the helium nucleus itself is 4.00280.' Neglecting the
two decimal places we have 4.033 and 4.003, a difference of 0.030 mass un
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This, then, represents the "binding energy" of the protons and neutrons in
the helium nucleus. It looks small, but recalling Einstein's equation,

E = mc?, we remember that a small amount of mass is equivalent to a large
amount of energy. Actually 0.030 mass units is equal to 4.5 x 10-5 ergs per
nucleus or 2.7 x 1019 ergs per gram molecule of helium. In units more fa-
miliar to the engineer or chemist, this means that to break up thi nuclei of
all the helium atoms in a gram of helium would require 1.62 x 10t gram
calories or 190,000 kilowatt hours of energy. Conversely, if free protons
and neutrons could be assembled into helium nuclei, this energy would be re-
leased.

1.34. Evidently it is worth exploring the possibility of getting
energy by combining protons and neutrons or by transmuting one kind of
nucleus into another. ILet us begin by reviewing present~day knowledge of the
binding energies of various nuclei.

Mass Spectra and Binding Energies-

1.35. Chemical atomic-weight determinations give the average
weight of a large number of atoms of a given element. Unless the element has
only one isotope, the chemical atomic weight is not proportional to the mass
of individual atoms. The mass spectrograph developed by F. W. Aston and .
others from the earlier apparatus of J. J. Thomson measures the masses of
individual isotopes. Indeed, it was just such measurements that proved the
existence of isotopes and showed that on the atomic-weight scale the masses
of all atomic specles were very nearly whole numbers. These whole numbers,
discovered experimentally, are the mass numbers which we have already de-
fined and which represent the sums of the mumbers of the protons and neu-
trons; their discovery contributed largely to our present views that all nu-
clei are combinations of neutrons and protons.

1.36. Improved mass spectrograph data supplemented in a few cases
by nuclear reaction data have given accurate figures for binding energies for
many atomic species over the whole range of atomic masses. This binding
energy, B, is the dfference between the true nuclear mass, M, and the sum
of the masses of all the protons and neutrons in the nucleus. That is,

B = (ZMP + NM) - M

where M, and M, are the masses of the proton and neutron respectively, Z is
the nnmger of protons, N = A - Z is the number of neutrons, and M is the

true mass of the nucleus. It is more interesting to study the binding energy
per particle, B/A, than B itself. Such a study shows that, apart from fluc-
tuations in the light nuclei, the general trend of the binding energy per
particle is to increase rapidly to a flat maximum around A = 60 (nickel) and
then decrease again gradually. Evidently the nuclei in the middle of the
periodic table -- nuclei of mass numbers 40 to 100 —~ are the most strongly
bound. Any nuclear reaction where the particles in the resultant nuclei are
more strongly bound than the particles in the initial muclei will release
energy. OSpeaking in thermochemical terms, such reactions are exothermic.
Thus, in general, energy may be gained by combining light nuclei to form
heavier ones or by breaking very heavy ones into two or three smaller frag-
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ments. Also, there are a number of special cases of exothermic nuclear «
integrations among the first ten or twelve elements of the periodic tabl
where the binding energy per particle varies irregularly from one elemen-
another.

1.37. So far we seem to be piling one supposition on another.
First we assumed that mass and energy were equivalent; now we are assumli
that atomic muclei can be rearranged with a consequent reduction in theis
total mass, thereby releasing energy which can then be put to use. It i:
time to talk about some experiments that convinced physicists of the truil
these statements.

Experimental Proof of the Equivalence of Mass and Energy

1.38. As we have already said, Ruthserford's work in 1919 on a:
ficial muclear disintegration was followed by many similar experiments.
Gradual improvement in high voltage techniqus made it possible to substit
artificlally produced high-speed ions of hydrogen or helium for natural ¢
particles. J. D. Cockcroft and E. T. S. Walton in Rutherford's laborato:
were the first to succeed in producing muclear changes by such methods.
1932 they bombarded a target of lithium with protons of 700 kilovolts ene
and found that alpha particles were ejected from the target as a result ¢
the bombardment. The nuclear reaction which occurred can be written symt

cally as

31i7 + lHl.___;> 2He4 + 2H94

where the subscript represents the positive charge on the nucleus (atomic
number) and the superscript is the number of massive particles in the nu-
cleus (mass number). As in a chemical equation, quantities on the left n
add up to those on the right; thus the subscripis total four and the supe
scripts eight on each side.

1.39. Neither mass nor energy has been included in this equati
In general, the incident proton and the resultant alpha particles will es
have kinetic energy. Also, the mass of two alpha particles will not be
cisely the same as the sum of the masses of a proton and a lithium atom.
According to our theory, the totals of mass and energy taken together shc
be the same before and after the reactlon. The masses were known from ma
spectra. On the left (I17 + HL) they totalled 8.0241, on the right (2 He
8.0056, so that 0.0185 units of mass had disappeared in the reaction. Th
experimentally detsmmined energies of the alpha particles were approximat
8.5 million electron volts each, a figure compared to which the kinetic
energy of the incident proton could be neglected. Thus 0.0185 units of m
had disappeared and 17 Mev of kinetic energy had appeared. Now 0.0185 un
of mass is 3.07 x 10-26 grams, 17 Mev 1s 27.2 x 10-0 ergs and ¢ is 3 x 10
cm/sec. (See Appendix 2.) If we substitute these figyres into Einstein'
equation, E = mc<, on the left side we have 27.2 x 107° ergs and on the r
side we have 27. 6 x 106 ergs, so that the equation is found to be satisf
to a good approximation. In other words, these experimental results prov
that the equivalence of mass and energy was correctly stated by Einstein.
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‘Nuclear Reactions

Methods of Nuclear Bombardment

1.40. Cockcroft and Walton produced protons of fairly high energy
by ionizing gaseous hydrogen and then accelerating the ions in a transformer-
rectifier high-voltage apparatus. A similar procedure can be used to produce
high-energy deuterons from deuterium or high-energy alpha particles from
helium. Higher energies can be attained by accelerating thc lons in cyclo-
trons or Van de Graaff machines. However, to obtain high-energy gamma
radiation or -- most important of all -- high-enery: neutrons, nuclear re- .
actions themselves must be used as sources. Radiations of sufficiently high
energy come from certain naturally radioactive materials or from certain bom-
bardments. Neutrons are commonly produced by th: - mbardment of certain ele-
ments, notably beryllium or boron, by natural alrha particles, or by bom-
barding suitable targets with protons or deuteromns. The most common source
of neutrons is a mixture of radium and beryllium where the alpha particles
from radium and its decay products penetrate the Be? nuclei, which then give
off neutrons and become stable C12 nuclei (ordinary carbon). A frequently
used "beam" source of neutrons results from accelerated deuterons impinging
on "heavy water® ice. Here the high-speed deuterons strike the target
deuterons to produce neutrons and He3 nuclei. Half a dozen other reactions
are also used involving deuterium, lithium, beryllium, or boron as targets.
Note that in all these reactions the total mass number and total charge
number are unchanged.

1.41. To summarize, the agents that are found to initiate nuclear
reactions are -~ in approximate order of importance -- neutrons, deuterons,
protons, alpha particles, gamma rays and, rarely, heavier particles.

Results of Nuclear Bombardment

. 1l.42. Most atomic nuclei can be penetrated by at least one type of
atomic projectile (or by gamma radiation). Any such penetration may result
in a nuclear rearrangement in the course of which a fundamental particle is
ejected or radiation is emitted or both. The resulting nucleus may be one
of the naturally available stable species, or -- more likely —- it may be an
atom of a different type which is radiocactive, eventually changing to still a
different nucleus. This may in turn be radioactive and, if so, will again
decay. The process continues until all nuclei have changed to a stable type.
There are two respects in which these artificially radioactive substances
differ from the natural ones: many of them change by emitting positrons
(unknown in natural radioactivity) and very few of them emit alpha particles.
In every one of the cases where accurate measurements have been made, the
equivalence of mass and energy has been demonstrated and the mass—energy
total has remained constant. (Sometimes it is necessary to invoke neutrinos
to preserve mass—energy conservation.)

Notation

1.43. A complete description of a muclear reaction should include
the nature, mass and energy of the incident particle, also the nature (mass
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nunber and atomic number), mass and energy (usually zero) of the target
particle, also the nature, mass and energy of the ejected particles (or
radiation), and finally the nature, mass and energy of the remainder. B
all of these are rarely known and for many purposes their complete speci
cation is unnecessary. A nuclear reaction is frequently described by a
notation that designates first the target by chemical symbol and mass nu

if known, then the projectile, then the emitted particle, and then the r
mainder. In this scheme the neutron is represented by the letter n, the
ton by p, the deuteron by d, the alpha particle by &, and the gamma ray
Thus the radium-beryllium neutron reaction can be written Be?(x,n)C12and
deuteron-deuteron reaction H2(d,n)He3.

Types of Reaction

l.44. Considering the five different particles (n, p, d,x,
both as projectiles and emitted products, we might expect to find twenty
combinations possible. Actually the deuteron very rarely occurs as a pr
particle, and the photon initiates only two types of reaction. There an
however, a few other types of reaction, such as (n,2n), (d,H 3), and fiss:
which bring the total known types to about twenty-five. Perhaps the (n,
reaction should be specifically mentioned as it is very important in one
cess which will concern us. It is often called *“radiative capture" sinc:
neutron remains in the nucleus and only a gamma ray comes out.

Probability and Cross Section

1.45. So far nothing has been said about the probability of m
clear reactions. Actually it varies widely. There is no guarantee that
neutron or proton headed straight for a mucleus will penetrate it at all.
depends on the nucleus and on the incident particle. In nuclear physics,
is found convenient to express probability of a particular event by a "ca
section.” Statistically, the centers of the atoms in a thin foil can be
sidered as points evenly distributed over a plane. The center of an atom
projectile striking this plane has geometrically a definite probability ¢
passing within a certain distance (r) of one of these points., In fact, i
thereg are n atomic centers in an area A of the plane, this probability is
nwr</A, which is simply the ratio of the aggregate area of circles of re
r drawn around the points to the whole area. If we think of the atoms as
impenetrable steel discs and the impinging particle as a bullet of neglig
diameter, this ratic is the probability that the bullet will strike a ste
disc, i.e., that the atomic projectile will be stopped by the foil., If i
the fraction of impinging atoms getting through the foil which is measure
the result can still be expressed in terms of the equivalent stopping crc
section of the atoms. This notion can be extended to any interaction bet
the impinging particle and the atoms in the target. For example, the pro
bability that an alpha particle striking a beryllium target will produce
neutron can be expressed as the equivalent cross section of beryllium for
type of reaction. N

1.46. In nuclear physics it is conventional to consider that t
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impinging particles have negligible diameter. The technical definition of
cross section for any nuclear process is therefore:

mmber of processes occurring = (number of target nuclei per cm2)

number of incident particles x (nuclear cross section in cm?).

It should be noted that this definition is for the cross section per nucleus.
Cross sections can be computed for any sort of process, such as capturse,
scattering, production of neutrons, etc. In many cases, the number of parti-
cles emitted or scattered in nmuclear processes is not measured directly; one
merely measures the attenuation produced in a parallel beam of incident
particles by the interposition of a known thickness of a particular material.
The cross section obtained in this way is called the total cross section and
is usually denoted by C .

l.47. As indicated in paragraph 1l.11, the typical nuclear diameter
is of the order of 1012 ecm. We might therefore expect the cross sect ons
for muclear reactions to be of the order of TTd</4 or roughly 1024 cm<? and
this is the unit in which they are usually expressed. Actually the observed
cross sections vary enormously. Thus for slow neutrons absorbed by the
(n ) reaction the cross section in some cases is as much as 1000 x 10-24

é while the cross sections for transmutations by ga.nnna-ray absorption are -
in the neighborhood of (1/1000) x 10-24 cm<.

Practicability of Atomic Power in 1939

Small Scale of Experiments

1.48. We have talked glibly about the equivalence of mass and
energy and about nuclear reactions, such as that of protons on lithium, where
energy was released in relatively large amounts. Now let us ask why atomic
power plants did not spring up all over the world in the thirties. After
all, if we can get 2.76 x 10~2 ergs from an atom of lithium struck by a
proton, we might expect to obtain approximately half a million kilowatt hours
by combining a gram of hydrogen with seven grams of lithium. It looks better
than burming coal. The difficulties are in producing the high-speed protons
and in controlling the energy produced. All the experiments we have been
talking about have been done with very small quantities of material, large
enough in numbers of atoms, to be sure, but in terms of ordinary masses
infinitesimal — not tons or pounds or grams, but fractions of micrograms.
The amount of energy used up in the experiment was always far greater than
the amount generated by the muclear reaction.

1.49. Neutrons are particularly effective in producing muclear
disintegration. Why weren't they used? If their initial source was an ion .
beam striking a target, the limitations discussed in the last paragraph
applied. If a radium and beryllium source was to be used, the scarcity of
radium was a difficulty.
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The Need of a Chain Reaction

1.50. Our common sources of power, other than sunlight and wa
power, are chemical reactions — usually the combustion of coal or oil.
“relsase energy as the result of rearrangements of the outer electronic

structures of the atoms, the same kind of process that supplies energy t
bodies., Cambustion is always self-propagating; thus lighting a fire wit
match releases enough heat to ignite the neighboring fuel, which release
more heat which ignites more fuei, and so on. In the nuclear reactions °
have described this is not generally true; neither the energy released n
the new particles formed are sufficient to maintain the reaction. But w
can imagine nuclear reactions emitting particles of the same sort that
initiate them and in sufficient numbers to propagate the reaction in
neighboring nuclei. Such a self-propagating reaction is called a "chain
action" and such conditions must be achisved if the energy of the nuclea:
actions with which we are concerned is to be put to large-scale use.

Period of Speculation

1.51. Although there were no atomic power plants built in the
thirties, there were plenty of discoveries in nmuclear physics and plenty
speculation. A theory was advanced by H. Bethe to explain the heat of t&
sun by a cycle of nuclear changes involving carbon, hydrogen, nitrogen, &
oxygen, and leading eventually to the formation of helium.* This theory
now generally accepted. The discovery of a few (n,2n) nuclear reactions
(i.e., neutron-produced and neutron-producing reactions) suggested that a
self-multiplying chain reaction might be initiated under the right con-
ditions. There was much talk of atomic power and some talk of atomic bom
But the last great step in this preliminary period came after four years
stumbling. The effects of neutron bombardment of uranium, the most compl
element known, had been studied by some of the ablest physicists. The re
sults were striking but confusing. The story of their gradual interpreta

#The series of reactions postulated was
(1) €12 + 11— N13
(2) M3 ——5 413 4 160
(3) 6C13 + 10 — > NL4
(4) N4 4 1Bl —> g015
(5) g0ol5 ——> oN15 + 300
(6) N5 + qHl 5 (C12 4 SHe

The net effect is the transformation of hydrogen into helium and positrons
(designated as 1e°) and the release of about thirty million electron volts
energy.
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is intricate and highly technical, a fascinating tale of theory and experi-
ment. Passing by the earlier inadequate explanations, we shall go directly
to the final explanation, which, as so often happens, is relatively simple.

Discovery of Uranium Fission

1.52. As has already been mentioned, the neutron proved to be the
most effective particle for inducing muclear changes. This was particularly
true for the elements of highest atomic number and weight where the large
muclear charge exerts strong repulsive forces on deuteron or proton pro-
Jectiles but not on uncharged neutrons. The results of the bombardment of
uranium by neutrons had proved interesting and puzzling. First studied by
‘Fermi and his colleagues in 1934, they were not properly interpreted until
several years later.

1.53. On January 16, 1939 Mels Bohr of Copenhagen, Demmark, ar-
rived in this country to spend several months in Princeton, N. J., and was
particularly anxious to discuss some abstract problems with A. Einstein.
(Four years later Bohr was to escape from Nazi-occupied Demmark in a small’
boat.) Just before Bohr left Demmark two of his colleagues, 0. R. Frisch and
L. Meitner (both refugees from Germany), had told him their guess that the
absorption of a neutron by a uranium nucleus sometimes caused that nucleus to
split into approximately equal parts with the melease of enormous quantities
of energy, a process that soon began to be called nuclear "fission." The
occasion for this hypothesis was the important discovery of 0. Hahn and F.
Strassmann in Germany (published in Naturwissenschaften in early January 1939)
which proved that an isotope of barium was produced by neutron bombardment of
uranium. Immediately on arrival in the United States Bohr communicated this
idea to his former student J. A. Wheeler and others at Princeton, and from
them the news spread by word of mouth to neighboring physicists including
E. Fermi at Columbia University. As a result of conversations between Fermi,
J+ R. Dunning, and G. B. Pegram, a search was undertaken at Columbia for the
heavy pulses of ionization that would be expected from the flying fragments
of the uranium nucleus. On January 26, 1939 there was a Conference on
Theoretical Physics at Washington, D. C., sponsored jointly by the George
Washington University and the Carnegie Institution of Washington. Fermi left
New York to attend this meeting before the Columbia fission experiments had
been tried. At the meeting Bohr and Ferml discussed the problem of fission,
and in particular Fermi mentioned the possibility that neutrons might be
emitted during the process. Although this was only a guess, its implication
of the possibility of a chain reaction was obvious. A number of sensational
articles were published in the press on this subject. Before the meeting in
Washington was over, several other experiments to confirm fission had been
initiated, and positive experimental confirmation was reported from four
laboratories (Columbia University, Carnegie Institution of Washington, Johns
Hopkins University, University of California) in the February 15, 1939 issue
of the Physical Review. By this time Bohr had heard that similar experiments
had been made in his laboratory in Copenhagen about January 15th. (Ietter
by Frisch to Nature dated January 16, 1939 and appearing in the February 18th
issue.) F. Joliot in Paris had also published his first results in the
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Comptes Rendus of January 30, 1939. From this time on there was a steac
flow of papers on the subject of fission, so that by the time (December
1939) Turner wrote a review article on the subject in the Reviews of Moc
Physics nearly one hundred papers had appearsd. Complete analysis and ¢
cussion of these papers have appeared in Tumer's article and elsewhere.

General Discussion of Fission

1.54. Consider the suggestlon of Frisch and Meitner in the 1i
of the two general trends that had been discoversed in nuclear structure:
first, that the proportion of neutrons goes up with atomic number; secor
that the binding energy per particle is a maximum for the nuclei of inte
mediate atomic number. Suppose the U-238 nucleus is broken exactly in L
then, neglecting the mass of the incident neutron, we have two nuclei of
atomic mmber 46 and mass number 119, But the heaviest stable isotope c
palladium (Z = 46) has a mass number of only 110. Therefore to reach st
bilii{ each of these imaginary new nuclei must eject nine neutrons, becc
L6Pd 0 nuclei; or four neutrons in each nucleus must convert themselves
protons by emitting electrons, thereby forming stable tin nuclei of mass
number 119 and atomic number 50; or a combination of such ejections and
versions must occur to give same other pair of stable nuclei. Actually,
was suggested by Hahn and Strassmann's identification of barium (2 = 56,
A = 135 to 140) as a product of fission, the split occurs in such a way
to produce two unequal parts of mass numbers about 140 and 90 with the
emission of a few neutrons and subsequent radioactive decay by electron
mission until stable nuclei are formed. Calculations from binding-energ
data show that any such rearrangement gives an aggregate resulting mass
siderably less than the initial mass of the uranium nucleus, and thus th
great deal of energy must be released.

1.55. Evidently, there were three major implications of the
phenomenon of fission: the release of energy, the production of radioac
atomic specles and the possibility of a neutron chain reaction. The ene
release might reveal itself in kinetic energy of the fission fragments a
the subsequent radioactive disintegration of the products. The possibil
of a nesutron chain reaction depended on whether neutrons were in fact em
— a possibility which required investigation.

1.56. These were the problems suggested by the discovery of
fission, the kind of problem reported in the journals in 1939 and 1940 a
since then investigated largely in secret. The study of the fission pro
itself, including production of neutrons and fast fragments, has been la
carried out by physicists using counters, cloud chambers, etc. The stud
identification of the fission products has been carried out largely by c
who have had to performm chemical separations rapidly even with sub-micro
scopic quanticies of material and to make repeated determinations of the
lives of unstable isotopes. We shall summarize the state of knowledge a
June 1940. By that time the principal facts about fission had been dis-
covered and revealed to the scientific world. A chain reaction had not !
obtained, but its possibility ~— at least in principle -- was clear and
several paths that might lead to it had been suggested.



State of Knowledge in June 1940

Definite and Generally-Known Information on Fission

1.57. All the following information was generally known in June
1940, both here and abroad:

(1) That three elements —- uranium, thorium, and protoactinium -- when bon-
barded by neutrons sometimes split into approximately equal fragments, and
that these fragments were isotopes of elements in the middle of the periodic
table, ranging from selenium (Z = 34) to lanthanum (Z = 57).

(2) That most of these fission fragments were unstable, decaying radio-
actively by successive emission of beta particles through a series of ele-
ments to various stable fomms.

(3) That these fission fragments had very great kinetic energy.

(4) That fission of thorium and protoactinium was caused only by fast neu-
trons (velocities of the order of thousands of miles per second).

(5) That fission in uranium could be produced by fast or slow (so-called
thermal-velocity) neutrons; specifically, that thermal neutrons caused fission
in one isotope, U-235, but not in the other, U-238, and that fast neutrons
had a lower probability of causing fission in U-235 than thermal neutrons.

(6) That at certain neutron speeds there was a large capture cross section
in U-238 producing U-239 but not fission.

(7) That the energy released per fission of a uranium nucleus was approxi-
mately 200 million electron volts.

(8) That high speed neutrons were emitted in the process of fission.

(9) That the average number of neutrons released per fission was somewhere
between one and three.

(10) That high-speed neutrons could lose energy by inelastic collision with
uranium nuclei without any nuclear reaction taking place.

(11) That most of this infomation was consistent with the semi-empirical
theory of nuclear structure worked out by Bohr and Wheeler and others; thie
suggested that predictions based on this theory had a fair chance of success.

Suggestion of Plutonium Fission

1.58. It was realized that radiative capture of neutrons by U-238
would probably lead by two successive beta-ray emissions to the formation of
a mucleus for which Z = 94 and A = 239. Consideration of the Bohr-Wheeler
theory of fission and of certain empirical relations among the nuclei by
L. A. Turner and others suggested that this nucleus would be a fairly stable
alpha emitter and would probably undergo fission when bombarded by themmal
neutrons. ILater the importance of such thermal fission to the maintenance of
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the chain reaction was foreshadowed in private correspondence and discuc
In terms of our present knowledge and notation the particular reaction s
gested is as follows:

238 1 239 239
92U + On -—9 92U —-—9 93Np + _le
93?3 —> 5, Pu®P 4 o

where Np and Pu are the chemical symbols now used for the two new elemer
neptunium and plutonium; nl represents the neutron, and _1e0 represents
ordinary (negative) electfon. Plutonium 239 is the nucleus rightly gues
to be fissionable by thermal neutrons. It will be discussed fully in la
chapters.

0]

0 \

General State of Nuclear Physics

1.59. By 1940 nuclear reactions had been intensively studied
over ten years. Several books and review articles on rmclear physics ha
been published. New techniques had been developed for producing and cor
trolling nuclear projectiles, for studying artificisl radioactivity, and
+geparating sub-microscopic quantities of chemical elements produced by n
clear reactions. Isotope masses had been measured accurately. Neutron-
capture cross sections had been measured. Methods of slowing down neutr
had been developed. Physiological effects of neutrons had been observed
they had even been tried in the treatment of cancer. All such informati
was generally available; but it .was very incaomplete. There were many ga
and many inaccuracies. The techniques were difficult and the quantities
materials available were often sub-microscopic. Although the fundamenta
principles were clear, the theory was full of unverified assumptions and
culations were hard to make. Predictions made in 1940 by different phys
of equally high ability were often at variance. The subject was in all-
many respects an art, rather than a science. :

Summary

1.60. Looking back on the year 1940, we see that all the pre-
requisites to a serious attack on the problem of producing atomic bombs
controlling atomic power were at hand. It had been proved that mass and
energy were equivalent. It had been proved that the neutrons initiating
fission of uranium reproduced themselves in the process and that therefo
multiplying chain reaction might occur with explosive force. To be sure
one knew whether the required conditions could be achieved, but many sci
had clear ideas as to the problems involved and the directions in which
solutions might be sought. The next chapter of this report gives a stat
of the problems and serves as a gulde to the developments of the past fi

years.,
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CHAPTER II -

STATEMENT OF THE PROBLEM

Introduction

2.1l¢ From the time of the first discovery of the large amount
energy released in nuclear reactions to the time of the discovery of ura
fission, the idea of atomio power or even atomio bombs was discussed off
on in soientifioc ocircles. ' The discovery of fission made this talk seem :
less speculative, but realization of atomioc power still seemed in the di
future and there was an instinctive feeling among many solentists that 1
might not, in faot, ever be realized. During 1939 and 1940 many publio
ments, some of them by responsible sclentists, called attention to the e
mous energy available in uranium for explosives and for controlled power
that U-235 became a familiar by-word indicating great things to come. T
possible military importance of uranium fission was called to the attent
of the govermment (see Chapter III), and in a conference with representa
of the Navy Department in March 1939 Fermi suggested the possibility of
achieving a controllable reaction using slow neutrons or a reaction of a
explosive characoter using fast neutrons. He pointed out, however, that -
data then available might be insufficient for accurate predictions.

2.2. By the summer of 1940 it was possible to formulate the m
lem fairly olearly, although it was still far from possible to answer the¢
various questions involved or even to decide whether a chain reaction eve
ocould be obtained. In this chapter we shall give a statement of the prot
in its entirety. For purposes of oclarification we may make use of some }
ledge which actually was not aoquired until a later date.

The Chain-Resction Problem
-

———

2.3. The principle of operation of an atomic bomb or power pla
utilizing uranium fission is simple enough. If one neutron causes a fiss
that produces more than one new neutron, the number of fissions may inore
tremendously with the release of enormous smounts of energy. It is e que
tion of probabilities. Neutrons produced in the fission process may esca
entirely from the uranium, may be captured by uranium in a process not re
sulting in fission, or may be captured by an lmpurity. Thus the question
whether a chain reaction does or does not go depends on the result of a o
petition among four processes:

(1) esocape, .
(2) non-fission oapture by uranium,

(3) non-fission capture by impurities,

(4) fission capture.

If the loss of neutrons by the first three processes is less than the sur)
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produced by the fourth, the chain reaction occurs; otherwise it does not.
Evidently any one of the first three processes may have such a high probabil-
ity in a given arrangement that the extra neutrons created by fission will be
ingufficient to keep the reaction going. For example,.should it turn out that
process (2) -- non-fission capture by uranium -- has a much higher probability
than fission oapture, there would presumably be no possibility of achieving a
chain reaction.

2.4, An additional complication is that natural uranium contains
three isotopes: U-234, U-235, and U-238, present to the extent of approxi-
mately 0.006, 0.7, and 99.3 percent, respectively. We have already seen that
the probabilitiea of processes (2) and (4) are different for different iso-
topes. We have also seen that the probabilities ars different for neutrons
of different energies.

2.6. We shall now consider the limitations imposed by the first
three processes and how their effects can be minimized.

Neutron Escape; Critiocal Size

2.6. The relative number of neutrons which escape from a quantity
of uranium cen be minimized by changing the size and shape. In a sphere any
surface effect is proportional to the square of the radius, and any volume
effect is proportional to the cube of the radius. Now the escape of neutrons
from a Quantity of uranium is a surface, effect depending on the area of the
surface, but fission capture ocours throughout the material and is therefore
a volume effect. Consequently the greater the amount of uranium, the less
probable it is that neutron escape will predominate over fission capture and
prevent a chain reaction. Loss of neutrons by non-fission ocapture is a volume
effect like neutron production by fission capture, so that increase in size
makes no ohange in its relative importance,

2.7. The oritiocal size of a device containing urenium is defined as
the size for whioch the production of free neutrons by fission is just equal to
their loss by escape and by non-fission capture. In other words, if the size
is smaller than critical, then ~- by definition = no chain reaction will sus-
tain itself. 1In prineiple it was possible in 1940 to caloulate the critical
size, but in practice the uncertainty of the constants involved was so great
that the various .estimates differed widely. It seemed not improbable that the
oritical size might be too large for practiocal purposes. Even now estimates
for untried arrangements vary somewhat from time to time as new information
becomes available.

Use of a Moderator to Reduce Non-fission Capture

2.8, In Chapter I we said that thermal neutrons have the highest
probability of producing fission of U-235 but we also said that the neutrons
emitted in the process of fission had high speeds. Evidently it was an over-
simplification to say that the chain reaction might maintain itself if more
neutrons were created by fission than were absorbed. For the probability both
of fission capture and of non-fission capture depends on the speed of the

neutrons. Unfortunately, the speed at which non-~fission capture is most
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probable is intermediate between the average speed of neutrons emitted 1
fission process and the speed at which fission capture is most probable.

2.9. For some years before the discovery of fission, the cust
way of slowing down neutrons was to cause them to pass through materisl
atomio weight, such as hydrogenous material. It was E. Fermi and L. Szij
who proposed the use of graphite as a moderator for a chain reaction. I
proocess of slowlng down or moderation is simply one of elastic collisior
between high-speed particles and particles practicelly at rest. The mo:
neerly identical the masses af neutron and struck particle the greater t
loss of kinetic energy by the neutron. Therefore the light alements are
effective as ™moderators", i.e., slowing down agents, for neutrons.

2.10. It ocourred to a number of physicists that it might be
sible to mix uranium with a moderator in such a way that the high-speed
sion neutrons, after being ejected from uranium and before re-encounteri
uranium puclei, would have their speeds reduced below the speeds for whi
non-fission capture is highly probable. Evidently the characteristics c
good moderator are that it should be of low atomio weight and that it sh
have little or no tendency to absorb neutrons. Lithium and boron are exc
on the latter count., Helium is diffiocult to use because it is a gas and
no oompounds. The choloe of moderator therefore lay between hydrogen,
deuterium, beryllium, and ocarbon. BEven now no one of these substances c
excluded from the 1list of practical possibilities.

Use of a Lattice to Reduce Non-fission Capture

2.11. The general scheme of using a moderator mixed with the
anium was pretty obvious. A specific manner of using a moderator was fi
suggested in this country, so far as we ocan discover, by Fermi and Szila
The idea was to use lumps of uranium of considerable size imbedded in a
of moderator material. Such a lattice can be shown to have real adventa
over a homogeneous mixture. As the constants were more acourately deter
it became possible to caloulate theoretically the type of lattice that w
be most effective,

Reduction of Non-fission Capture by Isotope Separation

2.12. In Chapter I it was stated that for neutrons of certain
intermediate speeds (ocorresponding to energies of a few electron volts)
has & large capture cross section for the produotion of U-239 but not fo
fission. There is also & considerable probability of inelastic {(i.e., n
capture~producing) collisions betwsen high-speed neutrons and U-238 nuol
Thus the presence of the U-238 tends both to reduce the speed of the fas
neutrons end to effect the ocapture of those of moderate speed. Although
may be some non-fission capture by U-235, it is evident that if we can s«
rate the U235 from the U-238 and discard the U-238, we can reduce non-f:
capture and can thus promote the chain reaction. In faoct, the probabili
fission of U-235 by high-speed neutrons may be great enough to make the 1
of a moderstor unnecessary once the U-238 has been removed. Unfortunate;
U-235 is present in natural uranium only to the extent of about one part
140. Also, the relatively small difference in mass between the two isot«
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mekes separation diffiocult. In faot, in 1940 no large-scale separgtion of
isotopes had ever been achieved except for hydrogen, whose two isotopes dif=-
fer in mass by a factor of two. Nevertheless, the possibility of separating
U-235 was recognized early as being of the greatest importance, and such
separation has, in fact, been one of the two major lines of Project effort
during the past five years. ‘

Production and Purificatiocn of Materials

2.13, It has peen statad above that the cross section for capture
of neutrons varies greatly among different materials. In some it is very high
compared to the meximum fission cross section of uranium. If, then, we are
to hope to achieve a chain reaction, we must reduce effsct (3) -~ non-fission
capture by impurities -- to the point where it is not serious. This means
very ocareful purification of the uraniwn metel and very careful purifioation
of the moderator, Caloulatione show that the meximum permissible concentra-
tions of many impurity elements are a few parts per million -- in either the
uranium or the moderator. When it is recalled that up to 1940 the total
amount of uranium metal produced in this country was not more than a few
grams (and even this was of doubtful purity), that the total amount of metal-
lie beryllium produced in this country was not more than a few pounds, that
the total amount of concentrated deuterium produced was not more than a few
pounds, and that carbon had never been produced in quantity with anything like
the purity required of a moderator, it is clear that the problem of producing
and purifying materials was a major one.

Control of the Chain Reaction

2.14. The problems that have been discussed so far have to do
merely with the realization of the chain reaction. If such a reaction is
going to be of use, we must be able to control it. The problem of control is
different depending on whether we are interested in steady production of power
or in an explosion. In general, the steady produotion of atomic power re-
quires & slow-neutron-induoced fission chain reaction occurring in a mixture
or lattice of uranium and moderator, while an atomic bomb requires a fast-
neutron=induced fission chain reaction in U-235 or Pu-239, although both slow=-
and fast-neutron fission may contribute in each case. It seemed likely, even
in 1540, that by using neutron absorbers a power chain reaction could be con-
trolled. It was also considered likely, though not certain, that such & chain
reaction would be self-limiting by virtue of the lower probability of fission-
producing capture when a higher temperature was reached. Nevertheless, there
was a possibility that a chain-reacting system might get out of control, and
it therefore seemed necessary to perform the chain-resction experiment in an
uninhabited location.

Practical Application of the Chain Reaction

2.16. Up to this point we have been discussing how to produce and
control a nuclear chain reaction but not how to meke use of it. The technol-
ogiocal gap between producing a controlled chain reaction and using it as a
large-scale power source or an explosive is comparable to the gap between the
discovery of fire and the manufacture of a steam locomotive.
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2.16. Although production of power has never been the princip
object of this project, enough attention has been given to the matter to
reveal the major difficulty: the attaimment of high-tempereture operati
An effective heat engine must not only develop heat but must develop hea
a high temperature. To run a chain-reacting system at a high temperatur
and to convert the heat generated to useful work is very much more diffi
than to run a chain-reacting system at a low temperature.

2.17. Of course, the proof that a chain reaction is possible
not itself insure that nuclesr energy can be effective in a bomb. To ha
an effeotive explosion it is necessary that the chain reaction build up
tremely rapidly; otherwlse only a small amount of the nuclear energy wil
utilized before the bomb flies apart and the reaction stops. It is also
necessary that no premature explosion occur. This entire "detonation" p
lem was end still remains one of the most difficult problems in designin
high-efficiency atomic bomb.

Possibility of Using Plutonium

2.18. So far, all our discussion has been primarily concerned
the use of uranium itself. We have already mentioned the suggestion tha
element of atomic number 94 and mass 239, commonly referred to as pluton
might be very effective. Actually, we now believe it to be of value com
ble to pure U-235. We have mentioned the difficulty of separating U-235
the more abundant isotope U-238, These two isotopes are, of course, che:
cally identical. But plutonium, although produced from U-238, is a diff
chemical element. Therefore, if a process could be worked out for conve:
some of the U-238 to plutonium, a chemiocal separation of the plutonium f
uranium might prove more practicable than the 1sotopic separation of U-2.
from U-238.

2.19. Suppose that we have set up a controllable chain reacti:
in a lattice of natural uranium and a moderator -~ say carbon, in the fo
of graphite. Then as the chain reaction proceeds, neutrons are emitted
the process of fission of the U-235 and many of these neutrons are absorl
by U-238. This produces U-239, each atom of which then emits a beta par
cle, becoming neptunium (95Np239). Neptunium, in turn, emits another be-
particle, becoming plutonium (g4Pu?39), which emits an alpha partisle, di
ing again to U=235, but so slowly that in effect it is a stable element.
after the reaction has been allowed to proceed for a considerable time, -
mixture of metals is removed, it may be possible to extract the plutoniwu
chemioal methods and purify it for use in & subsequent fission chain rea
of an explosive nature.

Combined Eff'ects and Enriched Piles

2,20, Three ways of inoreasing the likelihood of a chain reaoct
have been mentioned: wuse of a moderator; attalmment of high purity of ms
rials; use of special material, either U-235 or Pu., The three procedure:
not mutually exclusive, and many schemes have been proposed for using sme
amounts of separated U-2365 or Pu-239 in a lattice composed primarily of
ordinary uranium or uranium oxide and of a moderator or two different
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moderators. Suéh proposed errangements are usually called "enriched piles."

Use of Thorium or Protosctiniim or Other Material

e

2.21, All our previous discussion has centered on the direct or
indirect use of uranium, but it was known that both thorium and protoactinium
also underwent fission when bcouwbarded by high-speed neutrons. The great ad-
ventage of uranium, at least for preliminary work, was its susceptibility to
slow neutrons. There was not very much consideration given to the other two
substances. Protoactinium can be eliminated because of its socarcity in
neture. Thorium is relatively plentiful but has no apparent advantage over
uranium,

2.22. It is not to be forgotten that theoretically many nuclear
reactions might be used to release energy. At present we see no way of ini-
tiating or controlling reactions other than those involving fission, but soms
such synthesis as has already been mentioned as a source of solar energy may
eventually be produced in the laboratory.

Amounts of Materials HNeedsad
e —————

2.23. Obviously it was impossible in the summer of 1940 to make
more than guesses as to what amounts of materials would be needed to produces

(1) a chain reaction with use of a moderator;
(2) a chain-reaction bomb in pure, or at
least enriched, U-235 or plutonium.

A figure of one to one hundred kilograms of U-235 was commonly given at this
time for the oritiocal size of a bombe. This would, of course, have to be
separated from at least 140 times as much natural uranium. For a slow.neutron
chain reaction using a moderator and unseparated uranium it was almost certain
that tons of metel and of moderator would be requirsd.

Availability of Materials

2.24, Estimates of the composition of the earth's crust show
urenium and thoriym both presert in oconsiderable quantities (about 4 parts
per million of urenium and 12 vorts per million of thorium in the earth's
orust). Deposits of ureriuwr ore sre kmown to exist in Colcrado, in the
Great Bear Lake region of northern Canada, in Joachimstal in Czechoslovakia,
and in the Belgiesn Congs. Many other deposits of urenium ore are known, but
their extent is in many cases unexplored. Uranium is always found with
radium elthough in much larger quantity. Both are often found with vanadium
oreg. Small quantities of uranium oxide have been used for many years in the
coramics industry.
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2.,25. Thorium is also rather widely distributed, ooccurring a:
thorium oxide in fairly high concentration in monazite sands found to s«
extent in this country but particularly in Brazil and in British India,

2,26, Barly rough estimates, which are probably optimistic, v
that the nuclear energy available in known deposits of uranium was adequ
to supply the total power needs of this country for 200 years (assuming
utilization of U-238 as well as U-235).

2.27. As has already been mentioned, little or no uranium met
been produced up to 1940 and information was so scant that even the melt
point was not known. (For example, the Handbook of Physics and Chemistr
1943-1944 says only that the melting point is below 1850°C whereas we nc
know it to be in the neighborhood of 1150°.) Evidently, as far as urani
was concerned, there was no inswrmountable diffioulty as regards obteini
raw materials or producing the metal, but there were very grave question
to how long it would take and how much it would cost to produce the nave
quantities of pure metal. :

2,28, Of the materials mentioned above as being suitable for
erators, deuterium had the most obvious advantages. It is present in or
hydrogen to the extent of about one part in 5000. By 1940 a number of d
ferent methods for separating it from hydrogen had been developed, and a
liters had been produced in this country for experimental purposes. The
large-scale production had been in a Norwegian plant, from which several
hundred liters of heavy water (D20, deuterium oxide) had come. As in th
cagse of uranium, the problem was one of cost and time.

2.29. Beryllium in the form of beryllium silicates is widely
found but only in small quantities of ore. Its use as an alloying agent
become general in the last few years; for such use, however, it is not n
sary to produce the beryllium in metallic form. In 1940 only 700 pounds
the metal were produced in this country. '

) 2430, As far as carbon was concerned, the situation was obvio
quite different. There were many hundreds of tons of graphite produced «
year in this country. Thls was one of the reasons why graphite looked w
desirable as a moderator. The difficulties ley in obtaining sufficient
quantities of graphite of the required purity, particularly in view of tl
expanding needs of war industry.

Time andAgpst BEstimates

2.31. Requirements of time and money depended not only on many
Imown scientific and technological factors but also on policy decisions.
Evidently years of time and millions of dollars might be required to achi
the ultimate objJective. About all that was attempted at this time was me
estimates as to how long it would take and how much it would cost to olar
the scientific and technological prospects. It looked as if it would not
a very great undertaking to carry along the development of the thermal-ne



II-8

chain reaction in a graphite-uranium lattlce to the point of finding out
whether the reaction would in fact go. Estimates made at the time were that
approximately a year and $100,000 would te required to get an answer. These
estimates applied to a chain-reaoting system of very low power without a
cooling system or any means for using the energy released.

Health Hazards

2.32. It had been known for a long time that radioactive materials
were dangerous. They give off very penetrating radiations -- gamma rays --
which are much like X-rays in their physiological effects. They also give
off beta and alpha rays which, although less penetrating, can still be dan-
gerous. The amounts of radium used in hospitals and in ordinary physical
measurements usually comprise but a few milligrams. The amounts of radio-
active material produced by the fission of uranium in a relatively small
chain-reacting system may be equivalent to hundreds or thousands of grams of
radium. A chain-reacting system also gives off intense neutron radiation
known to be comparable to gamma rays as regards health hazards. Quite apart
from its radioactive properties, uranium is poisonous chemically. Thus,
nearly all work in this field is hazardous -~ particularly work on chain re-
actions and the resulting radioactive products.

Mathod of Approach to the Problem

' 2.33. Thers wore two ways of attacking the problem. One was to
conduct elaborate series of accurate physical measurements on absorption
oross sections of various materials for various neutron-induced processes
and various neutron energiss. Onoce such data were available, calculations
as to what might be done in the way of a chain reaction could be made with
fair accuracy. The other approach was the purely empirical one of mixing
uranium or uranium compounds in various ways with various moderators and ob~
serving what happened. Similar extremes of method were possible in the ocase
of the isotope-separation problsm. Actually an intermediate or compromise
approach was adopted in both ocasss.

Power wvs. Bomb

2.34. The expacted military advantages of uranium bombs were far
more spectacular than thcse i & uranium power plant. It was conceivable
that a few uranium bombs mizht be decisive in winning the war for the side
first putting them into uss. Such thoughts were very much in the minds of
those working in this fiz2ld, but ths attaimment of a slow-neutron chain re-
action seemed a necessary preliminary step in the development of our know-
ledge and became the first objective of the group interested in the problem.
This also seemed an important step in convincling military authorities and the
more skeptical scientists that the whole notion was not a pipe dream. Partly
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for these reasons and partly because of the extreme secrecy imposed abou
time, the idea of an atomic bomb does not appear much in the records bet
the summer of 1940 and the fall of 194l.

Military Usefulness

2.35. If all the atoms in a kilogram of U-235 undergo fission
energy released is equivalent to the energy released in the explosion of
20,000 short tons of TNT. If the critical size of & bomb turns out to b
practical -- say, in the range of one to one hundred kilograms -- and al
other problems can be solved, there remain two questions. First, how la
percentage of the fissionable nuclei can be made to undergo fission befo
the reaction stops; i.e., what is the efficiency of the explosion? Seco
what is the effect of 8o concentrated a release of energy? BEven if only
percent of the theoretically available energy is released, the explosion
still be of a totally different order of magnitude from that produced by
previously known type of bomb. The value of such a bomb was thus a ques
for military experts to consider very carefully.

Summary

2,36, It had been established (1) that uranium fission did ow
with release of great amounts of energy; and (2) that in the process ext:
neutrons were set free which might start a chain reaction. It was not o
trary to any known principle that such a reaction should take place and -
it should have very important military application as a bomb. However, -
idea was revolutionary and therefore suspect; it was certain that many t
nical operations of great difficulty would have to be worked out before :
a bomb could be produced. Probably the only materials satisfactory for
bomb were either U-235, which would have to be separated from the 140-ti:
more abundant isotope U-238, or Pu-239, an isotope of the hitherto unknov
element plutonium, which would have to be generated by a controlled chaix
reacting process itself hitherto unknown. To achieve such a controlled ¢
reaction it was olear thatiranium metal and heavy water or beryllium or
bon might have to be produced in great quantity with high purity. Oncet
material was produced a process would have to be developed for using it ¢
and effectively. In some of the processes, health hazards of a new kind
would be encountered.

Poligg Problem

2.37. By the summer of 1940 the National Defense Research Comn
had been formed and was asking many of the scientists in the country to w
on various urgent military problems. Scientific personnel was limited (a
though this was not fully realized at the time). It was, therefore, real
diffioult to decide at what rate work should be carried forward on an ato
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bomb., The decision had to be reviewed at frequent intervals during the sub-
sequent four years. An account of how these policy decisions were made is
given in Chapters III and V.



IT1I-1

CHAPTER III

ADMINISTRATIVE HISTORY UP TO DECEMBER 1941
i, S e O e e s e

Interest in Military Possibilities

3.1. The announcement of the hypothesis of fission and its ez
mental confirmation took place in January 1939, as has already been recc
in Chapter I, There was immediate interest in the possible military use
the large amounts of energy released in fission. At that time American-
nuclear physicists were so unaccustomed to the idea of using their scier
for military purposes that they hardly realized what needed to be done.
sequently the early efforts both at restricting publication and at getti
government support were stimulated largely by a small group of foreign=t
physicists centering on L. Szilard and including E. Wigner, E. Teller, \
Weisskopf, and E. Fermi.

Restriction of Publication

3.2, In the spring of 1939 the group mentioned above enlisted
Niels Bohr's cooperation in an attempt to stop publication of further ds
by voluntary agreement. Leading American and British physicists agreed,
F. Joliot, France's foremost nuclear physicists, refused, apparently bec
of the publication of one letter in the Physical Review sent in before a
Americans had been brought into the agreement. Consequently publication
tinued freely for about another year although a few papers were withheld
voluntarily by their authors.

3.3, At the April 1940 meeting of the Division of Physical

Sciences of the National Research Council, G. Breit proposed formation o
censorship committee to control publication in all American scientifie j
nals. Although the reason for this suggestion was primarily the desire
control publication of papers on uranium fission, the "Reference Camitt
as finally set up a little later that spring (in the National Research €
cil) was a general one, and was organized to control publication policy
all fields of possible military interest. The chairman of the committee
L. P. Eisenhart; other members were G. Breit, W. M. Clark, H. Fletcher,
E. B, Fred, G. B. Pegram, H. C., Urey, L. H. Weed, and E,.' G, Wever. Vari
subcommittees were appointed, the first one of which had to do with uran
fission. G. Breit served as chairman of this subcommittee; its other me
were J, W, Beams, L. J. Briggs, G. B. Pegram, H. C. Urey, and E. Wigner.
general, the procedure followed was to have the editors of various journ
send copies of papers in this field, in cases where the advisability of
lication was in doubt, either directly to Breit or indirectiy to him thr
Eisenhart. Breit then usually circulated them to all members of the sub:
committee for consideration as to whether or not they should be publishe
and informed the editors as to the outcome. This arrangement was very s
cessful in preventing publication and was still nominally in effect in &
1945, in modified form. Actually the absorption of most physicists in t!
country into war work of ome sort or another soon reduced the number
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of papers referred to the committee practically to the vanishing point. It is
of interest to note that this whole arrengement was a purely voluntary one;
the scientists of the country are to be congratulated on their complete co-
operation, It is to be hoped that it will be possible after the war to pub-
lish these papers at least in part so that their authors may receive proper
professional credit for their contributions.

Initial Approaches to the Government. The First Committee

3.4, On the positive side =--- government interest and support of
regearch in nuclear physics =-- the history is a much more complicated one,
The first contact with the government was made by Pegram of Columbia in March
1939, Pegram telephoned to the Navy Department and arranged for a conference
between representatives of the Navy Department and Fermi. The only outcome of
this conference was that the Navy expressed interest and asked to be kept in=-
formed. The next attempt to interest the government was stimulated by Szilard
and Wigner., In July 1939 they conferred with A.Einstein, and a little later
Einstein, Wigner, and Szilard discussed the problem with Alexander Sachs of
New York, In the fall Sachs, supported by a letter from Einstein, explained
to President Roosevelt the desirability of emcouraging work in this feild.

The President appointed a committee, known as the "Advisory Committee on
Uranium® and consisting of Briggs as chuirman, Colonel K. F. Adamson of the
Army Ordnance Department, and Commander G. C. Hoover of the Navy Bureau of
Ordnance, and requested this committee to look into the protlem., This was
the only committee on uranium that had official status up to the time of or-
ganization of the National Defense Research Committee in June 1940. The
committee met very informally and included various additional scientific re=-
presentatives in its meetings.

345, The first meeting of the Uranium Committee was on October 21,
1939 and included, besides the committee members, F. L. Mohler, Alexander
Sachs, L. Szilard, E. Wigner, E. Teller, and R. B. Roberts. The result of this
meeting was a report dated November 1, 1939 and transmitted to President
Roosevelt by Briggs, Adamson, and Hoover, This report mede eight recommen-
dations, which need not be enumerated in detail. It is interesting, however,
that it specifically mentions both atomic power and an atomic¢ bomb as possi-
bilities. It specifically recommended procurement of 4 tons of graphite and
50 tons of uranium oxide for measurements of the absorption cross section of
carbon. Others of the recommendations either were of a general nature or
were never carried out. Apparently a memorandum prepared by Szilard was more
or less the basis of the discussion at this meeting.

3.6. The first transfer of funds ($6,000) from the Army and Navy
to purchase materials in accordance with the recommendation of November lst is
reported in a memorandum from Briggs to General E. M. Watson (President
Roosevelt's aide) on February 20, 1940. The next meeting of the "Advisory
Committee on Uranium" was on April 28, 1940 and was attended by Sachs, Wigner,
Pegram, Fermi, Sgilard, Briggs, Admiral H. G. Bowen, Colonel Adamson, and
Commander Hoover, By the time of this meetihg two_impbrtant new factores had
come into the picture. PFirst, it had been discovered that the uranium fission
caused by neutrons of thermal velocities occurred in the U-235 isotope only.

li
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Second, it had been reported that a large section of the Kaiser Wilhelm
stitute in Berlin had been set aside for research on uranium. Although
general tenor of this meeting seems to have been that the work should be
pushed more vigorously, no definite recommendations were made. It was
pointed out that the critical measurements on carbon already under way a
Columbia should soon give a result, and the implication was that definit
comnendations should wait for such a result.

347. Within the next few weeks a number of people concerned,

ticularly Sachs, urged the importance of greater support and of better o
ization. Their hand was strengthened by the Columbia results (as report
for example, in a letter from Sachs to Gemeral Watson on May 15, 1940) s
ing that the carbon absorption was appreciably lower than had been previ
thought and that the probability of carbon being satisfactory as a moder
was therefore considerable., Sachs was also active in looking into the q
tion of ore supply. On June 1, 1940, Sachs, Briggs, and Urey met with A
Bowen to discuss approaching officials of the Union Miniére of the Belgi
Congo. Such an approach was made shortly afterwards by Sachs.

3.8. The general status of the problem was discussed by a spe
advisory group called together by Briggs et the National Bureau of Stand
on June 15, 1940. This meeting was attended by Briggs, Urey, M. A. Tuve
Wigner, Breit, Fermi, Szilard, and Pegram. "After full discussion, the
commendation of the group to the Uranium Committee was that funds should
sought to support research on the uranium-carbon experiment along two 1li

(A) further measurements of the nuclear con-
stants inwolved in the proposed type of
reaction;

(B) experiments with amounts of uranium and
carbon equal to about one fifth to one
quarter of the amount that could be ss-
timated as the minimum in which a chain
roaction would sustain itself,

"It was estimated that about $40,000 would be necessary for fur
measurements of the fundamental constants and that approximately $100,00(
worth of metallic uranium and pure graphite would be needed for the inte:
mediate experiment.” (Quotations from memorandum of Pegram to Briggs, ds
August 14, 1940) ’ '

The Committee Reconstituted under NDRC

3.9. Before any decisions made at this meeting could be put in
effect, the organization of the National Defense Research Committee was
announced in June 194Q, and President Roosevelt gave instructions that the
Uranium Committee should be reconstituted as a subcommittee of the NDRC,
porting to Vannevar Bush (chairman, NDRC). The membership of this recons
tuted Uranium Committee was as follows: Briggs, Chairman; Pegram, Urey,
Beams, Tuve, R. Gunn and Breit. On authorization from Briggs, Breit cons
Wigner and Teller frequently although they were not members of the commit
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From that time until the summer of 1941 this committee continued in control
with approximately the same membership. Its recommendstions were transmitted
by Briggs to the NDRC, and suitable contracts were made between the NDRC and
various research institutions. The funds, however, were first supplied by
the Army and Navy, not from regular NDRC appropriations.

Support of Research

3.10. The first contract let under this new set-up was to Columbia
University for the two lines of work recommended at the June 15th meeting as
described above. The project was approved by the NDRC and the first NDRC con-
tract (NDCrc-32) was signed November 8, 1940, being effective from November 1,
1940 to November 1, 1941. The amount of this contract was $40,000.

3.11. Only very small expenditures had been made before the con-
tract went into effect. For example, about $3,200 had been spent on graphite
and cadmium, this having been taken from the $6,000 allotted by the Army and
Ravy in February, 1940,

3,12, We shall not attempt to review in detail the other contracts
that were arranged prior to December 1941. Their number and total amount
grew gradually. Urey began to work on isotope separation by the cemtrifuge
method under a Navy contract in the fall of 1940. Other contracts were
granted to Columbia University, Princeton University, Standard 0il Development
Compsny, Cornell University, Carnegie Institution of Washington, University
of Minnesota, Iowa State College, Johns Hopkins University, National Bureau
of Standards, University of Virginia, University of Chicago, and University
of California in the course of the winter and spring of 1940-1941 until by
November 1941 the total number of projects approved was sixteen, totalling
about $300,000.

3.13. Scale of expenditure is at least a rough index of activity.
It is therefore interesting to compare this figure with those in other branche:
of war research. By November 1941 the totsl budget approved by NDRC for the
Radiation Laboratory at the Massachusetts Institute of Technology was several
million dollars, Even a relatively asmall project like that of Section S of
Division A of the NDRC had spent or been suthorized to spend $136,000 on work
that proved valuable but was obviously not potentially of comperable impor-
tance to the uranium work,

Canmittee Reorganized in Summer of 1941

3.14. The Uranium Committee as formed in the summer of 1940 con-
~ tinued substantially unchanged until the summer of 1941. At that time the
main committee was somewhat enlarged and subcommittees formed on isotope
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_separation, theoretical aspects, power production and heavy water.s It
thereafter called the Uranium 3sstion or the S-1 Section of NDRC. Thou
formally disbanded until the summer of 1942, this revised committee was
largely superseded in December 1941 (see Chapter V),

The National Acedemy Reviewing Committee

3.15. 1In the spring of 15941, PBriggs, feeling that an imparti
view of the problem wss desirable, requested Bush to appoint a reviewin
committee. Bush then formally requested F. B. Jewett, President of the
National Academy of Sciences, to appoint such a committee. Jewett comp:
appointing A. H. Compton, chairmen; W. D. Coclidge, E. O. Lawrence, J. f
Slater, J. H. Van Vleck, and B. Gherardi. (Beceuse of illness, Gherard:
unable to serve.) This committee was instructed to evaluate the milita:
portance of the uranium problem and to recommend the level of expenditw
which the problem should be investigated.

3.16. This committee met in May and submitted a report. (Th:
port and the subsequent ones will be summarized in the next chapter.) ¢
basis of this report and the oral exposition by Briggs before a meeting
the NDRC, an appropriation of $267,000 was approved by the NDRC at its r
of July 18, 1941, and the probability that much larger expenditures woul
necessary was indicated. Bush asked for a second report with emphesis ¢
engineering aspects, and in order to meet this request 0. E, Buckley of
Bell Telephone Laboratories and L. W. Chubb of the Westinghouse Electri
and Manufacturing Company were added to the committee. {Campton was in
Americe during the summer and therefore did not participate in the summe
meetings of the committee.) The second report was submitted by Coolidge
a result of new measurements of the fission cross section of U=235 and ¢
creasing conviction that isotope separation was possible, Compton and Ls
suggested to J. B. Conant of NDRC, who was working closely with Bush, ir
September 1941, that a third report was desirable.. Since Bush and Conar
learned during the summer of 1941 that the British also felt increasingl
optimistic, the camittee was segked to meke another study of the whole &
For this purpose the committee was enlarged by the addition of W. K. Lew
R. S. Mulliken, and G. B. Kistiakowsky. This third report was submitted
Compton on November 6, 1941,

% Uranium Section: Briggs, chairman; Psgram, vice-chairmen; S. K. .
son, Beams, Breit, E. U. Condon, H. D. Smyth, Urey.

Separation Subsection: Urey, chairman; Beama,

Power Production Subsection: Pegram, chairman; Allison, Fermi, Smy
Szilard.

Heavy fiater Subsection: Urey, chairman; T. H. Chilton.

Theoretical Aspects Subsection: Fermi, chairman; Breit, C. H. Ecka:
Smyth, Szilard, J. A, Wheeler,
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Information received from the British ,

3.17. Beginning in 1940 there was some interchange of information
with the British and during the summer of 1941 Bush learned that they had been
reviewing the whole subject in the period from April to July. They too had
been interested in the possibility of using plutonium; in fact, a suggestion
as to the advisability of investigating plutonium was contained in a letter
from J. D. Cockecroft to R. H. Fowler dated December 28, 1940. Fowler, who was
at that time acting as British scientific liaison officer in Washington,
passed Cockcroft's letter on to Lawrence. The British never pursued the plu=-
tonium possibility, since they felt their limited manpower should concentrate
on U=-235. Chadwick, at least, was convinced that a U-235 bomb of great des-
tructive power could be made, and the whole British group felt that the separa-
tion of U=235 by diffusion was probably feasible.

3.18. Accounts of British opinion, including the first draft of
the British report reviewing the subject, were made available to Bush and
Conant informally during the summer of 1941, although the official British
report of July 15th was first transmitted to Conamt by G. P, Thomson on
October 3rd. Since, however, the British review was not made available to
the committee of the National Academy of Sciences, the rsports by the Academy
committee and the British reports constituted independent evaluations of the
prospects of producing atomic bombs. “

3.19, Besides the official and semi-official conferences, there
were many less formal discussions held, one of these being stimulated by
M. L. E. Oliphant of England during his visit to this country in the summer
of 1941. As an example of such informal discussion we might mention talks
between Conant, Compton, and Lawrence at the University of Chicago semi-
centennial celebration in September 1941. The general conclusion was that the
program should be pushed; and this conclusion in various forms was communi-
cated to Bush by & number of persons,

3.20, In the fall of 1941 Urey and Pegram were sent to England to
get first-hand information on what was being done there, This was the first
time that any Americans had been to England speoifically in connection with
the uranium problem. The report prepared by Urey and Pegram confirmed and ex-
tended the information that had been received previously.

Decision to Enlarge and Reorganize

3.21. As a result of the reports prepared by the National Academy
committee, by the British, and by Urey and Pegrasm, and of the gensral urging
by & number of physiocists, Bush, as Director of the Office of Scientific Re=-

search and Development (of which NDRC is a part), decided that the uranium
work should be pushed more aggressively.

3.22, Before the National Academy issued its third report and be=-
fore Pegrem and Urey visited England, Bush had taken up the whale uranium
question with President Roosevelt and Vice-President Wallace, He summarized
for them the British views, which were.on the whole optimistic, and pointed
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out the uncertainties of the predictiona, The President agreed that it
desirable to broaden the program, to provide a different orgenization, t
provide funds from a special source, and to effect complete interchange
information with the British. It was agreed to confine discussions of
general policy to the following group: The President, Vice-Presidemt, S
tary of War, Chief of Staff, Bush, and Conant. This group was often ref
to as the Top Policy Group.

3.23, By the time of sulmission of the National Academy's thi
report and the return of Urey and Pegram from England, the general plan
the reorganizetion was beginning to emerge. The Academy's report wes mo
conservetive than the British report, as Bush pointed out in his letter
November 27, 1941, to President Roosevelt. It was, however, sufficientl
optimistio to give additional support to the plan of enlarging the work.
proposed reorganization was snnounced at & meeting of the Uranium Sectio
before the Pearl Harbor attack and will be described in Chapter V.

Summarx

3.24, 1In March 1939, only & few weeks after the discovery of
uranium fission, the possible military importance of fission was called -
the attention of the government. In the autumn of 1939 the first govern
committee on uranium was created. In the spring of 1840 a mechanism was
up for restricting publication of significant articles in this field. W
the NDRC was set up in June 1940, the Uranium Committee was reconstitute
under the NDRC. However, up to the autumn of 1941 total expenditures we.
latively small. In December 1941, after receipt of the National Academy
port and information from the British, the decision was made to enlarge :
reorganize the program.
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CHAPTER 1V

PROGRESS UP TO DECEMBER 1941
=== ===

The Immediate Questions
]

4.1. In Chapter II the general problems involved in producing
chain reection for military purposes were described. Early in the summe
1940 the questions of most immediate importance were:

(1) Could any circumstances be found under which the
chain reaction would go?

(2) Could the isotope U-235 be separated on a large
scale? .

(3) Could moderator and other materials be obtained
in sufficient purity and quantity?

Although there were many subsidiary problems, a&s will appear in the acco

of the progress made in the succeeding eighteen months, these three ques
determined the course of the work.

The Chain Reaction
b —— —3

Program Proposed June 15, 1940

4.2, In June 1940, nearly all work on the chain reaction was
centrated at Columbia under the general leadership of Pegram, with Fermi
Szilard in immediate charge. It had been concluded that the most-easily
duced chain reaction was probably that depending on thermal neutron fiss]
e heterogeneous mixture of graphite and uranium. In the spring of 1940 1
Szilard and H. L. Anderson had improved the accuracy of measurements of 1
capture cross section of carbon for neutrons, of the resonance (intermedi
speed) absorption of neutrons by U-238, and of the slowing down of neutrc
carbon. :

4,3, Pegram, in a memorandum to Briggs on August 14, 1940, wrc
"It is not very easy to measure these quantities with accuracy without tt
of large quantities of material. The net results of these experiments in
spring of 1940 were that the possibility of the chain reaction was not de
nitely proven, while it was still further from being definitely disproven
On the whole, the indications weye more favorable than eany conclusions th
could fairly have been claimed from previous results.”

4.,4. At a meeting on June 15th (see Chapter III) these results
were discussed and it was recommended that (A) further measurements be ma
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on nuclear oconstants, and (B) experiments be made on lattices of uranium and
carbon containing smounts of uranium from one fifth to one quarter the esti-
mated critical amounts.

Progress up to February 15, 1941

4.5, Pegram's report of February 15, 1941 shows that most of the
work done up to that time was done on (A), while (B), the so-called inter-=
mediate experiment, was delayed by lack of materials.

4.6. Paraphrasing Pegram's report, the main progress was as
follows:

(a) The slowing down of neutrons in graphite was investigated by studying
the intensity o%fadtivat£0n‘6fﬁvarious detectors (rhodium, indium, iodine)
placed at various positions inside a rectangular graphite column of dimen-
sions 3 x 3 x 8 feet when a source of neutrons was placed therein. By suit-
able choice of cadmium screens the effects of resonance and thermal neutrons
were investigated separately.» A mathematical analysis, based on diffusiom
theory, of the experimental data made it possible to predict the results to
be expected in various other arrangements. These results, coupled with
theoretical studies of the diffusion of thermal neutrons, laid a basis for
future calculations of the number of thermal and resonance neutrons to be
found at eny point in a graphite mass of given shape when a given neutron
source is placed at a specified position within or near the graphite.

(b) The number of neutrons emitted in fission. The experiments on slowing
down neutrons showed that high-energy (high-speed) neutrons such as those
fram fission were practically all reduced to thermal energies (low speeds)
after passing through 40 em or more of graphite. A piece of uranium placed
in a region where thermal neutrons are present absorbs the thermel neutrons
and -~ as fission ocours =- re-emits fast neutrons, which are easily distin-
guished from the thermal neutrons, By a series of measurements with and with-
out uranium present and with various detectors and absorbers, it is possible
to get a value for the constanty, the number of neutrons emitted per thermal

*The presence of neutrons can be detected by ionization chambers or
counters or by the artificial radiocactivity induced in various metal foils,
(See Appendix 1.) The response of each of these detectors depends on the
partioular characteristiocs of the detector and on the speed of the neutrons
(e.g., neutrons of about 1.5 volts energy are particularly effective in ac-
tivating indium). Furthermore, certain materials have very large absorption
cross sections for neutrons of particular ranges of speed (e.g., cadmium for
thermal neutrons). Thus measurements with different detectors with or with-
out various absorbers give some indication of both the number of neutrons
present and their energy distribution. However, the state of the art of such
measurements is rather crude.
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neutron absorbed by uranium. This is not the number of neutrons emittec
fission, but is somewhat smaller than that number since not every absorg
causes fission.

(¢) Lattice theory. Extensive calculations were made on the probable r
of neutrons escaping from lattices of various designs and sizes. This w
fundamental for the so-called intermediate experiment, mentioned above e
item (B).

Initiation of New Programs

4.7. Early in 1941 interest in the general chain-reaction pro
by individuals at Princeton, Chicago, and California led to the spproval
certain projects at those institutions. Thereafter the work of these gr
was coordinated with the work at Columbia, forming parts of a single lar
program. ’

Work on Resonance Absorptions .

4,8. In Chapter II it is stated that there were'advantages in
lattice structure opr "pile™ with uranium concentrated in lumps regularly
distributed in a matrix of moderator. This was the system on which the
Columbia group was working. As is so often the case, the fundamental id
is a simple one. If the uranium and the moderator are mixed homogeneous
the neutrons on the average will lose energy in small steps between pass
through the uranium so that in the course of their reduction to thermal
city the chance of their passing through uranium at any given velocity,
at a velocity corresponding to resonance absorption, is great. But, if
uranium is in large lumps spaced at large intervals in the moderator, th
amounts of energy lost by neutrons between passages from one lump of ura
to another will be large and the chance of their reaching a uranium lump
with energy just equal to the energy of resonance absorption is relative.
small, Thus the chance of absorption by U-238 to produce U=-239, compare
the chance of absorption as themal neutrons to cause fission, may be re
sufficiently to allow a chain reaction to teke place. If one knew the e:
values of the cross sections of each uranium isotope for each type of ab:
sorption and every range of neutron speed, and had similar knowledge for
moderator, one could calculate the "optimum lattice,™ i.e., the best siz«
shape and spacing for the lumps of urenium in the matrix of moderator. !
such data were only partially known,a direct experimental approach appea:

*The term "resonance absorption” is used to describe the very strong
sorption of neutrons by U-238 when the neutron energies are in certain de
nite portions of the energy region from O to 1000 electron volts. Such :
nance absorption demonstrates the existence of nuclear energy levels at ¢
responding energies. On some occasions the term resoneance absorption is
to refer to the whole energy region in the neighborhood of such levels.
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to be in order. Consequently it was proposed that the absorption of neutrons
by ureanium should be measured under conditions similar to those expected in
a chain-reacting pile employing graphite as moderator.

4.9, Experiments of this type were initiated at Columbia, and
were continued at Princeton in February 1941. Essentially the experiment con-
sisted of studying the absorption of neutrons in the energy range extending
from a few thousand electron volts down to a fraction of an electron volt
(thermal energies), the absorption taking place in different layers of
uranium or uranium oxide spheres embedded in a pile of graphite.

4,10. In these experiments, a source of neutrons was provided by
a beam of protons (accelerated by & cyclotron) impinging in a beryllium tar-
get. (The resulting yield of neutrons was equivalent to the yield from a
radium-beryllium source of about 3500 curies strength.) The neutrons thus
produced had a wide, continuous, velocity distribution. They proceeded from
this source into a large block of graphite. By plaocing the variocus uranium
or uranium-oxide spheres inside the graphite block at various positions re-
presenting increasing distances from the source, absorption of neutrons of
decreasing average speeds down to thermal speeds was studied. It was found
that the total absorption of neutrons by such spheres could be expressed in
terms of a "surface™ effect and a "mass" effect.

4,11. These experiments, involving a variety of sphere sizes,
densities, and positions were continued until the spring of 1942, when most
of the group was moved to Chicago. Similar experiments performed at a later
dete at the University of Indiana by A. C. G. Mitchell and his co-workers
have verified and in some cases corrected the Princeton data, but the Prince-
“on data were sufficiently accurate by the summer of 1941 to be used in plan-
ning the intermediate-pile experiments and the subsequent experiments on
operating piles.

4.12. The experimental work on resonance absorption at Princeton
was done by R. R. Wilson, E. C. Creutz, and their collaborators, under the
general leadership of H. D. Smyth; they benefited from the constant help of
Wigner and Wheeler and frequent conferences with the Columbia group.

The First Intermediate Experiments

4.13. About July 1941 the first lattice structure of graphite and
uranium was set up at Columbia. It wes a graphite cube about 8 feet on an
edge, and contained eabout 7 tons of uranium oxide in iron containers distri-
buted at equal intervals throughout the graphite. A preliminary set of mea-
surements was made on this structure in August 1941. Similar structures of
somewhat larger size were set up and investigated during September and
October, and the so-called exponential method {described below) of determining
the multiplication factor was developed and first applied. This work was done
by Fermi and his assistants, H. L. Anderson, B. Feld, G. Weil, and W. H. Zinn.

4.14. The multiplication-factor experiment is rather similar to
that already outlined for the determination of),the number of neutrons produced
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per thermal neutron absorbed. A radium-beryllium nsutron source is pla
near the bottom of the lattice structure and the number of neutrons is
sured at various points throughout the lattice. These numbers are then
pared with the corresponding numbers determined when no uranium is pres
the graphite mass. Evidently the absorption of neutrons by U-238 to pr
J=239 tends to reduce the number of neutrons, while the fissions tend t
crease the number. The question is: Which predominates? or, more prec
Does the fission production of neutrons predominate over ell neutrone-re
processes other than escape? Interpretation of the experimental data
this cruciael question involves many corrections, celculations, and appr
tions, but ell reduce in the end to a single number, the multiplication
k.

The Multiplication Factor k

4.15. The whole success or failure of the uranium project de
on the multiplication factor k, sometimes called the reproduction facto
k could be made greater than one in a practical system, the project wou
succeed; if not, the chain reaction would never be more than a dream.
clear from the following discussion, which applies to any system contai
fissionable material. Suppose that there is & certain number of free n
present in the system at a given time. Some of these neutrons will the
initiate fissions and will thus directly produce new neutrons. The mul
cation factor k is the ratio of the number of these new neutrons to the
of free neutrons originally present. Thus, if in a given pile comprisi;
uranium, cerbon, impurities, containers, etc., 100 neutrons are produce:
fission, some will escape, some will be absorbed in the uranium without
ing fission, some will be absorbed in the carbon, in the containers or :
purities, and some will cause fission, thereby producing more neutrons.
the fissions are sufficiently numerous and sufficiently effective indiv!
more than 100 new neutrons will be produced and the system is chain reac
If the number of new neutrons is 105, k=« 1.056. But if the number of nev
trons per 100 initial ones is 99, k = ,99 and no chaln reaction can maini
itself. '

4,16, Recognizing that the intermediate or "exponential" expe
described above was too small to be chain reacting, we see that it was ¢
of great interest whether any larger pile of the same lattice structure
be chain reacting. This could be determined by calculating what the wal
k would be for an infinitely large lattice of this same type. In other
the problem was to calculate what the value of k would be if no neutrons
leaked away through the sides of the pile.  Actually it is found that, c
chain-reacting system is well above the critical size -- say two or thre
times as great =- and is surrounded by what is called a reflector, the ¢
tive wvalue of k differs very little from that for infinite size providec
k is near 1.00. Consequently, it has become customary to characterize t
chain-reaction potentialities of different mixtures of metal and moderat
the value of k., the multiplication constant obtained by assuming infinit
of pile.

4.17. The value of l.as reported by Fermi to the Uranium Sect
in the fall of 1941 was about 0.87. This was based on results from the
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Columbia intermediate experiment. All agreed that the multiplication factor
could be increased by greater purity of materials, different lattice arrange-
ments, etc. None could say with certainty that it could be made greater than

one.

Experiments on Beryllium

4,18. At about the seame time that the work on resonance absorption
was started at Princeton, S. K. Allison, at the suggestion of A. H. Compton,
began work at Chicago under a contract running from Januwary 1, 1941 to August
1, 1941. The stated objectives of the work were to investigate (a) the in-
crease in neutron production when the pile is enclosed in a beryllium enve=-
lope or ®reflector®, and (b) the cross sections of beryllium. A new contract
was authorized on July 18, 1941 to run to June 30, 1942. This stated the
somewhat broader objective of investigating urenium-beryllium-carbon systems
generally. The appropriations involved were modest: $9,500 for the first
contract, and $30,000 for the second contract. v

4,19. As has already been pointed out in Chapter II, beryllium has
desirable qualities as a moderator because of its low atomic weight and low
neutron-absorption cross section; there was also the possibility that a con-
tribution to the number of neutrons would be realized from the (n, 2n) re-
action in beryllium., The value of the cross section was not precisely known;
furthermore it was far from certain that any large amount of pure beryllium
could be obtained. Allison's problem was essentially similar to the Colum~
bia problem, except for the use of beryllium in place of graphite. Because
of the scarcity of beryllium it was suggested that it might be used in con=-
junction with grephite or some other moderator, possibly eas a reflector.

4,20, In the Chicago experiments, neutrons produced with the aid
of a cyclotron were caused to enter a pile of graphite and beryllium. Al-
lison made a number of measurements on the slowing down and absorption by
graphite which were valuable checks on similar experiments at Columbia. He
finally was able to obtain enough beryllium to make significant measurements
which showed that beryllium was a possible moderator comparable to graphite,
However, beryllium was not in fact used at all extensively in view of the
great difficulty of producing it in quantity in the required structural form.

4,21. This Chicago project as described above beceme part of the
Metallurgical Laboratory project established at the University of Chicago
early in 1942,

Theoretical Work

4.22. Both the intermediate experiments at Columbia and the con-
tinued resonance-absorption work at Princeton required skilful theoretical in-
terpretation. Fermi worked out the theory of the "exponential® pile and Wigner
the theory of resonance absorption; both these men were constantly conferring
and contributing to many problems. Wheeler of Princeton, Breit of Wisconsin,
and Eckart of Chicago =- to mention only a few -- also made contributions to
_general pile theory and related topics. Altogether one can say that by the
end of 1941 the general theory of the chain reaction for slow neutrons was
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almost completely understood. It was the numerical conztents snd techno:
cal possibilities that were still uncertain.

4.23. On the theory of a fast neutron reaction in U=235 a goo«
of progress had also been made. In particular, new estimates of the crif
size were made, and it was predicted that possibly 10 percent of the tots
energy might be released explosively. On this basis one kilogram of U-2!
would be equivalent to 2000 tons of TNT. The conclusions are reviewad be
in connection with the Netional Academy Report. It is to be remambered f
there are two factors involveds (1) how large a fraction of the available
fission energy will be released before the reaction stops; (2) how destn
such a highly concentrated explosion will be.

Work on Plutonium

4.24. 1In Chapter I mention is made of the suggestion that the
ment 94, later christened plutonium, would be formed by beta-ray disinte;
tions of U-239 resulting from neutron absorption by U-238 and that pluto:
would probably be an alpha-particle emitter of lomg half-life and would
go fission when bombarded by neutrons. In the summer of 1940 the nuclea:
physics group at the University of California in Berkeley was urged to us
neutrons from its powerful cyclotron for the production of plutoniwm, anc
separate it from uranium and investigate its fission properties. Various
pertinent experiments were performed by E. Segrd, G. T. Seaborg, J. W. Ke
and M. H. Wahl at Berkeley prior to 1941 and were reported by E. O. Lawre
to the National Academy Committee (see below) in May 1941 and also in a n
randum that was incorporated in the Committee's second report dated July
1941. It will be seen that this memorandum includes one important idea r
specifically emphasized by others (paragraph 1.58), namely, the productic
large quantities of plutonium for use in a bomb,

4.25, We quote from Lawrence's memorandum &s follows:

Since the first report of the National Academy of Sciences Comm
on Atomic Fission, an extremely important new possibility has bsen
opened for the exploitestion of the chain reaction with unseparated
isotopes of uranium. Experiments in the Radiation Laboratory of the
University of California have indicated (&) that element 94 is forme
as & result of capture of & neutron by uranium 238 followed by two s
cessive beta~-transformations, and furthermore (b) that this transura
element undergoes slow neutron fission and therefore presumsbly beha
like uranium 235, '

It appears accordingly that, 1f & chain reaction with unseparat
isotopes is achieved, it may be allowed to proceed vioclently for a
period of time for the express purpose of manufacturing element 94
in substential emounts. This material could be extracted by ordinar
chemistry and would presumebly be the squivalent of uranium 236 for
chain reaction purpcses.

If this is so, the follewing three outstandlng important possi-
bilities are opened
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l. Urenium 238 would be available for energy production, thus
increasing about one hundred fold the total atomic emergy obtainable
from a given quantity of uranium.

- 2. Using element 94 one may envisage preparation of small chain
reaction units for power purposes weighing perheps a hundred pounds
instead of a hundred tons as probably would be necessary for units
using netural uranium.

3. If large amounts of element 94 were available it is likely
that & chain reaction with fast neutrons could be produced. In such
a reaction the energy would be released at an explosive rate which
might be described as a "super bomb".

Radioactive Polsons

4.26. As previously stated, the fragments resulting from fission
are in most cases unstable nuclei, that is,artifically radioactive mater-
ials. It is common knowledge that the radiations from radicactive materials
have deadly effects akin to the effects of X-rays.

4.,27. In a chain-rescting pile these radioactive fission products
build up as the reaction proceeds. (The have, in practice, turned out to be
the most troublesome feature of a reacting pile.) Since they differ chemically
from the uranium, it should be possible to extract them and use them like a
particularly viecious form of polison gas., Thls idea was mentioned in the
Netional Academy report (see paragraph 4.48) and was developed in a report
written December 10, 1941, by E. Wigner and H. D. Smyth, who concluded that
the fission products produced in one day's run of a 100,000 kw chaln-reacting
pile might be sufficient to make a large area uninhablitable,

4.28., Wigner and Smyth did not recommend the use of radioactive
poisons nor has such use been seriously proposed since by the responsible
authorities, but serious consideration weas given to the possibility thet the
Germans might make surprise use of radioactive polsons and defensive measures
were planned. '

Isotope Separation
=== ==

Small-Scale Separation by the Mass Spectrograph

4.29. In Chapter I the attribution of thermal-neutron fission of
uranium to the U-235 isotope wes mentioned as being experimentally established.
This wes done by partly separating minute quantities of the uranium isotopes
in A. O. Nier's mass spectograph and then studying the nuclear properties
of the samples. Additional small samples were furnished by Nier in the sum-
mer of 1941 and studied by N. P. Heydenburg and others at M. A. Tuve's labor-
atory at the Department of Terrestrial Magnetism of the Carnegie Institution
of Washlington. But results of such experiments were still preliminary, and
it was evident that further study of larger and more completely separated
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samples was desirable,

4,30, The need of larger samples of U=-235 stimulated E. 0. Law
rence at Berkeley to work on electromagnetic separation. He was remarkat
successful and by December 6, 1941 reported that he could deposit in one
hour one microgram of U-235 from which a large proportion of the U-238 hs

been removed.

4,31. Previously, at a meeting of the Uranium Cormittee, Smyt}
Princeton had raised the question of possible large-scale separation of i
topes by electromagnetic means but had been told that it had been investi
gated and was considered impossible. Nevertheless, Smyth and Lawrence at
chance meeting in October 1941 discussed the problem and agreed that it n
yet be possible. Smyth agein raised the question at a meeting of the Ure
Committee on December 6th and at the next meeting (December 18, 1941) the
was a general discussion of large-scale electromagnetic methods in connec
tion with Lawrence's report of his results already mentioned. The conse-
quences of this discussion are reported in Chapter XI.

The Centrifuge and Gaseous Diffusion Methods

4.,32. Though we have made it clear that the separation of y-22
from U-238 might be fundemental to the whole success of the project, litt
has been said about work in this field. Such work had been golng on sinc
the summer of 1940 under the general direction of H. C. Urey at Columbia,
Since this part of the uranium work was not very much affected by the rec
- geanization in December 1941, a detailed account of the work is reserved f
Chapters IX and X. Only a summary is presented here.

4,33. After careful review and a considerable amount of exper]
menting on other methods, it had been concluded thet the two most promisi
methods of separating large quantities of U-235 from U-238 were by the us
of centrifuges and by the use of diffusion through porous barriers. In t
centrifuge, the forces acting on the two lsotopes are slightly different
because of their differences in mass. In the diffusion through barriers,
the rates of diffusion are slightly different for the two isotopes, sagair
because of their differences in mass. FEach method required the uranium t
be in gaseous form, which was an immediate and serious limitation since t
only suitable gaseous compound of uranium then known was uranium hexa-
fluoride. In each method the amount of enrichment to be expected in a
single production unit or "stage" was very small; this indicated that mar
successive stages would be necessary if a high degree of enrichment was t
be attained. ' ‘

4,34. By the end of 1941 each method had been experimentally
demonstrated in principle; that is, single-stage separators had effected
the enrichment of the U-235 on a laboratory scale to about the degree pre
dicted theoretically. X. Cohen of Columbla and others had developed the
theory for the single units and for the series or "cascede"™ of units that
would be needed. Thus it was possible to e stimate that about 5000 stages
would be necessary for one type of diffusion system and that a total area
many acres of diffusion barrier would be required in a plant separating a
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kilogram of U-235 each day. Corresponding cost estimates were tens of
millions of dollars. For the centrifuge the number of stages would be smaller,
but it was predicted that a similar production by centrifuges would require
22,000 separately driven, extremely high-speed centrifuges, each three feet in
length -- at a comparaeble cost.

4,35, Of course, the cost estimates could not be made accurately
since the technologicel problems were almost completely unsolved, but these
estimates as to size and cost of plant did serve to emphasize the megnitude of
the undertaking.

Thermal Diffusion in Liquids

4,36. In September 1940, P. H. Abelson submitted to Briggs & 17-
page memorandum suggesting the possibillity of separating the isotopes of
uranium by thermal diffusion in liquid uranium hexafluoride. R. Gunn of the
Naval Research Laboratory was also much interested in the uranium problem and
was appointed a member of the Uranium Committee when it was reorganized under
the NDRC in the summer of 1940. As a result of Abelson's suggestion and Gunn's
interest, work was started on thermal diffusion at the National Bureau of
Standards. This work was financed by funds from the Navy Department and in
1940 was transferred to the Nawval Research Laboratory, still under the direc-
tion of Abelson, where it has continued.

4.37. We shall discuss the thermal-diffusion work further in a
later chapter, but we may mention here that significant results had already
been obtained by the end of 1941 and that in January 1942, using a single
separation column, & separation factor had been obtained which was comparable
or superior to the one obteined up to that time in preliminary tests on the
diffusion and centrifuge methods.

The Production of Heavy Water

4,38, It was pointed out in Chapter II that deuterium appeared
very promising as a moderator because of its low absorption and good slowinge
down property but unpromising because of its scarcity. Interest in a deuterium
moderator was stimulated by experimental results obtained in Berkeley demon=-
strating that the deuterium absorption cross section for neutrons was, in fact,
almost zero. Since oxygen has a very low absorption coefficient for neutrons,
it was usually assumed that the deuterium would be used combined with oxygen,
that is, in the very convenient material:; heavy water. Work at Columbia on
possible methods of large-scele concentration of heavy water was initiated in
February 1941 under the direction of H. C. Urey (under an OSRD contract).
Early in 1941, R. H. Fowler of England reported the interest of the British
group in a moderator of deuterium in the form of heavy water and their con-
viction that a chain reaction would go in relatively small units of uranium
and heavy water,

4.,39. Urey and A. von Grosse had already been considering the con-
centration of heavy water by means of a catalytic exchenge reaction between
hydrogen gas and liquid water. ,Thls process depends on the fact that, when
isotopic equilibrium is established between hydrogen gas and water, the water
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contains from three to four times as great a concentration of deuterium
does the hydrogen gas. During 1941, this exchenge reaction between wate
hydrogen was investigated and extensive work was done toward developing
scale methods of producing materials suitable for catalyzing the reactio:

4.40. The further development of this work and of other metho
producing heavy water are discussed in Chapter IX. Lika the other isoto
separation work at Columbia, this work was relatively unaffected by the
organization in December 1941. It is mentioned in preliminary fashion h
indicate that all the principal lines of approach were under investigati«
1941,

Production and Analysis of Materials

4.4l. By the end of 1941 not very much progress had been made
the productlon of materials for use in a chain reacting system. The Nat:
Bureau of Standards and the Columbia group were in contact with the Meta:
Hydrides Company of Beverly, Massachusetts. This company wes producing :
uranium in powdered form, but efforts to increase its production and to :
the powdered metal into solid ingots had not been very successful.

4.42, Similarly, no satisfactory arrangement had been made foi
taining large amounts of highly purified graphite. The grephite in use ¢
Columbia had been obtained from the U. S. Graphite Company of Saginaw, M
It was of high purity for a commercial product, but it did contain about
part in 500,000 of boron, which was undesirable.

4,43, Largely through the interest of Allison the possibility
increasing the production of beryllium had been investigated to the exter
ascertaining that it would be difficult and expensive, but probably possi

4.44. Though little progress had besen made on procurement, muc
progress had been made on analysis. The development of sufficiently acct
methods of chemical analysis of the materials used has been a problem of
firgt magnitude throughout the history of the project. although sometimes
overshadowed by the more spectacular problems encountered. During this
C. J. Rodden and others at the National Bureau of Standards were principe
responsible for analyses; H. T. Beans of Columbia also cooperated. By 1€
several other groups had started analytical sections which have been con-
tinuously active ever since.

4.45, To summarize, by the end of 1941 there was no evidence t
procurement of materials in sufflicient quantity and purity was impossible
the problems were far from solved,
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Exchange of Information with the British

4.46. Prior to the autumn of 1941 there had been some exchange of
reports with the British and some discussion with British sclentific repre-
sentativeswho were here on other business. In September 1941, it was decided
that Pegram and Urey should get first-hand information by a trip to England.
They completed their trip in the first week of December 1941l.

4.47. 1In general, work in England had been following much the seame
lines as in this country. As to the chain-reaction problem, their attention
*had focussed on heavy water as a moderator rather than graphite; as to isotope
separation, they had done extensive work on the diffusion process including
the general theory of cascades. Actually the principal importance of this vis:
and other interchanges during the summer of 1941 lay not in accurate scientific
data but in the general scientific impressions. The British, particularly J.
Chadwick, were convinced that a U-235 chain reaction could be achieved. They
knew that several kilograms of heavy water a day were being produced in Norway,
and that Germany had ordered considerable quantities of paraffin to be made
using heavy hydrogen; it was difficult to imagine & use for these materials
other than in work on the uranium problem. They feared that if the Germens
got atomic bombs before the Allies did, the war might be over in a few weeks.
The sense of urgency which Pegram and Urey brough back with them was of great
importance.

The National Academy Committee Report

4.48. The appointment of a National Academy committee was mentioned
in Chapter III. The committee's first report in May 1940 mentioned (a) radio-
active poisons, (b) atomic power, and (c) atomic bombs, but the emphasis was on
power. The second report stressed the importance of the new results on plu-
tonium, but was not specific about the military uses to which the fission pro-
cess might be put. Both these reports urged that the project be pushed more
vigorously.

4.49. The third report (November 6, 1941) was specifically concerned
with the "possibilities of an explosive fission reaction with U-235." Although
neither of the first two National Academy reports indicated that uranium would
be likely to be of decisive importance in the present war, this possibility was
emphasized in the third report. We can:-do no better than quote portions of
this report.

Since our last report, the progress toward separation of
the isotopes of uranium has been such as to make urgent a .
consideration of (1) the probability of success in the attempt
to produce a fission bomb, (2) the destructive effect to be
expected from such a bomb, (3) the anticipated time before its
development can be completed and production be underway, and
(4) a preliminary estimate of the costs involved.
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l. Conditions for a fission bomb

A fission bomb of superlatively destructive power will
result from bringing quickly together a sufficient mass ol

element U~-235. This Seems to be as sure &s any untried pre-
diction based upon theory and experiment can be.

Our calculations indicate further that the required
masses can be brought together quickly enough for the
reaction to become efficient...

2. Destructive effect of fission bombs

a. Mass of the bomb

The mass of U-235 required to produce explosive fission
under appropriate conditions can hardly be less than 2 k -
nor greater than 100 kg. These wide limits reflect chlefly the
experimental uncertainty in the capture cross section of U=235
for fast neutrons...

b. Energy released by explosive fission

Calculations for the case of masses properly located at
the initial instant indicate that between 1 and 5 percent of
the fission energy of the uranium should be released at a
fission explosion. This means from 2 to 10 x 10 kilocalories
per kg of uranium 235. The available explosive energy per
kg of uranium is thus equivalent to about 300 tons of TNI.

3. Time required for development and production of the
necessary U=255

a. Amount of uranium needed

Since the destructiveness of present bombs is already an
important factor in warfare, it is evident that, if the destructivenese
of the bombs 1s thus increased 10,000-fold, they should become of de-
clsive importance.

The amount of uranium required will, nevertheless, be large.
If the estimate is correct that 500,000 tons of TNT bombs would be
required to devastate Germany's militery and industrial objentives,
from 1 to 10 tons of U=-235 will be required to do the same job.

b. Separation of U-235

The separation of the isotopes of uranium can be done in the
necessary amounts. Several methods are under development, at least
Ttwo of which seem definitely adequate, and are approaching the stage
of practical test. These are the methods of the centrifuge and of diffy
sion through porous barriers. Other methode are being investigated or
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need study which may ultimately prove superior, but are now
farther from the engineering stage.

c. Time required for production of fission bombs

An estimate of time required for development, engineering
and production of fission bombs can be made only very roughly at
this time.

If all possible effort is spent on the program, one might
however expect fission bombs to be available in significant quantity
within three or four years.

4. Rough estimate of costs

(The figures given in the Academy report under this heading
were recognized as only rough estimates since the sclentifioc and
engineering data to meke them more precise were not available.

They showed only that the undertaking would be enormously expensive
but still in line with other war expenditures.)

4.50. The report then goes on to consider immediate requirements
and desirable reorganization.

Summary
e

4.51., At the end of Chapter I we summarized the knowledge of
nuclear fission as of June 1940, and in Chapter Il we stated the outstanding
problems as of the seame date. In the light of these statements we wish to re-
view the eighteen months' progress that has just been recounted. The tan-
gible progress was not great. No chain reaction had been achieved; no appre-
ciable amount of U-235 had been separated from U-238; only minute amounts of
Pu-239 had been produced; the production of large quantities of uranium metal,
heavy water, beryllium, and pure graphite was still largely in the discussion
stage. But there had been progress. Constants were better known; calcula-
tions had been checked and extended; guesses as to the existence and nuclear
properties of Pu=239 had been veriflied. Some study had been made of engi=-
neering problems, process effectiveness, costs, and time schedules. Most im-
portant of all, the critical size of the bomb had been shown to be almost
certainly within practical limits. Altogether the likelihood that the prob-
lems might be solved seemed greater in every case than it had in 1940. Per-
haps more important than the actuel change was the psychological change.
Possibly Wigner, Stzilard, and Ferml were no more thoroughly convinced that
atomic bombs were possible than they had been in 1940, but many other people
had become familiar with the idea and its possible consequences.
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Apparently, the British and the Germans, both grimly at war, thought the p
lem worth undertaking. Furthermore, the whole national psychology had cha
Although the attack at Pearl Harbor was yet to come, the impending threat

war was much more keenly felt than before, and expenditures of effort and

that would have seemed enormous in 1940 were considered obviously necessar
precautions in December 1941. Thus it was not surprising that Bush and hi
associates felt it was time to push the uranium project vigorously. For t
purpose, there was created an entirely new administrative organization whi

will be described in the next chapter.
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CHAPTER V

ADMINISTRATIVE HISTORY 1942-1945

5.1, In Chapter III the administrative history of the uranium
up to December 1941 was reviewed. Chapter IV reported the progress of t
scientific work up to the same date. The present chapter describes the
ministrative reorganization that took place in December 1941 and various
changes that occurred after that time.

Reorganization of NDRC Uranium Section - Transfer to OSRD

5.2. Two major decisions were required in the further plannin
the uranium or atomic-bomb program. These decisions were made by Vannev
Bush, Director of the Office of Scientific Research and Development (whi
cluded NDRC), after conference with various scientists and administrators
cerned. (See Chapter III.) The decisions weres first, that the possibi
of obtaining atomic bombs for use in the present war was great enough to
justify an nall out® effort for their development; second, that the exis
organization, the NDRC Uranium Section (known as the S-1 Section, and co
ing of L. J. Briggs, Chairman; G. B. Pegram, Vice-Chairman; H. T. Wensel
Technical Aide; S. K. Allison, J. W. Beams, G. Breit, E. U. Condon, R. &
H. D. Smyth, and H. C. Urey) was not properly organized for such an effo

5.3. At a meeting of the National Defense Research Committee
November 28, 1941, Dr. Bush explained why he felt that it was desirable f
set up the uranium program outside NDRC. The members of NDRC agreed to ¢
transfer. Accordingly, the NDRC as an organization had no further conne
with the uranium program, which was administered for some time thereaftei
the OSRD directly through an OSRD S~1 Section, and later through an OSRD
Executive Committee.

5.4. At a meeting of the S-1 Section of OSRD on December 6, 1<
J. B, Conant, speaking for Bush, announced the proposed "all out" effort
the reorganization of the group. The S~1 Section itself had not been for
consulted on the proposed reorganization, but there is no doubt that most
its members were strongly in favor of the new proposals., The membership
the reorganized S-1 Section was as follows:

J. B. Conant, Representative of V. Bush

L. J. Briggs, Chairman

G. B. Pegram, Vice-Chairman

A. H. Compton, Program Chief

E. 0. lawrence, Program Chief

H. C. Urey, Program Chief

E. V. Murphree, Chairman of the separately organized
Planning Board .

H. T. Wensel, Technical Aide

S. K. Allison

J. W. Beams
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G. Breit
E. U. Condon
H. D. Smyth

Foarmation of the Planning Board

5.5. At the time the S-1 Section was reorganized, Bush also set
up a Planning Board to be responsible for the technical and engineering as-
pects of the work, for procurement of materials and for construction of pilot
plants and full-size production plants, This Planning Board consisted of
E. V. Murphree (Chairman), W. K. Lewis, L. W. Chubb, G. O, Curme, Jr., and
P. C. Keith.

Functions of the Planning;Board and OSRD S-1 Section

5.6, It was arranged that contracts for the scientific parts of

the work would be recommended to Bush not by the full S-1 Section but by
" Briggs and Conant after conferences with the program chiefs involved and that
recommendations on engineering contracts would be made to Bush by the Planning
Board. (The contracts which had been made on behalf of the old Uranium
Section had been administered through the NDRC.,) Contracts for the develop-
nment of diffusion and centrifuge separation processes were to be recommended
by the Planning Board, which would be responsible for the heavy-water pro-
duction program also. Bush stated that the Planning Board "will be responsi-
ble for seeing to it that we have plans on which to proceed with the next
step as expeditiously as possible."

5.7. The sclentific aspects of the work were separated from the
procurement and engineering phases. The Program Chiefs -- H. C. Urey, E. O.
Lawrence, and A. H. Compton -- were to have charge of the scientific aspects.
Initially it was proposed that Urey should have charge of the separation of
isotopes by the diffusion and the centrifuge methods and of the research work
on the production of heavy water. Lawrence was to have charge of the initial
production of small samples of fissionable elements, of quantity production
by electromagnetic separation methods, and of certain experimental work re-
lating to the properties of the plutonium nucleus. Compton was to have charge
of fundamental physical studies of the chain reaction and the measurement of
nuclear properties with especial reference to the explosive chain reaction.

As an afterthought, he was authorized to explore also the possibility that
plutonium might be produced in useful amounts by the controlled chain-reaction
method. It was understood, however, that this divisionh of responsibility was
to be more precisely defined in later conferences. (The written records of
that period do not always give adequate accounts of what was in the minds of
the men concerned. In deference to security requirements, references to the
importance of plutonium and even to the bomb itself were often omitted entire-

ly.)

5.8. The effect of the reorganization was to put the direction of
the projects in the hands of a small group consisting of Bush, Conant, Briggs,
Compton, Urey, Lawrence, and Murphree. Theoretically, Compton, Lawrence, Urey,
and Murphree were responsible only for their respective divisions of the
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program. Fach met with Conant and Briggs or occasionally with Bush to d
his specific problems, or even the overall program.

Meeting of Top Policy Group - Approval of Reorganization

5.9. A meeting of the Top Policy Group, consisting of Vice-Pr
dent Henry A. Wallace, Secretary of War Henry L. Stimson, and Dr. V. Bus
held on December 16, 1941. General George C. Marshall and Dr. J, B. Con
also members of the group, were absent; Mr. H. L. Smith of the Budget Bu
attended. Bush described the reorganization that was in progress and hi
plans were approved. In a memorandum to Conant desc¢ribing this meeting,
wrote, "It was definitely felt by the entire group that OSRD should pres
fast as possible on the fundamental physics and on the engineering plann
and particularly on the construction of pilot plants.® Bush estimated t
cost of this aspect of the work would be four or five million dollars, a
stated the Army should take over when full-scale construction was starte
presumably when pilot plants were ready. He suggested the assignment of
technically trained Army officer to become familiar with the general nat
of the uranium problem. It was made clear at this meeting that the inte
national relations involved were in the hands of the President, -with Bus
sponsible for liaison on technical matters only.

Meeting of OSRD S-1 Section on December 18, 1941

5.10. On December 18, 1941, a meeting of the reorganized S-1

Section was held. Conant was present and discussed the new policy, whicl
called for an all-out effort. He emphasized that such an effort was jus
only by the military value of atomic bombs and that all attention must b
centrated in the direction of bomb development. The whole meeting was p
vaded by an atmosphere of enthusiasm and urgency. Several methods of el:
magnetic separation were proposed and discussed, and a number of new con
were recommended.

Meeting of OSRD S-1 Section on January 16, 1942

' 5.11. Another meeting of the OSRD S-1 Section was held on Jam
16, 1942. Informal discussions of the various production methods took p:
and tentative estimates were made as to when each method would produce re
These forecasts actually were no more than guesses since at that time the
scientific information available was very incomplete and the problems of
ing such data as did exist to the construction and operation of producti¢
plants had hardly been approached.

Rearrangement of the Work Early in 1942

5.12. In the mliddle of January 1942, Compton decided to concer
the work for which he was responsible at the University of Chicago. The
Columbia group under Fermi and its accumulated material and equipment anc
Princeton group which had been studying resonance absorption were moved {1
Chicago in the course of the spring. Certain smaller groups elsewhere re¢
mained active under Compton's direction. Under Lawrence the investigatic
large-scale electromagnetic separation was accelerated at the University
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Ccalifornia at Berkeley and a related separation project was started at Prince-
ton. Research and development on the diffusion process and on the production
of heavy water continued at Columbia under Urey; under the general supervision
of Murphree, the centrifuge work continued at the University of Virginia under
Beams while the Columbia centrifuge work was transferred to the laboratories
of the Standard 0il Development Co. at Bayway, New Jersey.

Report to the President by Bush on March 9, 1942

5.13. In a report dated February 20, 1942, Conant recommended that
all phases of the work be pushed at least until July 1, 1942. Similarly, on
March 9, 1942, Dr. Bush sent a report to the President reflecting general
optimism but placing proper emphasis. on the tentative nature of conclusions.
His report contemplated completion of the project in 1944. 1In addition, the
report contained the suggestion that the Army be brought in during the summer
of 1942 for construction of full-scale plants.

Reviews of the Program by Conant

5.14. The entire heavy-water program was under review in March and
April 1942. The reviews followed a2 visit to the United States in February and
March 1942 by F. Simon, H. Halban, and W. A. Akers from England. In a memoran-
dum of 2April 1, 1942 addressed to Bush, Conant reviewed the situation and re-
ported on conferences with Compton and Briggs. His report pointed out that
extremely large quantities of heavy water would be required for a plutonium
production plant employing heavy water instead of graphite as a moderator.
For this reason, he reported adversely on the suggestion that Halban be in-
vited to bring to this country the 165 liters of heavy water which he then
had in England.

5.15. In a memorandum written to Bush on May 14, 1942 (shortly be-
fore a proposed meeting of Program Chiefs), Conant estimated that there were
five separation or production methods which were about equally likely to suc-
ceeds the centrifuge, diffusion, and electromagnetic methods of separating
U-235; the uranium-graphite pile and the uranium-heavy-water pile methods of
producing plutonium. All were considered about ready for pilot plant con-
struction and perhaps even for preliminary design of production plants. If
the methods were to be pushed to the production stage, a commitment of five
hundred million dollars would be entailed. Although it was too early to esti-
mate the relative merits of the different methods accurately, it was presumed
that some methods would prove to be more rapid and efficient than others. It
was feared, however, that elimination of any one method might result in a
serious delay. It was thought that the Germans might be some distance ahead
of the United States in a similar program.

-5.16. Conant emphasized a question that has been crucial throughout
the development of the uranium project. The question was whether atomic bombs
would be decisive weapons or merely supplementary weapons. If they were de-
cisive, there was virtually no limit to the amount of effort and money that
should be put into the work. The question was complicated by the uncertainty
as to how effective the atomic bombs would be.
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Change from OSRD S-1 Section to OSRD S-1 Executive Committee

5.17. In May 1942, Conant suggested to Bush that instead of e
couraging members of the section individually to discuss their own phase:
the work with Conant and Briggs, the OSRD S-1 3Section should meet for ger
discussions of the entire program. Bush responded by terminating the OS]
S-1 Section and replacing it with the OSRD S-1 Executive Committee, cons:

of the following:

J. B. Conant, Chairman
L. J. Briggs

A. H. Compton

E. 0. Lawrence

E. V. Murphree

H. C. Urey

H. T. Wensel and I. Stewart were selected to sit with the Committee as Te
cal Aide and Secretary respectively.

: 5.18., The following members of the old OSRD S-1 Section were 8
pointed as consultants to the new Committee:

S. K. Allison
J. W. Beams
G. Breit

E. U. Condon
H. D. Smyth

5.19. The functions of the new OSRD S-1 Executive Committee we

(a) To report on the program and budget for the next
~ eighteen months, for each method.

(b) To prepare recommendations as to how many programs
should be continued.

(c)‘ To prepare recommendations as to what parﬁs of the
program should be eliminated. .

5.20. Recommendations relative to matters of OSRD S-1 policy a
relative to the letting .of OSRD S-1 contracts were made on the basis of a
ma jority vote of the Committee. Conant refrained from voting except in ¢
of a tie vote. While Bush alone had the authority to establish OSRD poli
and commit OSRD funds, he ordinarily followed the recommendations of the
Executive Committee.

Report to the President by Bush and Conant on June 17, 1942

5.21. On June 13, 1942, Bush and Conant sent to Vice-President
Henry A. Wallace, Secretery of War Henry L. Stimson, and Chief of Staff G«
George C. Marshall a report recommending detailed plans for the expansion
contimuation of the atomic-bomb program. All three approved the report.
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June 17, 1942, the report was sent by Bush to the President, who also approved.
The report, which is too long to present in full, contained four principal
parts, which dealt with: (a) The status of the development as appraised by
the senior scientists; (b) Recommendations by the program chiefs and Plan-
ning Board; (c¢) Comments by Bush, Conant, and General W. D. Styer; (d) Re-
commendations by Bush and Conant. We may paraphrase parts (a) and (c¢) as
follows: '

(a) The status of the program.

(1) It was clear that an amount of U-235 or
plutonium comprising a number of kilograms
would be explosive, that such an explosion
would be eguivalent to several thousand
tons of TNT, and that such an explosion could
be caused to occur at the desired instant.

(2) It was clear that there were four methods of
preparing the fissionable material and that
all of these methods appeared feasible; but
it was not possible to state definitely that
any given one of these is superior to the
others.

(3) It was clear that production plants of con-
siderable size could be designed and built.

(4) It seemed likely that, granted adequate funds
" and priorities, full-scale plant operation
could be started soon enough to be of military
significance.

(c) Ccomments by Bush, Conant, and General Styer.

Certain recommendations had been made by Lawrence,
Urey, Compton, and Murphree. These recommendations
had been reviewed by Bush, Conant, and General
Styer (who was instructed by General Marshall to
follow the progress of the program) and their com~
ments concerning the program were as followss

(1) If four separate methods all appeared to a
highly competent scientific group to be cap-
able of successful application, it appeared
certain that the desired end result could be
attained by the enemy, provided he had suffi-
cient time.

(2) The program as proposed obviously could not
be carried out rapidly without interfering
with other important matters, as regards both
scientific personnel and critical materials,
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A choice had to be made between the military
result which appeared attainable and the
certain interference with other war activities.

(3) It was unsafe at that time, in view of the
ploneering nature of the entire effort, to
concentrate on only one means of obtaining
the result.

(4) It therefore appeared best to proceed at once
with those phases of the program which inter-
fered least with other important war activities.
Work on other phases of the program could pro-
ceed after questions of interferemce were re-
solved.

5.22. The June 13, 1942, report to the President and Bushts
transmittal letter dated June 17, 1942, were returned to Bush with the in
itialled approval of the President. A copy of the report was then sent bt
Bush to General Styer on June 19, 1942.

Selection of Colonel J. C. Marshall

5.23, On June 18, 1942, Colonel J. C. Marshall, Corps of Engin
was instructed by the Chief of Engineers to form a new district in the Co
of Engineers to carry on spscial work (atomic bombs) assigned to it. Thi
district was designated the Manhattan District and was officially establi
on August 13, 1942. The work with which it was concerned was labeled, fo
security reasons, the "DSM Project" (Development of Substitute Materials)

-Selection of General L. R. Groves

5.24. On September 17, 1942, the Secretary of War placed Briga
‘General L. R. Groves of the Corps of Engineers in complete charge of all
activities relating to the DSM Project.

Military Policy Committee; Functioning of the OSRD Committees

5.25. A conference was held on September 23, 1942, among those
persons designated by the President to determine the general policies of °
project, and certain others. Those present were Secretary of War Henry L
Stimson, Chief of-Staff General George C. Marshall, Ir. J, B. Conant, Dr.
Bush, Major General Brehon Somervell, Major General W. D. Styer, and Brig
Genpral'L. R. Groves. (Vice-President Henry A. Wallace was unable to att
A Military Policy Committee was appointed consisting of Dr. V. Bush as Ch
man with Dr. J. B, Conant as his alternate, Major General W. D. Styer, an:
Rear Admiral W. R. Purnell., General Groves was named to sit with the comr
and act as Executive Officer to carry out the policies that were determine
The duties of this committee were to plan military policies relating to ms
als, research and development, production, strategy, and tactics, and to :
mit progress reports to the policy group designated by the President.
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5.26. The appointment of the Military Policy Committee was ap-
proved by the Joint New Weapons Committee, sstablished by the U, S. Joint
Chiefs of Staff and consisting of Dr. V. Bush, Rear Admiral W. R, Purnell,
and Brig. General R, G. Moses.

5.27. The creation of the Military Policy Committee in effect
placed all phases of the DSM Project under the control of Dr. Bush, DBr.
Conant, General Styer, Admiral Purnell, and Genera; Groves.

5.28. The OSRD S-1 Executive Committee held meetings about once
every month from June 1942 to May 1943 and once after that time, in September
1943. These meetings were normally attended by General Groves, after Septem~
ber 1942, and Col. Marshall, and frequently by representatives of the in-
dustrial companies concerned with the prpduction plants. Recommendations of
the Committee were not binding but were usually followed. Thus it served as
an advisory body to Dr. Bush and General Groves, and as &an initial liaison
group between the scientific, industrial, and military parts of the DSM Pro-
ject. The S~1 Executive Committse has never been formally dissolved, but it
has been inactive since the fall of 1943.

5.29. The procurement and engineering functions of the Planning
Board were taken over by the Manhattan District in the summer of 1942 and
that board then became inactive.

5.30. By the spring of 1943 it was felt that the Manhattan District
was in a position to take over research and development contracts from the
OSRD. Such a transfer was effected as of May 1, 1943, and marked the end of
the formal connection of OSRD with the uranium prcject.

5.31. In July 1943 Conant and R. C, Tolman were formally asked by
General Groves to serve as his scientific advisers. They had already been
doing so informally and have continued to do so. Coordination of the various
scientific and technical programs was accomplished by meetings between General
Groves and the leaders of the various projects, in particular, Compton, Law-
rence, Oppenheimer (see Chapter XII), and Urey.

1

Subsequent Organization; the Manhattan District

5.32. Since 1943 there have been no important changes in the form
of the organization and few of importance in the operating personnel. General
Groves has continued to carry the major responsibility for correlating the
whole effort and keeping it directed toward its military objectives. It has
been his duty to keep the various parts of the project in step, to see that
raw materials were available for the various plants, to determine production
schedules, to make sure that the development of bomb design kept up with pro-
duction schedules, to arrange for use of-the bombs when the time came, and
to maintain an adequate system of security. 1In discharging these duties Gen-
eral Groves has had the help of his tremendous organization made up of ci-
vilian scientists and engineers and Engineer officers and enlisted men. Many
of the civilians have been mentioned already or will be mentioned in later
chapters dealing with particular projects. Brigadier General T. F. Farrell
has acted as General Groves' deputy in the important later phases of the
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of the project. Colonel K. D. Nichols, the Tistrict Engineer of the Man
hattan District with his headquarters at the Clinton Engineer Works, has
connected with the project since 1942. He has been concerned with the
research and production problems of both U-235 and plutonium and has alw
shown exceptional understanding of the technical problems and their
relative importance. Two other officers who should be mentioned are
Colonel F. T. Matthias and Colonel S. L. Warren. Colonel Matthias has
discharged major responsibilities at the Hanford Engineer Works in an
extremely able manner; his duties have been concerned with both the
construction and operational phases of the project. Colonel Warren is c
of the Medical Section of the Manhattan District and therefore has had
ultimate responsibility for health problems in all parts of the project.

Summary

5433, By the end of 1941 an extensive review of the whole
uranium situation had been completeds As a result of this review Bush a:
his advisers decided to increase the effort on the uranium project and t«
change the organization, This declsion was approved by President Roosev
From January 1942 until early summer of 1942 the uranium work was direct:
Bush and Conant working with the Program Chiefs and a Planning Board., I
sumner of 1942 the Army, through the Corps of Engineers, was assigned an
active part in the procurement and engineering phases, organizing the
Manhattan District for the purpose. In September 1942, Dr., Bush, Dr. Cor
General Styer, and Admiral Purnell were appointed as a Military Policy
Committee to determine the general policies of the whole project. Also i
September, General Groves was appointed to take charge of all Army
activities of the project. The period of joint OSRD and Army contrcl
continued through April 1943 with the Army playing an increasingly import
role as the industrial effort got fully under way. In May 1943 the resea
contracts were transferred to the Corps of Engineers; the period of joint
OSRD-Army control ended and the period of complete Army control began.

5.34. Since the earliest days of the project, President Roosev
had followed it with interest and, until his death, he continued to study
approve the broad programs of the Military Policy Committee. President
Truman, who as a United States Senator had been aware of the project and
magnitude, was given the complete up-to-date picture by the Secretary of
and General Groves at a White House conference immediately after his
inauguration. Thereafter the President gave the program his complete sup
keeping in constant touch with the progress,



VI-1

CHAPTER VI

THE METALLURGICAL PROJECT AT CHICAGO IN 1942

Introduction

6.1, As has been made clear in Chapters IV and V, the informat
accumulated by the end of 1941 as to the possibility of producing an aton
bomb was such as to warrant expansion of the work, and this expansion cal
for an administrative reorganization. It was generally accepted that the
was a very high probability that an atomioc bomb of enormous destructive
power could be made, either from concentreted U-235 or from the new eleme
plutonium, It was proposed, therefore, to institute an intensive exper-
imental and theoretical progrem including work both on isotope separationr
and on the chain-reaction problems. It was hoped that this program would
establish definitely whether or not U=235 could be separated in significse
quantities from U-238, either by electromagnetic or statistical methods;
whether or not a chain reaction could be established with natural uranium
its compounds and could be made to yield relatively large quantities of
plutonium; and whether or not the plutonium so produced could be separate
from the parent material, uranium. It was hoped also that the program wo
provide the theoretical anhd experimental data required for the design of

fast=neutron chain-reacting bomb,

6.2. As has been explained in Chapter V, the problems of isoto
separation had been assigned to groups under Lawrence and Urey while the
remaining problems were assigned to Compton's group, which was organized
under the cryptically named "Metallurigical Laboratory" of the University
Chicago. In this chapter and the following two chapters we shall describ
the work of the Metallurgical Laboratory and the associated laboratories
to June 1945. 1In later chapters we shall discuss isotope-separation work
and the work of the bomb development group, which was separated from the
Metallurgical Laboratory early in 1943,

6.3. It would be foolish to attempt an assessment of the relat
importance of the contributions of the various laboratories to the overal.
success of the atomic-bomb project. This report makes no such attempt, a
there is little correlation between the space devoted to the work of a gi:
group and the ability or importance of that group, In deciding which sub-
division of the atomic-bomb project should be discussed first and most fu
we have been governed by criteria of general interest and of military
security. Some developments of great technical importance are of little
general interest; others both interesting and important must still be kepr
secrets Such criteria, applied to the objectives and accomplishments of 1
various laboratories set up since large-scale work began, favor the
Metallurgical Laboratory as the part of the project to be treated most

completely.
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Objectives

6.4. In accordance with the general objectives just outlined, the
initial objectives of the Metallurgical Laboratory were: first, to find a
system using normal uranium in which a chain reaction would occur; second, tc
show that, if such a chain reaction did occur, it would be possible to
separate plutonium chemically from the other material; and, finally, to
obtain the theoretical and experimental data for effecting an explosive chain
reaction with either U-235 or with plutonium, The ultimate objective of the
laboratory was to prepare plans for the large=scale production of plutonium
and for its use in bombs.

OrEanization of the Work

6.5+ The laboratory had not only to concern itself with its im-
mediate objectives but simul taneously to bear in mind the ultimate objectives
and to work toward them on the assumption that the immediate objectives
would be attained, It could not wait for a chain reaction to be achievead
before studying the chemistry of plutonium. It had to assume that plutonium
would be separated and to go ahead with the formulation of plans for its
production and use. Consequently problems were continually redefined as new
information became available, and research programs were reassessed almost
from week to week. In a general way the experimental nuclear physics group
under E, Ferml was primarily concerned with getting a chain reaction going,
the chemistry division organized by F. H., Spedding (later in turn under
S. Ko Allison, J. Franck, W. C. Johnson, end T. Hogness) with the chemistry
of plutonium and with separation methods, and the theoretical group under
E., Wigner with designing production piles, However, the problems were inter-
twined and the various scientific and technical aspects of the fission
procese were studied in whatever group seemed best equipped for the particu-
lar task, In March 1942, Thomas W, Moore was brought in to head the engineer-
ing group. Other senior men in this group were M, C. Leverett, J. A. Wheeler
and C. W, Cooper, who later succeeded Moore as head of the Technical
Division. In the summer of 1942 the importance of health problems became
apparent and a health division was organized under Dr. R. S. Stone. The
difficult task of orgenizing and administering a research laboratory growing
in size and complexity with almost explosive violence was carried out by
Re Le Doan as Laboratory Director.

6.6. We have chosen to confine this chapter to the work of 1942
because a self-sustaining chain reaction was first achieved on December 2nd
of that year, at a time when the whole Chicago project was being eppraised by
a reviewing committee with the members particularly selected for their
engineering background.* That was a dramatic coincidence and also a

* This committee was composed of W, K. Lewis, C. H. Greenewalt, T. C.
Gary, and Roger Williams, E. V. Murphree was also a member but due to
illness was unable to participate.
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convenient one for purposes of this report since either incident might b«
sonsidered to mark the end of an epoch at the Metallurgical Laboratory.

Furthermore, in preparation for the reviewing committee's visit & compre-
hensive report had been prepared. That report was generally known as ths
"Ferasibility Report" and has been used extensively in preparing this cha;

Plan of this Chapter

6.7. In this chapter we shall present the material in the orde
the objectives given above., In Part I we shall discuss progress towards
initial objectives, including (a) procurement of materials, (b) the expe:
imental proof of the chain reaction, (e¢) the chemistry of plutonium end ¢
of the problems of separation, (d) some of the types of auxiliary experin
that were performed, and finally (e) the "fast neutron™ work. Necessaril
the work described in detail is only a sampling of the large amount of
theoretical and experimental work actually performed. In Part II we shal
discuss the possibilities that were considered for production piles and
separation methods, and the spesifioc proposals made in November 1942,

Part I

Progress toward the Initial Objectives

Proourement of Materials

General

6+8. It has been made clear in earlier chapters of this report
the procurement of materials of suffiecient purity was a major part of the
problem, As far as uranium was concerned, it seemed likdy that it would
needed in highly purified metallic form or at least as nighly purified
uranium oxide. The other materials which were going to be needed were ei
graphite, heavy water, or possibly beryllium. It was clear at this time
that, however advantageous heavy water might be as a moderator, no large
quantities of it would be available for months or years. Beryllium seeme:
less advantageous and almost as difficult to get. Therefore the procureme
efforts for a moderator were centered on graphite., As has been explained
Chapter V, procurement of uranium and graphite was not primarily the
responsibility of the Metallurgical Laboratory but was handled through E.
Murphree and others on the "planning board." 1In fact, the obvious intere:
of the Metallurgical Laboratory in the problem led to continual interventi
by its representatives. A great deal of the credit for the eventual succe
in obtaining materials is due to N, Hilberry and later R, L. Doan, always
supported by A. He. Compton.
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Uranium Ore

6.9, Obviously there would be no point in underteking this whole
project if it were not going to be possible to find enough uranium for pro-
ducing the bombs. Early indications were favorable, end a careful survey
made in November 1942 showed that immediate delivery could be made of
adequate tonnages of uranium ores,

Uranium Oxide and Uranium Metal

6.,10. At the end of 1941 the only uranium metal in existence was a
few grams of good material made on an experimental basis by the Westinghouse
Electric and Menufacturing Company and others and a few pounds of highly
impure pyrophoric powder made by Metal Hydrides Company. The only consider=-
able amount of raw material then available in this country was in the form of
a commercial grade of black uranium oxide, which could be obtained in limited
quantities from the Canadian Radium and Uranium Co, It contained 2 to 5 per
cent of impurities and was the material which gave a neutron multiplication
factor of only about 0.87 when used in an exponential pile,

6e11s By May 1942, deliveries averaging 15 tons a month of black
oxide of higher purity and more uniform grade started coming in, Total
impurities were less than 1 per cent, boron comprised a few parts per million,
and the neutron multiplication factor (k) was about 0.98. (It is to be
remembered that the multiplication factor depends also on the purity of the
graphite.) Deliveries of this material reached a ton a day in September
1942,

"6.12, Experiments at the National Bureau of Standards by J. I,
Hoffman demonstrated that, by the use of an ether extraction method, all the
impurities are removed by a single extraction of uranyl nitrate. The use of
this method removed the great bulk of the difficulties in securing pure oxide
and pure materials for the production of metal. Early in May 1942, arrange-
ments were completed with the Mallinckrodt Chemical Works in St, Louis to
put the new grade of oxide through an ether extraction process on a produc-
tion basis for a further reduction in impurity content and to deliver the.
final product as brown dioxide., Deliveries started in July 1942 at a rate of
30 tons a month., This oxide is now used as a starting point for all metsl
production, and no higher degree of purity cean be expected on a commerical
scale, In fact, it was a remarkable achievement to have developed and put
into production on a scale of the order of one ton per day a process for
transforming grossly impure commercial oxide to oxide of a degree of purity
seldom achieved even on a laboratory scale,

6.13. The process which Westinghouse had been using to produce the
‘metal was the electrolysis of KUFg at a cost of about $1,000 a pound. Since
the KUF5 was produced photochemically under the action of sunlight this
method constituted a potential bottlenmeck in production. It was found that
uranium tetrefluoride could be used instead of KUFg, and steps were taken to
have this salt produced at the Harshaw Chemical Company in Cleveiand and at
the du Pont plant in Penns Grove, New Jersey. Production started in August
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1942 and by October 1942 was up to 700 pounds per day at Harshaw and 300
pounds per day at du Pont, the method of manufacture in both cases being t
hydrofluorination of Mallinckrodte-purified dioxide.

6.14. As the result of this supply of raw materials to Westing=-
house, and as a result of plant expansion, deliveries from Westinghouse
had accumulated to a total of more than 6000 pounds by November 1942 and w
expected to be at the rate of 500 pounds per day by Jeanuery 1943. The pur
of the metal was good, and the cost had dropped to $22 per pound.

6.15. Deliveries of acceptable mstal from Metal Hydrides Co. we
delayed for various reesons and were just beginning in November 1942. Thi
campany's production was supposed to reach a thousand pounds per week ther

after. ‘

6.16. Neither the Westinghouse process nor the Metal Hydrides
Process was entirely satisfaotory. Intensive activity designed to acceler
ate metal production, and carried out independently by F. H. Spedding and
his associates at Iowa State College at Ames, Iowa, and by C. J. Rodden at
the National Bureau of Standards, resulted in the development of a satis=
factory method. Production facilities were set up at Ames in the fall of
1942 and had already produced more than one -ton by the end of November.
The process was extremely simple, rapid and low cost.

6.17, Further research indicated additional changes thet could
be made to advantage, and by the middle of 1943 Spedding at Iowa and other
producers who entered the pioture were using the final production methed -

adopted.

6.18. By the end of 1942 arrangements had been made by the
Manhattan Distriet to inorease metal production by meking greater use eof
the Mallinckrodt Chemical Works, the Union Carbide and Carbon Corporationm,
and the du Pont Company.

6,19, To sumarize, almost no metal was available during most o
1542, a fact that seriously delayed progress as we shall see, but the pro=~
duction problems had been nearly solved by the end of 1942 and some 6 tons
of metal were incorporated in the pile built in November 1942. The whole
problem of procurement of metal was taken over by the Manhattan Distrioct a
the end of the year, under the general direction of Colonel Ruhoff, former
with the Mallinclkrodt Chemical Works. From the point of view of the
Metallurgical Project no further serious deleys or difficulty have ocscurre:
because of metal shortages.
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Graphite Procurement

6.20, At the beginning of 1942 grephite prcduction was still
unsatisfactory but it was, of course, in quite a different condition from
the metal production since the industrial production of graphite had already
been very large, The problem was merely one of purity and priority. Largely
through the efforts of N, Hilberry, the National Carbon Company and the
Speer Carbon Company were both drawn into the picture. Following suggestions
made by the experts of the National Bureau of Standards, these companies were
able to produce highly purified graphite with a neutron absorption some 20
per cent less than the standard commercial meterials previously used,
Although efforts further to reduce the impurities have had some success, the
purity problem was essentially solved by the middle of 1942 and large orders
were placed with the cooperation of the War Production Board, As in the case
of the metal, the graphite procurement problem was taken over by the Man-
hattan District,

EP° Chain Reaction

Further Intermediate Experiments

6+21¢ At the time that the Metallurgical Project was organized,
most of the physicists familiar with the problem believed that a chain-
reacting pile probably could be built if sufficiently pure graphite and pure
urenium metal could be obtained, Enough work had been done on resonance
absorption, on the theory of ebsorption and diffusion of neutrons in a pile,
and on intermediate experiments to meke it possible to design a lattioce
structure that had a very good chance of maintaining a chain reaction.
Nevertheless, there were uncertainties in the experimental data and in the
approximations that had to be made in the theoretical calculations, There
were two alternatives: (1) to build a pile according to the best possible
design; (2) to make more accurate determinstions of the pertinent nuclear
constants, to perform intermediate experiments, and to improve the calcula-
tions,s There is little doubt that the first alternative was the one likely
to lead most rapidly to the production of plutonium, There were many
important questions whioch could have béen answered more rapidly by such an
operating pile than by a series of small-scale experiments. Unfortunately,
the necessary amounts of materials were not available and did not become
available for nearly nine months, Consequently, it was necessary to choose
the seocond alternative, that is, to accumulate all relevant or possibdbly
relevant information by whatever means were availeble.

6+.22, The major line of investigation was a series of intermediate
experiments, The particular set-up for each intermediate experiment could be
used to test calculations based on separate auxiliary experiments. For
example, the proportion of uranium oxide to graphite was varied, oxides of
different purities were used, oxide was used in lumps of various sizes and
shapes and degrees of compression, the lattice spacing was varied, the effect
of surrounding the uranium oxide units with beryllium and with paraffin was
tried, and, finally, piles of identical lattice type but of different total
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size were tried to see whether the values of the multiplication factor k
(for infinite size) caloulated from the different sets of results were
identical. In general, E, Fermi had direct charge of investigations of
effects of impurities, and S. K. Allison had charge of tests involving
different lattice dimensions. All these experiments strengthened the oo
of the group in the calculated value of k and in the belief that a pile
could be built with k greater than unity. In July enough purified urani
oxide from Mallinckrodt was available to permit building intermediate pi
Noe. 9. As in previous experiments, a radium=berv'lium neutron source wa
placed at the bottom of the lattice structure and the neutron density
measured along the vertical axis of the pile., By this time it was known
that the neutron density decreased exponentially with increasing distanc
from the neutron source, (hence the name often used for experiments of t
type, "exponential pile") and that, from such rates of decrease, the
multiplication constant k for an infinitely large pile of the same latti
proportions could be calculated. For the first time the multiplication
constant k so calculated from experimental results came out greater than
(The actual value was 1,007,) Even before this experiment Compton pre-
dicted in his report of July lst that a ke-value somewhere between 1,04 a
1.06 could be obtained in a pile containing highly purified uranium oxid
and graphite, provided that the air was removed from the pile to avoid

neutron absorption by nitrogen.

An Auxiliary Experiment; Delayed Neutrons

6.23. We shall not mention a majority of the various auxiliar:
experiments done during this period. There was one, however, =-- the stu
of delayed neutrons =-- that we shall discuss because it is a good exampl:
the kind of experiment that had to be performed and because it concerned
effect, not heretofore mentioned, that is of great importance in control
a chain-reacting pile.

6.24. From previous investigations, some of which were alread
published, it was known that about 1 per cent of the neutrons emitted in
fission processes were not ejected immediately but were given off in de~
creasing quantity over a period of time, a fact reminiscent of the emiss:
of beta rays from shortlived radioeactive substances. Several half-lives
been observed, the longest being of the order of a minute.

6,26, It was realized early that this time delay gave a sort
inertia to the chain reaction that should greatly facilitate control. I:
effective multiplication factor of a pile became slightly greater than o
the neutron density would not rise to harmfully large values almost inst
but would rise gradually so that there would be a chance for controls to
operate, (Other time intervals involved, such as those between collisio:

are too small to be useful,)

6,26, Because of the importance of this effect of delayed nsul
for control it was decided to repeat and improve the earlier measuremont:
(The fact that this was a repetition rather than a new measurement is al:
typical of much of the work in physios at this period.,) A description of
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experiment is given in Appendix 3. ‘the results indicated that 1.0 perceat of
the nsutrons emitted in uranium fission are delayed by at least 0.0l second
and that about 0.07 percent are delayed by =s much as a minute, By design-
ing a pile such that the effective value of k, the multiplication factor, is
only 1,01 the number of delayed neutrons is sufficient tc allow easy control,.

The First Self-Sustaining Chain-Reacting Pile

6,27, By the fall of 1942 enough grsphite, uranium oxide, and
uranium metal were available at Chicago to justify an attempt to build an
actual self-sustaining chain-reacting pile. But the amount of metal availa-
ble was small == only about 6 tons =~ and other materials were none too
plentiful and of varying quality. These conditions rather than optimum
efficiency controlled the -design.

6,28, The pile was constructed on the lattice principle with
graphite as a moderator and lumps of metal or oxide as the reacting units
regularly spaced through the graphite to form the lattice. Instruments
situated at various points in the pile or near it indicated the neutron
intensity, and movable strips of absorbing material served as controls, (For
a more complete description of the pile, see Appendix 4.) Since there were
bound to be some neutrons present from spontaneous fission or other sources,
it was anticipated that the reaction would start as soon as the structure had
reached critical size if the control strips were not set in "retard" position.
Consequently, the control strips were placed in a suitable "retard" po-
sition from the start and the nmeutron intensity wes measured frequently.

This was fortunate since the approach to critical condition was found to
occur at an earlier stage of assembly than had been anticipated,

6.29. The pile was first operated as a self-sustaining system on
December 2, 1942, So far as we know, this was the first time that human
beings ever initiated a self-maintaining nuclear chain reaction. Initially
the pile was operated at a power level of 1/2 watt, but on December 12th the
power level was raised to 200 watts,

Energy Developed by the Pile

6,30, In these experiments no direet measurements of energy re-
lease were made. ‘1‘he number of neutrons per second emitted by the pile was
estimated in terms of the activity of standardized indium foils. ‘hen, from
& knowledge of the number of neutrons produced per fission, the resultant
rate of energy release (wattage) was caloulated,

Conclusion

643ls Evidently this experiment, performed on December 2nd just as
a reviewing committee was appraising the Chicago project, answered beyond all
shadow of doubt the first question before the Metallurgical Laboratory; a
self-sustaining nuclear chain reaction had been produced in a system using
normal urnium. This experiment had heen performed under the general direc-
tion of E. Fermi, assisted principally by the groups headed by W, H. Zinn
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and H, L. Anderson. V. C, Wilson and his group had been largely respons
for developing the instruments and controls, and a great many others in
laboratory had contributed to the success of the enterprise,

Relation between Power and Production of Plutonium

6.32¢ The immediate object of building a uranium=grephite pil.
to prove that there were conditions under which a chain reaction would o
but the ultimate objective of the laboratory was to produce plutonium by
ochain reaction, Therefore we are inturested in the relation betwsen the
power at which a pile opesrates and the rate at which it produces plutoni:
The relation may be evaluated to a first approximation rather easily. A
running stably must be producing as many neutrons as it is losing. For «
thermal neutron absorbed in U=-235 a certain number of neutrons, 7, is em:
One of these neutrons is required to maintain the chain. ‘Therefore, ass:
the extra neutrons all are absorbed by U=«238 to form plutonium, there wi:
@ -1 atoms of Pu?39 formed for every fission. Every fission releases ro
200 Mev of energy. Therefore the formation of #-1 atoms of plutonium
accompanies the release of about 200 Mev, Since ~ -1 ig a small number,
can guess that to produce a kilogram a day of plutonium a chain-reacting
must be releasing emnergy at the rate of 500,000 to 1,500,000 kilowatts,
first chain-reacting pile that we have just described operated at a maxir
of 200 watts. Assuming that a single bomb will require the order of one
100 kilograms of plutonium, the pile that has been described would have i
kept going at least 70,000 years to produce a single bomb, Evidently the
problem of quantity proguction of plutonium was not yet solved.

The Chemistry of Plutonium

6433, The second specific objective of the Metallurgical Labors
was to show that, if a chain reaction did occur, it would be feasible to
separate the plutonium chemically from the other material with which it i
found. Progress towarda this objective was necessarily slower than towar
the attaimment of a chain reaction., Initially little was done at the Met
lurgical Laboratory on chemical problems although the extraction problem
discussed in a conference soon after the project was organized and the w
of Seaborg's group at the University of California on plutonium was en-
couraged. On April 22-23, 1942, a general conference on chemistry was he
at Chicago, attended by F. H., Spedding, E. W. Thiele, G. T. Seaborg, J. W
Kennedy, H. C. Urey, E. Wigner, N, Hilberry, G. E. Boyd, I. B. Johns, H.
Wilhelm, I. Perlman, A, C, Wahl, and J. A, Wheeler. Spedding, in opening
the meeting, pointed out that there were two main tasks for the chemists:
first, to separate plutonium in the amounts and purity required for war
poses; second, to obtain a good understanding of the chemistry necessary
the construction and maintenance of the pile. The separation problem was
be studied by a new group at Chicago under the direotion of Seaborg, by
Johns and Wilhelm at Ames, and by Wahl and Kennedy continuing the work at
California. Other closely related groups at Chicago were to be C, D.
Coryell's, working on the fission products, and Boyd's on analytical
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problems., The chemistry group at Chicago has grown speedily since that time.
A new building had to be constructed to house it late in 1942, and this
building was enlarged subsequently. Altogether, the solving of many of the
chemiocal problems has been one of the most remarkable achievements of the
Metallurgical Laboratory.

6.34, The first isotope of plutonium discovered and studied was
not the 239 isotope but the 238 isotope, which is an alpha-ray emitter with a
half-life of about 50 years, U-238 bombarded with deuterons gives 93Np258
which disintegrates to 94Pu238 by beta emission. The first evidence of the
actual existence of these new elements, (ruling out the original erroneous
interpretation of the splitting of urenium as evidence for their existencs)
was obtained by E. McMillan and P. H. Abelson who isolated 93-238 from
uranium bombarded with deuterons in the Berkely cyclotron. This new element
was identified as a beta emitter but the sample was too small for isolation
of the daughter product 94-238, Later enough Pu-238 was prepared to permit
Seaborg, Kennedy and Wahl to begin the study of its chemical properties in
the winter of 1940-1941 by using tracer chemistry with carriers according to
practice usual in radio-chemistry. By such studies many chemical properties
of plutonium were determined, and several possible chemical processes were
evolved by which Pu-239 might be removed from the chain-reacting pile. The
success of experiments on a tracer scale led to plans to produce enocugh
Pu=239 to be treated as an ordinary substance on the ultra-microchemical
scales Such gquantities were produced by prolonged bombardment of several
hundred pounds of uranyl nitrate with neutrons obtained with the aid of
oyclotrons, first at Berkeley and later at Washington University in St. Louis.
By the end of 1942, something over 500 micrograms had been obtained in the
form of pure plutonium salts. Although this emount is less than would be
needed to make the head of a pin, for the micro-chemists it was sufficient to
yield considerabls information; for one microgram is considered sufficieant to
carry out weighing experiments, titrations, solubility studies, etc.

6+35, From its position in the psriodic table, plutonium might be
expected to be similar to the rare earths or to uranium, thorium, or osmium,
Which of these it will resemble most closely depends, of course, on the
arrangement of the outermost groups of electrons and this arrangement could
hardly have been predioted. On the whole, plutonium turned out to be more
like uranium than like any of the other elements reamed and might even be re-
garded as the second member of & new rere-earth series beginning with
uraniume It was discovered fairly early that there were at least two states
of oxidation of plutonium. (It is now known that there are four, corres-
ponding to positive valences of 3, 4, 5, and 6.) Successful micro-
chemical preparation of some plutonium salts and a study of their properties
led to the general conclusion that it was possible to separate plutonium
chemically from the other materials in the pile. This couclusion represents
the attainment of the second immediate objective of the Metallurgical
Laboratory. Thus, by the end of 1942, plutonium, entirely unknown eighteen
months earlier, was considered an element whose chemical behavior was as well
understood as that of several of the elements of the old periodic table.
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Miscellaneous Studies

6.36, Besides the major problems we have mentioned, i.e., the
chain reaction, the chemical separation, and the planning for a production
plant, there were innumerable minor problems to be solved. Among the more
important of these were the improvement of neutron counters, ionization
chambers, and other instruments, the study of corrosion of uranium and
aluminum by water and other possible coolants, the determination of the
effects of temperature variation on neutron cross sections, the fabricatio:
of uranium rods and tubes, thé study of fission products, and the determint
tion of the biological effects of radiation. As typical of this kind of w
we can cite the development of methods of fabricating and coating uranium
metal, under the direction of E. Creutz. Without the accomplishment of the
secondary investigations the project could not have reached its goal, To
give some further idea of the scope of the work, a list of twenty report
. titles is presented in Appendix &, the 20 reports being selected from the
40 or so issued during 1942,

The Fast-Neutron Reaction

—_—
—

6.37. The third initial objective of the Metallurgical Project w
to obtain theoretical and experimental data on a "fast neutron" reaction,
such as would be required in an atomic bomb, This aspect of the work was
initially planned and coordinated by G. Breit of the University of Wisconsi
and later ocontinued by J. R. Oppenheimer of the University of California,
Since the aotual construction of the bomb was to be the final part of the
program, the urgency of studying such reactions was not so great. Conseque:
ly, little attention was given to the theoretical problems until the summer
of 1942, when a group was organized at Chicago under the leadership of

Oppenheimer.

6.38. In the meantime experimental work initiated in most
instances by G. Breit, had been in progress (under the general direction of
the Metallurgical Project) at various institutions having equipment suitabls
for fast-neutron studies (Carnegie Inatitution of Washington, the National
Bureau of Standards, Cornell University, Purdue University, University of
Chicago, University of Minnesota, University of Wisconsin, University of
California, Stanford University, University of Indiana, and Rice Institute),
The problems under investigation involved scattering, absorption and fissior
cross section, the energy spectrum of fission neutrons, and the time delay i
the emission of fission neutrons. For the most part this work represented e
intermediate step in confirming and extending previous measurements but
reached no new final conoclusions. This type of work was subsequently
concentrated at another site (see Chapter XII).

6.39. As indicated by the "Feasibility Report"™ (in a seotion
written by J. He Manley, J. R. Oppenheimer, R. Serber, and E. Teller) the
picture had changed significantly in only one respect since the appearance
of the National Academy Report a year earlier, Theoretical studies now
showed that the effectiveness of the atomic bomb in producing damage would b



Vi-12

greater then had been indicated in the National Academy report., However,
eritical size of the bomb was still unknown. Methods of detonating the bomb
had been investigated somewhat, but on the whole no certain answers had been
arrived at,

Part II
Progress toward the Ultimate 'Objeotive

Planning a Production Plant

Planning and Technical Work

6,40, As we have seen, the initial objectives of the Metallurgiocal
Laboratory had been reached by the end of 1942, but the ultimate objectives,
the production of large gquantities of plutonium and the design and fabricatia
of bombs, were still far from attained. The responsibility for the design
and fabrication of bombs was transferred to another group about this time;
its work is reported in Chapter XII. The production of Pu~-239 in quantity
has remained the prinoipal responsibility of the Metallurgical Laboratory
although shared with the du Pont Company since the end of 1942,

6.4l. On the basis of the evidence available it was clear that a
plutonium production rate somewhere between a kilogram a month and a kilogram
a day would be required. At the rate of a kilogram a day, a 500,000 to
1,500,000 kilowatt plant would be required. (The ultimate capacity of the
hydroelectric power plants at the Grand Coulee Dam is expected to be
2,000,000 kw,) Evidently the creation of a plutonium production plant of the
required size was to be a major enterprise even without attempting to utilize
the thermal energy liberated., Nevertheless, by November 1942 most of the
problems had been well defined and tentative solutions had boen proposed,
Although these problems will be discussed in some detail in the next chapter,
we will mention them here,

6.42., Since a large amount of heat is generated in any pile pro-
duoing appreciable amounts of plutonium, the first problem of design is a
cooling system. Before such a system can be designed, it is necessary to
find the maximum temperature at which a pile can run safely and the factors
== nuclear or structural -- which determine this temperature, Another
ma jor problem is the method for loading and unloading the uranium, a problem
complicated by the shielding and the cooling system. Shielding against
radiation has to be planned for both the pile itself and the chemical
gseparation plant. The nature of the separation plant depends on the partiocu-
lar separation process to be used, which has to be decided. Finally, speed
of procurement and construction must be primary factors in the planning of
both the pile and the chemical plant.
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Possible Types of Plant

6443, 'After examining the principal factors affecting plant
design, i.e., -cooling, efficiency, safety, and speed of construotion, th
"Feasibility Report" suggested a number of possible plant types in the
following order of preference:

I. a. Ordinary uranium metal lattice in a graphite
moderator with helium cooling.
be The same, with water cooling,
E. The same, with molten bismuth cooling.
II. Ordinary uranium metal lattice in a heavy-water
moderator,
IlI. Uranium enriched in the 235 isotope using graphite,
heavy water, or ordinary water as moderator,

Iypes II and III were of no immediate interest since neither enriched ur
nor heavy water was available, Development of both these types continue
however, since if no other type proved feasible they might have to be us
Type I o, calling for liquid bismuth cooling, seemed very promising from
point of view of utilization of the thermal emergy released, but it was

that the techniocel problems involved could not be solved for a long time

The Pilot Plant at Clinton

6044, During this period, the latter half of 1942, when produ
plants were being planned, it was recognized that a plant of intermediat:
size was desirable. Such a plant was needed for two reasons: first, as
pilot plent; second, as a producer of a few grems of plutonium badly nee:
for experimental purposes, Designed as an air=-cooled plant of 1000-kw
capacity, the intermediate pile constructed at Clinton, Tennessee, might |
served both purposes if helium cooling had been retained for the main pl:
Although the plans for the main plant were shifted so that water cooling
called for, the pilot plant was continued with air-cooling in the belief
that the second objective would be reached more quickly, It thus ceased
be a pilot plant except for chemical separation, Actually the main plan-
was built without benefit of a true pilot plant, much as if the hydroele«
generators at Grand Coulee had been designed merely from experience gains
with a generator of quite different type and of a small fraction of the

powere.

Specific Proposals

6.45. As reviewed by Hilberry in the "Feasibility Report" of
November 26, 1942, the prospects for a graphite pile with helium cooling
looked promising as regards immediate production; the pile using heavy
water for moderator and using heavy water or ordinary water as coolant lc
better for eventual full-scale use, A number of specific proposals were
for construction of such plants and for the further study of the problems
involveds These proposals were based on time and cost estimates which we
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necessarily little better than rough guesses., As the result of further
investigation the actual progrem of construction -- described in later
chapters =~ has been quite different from that proposed.

Summarx

6.46, The proourement problem wnhich had been delaying progress was
essentially solved by the end of 1942, A small self-sustaining graphite-
uranium pile was constructed in November 1942, and was put into operation for
the first time on December 2, 1942, at a power level of 1/2 watt and later at
200 watts. It was easily controllable thanks to the phenomenon of delayed
neutron emission, A total of 500 micrograms of plutonium.was made with the
oyclotron and separated chemically from the uranium and fission products.
Enough was learned of the chemistry of plutonium to indicate the possibility
of separation on a relatively large scale., No great advance was made on
bomb theory, but calculations were checked and experiments with fast neutrons
extended. If anything, the bomb prospects looked more favorable than a
year earlier,

6+47. Enough experimenting and planning were done to delineate
the problems to be encountered in constructing and operating a large=-scale
production plant. Some progress was made in choice of type of plant, first
choice at that time being a pile of metallic uranium and graphite, cooled
either by helium or water. A specific progrem was drawn up for the construc-
tion of pilot and production plants. This program presented time and cost
estimates,



VII-1

CHAPTER VII

TAE PLUTONIUM PRODUCTION PROBLEM AS OF FEBRUARY 1943
—_—araaa—s o o e eosesegey S S S )

Introduction

Need of Decisions

7.1. By the first of January 1943, the Metallurgical Laborat
achieved its first objective, a chain-reacting pile, and was well on th
to the second, a process for extracting the plutonium produced in such
It was clearly time to formulate more definite plans for a production p
The policy decisions were made by the Policy Committee (see Chapter V)
recommendations from the Laboratory Director (A. H. Compton), from the
Executive Committee, and from the Reviewing Committee that had visited
in December 1942. The only decisions that had already been made were ti
first chain-reacting pile should be dismantled and then reconstructed o
site a short distance from Chicago and that a 1000-kilowatt plutonium p
should be built at Clinton, Tennessee.

The Scale of Production

7.2, The first decision to be made was on the scale of produ:
- that should be attempted. For reasons of security the figure decided v
may not be disclosed here. It was very large.

The Magnitude of the Problem

7.3. As we have seen, the production of one gram of plutoniup
day corresponds to a generation of energy at the rate of 500 to 1500 kil
watts. Therefore a plant for large-scale production of plutonium will 1:
a very large amount of energy. The problem therefore was to design a pl
this capacity on the basis of experience with a pile that could cperate
power level of only 0.2 kilowatt. As regerds the plutonium separation w
which was equally important, it wes necessary to draw plans for an extre
end purification plant which would separate some grems a day of plutoniy
some tons of uranium, and such planning had to be based on information ¢
tained by microchemical studies involving only half a milligram of plutc
To be sure, there was information available for the design of the large-
plle and separation plant from auxiliary experiments and from large-scal
studies of separation processes using uranium as a stand-in for plutoniu
but even so the proposed extrapolations both as to chain-reacting piles
as to separation processes were staggering. In peacetime no engineer or
scientist in his right mind would consider meking such a magnification i
single stage, and even in wcrtime only the possibility of achieving tre-
mendously important results could justify it.
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Assignment of Responsibility

7.4. As soon as it had been decided to go ahead with large-scele
production of plutonium, it waes evident that a great expansion in organiza-
tion was necessary. The Stone and Webster Engineering Corporation hed been
selected as the overall engineering and construction firm for the DSM Project
soon after the Manhattan District was placed in charge of construction work
in June 1942, By Ooctober 1942, it became evident that vaerious component parts
of the work were too far separeted physically and were too complicated tech-
nically te be handled by a single company -- especially in view of the rapid
pace required. Therefore it wes decided that it would be adventageous if
Stone and Webster were relieved of that portion of the work pertaining to the
construction of plutonium production facilities. This was done, and General
Groves selected the E. I. du Pont de Nemours and Company as the firm best
eble to carry on this phase of the worke. The arrangements made with various
industrial companies by the Manhattan District took verious forms. The &ar-
rangement with du Pont is discussed in detail as an example.

7.5. Ueneral Groves broached the question to W. S. Cerpenter, Jr.,
president of du Pont, and after considerable discussion with him and other
officials of the firm, du Pont agreed to underteke the work. In their ac-
ceptance, they made it plain and it was understood by all oconcerned that
du Pont was undertaking the work only because the War Department considered
the work to be of the utmost importance, and because General Groves stated
that this view as to importance was one held personally by the President of
the United States, the Secretary of War, the Chief of Staff, and General
Groves, and beceause of General Groves' assertion that du Pont was by far the
organization best qualified for the job. At the same time, it wes recognized
that the du Pont Company already had assumed all the war-connected activities
which their existing organizaetion could be expected to handle without undue
difficulty.

7.6. The du Pont Company, in accepting the undertaking, insisted
that the work be conducted without profit and without patent rights of any
kind accruing to them. The du Pont Company did request, however, that in
view of the unknown character of the flield into which they were being asked
to embark, and in view of the unpredicteble hazards involved, the Government
provide maximum protection againet losses sustained by du Pont.

7+.7. The cost-plus-a-fixed-fee contrect between the Government
and du Pont established a fixed fee of $1.00. The Govermment agreed to pay
all costs of the work by direct reimbursement or through allowances provided
by the contract to cover administrative and general expenses allocated to the
work in accordance with normal du Pont accounting practices as determined by
audit by certified public accountants. Under the terms of the contract, any
portion of these allowances not actually expended by du Pont will, at the
oonclusion of the work, be returned to the United States. The contract also
provided that no patent rights would acecrue to the company.

7.8, The specific responsibilities assumed by du Pont were to
engineer, desizn, and construct a small-scale semi-works at the Clinton
Bngineer Works in Tennessee and to engineer, design, construct, and operate
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a large-scale plutonium production plant of large capacity at the Hanfor
Engineer Works in the State of Washington. Because of its close connect
with fundamentalresearch, the Clinton semi-works was to be operated unde
direction of the University of Chicago. A large number of key technical
people from du Pont were to be used on a loan basis at Chicago and at Cl
to provide the University with much needed personnel, particularly men w
industrial experience, and to train certain of such personnel for future
service at Hanford.

7.9. Inasmuch as du Pont was being asked to step out of its n
role in chemistry into a new field involving nuclear physics, it was agr
that it would be necessary for them to depend most heavily upon the Meta
lurgical Laboratory of the University of Chicago for fundamental researc:
development data and for advice. The du Pont Company had engineering an
industrial experience, but it needed the lletallurgicel Laboratory for nu
physics end radiochemistry experience. The Metallurgical Laboratory con
ducted the fundamental research on problems bearing on the design end op
tion of the semi-works and large-socale production plants. It proposed t!
esgsential parts of the plutonium production and recovery processes and e
ment, answered the many specific questions raised by du Pont, and studie
concurred in the final du Pont decisions and designs.

7.10. The prinocipal purpose of the Clinton semi-works was dew
ment of methods of operation for plutonium recovery. The semi-works had
include of ocourse, a unit for plutonium production, in order to provide
plutonium to be recovered experimentally. In the time and with the info:
tion available, the Clinton production unit could not be designed to be
early edition of the Hanford production units which, therefore, had to b¢
designed, constructed and operated without major guidance from Clinton e:
perience. In fact, even the llanford recovery units had to be far along :
design and proourement of equipment before Clinton results became availal
However, the Clinton semi-works proved to be an extremely important tool
the solution of the many completely new problems encountered at Hanford.
also produced small quantities of plutonium whioch, along with Metallurgi«
Laboratory data on the properties of plutonium, enabled research in the 1
of this material to be advanced many months.

Choice of Plant Site

7.11. Once the scale of production had been agreed upon and tl
responsibilities assigned, the nature of the plant and its whereabouts he
be decided. The site in the Tennessee Valley, known officially as the Cl
Engineer Works, had been acquired by the Army for the whole program as re
mended in the report to the President (see Chapter V).

7.12. Reconsideration at the end of 1942 led General Groves tc
conclusion that this site was not sufficlently isolated for a large-scale
plutonium production plant. At that time, it was conceivable that condit
might arise under which a large pile might spread radioactive material ov
large enough area to endanger neighboring centers of population. In addi
to the requirement of isolation, there remained the requirement of a larg
power supply whioch haed originally determined the choice of the Tennessee
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To meet these two requirements a new site was chosen and acquired on the
Columbia River in the central part of the State of Washington near the Grand
Coulee power line. This site was known as the Hanford Engineer Works.

7,13, Since the Columbia River is the finest supply of pure cold
river water in this country, the Hanford site was well suited to either the
helium-cooled plent originally planned or to the water-cooled plant actually
erected. The great distances separating the home office of du Pont in Wil-
mington, Delawsre, the pilot plant at Clinton, Tennessee, the Metallurgical
Laboratory at Chicago, and the Hanford site were extremely inconvenient, but
this separation could not be avoided. Difficulties also were inherent in
bringing workmen to the site and in providing living accommodations for them.

Choice of Type of Plant

7.14. It was really too early in the development to make a ocare-
fully weighed deoision as to the best type of plutonium production plent.
Yet a choice had to be made so that design could be started and construction
begun as soon as possible. Actually a tentative choice was made and then
changed,

7.16. In November 1942, the helium-cooled plant was the first
choice of the Metallurgical Laboratory. Under the direction of T. V. Moore
and M. C. Leverett, preliminary plans for such a plant had been worked out.
The associated design studies were used as bases for choice of site, choice
of accessory equipment, etc. Although these studies had been undertaken
partly because it had been felt that they could be carried through more
quickly for a helium-cooled plant than for a water-cooled plant, many dif-
ficulties were recognized. Meanwhile the theoretical group under Wigner, .
with the cooperation of the engineering personnel, had been asked to prepare
a report on a water-cooled plant of high-power output. This group had been
interested in water-cooling almost from the beginning of the project and was
able to incorporate the results of its studies in a report issued on January
9, 1943. This report contained many important ideas that were incorporated
in the design of the production plant erected at Hanford.

7.16, When du Pont came into the piocture, it at first accepted
the proposal of a helium-cooled plant but after further study decided in favor
of water=-cooling. The reasons for the change were numerous. Those most often
mentioned were the hazard from leakege of a high-pressure gas coolant carry-
ing radioactive impurities, the difficulty of getting large blowers quickly,
the large amount of helium required, the difficulty of loading and unloading
uranium from the pile, and the relatively low power output per kilogram of
uranium metal. These considerations had to be balanced against the peculiar
disadventages of e water-csooled plant, principally the greater complexity of
the pile itself and the dangers of sorrosion.

717, Like so many decisions in this project, the choice between
various types of plant had to be based on inecomplete scientific information.
The information is still incomplete, but there is general agreement that
water-cooling was the wise choice.
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The Problems of Plant Design

Specification of the Overall Problem

7.18. In Chapter II of this report we attempted to define the
eral problem of the uranium project as it apppared in the summer of 194
now wish to give precise definition to the problem of the design of a le
scele plant for the production of plutonium. The objeotive had already
delimited by declisions as to scale of production, type of plant, and sif
As it then stood, the specific problem was to design a water-cooled grap
moderated pile (or several such piles) with associated chemical separati
plant to produce a specified, relatively large amount of plutonium each
the plant to be built at the Hanford site beside the Columbia River. Ne
to say, speed of construction and efficiency of operation were prime cor
siderations.

Nature of the Lattice

7.19. The lattices we have been describing heretofore consist
lumps of uranium imbedded in the graphite moderator. There are two obje
tions to such a type of lattioce for production purposes: first, it is d
ficult to remove the uranium without disassembling the pile; second, it
difficult to concentrate the coolant at the uranium lumps, which are the
points of maximum production of heat. It was fairly obvious that both t
diffioulties could be avoided if a rod lattice rather than a point latt
could be used, that is, if the uranium could be concentrated along lines
passing through the moderator instead of being situated merely at points
There was little doubt that the rod arrangement would be exocellent struc
turally and mechanically, but there was reel doubt as to whether it was
sible to build such a lattice which would still have a multiplication fa
k greater than unity. This became a problem for both the theoretical an
experimental physicists. The theoretical physicists had to compute what
the optimum spacing and diameter of uranium rods; the experimental physi
had to perform exponential experiments on lattices of this type in order
check the findings of the theoretiocal group.

Loading and Unloading

7.20. Once the idea of a lattice with cylindrical symmetry wa
cepted, it became evident that the pile could be unloaded and re-loaded 1
out disassembly sinoce the uranium could be pushed out of the cylindrical
channels in the graphite moderator and new uranium inserted. The decisic
had to be madse as to whether the uranium should be in the form of long r«¢
whioch had advantages from the nuclear-physics point of view, or of relati
short cylindrical pieces, which had advantages from the point of view of
handling. In either case, the materials would be so very highly radioact
that unloading would have to be carried out by remote control, and the ur
loaded urenium would have to be handled by remote control from behind shi

ing ¢
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Possible Materials; Corrosion

7.21., If water was to be used as coolant, it would have to be con-
veyed to the regions where heat was gemerated through channels of some sort.
Since graphite pipes were not practical, some other kind of pipe would have
to be used. But the choice of the material for the pipe, like the cholce of
all the materials to be used in the pile, was limited by nuclear-physics con-
siderations. The pipes must be made of some material whose absorption cross
section for neutrons was not large enough to bring the value of k below
unity. Furthermore, the pipes must be made ol material which would not dis-
integrate under the heavy density of neutron and gamma radiation present in
the pile. Finally, the pipes must meet all ordinary requirements of cooling-
system pipes: they must not leak; they must not corrode; they must not warp.

7.22. From the nuclear-physics point of view there were seven
possible materials (Pb, Bi, Be, Al, Mg, Zn, Sn), none of which had high
neutron-absorption oross sections. No beryllium tubing was available, and
of all the other metals only aluminum was thought to be possible from a
corrosion point of view. But it was by no means certain that aluminum would
be satisfactory, and doubts about the corrosion of the aluminum pipe were
not settled until the plant had actually operated for some time.

7.23. While the choice of material for the piping was very diffi-
cult, similar choices =~ involving both nuclear-physics criteria and radia-
tion-resistence oriteria -- had to be made for all other materials that were
to be used in the pile. For example, the electric insulating materials to
be used in any instruments buried in the pile must not disintegrate under the
radiation., In certain instances where control or experimental probes had to
be inserted and removed from the pile, the likelihood had to be borne in mind
that the probes would becoms intensely radioactive as a result of their ex~
posure in the pnile and that the degree to which this would occur would depend
on the material used. '

7.24, Finally, it was not known what effect the radiation fields
in. the pile would have on the graphite and the uranium. It was later found
that the electric resistance, the elasticity, and the heat conductivity of
the graphite all change with exposure to intense neutron radiation.

Protection of the Uranium from Corrosion

7+.25. The most efficient cooling procedure would have been to have
the water flowing in direct contact with the uranium in which the heat was
being produced. Indications were that this was probably out of the question
because the uranium would react chemically with the water, at least to a
sufficient extent to put a dangerous amount of radioactive material into
solution and probably to the point of disintegrating the uranium slugs.
Therefore it was necessary to find some method of protecting the uranium
from direct contact with the water. Two possibilities were considered: one
was some sort of coating, either by electroplating or dipping; the other was
sealing the uranium slug in a protective jacket or "can." Strangely enough,
this "canning problem" has turned out to be one of the most difficult problems
enocountered in such piles.
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Water Supply

_ 7.26, The problem of dissipating thousands of kilowatts of en
is by no means a small one. How much water was needed depended, of cour
on the maximum temperature to which the water could safely be heated and
maximum temperature to be expected in the intake from the Columbie River
certainly the water supply requirement was comparable to that of a fair-
oity. Pumping stations, filtration and treatment plants all had to be p
vided. Furthermore, the system had to be a very reliable one; it was ne
sary to provide fast-operating controls to shut dow the chain-resacting
in a hurry in case of failure of the water supply. If it was decided to
"once~through" cooling instead of recirculation, a retention basin would
required so that the radioactivity induced in the water might die down b
the water wes returned to the river. The volume of water discharged was
going to be so great that such problems of radioactivity were important,
therefore the minimum time that the water must be held for absolute safe

had to be determined.

Controls and Instrumentetion

7.27. The control problem was very similar to that discussed
oonnection with the first chain-reacting pile except that everything was
a larger scale and was, therefore, potentially more dangerous. It was n
sary to provide operating controls which would automatically keep the pi
operating at a determined power level. Such controls had to be comnecte
with instruments in the pile which would measure neutron density or some
property which indicated the power level. There would also have to be e
genoy controls which would operate almost instantaneously if the power 1
showed signs of rapid inerease or if there was any interruption of the w
supply. It wes highly desirable that there be some means of detecting i
cipient diffioculties such as the plugging of a single water tube or a br
the coating of one of the uranium slugs. All these controls and instrum
had to be operated from behind the thick shielding walls desocribed below

Shielding

7.28, As we have mentioned a number of times, the radiation g
off from a pile operating at & high power level is so strong as to meke
quite impossible for any of the operating personnel to go near the pile.
Furthermore, this radiation, particularly the neutrons, has a pronounced
capacity for leaking out through holes or oracks in barriers. The whole
power pile therefore has to be enclosed in very thick walls of conarete,
steel, or other absorbing material. But at the sarie time it has to be p
sible to load and unloed the pile through these shields and to carry the
supply in and out through the shields. The shields should not only be r
tion-tight but air-tight since air exposed to the radiation in the plle
become radioactive.

729, The radiation dangers that require shielding in the pil
continue through a large part of the separation plant. Since the fissio
products associated with the production of the plutonium are highly radi«
active, the uranium after ejection from the pile must be handled by remo-
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control from bsehind shielding and must be shielded during transportation to
the separation plant. All the stages of the separation plant, including
analyses, must be handled by remote control from behind shields up to the
point where the plutonium is relatively free of radioactive fission products.

Maintenance

7.30. The problem of maintenance is very simply stated. There
could not be any maintenance inside the shield or pile once the pile had
operated. The same remark applies to a somewhat lesser extent to the separa-
tion unit, where it was probable that a shut-down for servieing could be ef-
fected, provided, of course, that adequate remotely-ocontrolled decontamination
processes were carried out in order to reduce the radiation intensity below
the level dangerous to personnel. The maintenance problem for the auxiliary
parts of the plant was normal except for the extreme importance of having
stand-by pumping and power equipment to prevent a sudden accidental breakdown
of the cooling system.

Schedule of Loading and Unloading

7.31. Evidently the amount of plutonium in an undisturbed operating
pile increases with time of operetion. Since Pu-239 itself undergoes fission
its formation tends to maintain the chain reaction, while the gradual disap-
pearance of the U=235 and the appearance. of fission products with large
neutron absorption cross sections tend to stop the reaction. The determina-
tion of when a producing pile should be shut down and the plutonium extracted
involves a nice balancing of these factors against time schedules, material
costs, separation-process efficiency, etec. 9“triotly speaking, this problem
is one of operation rather than of design of the plant, but some thought had
to be given to it in order to plan the flow of uranium slugs to the pile and
from the pile to the separation plant.

Size of Units

7.32. We have been speaking of the production capacity of the
plant only in terms of overall production rate. Naturally, a given rate of
production might be achieved in a single large pile or in a number of smaller
ones. The principal advantage of the smaller piles would be the reduction in
construotion time for the first pile, the possibility of making alterations
in later piles, and -- perhaps most important -- the improbability of simul-
taneous breakdown of all piless The disadvantage of small piles is that they
require disproportionately large smounts of uranium, moderator, ets. There
is, in fact, & preferred "natural size" of pile which can be roughly deter-
mined on theoretiocal grounds.

General Nature of the Separation Plant

7.33. As we have already pointed out, the slugs coming from the
pile are highly radioective and therefore must be processed by remote control
in shielded compartments. The general scheme to be followed was suggested in
the latter part of 1942, particularly in connection with plans for the Clinton
separation plant. This scheme was to build a "canyon" which would consist of
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a series of compartments with heavy concrets walls arranged in a line ax
almost completely buried in the ground. Each compartment would contain
necessary dissolving or precipitating tenks or centrifuges. The slugs v
come into the compartment at one end of the canyon; they would then.be ¢
solved and go through the wvarious stages of solution, precipitation, ox!
tion, or reduction, being pumped from one compartment to the next until
solution of plutonium free from uranium and fission products ceme out ir
last compartment. As in the case of the pile, everything would be opers
by remote control from above grcund, but the operations would be far moi:
complicated than in the case of the pile. However, as far as the chemic
operations themselves were concerned, their general nature was not sc fe
removed from the normal fields of activity of the chemists involved.

Analytical Control

7+34. In the first stages of the separation process even the
tine analysis of seamples which was necesssry in checking the operation ¢
various chemical processes had to be done by remote control. Such testi
was facilitated, however, by use of radioactive methods of analysis as w
as conventional chemical analyses.

Waste Disposal

7.35. The raw material (uranium) is not dangerously radioacti
The desired product (plutonium) does not give off penetrating radiation,
the combination of its alpha-ray activity and chemical properties make i
of the most dangerous substances known if it once gets into the body. H
ever, the really troublesome materials are the fission products, i.e., t
major fragments into which uranium is split by fission. The fission pro
are extremely sactive and include some thirty elements. Among them are r
active xenon and radioactive iodine. These are released in considerable
quantity when the slugs are dissolved and must be disposed of with speci
care. High stacks must be built which will carry off these gases along -
the acid fumes from the first dissolving unit, and it must be establishe
that the mixing of the radiocactive gases with the atmosphere will not en
ger the surrounding territory.

7.36. Most of the other fission products can be retained in s
tion but must eventually be disposed of., Of course, possible pollution
the adjacent river must be considered.

Recovery of Uranium

7.37., BEvidently, even if the uranium were left in the pile un
all the U-235 had undergone fission, there would still be a large amount
U-238 which had not been converted to plutonium, Actually the process i
stopped long before this stage is reached. Uranium is an expensive mate:
and the total available supply is seriously limited. Therefore the poss
bility of recovering it after the plutonium is separated must be conside:
Originally there was no plan for early recovery, but merely the intentiom
storing the uranium solution. Later, methods of large-scale recovery we:
developed. '
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Corrosion in the Separation Plant

7.38. An unusual feature of the chemical processes involved was
that these processes ocour in the presence of a high density of radiation.
Therefore the containers used may corrode more rapidly than they would under
normal cirocumstances. Furthermore, any such corrosion will be serious be-
cause of the diffioculty of access. For a long time, information was sadly
lacking on these dangers.

Effect of Radiation on Chemiocal Reactions

7.39. The chemical reactions proposed for an extraction process
were, of course, tested in the laboratory. However, they could not be tested
with appreciable amounts of plutonium nor could they be tested in the pre-
sence of radiation of anything like the expected intensity. Therefore it
was realized that a process found to be successful in the laboratory might
not work in the plant. ’

Choice of Process

7.40. The description given above as to what was to happen in the
successive chambers in the canyon was very vague. This was necessarily so,
since even by January 1943 no decision had been made as to what process would
be used for the extraction and purification of plutonium. The major problem
before the Chemistry Division of the Metallurgical Laboratory was the selec-
tion of the best process for the plant.

The Health Problem

7.41. Besides the hazards normally present during construction
and operation of a large chemical plant, dangers of a new kind were expected
here. Two types of radiation hazard were anticipated -- neutrons generated
in the pile, and alpha-particles, beta-particles, and gamma rays emitted by
products of the pile. Although the general effects of these radiations had
been proved to be similar to those of X-rays, very little detailed knowledge
was available. Obvicusly the amounts of radlioactive material to be handled
were many times greater than had ever been encountered before.

7.42. The health group had to plan three programs: (1) provision
of instruments and clinical tests to detect any evidence of dangerous ex-
posure of the persomnnel; (2) research on the effects of radiation on persons,
instruments, etc.; and (3) estimates of what shielding and safety measures
must be incorporated in the design and plan of operation of the plant.

The Properties of Plutonium

7.45. Although we were embarking on a major enterprise to produce
plutonium, we still had less than a milligram to study and still had only
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limited familiarity with its properties. The study of plutonium, therefc
remained a major problem of the Metallurgical Laboratory.

The Training of Operators

7.44. Evidently the operation of a full-scale plant of the tyr
planned would require a large and highly skilled group of operators. Alt
du Pont had a tremendous beckground of experience in the operation of var
kinds of chemical plant, this was something new and it was evident that ¢
ating personnel would need special training. Such training was carried ¢
partly in Chicago and its environs, but principally at the Clinton Labors

tories.

The Need for Further Information

7.45. In the preceding paragraphs of this chapter we have outl
the problems confronting the group charged with designing and building a
plutonium production plant. In Chapter VI the progress in this field up
the end of 1942 was reviewed. Throughout these chapters it is made clear
a great deal more information was required to assure the success of the p
Such answers as had been obtained to most of the questions were only tent
tive. Consequently research had to be pushed simultaneously with plannin

and oconstruotion.

The Research Program

7.46. To meet the need for further information, research progr
were laid out for the Metallurgical Laboratory and the Clinton Laboratory
The following passage is an excerpt from the 1943 program of the Metallur

Projeots

Product Production Studies - These include all aspects of the researc
development and semi-works studies necessary for the design, construec
and operation of chain-reacting piles to produce plutonium or other
ma.terials.

Pile Characteristios - Theoretical studies and experiments on la
structures to predict behavior in high-level piles, such as temp
ture and barometric effects, neutron characteristics, pile poiso
etce

Control of Reacting Units -~ Design and experimental tests of dev
for controlling rate of reaction in piles,

Cooling of Reacting Units - Physiocal studies of coolant material
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engineering problems of circulation, corrosion, erosion, etc.

Instrumentation - Development of instruments and technique for
monitoring pile and surveying radiation throughout plant area.

Protection - Shielding, blological effects of radiation at pile
and clinical effects of operations associated with pile.

Materials - Study of physical (mechanical and nuclear) properties
of construction and process materials used in pile construction and
operation.

Activation Investigations - Production of experimental amounts of
radioactive materials in oyclotron and in piles and study of activa-
tion of materials by neutrons, protons, electrons, gamma-rays, etoc.

Pile Operation - Study of pile operation procedures such as materials
handling, instrument operation, etc.

Process Design -~ Study of possible production processes as a whole
leading to detailed work in other categories.

Product Recovery Studies - These include all aspects of the work neocessary
Tor the development of processes for the extraction of plutonium end pos-
sible by-products from the pile material and their preparation in purified
form. Major effort at the Metallurgiocal Laboratory will be on a single
process to be selected by June 1, 1943 for the production of plutonium,
but alternatives will continue to be studied both at the Metallurgical
Laboratory and Clinton with whatever manpower is available.

Separation - Processes for solution of uranium, extraction of plu-
tonium and decontamination by removal of fission products.

Conocentration, Purifiocation and Product Reduction - Processes leading
to production of plutonium as pure metal, and study of properties of
plutonium necessary to its production.

Westes - Disposal and possible methods of recovery of fission prod-
uots and metal from wastes.

Instrumentation - Development and testing of instruments for monitor-
ing chemical processes and surveying radiation throughout the area.

Protection - Shielding studies, determination of biological effeots
of radioactive dusts, liquids, solids, and other process materials,
and protective measures.

Materials - Corrosion of equipment materials, and radiation stability,
Necessary purity and purity analysis of process materials, etc.

Recovery of Aotivated Materials - Development of methods and actual
recovery of aotivated material (tracers, etc.) from cyclotron and
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pile-activated materials.

Operations Studies - Equipment perforﬁanoa, process control, ms
handling operations, etc,

Process Design -~ Study of product recovery processes as a whole
processes, physiocal methods) leading to detailed work in other

gories.

Fundamental Research - Studies of the fundemental physiocal, chemical
biological phenomena occurring in chain-reacting piles, and basic pr
ties of all materials involved. Although the primery emphasis at Cl
is on the semi-works level, much fundamental research will require C
conditions (high radiation intensity, large scale processes).

Nuclear Physics - Fundamental properties of nuclear fission suc
cross section, neutron yield, fission species, etc. Other nucl
properties important to processes, such as cross sections, prop
of moderators, neutron effect on materials, etc.

General Physics - Basioc instrument (éleotronic, ionization, opt
etc.) research, atomic mass determinations, neutron, Xk, B, Y ra
tion studies, X-ray investigations, etc.

Radiation Chemistry - Effects of radiation on chemicel processe
chemical reactions prodyced by radiation.

Nuclear Chemistry - Traoing of fission products, disintegration
stants, chains, investigation of nuolei of possible use to proj

Product Chemistry - Chemical properties of various products and
baslc studies in separation and purification of products.

General Chemistry - Chemistry of primary materials and material
soclated with process, including by-products.

General Biology - Fundamental studies of effeots of radiation o
living matter, metabolism of important materials, etc.

Clinical Investigations - Basic investigations, such as hematol:
pathology, eto.

Motallurgical Studies - Properties of U, Pu, Be, etc.

Engineering Studies - Phenomena basic to corrosion and similar
studies essential to continued engineering development of proce:

7.47. An examination of this program gives an idea of the gres
range of investigations which were considered likely to give relevant in-
formation. Many of the topics listed are not specific research problems
such as might be solved by a small team of scientists working for a few
months but are whole fields of investigation that might be studied with
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profit for years. It was necessary to pick the specific problems that were
likely to give the most immediately useful results but at the same time it
was desirable to try to uncover general prinoiples. For example, the effect
of radiation on the properties of materials ("radiation stability") was almost
entirely unknown. It was necessary both to make empirical tests on partic-
ular materials that might be used in a pile and to devise general theories of
the observed effects. Every effort was made to relate all work to the general
objective: a successful production plent.

Organization of the Project

7.48, There have been many changes in the organization and personnel
of the project. During most of the period of construction at Clinton and Han-
ford, A. H. Compton was Direcotor of the Metallurgical Project; S. K. Allison
was Director of the Metallurgiocal Laboratory at Chicago; and M. D. Whitaker
was Director of the Clinton Laboratory. The Chicago group was organized in
four divisions: physics, chemistry, technology, and health. Later the
physics division was split into general physics and nuclear physics. R. L.
Doan was research director at Clinton but there was no corresponding position
at Chicago. Among others who have been associate or assistant laboratory or
project directors or have been division directors are S. T. Cantril, C. M.
Cooper, F. Daniels, A. J. Dempster, E. Fermi, J. Franck, N, Hilberry, T. R.
Hogness, W. C. Johnson, H. D, Smyth, J. C. Stearns, R, S. Stone, H. C. Vernon,
W. W. Watson, and E. Wigner. ‘

7.49. It was the responsibility of these men to see that the re-
search program described above was carried out and that significant results
wore reported to du Pont. It was their responsibility also to answer ques-
tions raised by du Pont and to approve or oriticize plans submitted by
du Pont.

Cooperation between the Metallurgical Laboratory and du Pont

7.50. Since du Pont was the desgign and construction organization
and the Metallurgical Laboratory was the research organization, it was ob-
vious that close cooperation was essential. Not only did du Pont need an-
swers to specific questions, but they could benefit by oriticism and sug-
gestions on the many points where the Metallurgical group was especially
well-informed. Similarly, the Metallurgical group could profit by the
knowledge of du Pont on many technical questions of design, construction,
and operation. To promote this kind of cooperation du Pont stationed one of
their physiocists, J. B. Miles, at Chicago, and had many other du Pont men,
partiocularly C. H. Greenewalt, spend much of their time at Chicago. Miles
and Greenewalt regularly attended meetings of the Laboratory Council. There
was no similar reciprocal arrangement although many members of the laboratory
visited Wilmington informally. In addition, J. A. Wheeler was transferred
from Chicago to Wilmington and became a member of the du Pont staff. There
was, of course, constant exchange of reports and letters, and conferences
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were held frequently between Compton and R, Williams of du Pont. Whital
spent much of his time at Wilmington during the period when the Clinton
plant was being designed and constructed.

Summazz

7.51. By Jmuary 1943, the decision had been made to build a
tonium production plant with a large capacity. This meant a pile devel:
thousands of kilowatis and & chemical sepuration plant to extraoct the m
The du Pont Company was to design, construst, and operate the plant; the
Motallurgical Laboratory was to do the neocessary research. A site was ¢
on the Columbia River at Hanford, Washington. A tentative decision to t
a helium-cooled plant was reversed in favor of water-cooling. The prin
problems were those involving lattice design, loading and unloading, ochc
of materials particularly with reference to corrosion and radiation, wai
supply, controls and instrumentation, health hazards, chemical separatic
process, and design of the separation plant, Plans were made for the ne
sary fundamental and technical research and for the training of operator
Arrangements were made for liaison betwsen du Pont and the Metallurgical

Laboratory.’
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CHAPTER VIIX

THE_PLUTONIUM PROBLEM

== = aaaa)
JANUARY 1942 TO0 JUNE 19é2

;ntroduc tion

8.1. The necessity for pushing the design and construction of
full-scale plutonium plant simultaneously with research and development
evitably led to a certain amount of confusion and inefficiency. It bece
essential to investigate many alternative processes. It became necessa:
investigate all possible causes of fallure even when the probability of
becoming serious was very small. Now that the Hanford plant is producir
plutonium successfully, we believe it is fair to say that a large percer
of the results of investigation made between the end of 1942 and the end
1944 will never be used -~ at lsast not for the originally intended purg
Nevertheless had the Hanford plant run into difficulties, any one of the
superfluous investigations might have furnished just the information req
to convert fallure into success. Even now it is impossible to say that
improvements may not depend on the results of researches that seem unimp

today.

8.2. It is estimated that thirty volumes will be required for
complete report of the significant sclentific results of researches cond
under the auspices of the Metallurgical Project. Work was done on every
mentioned on the research program presented in the last chapter. In the
gent account it would be obviously impossible to give more than a brief
stract of all these researches. We belleve this would be unsatisfactory
that it is preferable to give a general discussion of the chain-reacting
and separation plants as they now operate, with some discussion of the e
developments.

The Chain Reaction in a Pile

8.3. In Chapter I and other early chapters we have given brie:
counts of the fission process, plle operation, and chemical separation.
shall now review these toplcs from a somewhat different point of view be!
describing the plutonium production plants themselves.

8.4. The operation of a pile depends on the passage of neutro:
through matter and on the nature of the collisions of neutrons with the 1
encountered. The collisions of principal importance are the following:
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I. Collisions in which neutrons are scattered and lose
appreciable amounts of energy.

(a) Inelastic collisions of fast neutrons with
uranium nuclei,

(b) Elastic collisions of fast or moderately fast
neutrons with the light nuclei of the modera-
tor material; these collisions serve to reduce
the neutron energy to very low (so-called
thermal) energies,

1I. Collisions in which the neutrons are absorbed.

(a) Collisions which result in fission of
nuclel and give fission products and
additional neutrons.

(b) Collisions which result in the formation
of new nuclei which subsequently disin-

tegrate radioactively (e.g., 92U
2
which produces 94Pu 39),

8.5, Only the second class of collision requires further discussion
As regards collisions of type II (a), the most important in a pile are the
collisions between neutrons and U-235, but the high-energy fission of U-238
and the thermal fission of Pu-239 also take place. Collisions of type II (b)
are chiefly those between neutrons and U-238, Such collisions occur for neu~
trons of all energies, but they are most likely to occur for neutrons whose
energies lie in the "resonance" region located somewhat above thermal
energies. The sequence of results of the type II (b) collision is repre-
sented as follows: '

92U238 "'onl-—-—r 92U239 4+ gamma rays
23 239 e0
920 o 93P + -1
Np239 239 o0
93 p 2“——’.3 dave 94Pu + -1 4 gamma rays

8.6. Any other non-fission absorption processes are important
chiefly because they waste neutrons; they occur in the moderator, in U-235,
in the coolant, in the impurities originally present, in the fission products,
and even in plutonium itself,

8.7. Since the object of the chain reaction is to generate pluton-
ium, we would like to absorb all excess neutrons in U-238, leaving just enough
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neutrons to produce fission and thus to maintain the chain reaction. A
the tendency of the neutrons to be absorbed by the dominant isotope U-2.
so great compared to their tendency to produce fission in the 140-times:
U-235 that the principal design effort had to be directed toward favorii
fission (as by using a moderator, a suitable lattice, materials of high
etc.,) in order to maintain the chain reaction.

Life History of One Generation of Neutrons

8.8. All the chain-reacting piles designed by the Metallurgic
Laboratory or with its cooperation consist of four categories of materi:
the uranium metal, the moderator, the coolant, and the auxiliary materi:
such as water tubes, casings of uranium, control strips or rods, impurit
etc. All the plles depend on stray neutrons from spontaneous fission o
mic rays to initiate the reaction.

8.9. Suppose that the pile were to be started by simultaneou:

lease (in the uranium metal) of N high-energy neutrons. Most of these 1
trons originally have energies above the threshold energy of fission of
However, as the neutrons pass back and forth in the metal and moderator,
suffer numerous inelastic collisions with the uranium and numerous elasi
collisions with the moderator, and all these collisions serve to reduce
energies below that threshold. Specifically, in a typical graphite-mode
pile a neutron that has escaped from the uranium into the graphite trawe
on the average about 2.5 cm between collisions and makes on the average
200 elastic collisions before passing from the graphite back into the wz
Since at each such collision a neutron leses on the average about one
of its energy, a one Mev neutron is reduced to thermal energy (usually t
to be 0.025 electron volt) considerably before completing a single trans
through the graphite. There are, of course, many neutrons that depart f
this average behavior, and there will be enough fissions produced by fas
trons to enhance slightly the number of neutrons present. The enhanceme
may be taken into account by multiplying the original number of neutrons
by a factor £ which is called the fast-fission effect or the fast-multip

tion factor.

8.10., As the average energy of the N& neutrons present contin
to fall, inelastic collision in the uranium becomes unimportant, the ene
being reduced essentially only in the moderator. However, the chance of
fission absorption (resonance capture) in U-238 becomes significant as t
intermediate or resonance energy region is reached. Actually quite a nu

of neutrons in this energy region will be absorbed regardless of choice
lattice design. The effect of such capture may be expressed by multiply
NE by a factor p, (which is always less than one) called the "resonance
probability® which is the probability that a given neutron starting with
above the resonance region will reach thermal energies without absorptio
U-238., Thus from the original N high-energy neutrons we obtain NEp neut
of thermal energy.

8.11. Once a neutron has reached thermal energy the chance of
losing more energy by collision is no greater than the chance of its gai
energy. Consequently the neutrons will remain at this average energy un
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they are absorbed. In the thermal-energy reglion the chance for absorption
of the neutron by the moderator, the coolant and the auxiliary materials is
greater than at higher energies. At any rate it is found that we introduce
1little error into our calculations by assuming all such unwanted absorption
takes place in this energy region. We now introduce a factor f, called the
thermal utilization factor, which is defined as the probability that a glven
thermal neutron will be absorbed in the uranium. Thus from the original N

 fast neutrons we have obtained NEpf thermal neutrons which are absorbed by

uranium.

8.12. Although there are several ways in which the normal mixture
of uranium isotopes can absorb neutrons, the reader may recall that we defined
in a previous chapter a quantity®, which is the number of fission neutrons
produced for each thermal neutron absorbed in uranium regardless of the de-
tails of the process. If, therefore, we multiply the number of thermal neu-
trons absorbed in uranium, NEpf, by y, we have the number of new high speed
neutrons generated by the original N high speed neutrons in the course of
their lives. If N&pf7) is greater than N, we have a chain reaction and the
number of neutrons is continually increasing. Evidently the product Cpfy
= kop, the multiplication factor already defined in Chapter IV.

8.13. Note that no mention has been made of neutrons escaping from
the pile. Such mention has been deliberately avoided since the value of kg
as defined above applies to an infinite lattice. From the known values of
koo and the fact that these piles do operate, one finds that the percentage
of neutrons escaping cannot be very great. As we saw in Chapter II, the es-
cape of neutrons becomes relatively less important as the size of the pile
increases. If it is necessary to introduce in the pile a large amount of
auxiliary material such as cooling-system pipes, it is necessary to build a
somewhat larger pile to counteract the increase in absorption.

8.14. To sum up, a plle operates by reducing high-energy neutrons
to thermal energies by the use of a moderator-lattice arrangement, then al-
lowing the thermal-energy neutrons to be absorbed by uranium, causing fission
which regenerates further high-energy neutrons. The regeneration of neutrons
is aided slightly by the fast neutron effect; it is impeded by resonance ab-
sorption during the process of, energy reduction, by absorption in graphite
and other materials, and by neutron escape. )

The Effects of Reaction Products on the Multiplication Factor

8.15. Even at the high power level used in the Hanford piles, only
a few grams of U-238 and of U-235 are used up per day per million grams of
uranium present. Nevertheless the effects of these changes are very important.
As the U-235 is becoming depleted, the concentration of plutonium is increas-
ing. Fortunately, plutonium itself is fissionable by thermal neutrons and
so tends to counterbalance the decrease of U-235 ag far as maintaining the
chain reaction is concerned. However, other fission products are being pro-
duced also. These consist typically of unstable and relatively unfamiliar
nuclei so that it was originally impossible to predict how great an undesir-
able effect they would have on the multiplication constant. Such deleterious
effects are called poisoning. In spite of a great deal of preliminary study



VIII-5

of fission products, an unforeseen poisoning effect of this kind very ne
prevents operation of the Hanford piles, as we shall see laten

The Reaction Products and the Separation Problem

8.16. There are two main parts of the plutonium production pr
at Hanford: actual production in the plle, and separation of the pluton
from the uranium slugs in which it is formed. We turn now to a discussi
of the second part, the separation process.

8.17. The uranium slugs containing plutonium also contain oth
elements resulting from the fission of U-235. When a U-235 nucleus unde
fission, it emits one or more neutrons and splits into two fragments of
parable size and of total mass 235 or less. Apparently fission into pre
equal masses rarely occurs, the most abundant fragments being a fragment
mass number between 134 and l44 and a fragment of mass number between 10
90. Thus there are two groups of fission products: a heavy group with :
numbers extending approximately from 127 to 154, and a light group from
proximately 115 to 83. These fission products are in the main unstable
topes of the thirty or so known elements in these general ranges of mass
ver. Typically they decay by successive beta emissions accompanied by g
radiation finally to form known stable nuclei. The half-lives of the va:
intermediate nuclei range from fractions of a second to a year or more;
of the important species have half-lives of the order of a month or so.
twenty different elements are present in significant concentration. The
abundant of these comprises slightly less than 10 percent of the aggrega*

8.18. In addition to radiocactive fission products, U-239 and 1
(intermediate products in the formation of plutonium) are present in the
and are radioactive. The concentrations of all these products begin to 1
up at the moment the pile starts operating. Eventually the rate of radic
active decay equals the rate of formation so that the concentrations becc
constant. For example, the number of atoms of U-239 produced per second
constant for a pile operating at a fixed power level. According to the ]
of radioactive disintegration, the number of U-239 atoms disappearing pei:
second is proportional to the number of such atoms present and is thus ir
creasing during the first few minutes or hours after the pile is put intc
operation. Consequently there soon will be practically as many nuclei di
integrating each second as are formed each second. Fquilibrium concentra
for other nuclei will be approached in similar manner, the equilibrium cc
tration heing proportional to the rate of formation of the nucleus and tc
half-1life. Products which are stable or of extremely long half-life (e.g
plutonium) will steadily increase in concentration for a considerable tir
When the pile is stopped, the radioactivity of course continues, but at a

‘tinually diminishing absolute rate. Isotopes of very short half-life may
"drop out of sight" in a few minutes or hours; others of longer half-life
appreciably active for days or months. Thus at any time the concentratio
of the various productg in a recently stopped pile depend on what the pow
level was, on how long the pile ran, and on how long it has been shut dow
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0f course, the longer the pile has run, the larger is the concentration of
plutonium and (unfortunately) the larger is the concentration of long-lived
fission products. The longer the "cooling" period, i.e., the period between
removal of material from the pile and chemical treatment, the lower is the
radiation intensity from the fission products. A compromise must be made be-
tween such considerations as the desire for a long running and cooling time
on the one hand and the desire for early extraction of the plutonium on the
other hand.

8.19. Tables can be prepared showing the chemical concentrations
of plutonium and the various fission products as functions of power level,
length of operation, and length of cooling period. The half life of the U-239
is so short that its concentration becomes negligible soon after the pile shuts
down., The neptunium becomes converted fairly rapidly to plutonium. Of course,
the total weight of fission products, stable and unstable, remains practically
constant after the pile is stopped. For the Clinton and Hanford operating
"conditions the maximum plutonium concentration attained is so small as to add
materially to the difficulty of chemical separation.

The Choice of a Chemical Separation Process

8.20. The problem then is to make a chemical separation at the
daily rate of, say, several grams of plutonium from several thousand grams
of uranium contaminated with large amounts of dangerously radioactive fission
products comprising twenty different elements. The problem is especially dif-
ficult as the plutonium purity requirements are very high indeed.

8.21. Four types of method for chemical separation were examined:
volatility, absorption, solvent extraction, and precipitation. The work on
absorption and solvent extraction methods has been extensive and such methods
may be increasingly used in the main process or in waste recovery, but the
Hanford Plant was designed for a precipitation process.

8.22. * The phenomena of co-precipitation, i.e., the precipitation
of small concentrations of one element along with a "carriert precipitate of
some other element, had been commonly used in radioactive chemistry, and was
adopted for plutonium separation. The early work on plutonium chemistry, con-
fined as it was to minute amounts of the element, made great use of precipi-
tation reactions fram which solubility properties could be deduced. It was
therefore natural that precipitation methods of separation were the most ad-
vanced at the time when the plant design was started. It was felt that, should
the several steps in the separations process have to be developed partly by
the empirical approach, there would be less risk in the scale-up of a precipi-
tation process than, for example, of one involving solid-phase reactions. In

# Paragraphs 8.22 - 8.26 are quoted or paraphrased from a general
report of the Metallurgical Laboratory prepared in the spring of 1945.
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addition, the precipitation processes then in mind could be broken into
quence of repeated operations (called cycles), thereby limiting the numt
different equipment pieces requiring design and allowing considerable pr
change without equipment change. Thus, while the basic plant design was
with one method in mind, the final choice of a different method led to r
barrassments.

8.23. Most of the precipitation processes which have receivec
serious consideration made use of an alternation between the (IV) and (V
oxidation states of plutonium. Such processes involve a precipitation ¢
plutonium (IV) with a certain compound as a carrier, then dissolution of
precipitate, oxidation of the plutonium to the (VI) state, and reprecipi
of the carrier compound while the plutonium (VI) remains in solution. ¥
products which are not carried by these compounds remain in solution whe
plutonium (IV) is precipitated. The fission products which carry are re
from the plutonium when it is in the (VI) state. Successive oxidation-r
cycles are carried out until the desired decontamination is achieved. (
process of elimination of the fission products is called decontamination
the degree of elimination is tested by measuring the change in radioacti
of the material.)

Combination Processes.

8.24. It is possible to combine or couple the various types o
cess. Some advantages may be gained in this way since one type of proce
supplement another. For example, a process which glves good decontamina
might be combined advantageously with one which, while inefficient for d
tamination, would be very efficient for separation from uranium.

8.25. At the time when it became necessary to decide on the p
to serve as the basis for the design of the Hanford plant (June 1943), tl
choice, for reasons given above, was limited to precipitation processes :
clearly lay between two such processes. However, the process as finally
chosen actually represented a combination of the two.

8.26. The success of the separation process at Hanford has ex
all expectations. The high yields and decontamination factors and the re
ease of operation have amply demonstrated the wisdom of its cholce as a j
This choice was based on a knowledge of plutonium chemistry which had be¢
gleaned from less than a milligram of plutonium. Further developments m¢
make the present Hanfcrd process obsolete, but the principal goal, which
to have a workable and efficient process for use as soon as the Hanford
were delivering plutonium, has been attained.

The Argonne Laboratory

8.27. The Argonne laboratory was constructed early in 1943 out
Chicago. The site originally intended for a pilot plant, was later consi
to be too near the city and was used for reconstructing the so-called Wes
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Stands pile which was originally built on the University of Chicago grounds
and which was certainly innocuous. Under the direction of E. Fermi and his
colleagues, H. L. Anderson, W. H. Zinn, G. Weil, and others, this pile has
served as a prototype unit for studies of thermal stability, controls, instru-
ments, and shielding, and as a neutron source for materials testing and
neutron-physics studies, Furthermore, it has proved valuable as a training
school for plant operators. More recently a heavy-water pile (see below)

has been constructed there.,

8.28. The first Argonne pile, a graphite-uranium pile, need not
be described in detail, The materials and lattice structire are nearly identi~
cal to those which were used for the original West Stands pile, The pile is
a cube; it is surrounded by a shield and has controls and safety devices
somewhat similar to those used later at Clinton. It has no cooling system
and is normally run at a power level of only a few kilowatts. It has
occasionally been run at high-power levels for very brief periods. Consider-
ing that it is merely a reconstruction of the first chain-reacting unit ever
built, it is amazing that it has continued in operation for more than two
years without developing any major troubles.

8.29. oOne of the most valuable uses of the Argonne pile has been
the measurement of neutron-absorption cross sections of a great variety of
elements which might be used in piles as structural members, etc., or which
might be present in pile materials as impurities, These measurements are
made by observing the change in the controls necessary to make kggr equal to
1.00 when a known amount of the substance under study is inserted at a
definite position in the pile. The results obtained were usually expressed
in terms of "danger coefficients.®

8.30. An opening at the top of the plle lets out a very uniform
beam of thermal neutrons that can be used for exponential-pile experiments,
for direct measurements of absorption cross sections, for Wilson cloud
chamber studies, etc.

8.31. An interesting phenomenon occurring at the top of the pile
is the production of a beam or flow of "cold" neutrons. If a sufficient
amount of graphite is interposed between the upper surface of the pile and an
observation point a few yards above, the neutron energy distribution is found
to correspond to a temperature much lower than that of the graphite. This is
presumed to be the result of a preferential transmission by the (crystalline)
graphite of the slowest ("coldest") neutrons, whose quantum-mechanical wave-
length is great compared to the distance between successive planes in the
graphite crystals.

8.32, More recently a pile using heavy water as moderator was con-
structed in the Argonne Laboratory. The very high intensity beam of neutrons
produced by this pile has been found well-suited to the study of "neutron
optics", e.g., reflection and refraction of neutron beams as by graphite.

8.33. A constant objective of the Argonne Laboratory has been a
better understanding of nuclear processes in uranium, neptunium, and plutonium.
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Repeated experiments have been made to improve the accuracy of constants
as themmal-fission cross sections of U-235, U-238, and Pu-239, probabili
of non-fission neutron absorption by each of these nuclei, and number of
trons emitted per fission.

The Clinton Plant

8¢34. In Chapter VI we mentioned plans for a "pilot" plant fo
production of plutonium to be built at the Clinton site in Tennessee. B
January 1943, the plans for this project were well along; construction w
started soon afterward. M. D. Whitaker was appointed director of the Cl
Laboratories. The pilot-plant plans were made cooperatively by du Pont
the Metallurgical Laboratory; construction was carried out by du Pont; p
operation was maintained by the University of Chicago as part of the Met
lurgical Project.

8.35. The main purposes of the Clinton plant were to produce
plutonium and to serve as a pilot plant for chemical separation. As reg
research, the emphasis at Clinton was on chemistry and biological effect
radiations. A large laboratory was provided for chemical analysis, for .
search on purification methods, for fission-product studies, for develop
of intermediate-scale extraction and decontamination processes, etc. Ia
a "hot laboratory", i.e., a laboratory for remotely-controlled work on h
radioactive material, was provided. There is also an instrument shop an
laboratory that has been used very actively. There are facilities for b
clinical and experimental work of the health division, which has been ve:
active. There is a small physics laboratory in which some important wor
done using higher neutron intensities than were available at the Argonne
Laboratory. The principal installations constructed at the Clinton Labo:
site were the pile and the separation plant; these are briefly described
low. '

The Clinton Pile

8.36. In any steadily operating pile the effective multiplicaf
factor k must be kept at one, whatever the power level. The best k., that
been observed in a uranium-graphite lattice could not be achieved in a px
cal pile because of neutron leakage, cooling system, cylindrical channels
the uranium, protective coating on the uranium, and other minor factors.
Grented air-cooling and a maximum safe temperature for the surface of the
nium, a size of pile had to be chosen that could produce 1000 kw. The ef
tive k would go down with rising temperature but not sufficiently to be ¢
determining factor. Though a sphere was the ideal shape, practical consi
tions recommended a rectangular block.

8.37. The Clinton pile consists of a cube of graphite containi
horizontal channels filled with uranium. The uranium is in the form of m
cylinders protected by gas-tight casings of aluminum. The uranium cylind
or slugs may be slid into the channels in the graphite; space is left to
mit cooling air to flow past, and to permit pushing the slugs out at the
of the pile when they are ready for processing. Besides the channels for
slugs there are various other holes through the pile for control rods, in
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8.38. The Clinton pile was considerably larger than the first
pile at Chicago (see Chapter VI). More important than the increased size
of the Clinton pile were its cooling system, heavier shields, and means for
changing the slugs. The production goal of the Clinton plant was set at
a figure which meant that the pile should operate at a power level of
1000 kw, ‘

8.39, The instrumentation and controls are identical in principle
to those of the first pile. Neutron intensity in the pile is measured by a
BF3 ionization chamber and is controlled by boron steel rods that can be
moved in and out of the pile, thereby varying the fraction of neutrons
available to produce fission,

8.40, In spite of impressiveness of the array of instruments
and safety devices, the most striking feature of the pile is the sim~
plicity of operation., Most of the time the operators have nothing to
do except record the readings of various instruments.

The Separation Plant

8.41., Here, as at Hanford, the plutonium processes have to be
carried out by remote control and behind thick shields., The separation
equipment is housed in a series of adjacent cells having heavy concrete
walls. These cells form a continuous structure (canyon) which is about 100
feet long and is two-thirds burled in the ground. Adjacent to this canyon
are the control rooms, analytical laboratories, and a laboratory for
further purification of the plutonium after it has been decontaminated to
the point of comparative safety. .

8.42. Uranium slugs that have been exposed in the pile are trans-
ferred under water to the first of these cells and are then dissolved.
Subsequent operations are performed by pumping solutlons or slurries from
one tank or centrifuge to another,

Performance of Clinton Pile

8.43. The Clinton pile started operating on November 4, 1943
and within a few days was brought up to a powsr level of 500 kw at a
maximum slug surface temperature of 110°C. Improvements in the air cir-
culation and an elevation of the maximum uranium surface temperature to
150°C brought the power level up to about 800 kw, where it was maintained
until the spring of 1944. Starting at that time, a change was made in the
distribution of uranium, the change being designed to level out the power
distribution in the pile by reducing the amount of metal near the center
relative to that further out and thereby to increase the average power level
without anywhere attaining too high a temperature. At the same time
improvements were realized in the sealing of the slug Jackets, making it
possible to operate the pile at higher temperature. As a result, a power
level of 1800 kw was attained in May, 1944; this was further increased after
the installation of better fans in June 1944.



VIII-1l

8.44. Thus the pile perfomance of June 1944 considerably exce
expsectations. In ease of control, steadiness of operation, and absence ¢
dangerous radiation, the pile has been most satisfactory. There have bee
very few failures attributable to mistakes in design or construction.

8.45. The pile itself was simple both in principle and in prac
Not so the plutonium-separation plant. The step from the first chain-ree
pile to the Clinton pile was reasonably predictable; but a much greater &
more uncertain step was required in the case of the separation process, f
the Clinton separation plant was designed on the basis of experiments usi
only microgram amounts of plutonium.

8.46. Nevertheless, the separation process worked! The first
of slugs from the pile entered the separation plant on December. 20, 1943.
the end of January 1944, metal from the pils was going to the separation
at the rate of 1/3 ton per day. By February lst, 1944, 190 mg of plutoni
had been delivered and by March 1lst, 1944, several grams had been deliver
Furthermore, the efficiency of recovery at the very start was about 50 pe
cent, and by June 1944 it was between 80 and 90 per cent.

8.47. During this whole period there was a large group of chem
at Clinton working on improving the process and developing it for Hanford
The Hanford problem differed from that at Clinton in that much higher con
trations of plutonium were expected. Furthermore, though the chemists we
to be congratulated on the success of the Clinton plant, the process was
plicated and expensive. Any improvements in yleld or decontamination or
general simplification were very much to be sought.

8.48. Besides the proving of the pile and the separation plant
the production of several grams of plutonium for experimental use at Chic
Clinton, and elsewhere, the Clinton Laboratories have been invaluable as
training and testing center for Hanford, for medical experiments, pile st
purification studies, and physical and chemical studies of plutonium and
fisgsion products.

8.49. As typical of the kind of problems tackled there and at
Chicago, the following problems —- listed in a single routine report for
1944, — are pertinent:

Problems Closed Out during May 19443

Search for New (Oxidizing Agent

Effect of Radiation on Water and Aqueous Solutions
Solubility of Plutonium Peroxide .

Plutonium Compounds Suitable for Shipment

Fission Product Distribution in Plant Process Solutions
Preliminary Process Design for Adsorption Extraction
Adsorption Semi-Works Assistance

Completion of Adsorption Process Design
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New Problems Assigned during May, 1944:

New Product Analysis Method
Effect of Radiation on Graphite
Improvement in Yield

New Pile Explorations

Waste Uranium Recovery

Monitoring 205 Stack Gases
Disposal of Active Waste Solutions
Spray Cooling of X Pile

Assay Training Program
Standardization of Assay Methods
Development of Assay Methods
Shielded Apparatus for Process Control Assays
Cloud Chamber Experiment

Alpha Particles from U-235

Radial Product Distribution -
Diffraction of Neutrons

The Hanford Plant

8.50, It is beyond the scope of this report to glve any account of
the construction of the Hanford Engineer Works, but it is to be hoped that the
full story of this extraordinary enterprise and the companion one, the Clinton
Engineer Works, will be published at some time in the future. The Hanford
site was examined by representatives of General Groves and of du Pont at the
end of 1942, and use of the site was approved by General (Groves after he had
inspected it personally. It was on the west side of the Columbia River in
central Washington north of Pasco. In the early months of 1943 a two-hundred
square mile tract in this region was acquired by the goverrment (by lease or
purchase) through the Real Estate Division of the Office of the Chief of
Engineers. Eventually an area of nearly a thousand square miles was brought
under govermment control. At the time of acquisition of the land there were
a few farms and two small villages, Hanford and Richland, on the site, which
was otherwise sage-brush plains and barren hills. On the 6th of April, 1943,
ground was broken for the Hanford construction camp. At the peak of activity
in 1944, this camp was a city of 60,000 inhabitants, the fourth largest city
in the state. Now, however, the camp is practically deserted as the operating
crew is housed at Richland.

8.51. Work was begun on the first of the Hanford production piles
on June 7, 1943, and operation of the first pile began in September 1944. The
site was originally laid out for five piles, but the construction of only three
has been undertaken. Besides the piles, there are, of course, plutonium
separation plants, pumping stations and water-treatment plants. There is alsd
& low power chain-reacting pile for material testing. Not only are the piles
themselves widely spaced for safety -- several miles apart — but the sepa-
ration plants are well away from the piles and from each other. All three
plles were in operation by the summer of 1945.
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Canning and Corrosion

8+,52. No one who lived through the period of design and con-

struction of the Hanford plant is likely to forget the "canning" problem,
the problem of sealing the uranium slugs in protective metal jackets. Ox
periodic visits to Chicago the writar could roughly estimate the state of
canning problem by the atmosphere of gloom or Joy to be found around the
laboratory. It was definitely not a simple matter to find a sheath that
protect uranium from water corrosion, would keep fission products out of
water, would transmit heat from the uranium to the water, and would not s
too many neutrons. Yet the failure of a single can might conceivably.rec
shut-down of an entire operating pile.

8.53. Attempts to meet the stringent requirements involved exg
mental work on electroplating processes, hot-dipping processss, cementati
coating processes, corrosion-resistant alloys of uranium, and mechanical
Jacketing or canning processes. Mechanical Jackets or cans of thin alumi
woere feasible from the nuclear point of view and were chosen early as the
likely solution of the problem. But the problem of getting a uniform, he
conducting bond betwsen the wranium and the surrounding aluminum, and the
problem of effecting a gas-tight closure for the can both proved very tro
same. Development of altemative methods had to be carried along up to t
. last minute, and even up to a few weeks before it was time to load the ur
slugs into the pile there was no certainty that any of the processes unde
development would be satisfactory. A final minor but apparently importan
modification in the preferred canning process was adopted in October 1944
after the first pile had begun experimental operation. By the summer of
there had been no can failure reported.

Present Status of the Hanford Plants

8.54. In the course of the fall of 1944 and the early months o
1945 the second and third Hanford piles were finished and put into operat
as were the additional chemical separation plants. There were, of course
some difficulties; however, none of the fears expressed as to canning fai
film formation in the water tubes, or radiation effects in the chemical p
cesses, have turned out to be justified. As of early summer 1945 the pil
are operating at designed power, producing plutonium, and heating the
Columbia River. The chemical plants are separating the plutonium from th
uranium and from the fission products with better efficiency than had bee:
anticipated. The finished product is being delivered. How it can be use:
is the subject of Chapter XII.

gl___w Work on Heag gater

8.55. In previous chapters there have been references to the
advantages of heavy water as a moderator. It is more effective than grap)
in slowing down neutrons and it has a smaller neutron absorption than gra)
It is therefore possible to build a chain-reacting unit with uranium and
heavy water and thereby to attain a considerably higher multiplication
factor, k, and a smaller size than is possible with graphite. But one mu:
have the heavy water.
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8.56. In the spring of 1943 the Metallurgical Laboratory decided
to increase the emphasis on experiments and calculations aimed at a heavy
water plle. To this end a committee was set up under E. Wigner, a group
under A. A. Vernon was transferred from Columbia to Chicago, and H. D. Smyth,
who had Just become associate director of the Laboratory, was asked to take
general)charge. (As it turned out, this group was active for only about six
months. N

8.57. The first function of this group was to consider in what way
heavy water could best be used to insure the overall success of the Metal-
lurgical Project, taking account of the limited production schedule for heavy
water that had been already authorized.

8.58. It became apparent that the production schedule was so low
that it would take two years to produce enough heavy water to "moderate® a
fair-sized pile for plutonium production. On the other hand, there might be
enough heavy water to moderate a small "laboratory® pile, which could furnish
information that might be valuable. In any event, during the summer of 1943
so great were the uncertainties as to the length of the war and as to the
success of the other parts of the DSM project that a complete study of the
possibilities of heavy-water piles seemed desirable. Either the heavy-water
production schedule might be stepped up or the smaller, experimental pile
might be built. An intensive study of the matter was made during the summer
of 1943 but in November it was decided to curtail the program and construction
wag limited to a 250-kw pile located at the Argonne site.

The Argonne Heavy-Water Pile

8.59, Perhaps the most striking aspect of the uranium and heavy-
water pile at the Argonne is its small size. Even with its surrounding shield
of concrete it is relatively amall compared to the uranium-graphite piles.

8.60. By May 15, 1944, the Argonne uranium and heavy-water pile was
ready for test. With the uranium slugs in place, it was found that the chain
reactlon in the pile became self sustaining when only three fifths of the
heavy water had been added. The reactivity of the pile was so far above ex-
pectations that it would have been beyond the capacity of the control rods to
handle if the remainder of the heavy water had been added. To meet this un-
usual amd pleasant situation some of the uranium was removed and extra control
rods were added.

8.61. With these modifications it was possible to £ill the tank to
the level planned. By July 4, 1944, W. H. Zinn reported that the pile was
running satisfactorily at 190 kw, and by August 8, 1944, he reported that it
was operating at 300 kw.

8.62. In general the characteristics of this pile differed slightly
from those of comparable graphite piles. This pile takes several hours to
reach equilibrium. It shows small (less than 1 per cent) but sudden fluctu-
atlons in power level, probably caused by bubbles in the water. It cannot be
shut down as completely or as rapidly as the graphite pile because of the
tendency of delayed gamma rays to produce (from the heavy water) additional
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neutrons. As anticipated, the neutron density at the center is high. T
shields, controls, heat exchanger, etc., have operated satisfactorily.

»

The Health Division

8.63. The major objective of the health group was in a sense
negative ons, to insure that no one concerned suffered serious injury fr
the peculiar hazards of the enterprise. Muedical case histories of persol
suffering serious injury or death resulting from radiation were emphatic:
not wanted.

8.64. To achieve ita objective the health group worked along
three major lines:

1) Adoption of pre-employment physical examinations an
‘frequent re-examinations, particularly of those exposed to radiation.

2) Setting of tolerance standards for radiation doses ¢
development of instruments measuring exposure of persomnel; giving advice
on shielding, etc.; continually measuring radiation intensities at varion
locations in the plants; measuring contamination of clothes, laboratory ¢
waste water, the atmosphere, etc.

3) Carrying out research on the effects of direct expos
of persons and animals to various types of radiation, and on the effects
ingestion and inhalation of the various radioactive or toxic materials su
as fission products, plutonium and uranium.

Routine Examinatdions

8.65. The white blood-corpuscle count was used as the principa
criterion as to whether a person sufferdd from overexposure to radiation.
A mumber of cases of abnormally low counts were observed and correlated w
the degree of overexposure. ‘Individuals appreciably affected were shiftse
to other jobs or given brief vacations; none have shown permanent ill eff

: 8.66. At the same time it was recognized that the white blood-
corpuscle count is not an entirely reliable criterion. Some work on anim
indicated that serious damage might occur before the blood count gave any
indication of danger. Accordingly, more elaborate blood tests were made ¢
selected individuals and on experimental animals in the hope of finding a
test that would give an earlier warning of impending injury.

Instruments for Radiation Measurements

8.67. The Health Division had principal responsibility for the
development of pocket meters for indicating the extents of exposure of pe:
The first of these instruments was a simple electroscope about the size a:
shape of a fountain pen. Such instruments were electrostatically charged
the start of each day and were read 4t the end of the day. The degree to
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which they became discharged indicated the total amount of ionizing radiation
to which they have been exposed. Unfortunately they were none too rugged and
reliable, but the error of reading was nearly always in the right direction —
i.e., in the direction of overstating the exposure. At an early date the
practice was established of issuing two of these pocket meters to everyone
entering a dangerous area. A record was kept of the readings at the time of
issuance and also when the meters were turned in. The meters themselves were
continually although gradually improved. The Health Division later introduced
"film badges," small pieces of film worn in the identification badge, the
films being periodically developed and examined for radiation blackening.

8.68. The Health Division cooperated with the Physics Division
in the development and use of various other instruments. There was "Sneezy'
for measuring the concentration of radioactive dust in the air and "Pluto®
for measuring d-emitting contamination (usually.plutonium) of laboratory desks
and equipment. Counters were used to check the contamiration of laboratory
coats before and after the coats were laundered. At the exit gates of certain
laboratories concealed counters sounded an alarm when someone passed whose
clothing, skin or hair was contaminated. In addition, routine inspections of
laboratory areas were made. ,

8.69. One of the studies made involved meteorology. It became
essential to know whether the stack gases (at Clinton and at Hanford) would be
likely to spread radioactive fission products in dangerous concentrations.
Since the behavior of these gases is very depsndent on the weather, studies
ware made at both sites over a period of many months, and satisfactory stack
operation was specified.

Research

8.70. Since both the scale and the variety of the radiation hazards
in this enterprise were unprecedented, all reasonable precautions were taken;
but no sure means were at hand for detemirﬂ.ng the adequacy of the pre-
cautions. It was essential to supplement previous knowledge as completely as
possible. For this purpose, an extensive program of animal experimentation
was carried out along three main lines: (1) exposure to nsutron, alpha,
beta and gamma radiation; (2) ingestion of uranium, plutonium and fission
products; (3) inhalation of uranium, plutonium and fission products. Under
the general direction of Dr. Stone these experimsnts were carried out at
Chicago, Clinton and the University of California principally by Dr. Cole and
Dr. Hamilton. Extensive and valuable results were obtained.

Sumary

8.71. Both space and security restrictions prevent a detaiied re-
port on the work of the laboratories and plants concerned with plutonium pro-~
duction. .

8.72. Two types of neutron absorption are fundamental to the :
operation of the plant¥ one, neutron absorption in U-235 resulting in fission,
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maintains the chain reaction as a source of neutrons; the other, neutron
sorption in U-238 leads to the formation of plutonium, the desired produc

8.73. The course of a nuclear chain reaction in a graphite-moc
- ated heterogeneous plle can be described by following a single generatio:
neutrons. The original fast neutrons are slightly increased in mumber b;
fission, reduced by resonance absorption in U-238 and further reduced by
sorption at themmal energies in graphite and other materials and by escaj
the remaining neutrons, which have been slowed in the graphite, cause fi:
in U-235, producing a new generation of fast neutrons similar to the prex

generation.

8.74. The product, plutonium, must be separated by chemical px
cesses from a comparable quantity of fission products and a much larger
quantity of uranium. Of several possible separation processes the one ct
consists of a series of reactlons including precipitating with carriers,
solving, oxidizing and reducing.

8.75. The chain reaction was studied at low power at the Argor
Laboratory beginning early in 1943. Both chain reaction and chemical
separation processes were investigated at the Clinton Laboratories beginr
in November 1943, and an appreciable amount of plutonium was produced the

8.76. Construction of the main production plant at Hanford,
Washington, was begun in 1943 and the first large pile went into operatic
September 1944. The entire plant was in operation by the summer of 1945
all chain-reacting piles and chemical-separation plants performming better
had been anticipated. :

8.77. Extensive studies were made on the uée of heavy water as
moderator and an experimental pile containing heavy water was built at th
Argonnes Laboratory. Plans for a production plant using heavy water were
up.

8.78. The Health Division was active along three main lines:
(1) medical examination of personnel; (2) advice on radiation hazards ar
constant check on working conditions; (3) research on the effects of radi
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CHAPTER IX

GENERAL DISCUSSION OF THE SEPARATION OF ISQOTOPES

Introductory Note

9.]Je The possibility of producing an atomic bomb of U-~235 was
recognized before plutonium was discovered. Because it was appreciated
at an early date that the separation of the uranium isotopes would be a
direct and major step toward making such a bomb, methods of separating
uranium isotopes have been under scrutiny for at least six years. Nor
was attention confined to uranium since it was realized that the separat
of deuterium was also of great importance. In the present chapter the
general problems of isotope separation will be discussed; later chapters
will take up the specific application of various processes.

Factors Affecting the Separation of Isotopes

9.2. By definition, the isotopes of an element differ in mass
but not in chemical properties. More precisely, although the nuclear ma
and structures differ, the nuclear charges are identical and therefore t
extemal electronic structures are practically identical. For most prac
purposes, therefore, the isotopes of an element are separable only by
processes depending on the nuclear mass.

9.3, It is well known that the molecules of a gas or liquid a
in continual motion and that their average kinetic energy depends only o
the temperature, not on the chemical properties of the molecules. Thus
a gas made up of a mixture of two isotopes the average kinetic energy of
light molecules and of the heavy ones is the same. Since the kinetic en:
of a molecule is 1/2 mv2, where m is the mass and v the speed of the mol:
it is apparent that on the average the speed of a lighter molecule must |
greater than that of a heavier molecule. Therefore, at least in princip:
any process depending on the average speed of molecules can be used to
separate isotopes. Unfortunately, the average speed is inversely propor:
to the square root of the mass so that the difference is very small for f
gaseous compounds of the uranium isotopes. Also, although the average sj
differ, the ranges of speed show considerable overlap. In the case of ti
uranium hexafluoride, for example, over 49 percent of the light molecules
have speeds as low as those of 50 percent of the heavy molecules.

9.4. Obviously there is no feasible way of applying mechanical
forces directly to molecules individually; they cannot be poked with a st
or pulled with a string. But they are subject to gravitational fields ar
if ionized, may be affected by electric and magnetic fields. Gravitation
forces are, of course, proportional to the mass. In a very high vacuum

>3



U-235 atoms and U-238 atoms would fall with the same acceleration, but just
as a feather and a stone fall at very different rates in air where there are
frictional forces resisting motion, there may be conditions under which a
combination of gravitational and opposing intermolecular forces will tend

*to move heavy atoms differently from light ones. Electric and magnetic
fields are more easily controlled than gravitational fields or "pseudo-
gravitational® fields (i.e., centrifugal-force fields) and are very effective
in separating ions of differing masses.

9.5. Besides gravitational or electromagnetic forces, there are,
of course, interatomic and intermolecular forces. These forces govern the
interaction of molecules and thus affect the rates of chemical reactions,
evaporation processes, etc. In general, such forces will depend on the
outer electrons of the molecules and not on the nuclear masses. However,
whenever the forces between separated atoms or molecules lead to the
formation of new molecules, a mass effect (usually very small) does appear.
In accordance with quantum-mechanical laws, the energy levels of the mole-
cules are slightly altered, and differently for each isotope. Such effects
do slightly alter the behavior of two isotopes in certain chemical reactions,
as we shall see, although the difference in behavior is far smaller than the
familiar differences of chemical behavior between one element and another.

9.6. These, then, are the principal factors that may have to be
considered in devising a separation process: equallty of average thermal
kinetic energy of molecules at a given temperature, gravitational or
centrifugal effects proportional to the molecular masses, electric or mag-
netic forces affecting ionized molecules, and interatomic or intermolecular
forces. In some isotope-separation processes only one of these effects is
"involved and the overall rate of separation can be predicted. In other
isotope-separation processes a number of these effects occur simultaneously
so that prediction becomes difficult,

Criteria for Appraising a Separation Process

9.7. Before discussing particular processes suitabie for isotope
separation, we should know what is wanted. The major criteria to be used
in Jjudging an isotope-separation process are as follows.

Separation Factor

9.8. The separation factor, sometimes known as the enrichment or
fractionating factor of a process, is the ratio of the relative concentration
of the desired isotope after processing to its relative concentration before
processing. Defined more precisely: if, before the processing, the numbers
of atoms of the isotopes of mass number m and m, are ny and n, respectively
(per gram of the isotope mixture) and if, after %he proce531ng, the corre-

sponding numbers are nl and n2, then the separation factor is:
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This definition may be applied to one stage of a separation plant or to
entire plant consisting of many stages. Ve are usually interested eithe
in the "single stage" separation factor or in the "overall" separation
factor of the whole process. If r is only slightly greater than unity,
is often the case for a single stage, the number r-1 is sometimes more
useful than r. The quantity r-1 is called the enrichment factor. In
natural uranium m; = 235, m, = 238, and nl/n2 = 1/140 approximately, but
in 90 percent U-235, ni/n' = 9/1. Consequently in a process producing 9
percent U=-235 from naturai uranium the overall value of r must be about

Yield

9.9. In nearly every process a high separation factor means a
low yield, a fact that calls for continual compromise. Unless indicatio
is given to the contrary, we shall state yields in terms of U-235. Thus
a separation device with a separation factor of 2 (n!/n! = 1/70) and a
yield of one gram a day is one that, starting from natural uranium, pro-
duces, in one day, material consisting of 1 gram of U-235 mixed with 70
grams of U-238.

Hold-up

9.10. The total amount of material tied up in a separation pl:
is called the "hold-up.® The hold-up may be very large in a plant con~
sisting of many stages,

Start-up Tinde

9.11. In a separation plant having large hold-up, a long time
perhaps weeks or months — is needed for steady operating conditions to 1
attained. In estimating time schedules this "start-up" or "equilibrium"
time must be added to the time of construction of the plant.

Efficiency

9.12, If a certain quantity of raw material is fed into a
separation plant, some of the material will be enriched, some impoverishe
some unchanged. Parts of each of these three fractions will be lost and
parts recovered. The importance of highly efficient recovery of the en-
riched material is obvious. In certain processes the amount of unchangec
material is negligible, but in others, notably in the electromagnetic-
method to be described below, it is the largest fraction and consequently
the efficiency with which it can be recovered for recycling is very
important. The importance of recovery of impoverished material varies
widely, depending very much on the degree of impoverishment. Thus in



general there are many different efficiencies to be considered.

Cost

9.13. As in all parts of the uranium project, cost in time was
more important than cost in money. Consequently a number of large-scale
separation plants for U-235 and deuterium were built at costs greater than
would have been required if construction could have been delayed for several
months or years until more ideal processes were worked out.

Some Separation Processes

Gaseous Diffusion

9.14. As long ago as 1896 Lord Rayleigh showed that a mixture
of two gases of different atomic weight could be partly separated by
allowing some of it to diffuse through a porous barrier into an evacuated
space. Because of their higher average speed the molecules of the light
gas diffuse through the barrier faster so that the gas which has passed
through the barrier (i.e., the "diffusate") is enriched in the lighter
constituent and the residual gas (which has not passed through the barrier)
is impoverished in the lighter constituent. The gas most highly enriched
in the lighter constituent is the so-called "instantaneous diffusate™; it
is the part that diffuses before the impoverishment of the residue has be-
come appreciable. If the diffusion process is continued until nearly all
the gas has passed through the barrier, the average enrichment of the
diffusate naturally diminishes. In the next chapter we shall consider
these phenomena in some detail. Here we shall merely point out that, on
the assumption that the diffusion rates are inversely proportional to the
square roots of the molecular weights the separation factor for the
instantaneous diffusate, called the "ideal separation factor" &, is given

by
oo\
-\

where M, is the molecular weight of the lighter gas and M, that of the
heavier, Applying this formula to the case of uranium will illustrate

the magnitude of the separation problem. Since uranium itself is not a
gas, some gaseous compound of uranium must be used. - The only one obviously
suitable is uranium hexafluoride, UFg, which has a vapor pressure of one
atmosphere at a temperature of 56° C. Since fluorine hai gnly one isotope,
the two important uranium hexafluorides are y<35 Fg and U 3 their
molecular weights are 349 and 352, Thus, if a small fraction of a quantity
of uranium hexafluoride is allowed to diffuse through a porous barrier,



the diffusate will be enriched in U?35Fy by a factor

352

> 349

= 1.0043

which is a long way from the 1260 required (see paragraph 9.8.).

9.15. Such calculations might make it seem hopeless to separa
isotopes (except, perhaps, the isctopes of hydrogen) by diffusion proces
Actually, however, such methods may be used successfully —- even for ura
It was the gaseous diffusion method that F. W. Aston used in the first
partial separation of isotopes (actually the isotopes of neon). Later G
Hertz and others, by operating multiple-stage recycling diffusion units,
were able to get practically complete separation of the neon isotopes.
Since the multiple-stage recycling system is necessary for nearly all
separation methods, it will be described in some detail immediately foll
introductory remarks on the various methods to which it is pertinent.,

Fractional Distillation

9.16. The separation of compounds of different boiling points
i.e., different vapor pressures, by distillation is a familiar industrial
process, The separation of alcohol and water (between which the differe:
in boiling point is in the neighborhood of 20° C.) is commonly carried o1
in a simple still using but a single evaporator and condenser. The con-
densed material (condensate) may be collected and redistilled a number o:
times if necessary. For the separation of compounds of very nearly the
same boiling point it would be too laborious to carry out the necessary
number of successive evaporations and condensations as separate operatior
. Instead, a continuous separation is carried out in a fractionating tower.
Essentially the purpose of a fractionating tower is to produce an upward-
directed stream of vapor and a downward-directed stream of liquid, the tv
streams being in intimate contact and constantly exchanging molecules. 1
molecules of the fraction having the lower bolling point have a relativel
greater tendency to get into the vapor stream and vice versa. Such count
current distillation methods can be applied to the separation of light ar
heavy water, which differ in boiling point by 1.4° C.

General Application of Countercurrent Flow

9.17. The method of countercurrent flow is useful not only in
phase (liquid-gas) distillation processes; t also in other separation
processes such as those involving diffusion resulting from temperature
variations (gradients) within one-phase systems or from centrifugal force
The countercurrents may be with respect to two gases, two liquids, or one
gas and cne liquid.



The Centrifuge

9.18. We have pointed out that gravitational separation of two
isotopes might occur since the gravitational forces tending to move the
molecules downward are proportional to the molecular weights, and the inter-
molecular forces tending to resist the downward motion depend on the electronic
configuration, not on the molecular weights. Since the centrifuge is
essentially a method of applying pseudogravitational forces of large magni-
tude, it was early considered as a method for separating isotopes. However,
the first experiments with centrifuges failed. Later development of the
high speed centrifuge by J. W. Beams and others led to success., H. C. Urey
suggested the use of tall cylindrical centrifuges with countercurrent flow;
such centrifuges have been developed successfully.

9.19., In such a countercurrent centrifuge there is a downward
flow of vapor in the outer part of the rotating cylinder and an upward flow
of vapor in the central or axial region. Across the interface region between
the two currents there is a constant diffusion of both types of molecules
from one current to the other, but the radial force field of the centrifuge
acts more strongly on the heavy molecules than on the light ones so that
the concentration of heavy ones increases in the peripheral region and
decreases in the axial region, and vice versa for the lighter molecules.

9.20. The great appeal of the centrifuge in the separation of
heavy isotopes like uranium is that the separation factor depends on the
difference between the masses of the two isotopes, not on the square root
of the ratio of the masses as in diffusion methods.

Thermal Diffusion Method

9.21. The kinetic theory of gases predicts the extent of the
differences in the rates of diffusion of gases of different molecular weights.
The possibility of accomplishing practical separation of isotopes by themmal
diffusion was first suggested by theoretical studies of the details of mole-
cular collisions and of the forces between molecules. Such studies made by
Enskog and by Chapman before 1920 suggested that if there were a temperature
gradient in a mixed gas there would be a tendency for one type of molecule
to concentrate in the cold region and the other in the hot region. This
tendency depends not only on the molecular weights but also on the forces
between the molecules. If the gas is a mixture of two isotopes, the heavier
isotope may accumulate at the hot region or the cold region or not at all,
depending on the nature of the intermolecular forces., In fact, the
direction of separation may reverse as the temperature or relative concen-
tration is changed.

9.22. Such thermal diffusion effects were first used to separate
isotopes by H. Clusius and G. Dickel in Gemmany in 1938, They built a
vertical tube containing a heated wire stretched along the axis of the tube
and producing a temperature difference of about 600°C. between the axis and



the periphery. The effect was twofold. In the first place, the heavy
isotopes (in the substances they studied) became concentrated near the
cool outer wall, and in the second place, the cool gas on the outside
tended to sink while the hot gas at the axis tended to rise. Thus thern
convection set up a countercurrent flow, and thermal diffusion caused tt
preferential flow of the heavy molecules outward across the interface be
tween the two currents,

9.23. The theory of thermal diffusion in gases is intricate en
that of thermal diffusion in liquids is particularly complicated. A
separation effect does exist, however, and has been used successfully to
separate the light and heavy uranium hexafluorides,

Chemical Exchange Method

9.24. In the introduction to this chapter we pointed out that
there was some reason to hope that isotope separation might be accomplis
by ordinary chemical reactions.” It has in fact been found that in simpl
exchange reactions between compounds of two different isotopes the so-ca
equilibrium constant is not exactly one, and thus that in reactions of t
type separation can occur. For example, in the catalytic exchange of
hydrogen atoms between hydrogen gas and water, the water contains betwee:
three and four times as great a concentration of deuterium as the hydrog:
gas in equilibrium with it. With hydrogen and water vapor the effect is
the same general type but equilibrium is more rapidly established. It i:
possible to adapt this method to a continuous countercurrent flow arrange
ment like that used in distillation, and such arrangements are actually :
use for production of heavy water. The general method is well understooc
and the separation effects are known to decreage in general with increas!
molecular weight, so that there is but a small chance of applying it succ
fully to heavy isotopes like uranium.

Electrolysis Method

9.25. The electrolysis method of separating isotcpes resulted f
the discovery that the water contained in electrolytic cells used in the
regular commercial production of hydrogen and oxygen has an increased con
centration of heavy water molecules, A full explanation of the effect ha
not yet been worked out. Before the war practically the entire productioc
of heavy hydrogen was by the electrolysis method. By far the greatest
production was in Norway, but enough for many experimental purposes had
been made in the United States.

Statistical Methods in General

9,26, The six methods of isotope separation we have described s
far (diffusion, distillation, centrifugation, thermal diffusion, exchange
reactions, and electrolysis) have all been tried with some degree of succ
on either uranium or hydrogen or both. Each of these methods depends on

-



small differences in the average behavior of the molecules of different
isotopes. Because an average is by definition a statistical matter, all
such methods depending basically on average behavior are called statistical
methods. . '

9.27. The criteria set up for Judging separation processes are
rather similar for the six statistical methods., In every case the separation
factor is small so that many successive stages of separation are required,
In most cases relatively large quantities of material can be handled in
plants of moderate sir<. The hold-up and starting-time values vary con-
siderably but are usuali- high. The similarity of the six methods renders
it inadvisable to make final choice of method without first studying in
detail the particular isotope, production rate, etc., wanted. Exchange
reaction and electrolysis methods are probably unsuitable in the case of
uranium, and no distillation scheme for uranium has survived. All of the
other three methods have been developed with varying degrees of success for
uranium, but are not used for hydrogen.,

The FElectromagnetic Method and its Limitations

9.28. The existence of non-radioactive isotopes was first demon-
strated during the study of the behavior of ionized gas molecules moving
through electric and magnetic fields, It is just such fields that form the
bagis of the so-called mass-gpectrographic or electro-magnetic method of
separating isotopes. This method is the best available for many types of
isotope relative abundance determinations, The method is used constantly
in checking the results of the uranium isotope separation methods we have
already described. The reason the method is so valuable is that it can
readily effect almost complete separation of the isotopes very-rapidly and
with small hold-up and short start-up time. If this is so, it may well be
asked why any other method of separation is considered. The answer is that
an ordinary mass spectrograph can handle only very minute quantities of
material, usually of the order of fractions of a microgram per hour,.

9,29. To understand the reasons for this quantitative (yield) limi-
tation, we shall outline the principle of operation of a simple type of mass
spectrograph first used by A. J. Dempster in 1918, Such an inatrument is
illustrated schematically in the following figure., The gaseous compound to
be separated is introduced in the ion source, where some of its molecules
are ionized in an electric discharge. Some of these ions go through the
slit s;. Between s, and s, they are accelerated by an electric field which
gives %hem all prac%ically the same kinetic energy, thousands of times
greater than their average thermal energy., Since they now all have
practically the same kinetic energy, the lighter ions must have less momenta
than the heavy ones. Entering the magnetic field at the slit Sp all the ions
will move (perpendicular to the magnetic field) in semi-circular paths of



radii proportional to their mcmenta., Therefore the light ions will move
in smaller semicircles than the heavy, and with proper positioning of th
collector, only the light ions will be collected.

Jon Source

3
Slit 5

Collector

L

Light ——> «=—— Heavy

9.30. Postponing detailed discussion of such a separation devi:
we may point out the principal considerations that limit the amount of
material that passes through it. They are threefold: First, it is
difficult to produce large quantities of gaseous ions. Second, a sharpl:
limited ion beam is usually employed (as in the case shown) so that only
a fraction of the ions produced are used. Third, too great densities of
ions in a beam can cause space-charge effects which interfere with the
separating action. Electromagnetic methods developed before 1941 had ve:
high separation factors but very low ylelds and efficiencies. These wert
the reasons which -- before the summer of 1941 -- led the Uranium Commiti
to exclude such methods for large-scale separation of U-235., (See Chapte
IV.) Since that time it has been shown that the limitations are not
insuperable, In fact, the first appreciable-sized samples of pure U-235
were produced by an electromagnetic separator, as will be described in a

later chapter,

Other Isotope-Separation Methods

‘ 9.31. In addition to the isotope-separation methods described
above, several other methods have been tried. These include the ionic-
mobility method, which, as the name implies, depends on the following fac
In an electrolytic solution two ions which are chemically identical but
of different mass progress through the solution at different rates under
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the action of an electric field, However, the difference of mobility will
be small and easily obscured by disturbing effects. A. K. Brewer of the
Bureau of Standards reported that he was able to separate the isotopes of
potassium by this method. Brewer also obtained some interesting results
with an evaporation method. Two novel electromagnetic methods, the isotron
and the ionic centrifuge, are described in Chapter XI. The isotron produced
a number of fair-sized samples of partly separated uranium, The ionic
centrifuge also produced some uranium samples showing separation, but its
action was erratic.

Cascades and Combined Processes

9.32, In all the statistical methods of separating isotopes many
successive stages of separation are necessary to get material that is 90
percent or more U-235 or deuterium. Such a series of successive separating
stages is called a cascade if the flow is continuous from one stage to the
next., (A fractionating tower of separate plates such as has been described
is an example of a simple cascade of separating units.) A complete analysis
of the problems of a cascade might be presented in general termms. Actually
it has been worked out by K. P. Feynman and others for a certain type of
electromagnetic separator and by K. Cohen, I. Kaplan, and others for diffusion
processes., At present we shall make only two points about multiple stage or
“"cascade™ plants.

9.33. The first point is that there must be recycling. Con-
sldering a U-235 separation plant, the material fed into any stage above the
first has already been enriched in U-235. Part of this feed material may
be further enriched in passing through the stage under consideration. The
remainder will typically become impoverished but not so much impoverished
as to be valueless. It must be returned to an earlier stage and recycled.
Even the impoverished material from the first (least enriched) stage may be
worth recycling; some of the U-235 it still contains may be recovered
(stripped).

9.34+. The second point is that the recycling problem changes
greatly at the higher (more enriched) stages. Momentarily disregarding
recycling and assuming steady stage operation, we see that the net flow
of uranium through the first stage must be at least 140 times as great as
through the last stage. The net flow in any given stage is proportional
to the relative concentration of U-238 and thus decreases with the number
of stages passed. Also we shall see that any given sample of material is
recycled many times so that the amount of material processed in any stage
is far greater than the net flow through that stage but is proportional
to it,

9.35. We mention these points to illustrate a phase of the
separation problem that is not always obvious, namely, that the separation
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process which is best for an early stage of separation is not necessari:
best for a later stage. Factors such as those we have mentioned differ
only from stage to stage but from process to process. For example, recy
is far simpler in a diffusion plant than in an electromagnetic plant. J
plant combining two or more processes may well be the best to accomplist
overall separation required. In the lower (larger) stages the size of t
equipment and the power required for it may determine the choice of proc
In the higher (smaller) stages these factors are outweighed by convenier
of operation and hold-up time, which may point to a different process.

The Heavy Water Plants; the Centrifuge Pilot Plant

9.36. The next two chapters are devoted to descriptions of th
three mcthods used for large-scale separation of the uranium isotopes,
These are the only isotope-separation plants that have turned out toc be
major importance to the-project up to the present time. At an earlier s
it seemed likely that the cenirifuge might be the best method for separa
the uranium isotopes and that heavy water would be needed as a moderator
We shall describe briefly the centrifuge pilot plant and the heavy water
production plants,

4

The Heavy Water Plants

9.37. Two methods were used for the concentration of deuteriw
These were the fractional distillation of water and the hydrogen-water
exchange reaction method,

, 9.38. The first of these follows well established fractional
distillation methods except that very extensive distillation is required
because of the slight difference in boiling point of light and heavy wate
Also, because of this same small difference, the amount of steam requirec
is very large. The method is very expensive because of these factors, bt
plants could be constructed with a minimum of development work. Plants .
were started by du Pont in January 1943, and were put into operation abou
Januvary 1944.

9.39. The second method for the preparation of heavy water
depends upon the catalytic exchange of deuterium between hydrogen gas and
water. When such an exchange is established by catalysts, the concentrat
of the deuterium in the water is greater than that in the gas by a factor
about three as we have already seen.

9.40., In this process water is fed into a tower and flows coun
currently to hydrogen and steam in an intricate manner. At the bottom of
the tower the water is converted to hydrogen gas and oxygen gas in electr

lytic cells and the hydrogen 1is fed back to the bottom of the tower mixed
with steam, This steam and hydrogen mixture passes through beds of catal;
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and bubbles through the downflowing water. Essentially, part of the
deuterium originally in the hydrogen concentrates in the steam and then is
transferred to the downflowing water. The actual plant consists of a
cascade of towers with the largest towers at the feed end and the smallest
towers at the production end. Such a cascade follows the same general
principle as those discussed above in connection with separation problems
in general. This process required the securing of very active catalysts
for the exchange reactions. The most effective catalyst of this type was
discovered by H. S. Taylor at Princeton University, while a second, less
active catalyst was discovered by A. V. Grosse. In the development of
these catalysts R. H. Crist of Columbia University made the necessary
determinations of physical constants and H. R. Arnold of du Pont did the
development work on one of the catalysts,

9.41. This process was economical in operation. The plant was
placed at the works of the Consolidated Mining & Smelting Co., at Trail,

British Columbia, Canada, because of the necessity of using electrolytic
hydrogen. The construction of the plant was under the direction of E, V.
Murphree and F. T. Barr of the Standard 0il Development Co.

The Centrifuge Pilot Plant

_ 9,42, TFor a long time in the early days of the project the
gaseous diffusion method and the centrifuge method were considered the two
separation methods most likely to succeed with uranium. Both were going to
be difficult to realize on a large scale., After the reorganization in
December 1941 research and development on the centrifuge method continued
at the University of Virgihia and at the Standard 0il Development Company's
laboratory at Bayway. To make large centrifuges capable of running at very
high speeds was a major task undertaken by the Westinghouse Electric and
Manufacturing Company of East Pittsburgh, o

9.43. Because of the magnitude of the engineering problems
involved, no large scale production plant was ever authorized but a pilot
plant was authorized and constructed at Bayway. It was operated success-
fully and gave approximately the degree of separation predicted by theory.
This plant was later shut down and work on the centrifuge method was dis-
continued. For this reason no further discussion of the centrifuge method
is given in this report.

Isotope Separation Compared With Plutonium Production

9.44. The most important methods of isotope separation that have
been described were known in principle and.had been reduced to practice
before the separation of uranium isotopes became of paramount importance.
They had not been applied to uranium except for the separation of a few
micrograms, and they had not been applied to any substance on a scale com-
parable to that now required. But the fundamental questions were of costs,
efficiency, and time, not of principle; in other words, the problem was
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fundamentally technical, not scientific. The plutonium production probl
did not reach a similar stage until after the first self-sustaining chai
reacting pile had operated and the first microgram amounts of plutonium

been separated. Even after this stage many of the experiments done on t
plutonium project were of vital interest for the military use either of

U~235 or plutonium and for the future development of nuclear power, As

consequence, the plutonium project has continued to have a more general

interest than the isotope separation projects. Many special problems ar
in the separation projects which were extremely interesting and required
high order of scientific ability for their solution but which must still
kept secret. It is for such reasons that the present non-technical repo
has given first emphasis to the plutonium project and will give less spa
to the separation projects. This is not to say that the separation prob
was any easier to solve or that its solution was any less important.

Summary

9.45. Except in electromagnetic separators, isotope separati
depends on small differences in the average behavior of molecules. Such
effects are used in six "statistical" separation methods: (1) gaseous
diffusion, (2) distillation, (3) centrifugation, (4) thermal diffusion,
(5) exchange reactions, (6) electrolysis. Probably only (1), (3), and (
are suitable for uranium. (2), (5), and (6) are preferred for the separ
of deuterium from hydrogen. In all these "statistical®™ methods the sepa
factor is small so that many stages are required, but in the case of eac
method large amounts of material may be handled. All these methods had
tried with some success before 1940; however, none had been used on a la
scale and none had been used for uranium. The scale of production by el
magnetic methods was even smaller but the separation factor was larger.
were apparent limitations of scale for the electromagnetic method. Ther
were presumed to be advantages in combining two or more methods because
the differences in performance at different stages of separation. The p
of developing any or all of these separation methods was not a scientifi
of principle but a technical one of scale and cost. These developments
therefore be reported more briefly than those of the plutonium project a
though they are no less important. A pilot plant was built using centri
and operated successfully. No large-scale plant was built. Flants were
for the production of heavy water by two different methods,
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CHAPTER X

THE SEPARATION OF THE URANIUM ISOTOPES BY GASEOUS DIFFUSION

Introduction

10.1. It was in February 1940 that small amounts of concentre
fractions of the three uranium isotopes of masses 234, 235, and 238 were
tained by A. 0. Nier using his mass spectrometer and were turned over t¢
E. T. Booth, A. von Grosse, and J. R, Dunning for investigation with the
Columbia University oyclotron. These men soon demonstrated that U-235 w
the isotope susceptible to fission by thermal neutrons. It was natural,
therefore, that this group, under the leadership of Dunning, became more
terested than ever in the large-scale separation of the uranium isotopes

10.2. The diffusion method was apparently first seriously rev
by Dunning in a memorandum to G. B, Pegram, which was sent to L. J. Brig
in the fall of 1940. This memorandum summarized preliminary investigati
that had been carried on by B. T. Booth, A. von Grosse and J. R. Dunning
Work was accelerated in 1941 with finanoial help provided by a contract
H, C. Urey had received from the Navy for the study of isotope separatioc
principally by the centrifuge method. During this period F. G.Slack of
Vanderbilt University and W. F. Libby of the University of California jo
the group. An OSRD ocontract (OEMsr-106) calling speocifically for diffus
studies went into effeot on July 1, 1941 and ran for a year, The work o
tinued on an expanding soale under a series of OSRD and Army contracts t
the spring of 1945, Up until May 1943 Dunning was in immediate charge o
‘work; Urey was in charge of statistiocal methods in general. From that t
until February 1945 Urey was in direot charge of the Columbia part of th
diffusion work, with Dunning ocontinuing as direotor of one of the prinei
divisions. On March 1, 1945, the laboratory was teken over from Columbi
Carbide and Carbon Chemiocals Corporation. LEarly in 1942, at the suggest
of E. V., Murphree, the M. W. Kellogg Company was brought in to develop p
for large-soale production of diffusion-plant equipment and eventually t
build a full-scale plant. To carry out this undertaking, a new subsidia
company was formed called the Kellex Corporation. In January 1943, Cardb
and Carbon Chemicals Corporation was given the responsibility for operat
the plant. '

10.3. As stated in Chapter IV, by the end of 1941 the poasibi
of separating the uranium hexafluorides had been demonstrated in princip
by ‘means of a single-stage diffusion unit employing a porous barrier (fo:
example, a barrier made by etching a thin sheet of silver-zinc alloy witl
hydrochloric acid). A oconsiderable amount of work on barriers and pumps
also been done but no answer entirely satisfactory for large-scale opera
had been found. Also, K. Cohen had begun a series of theoretical studie:
which reference has already been made, as to what might be the best way °
use the diffusion process, i.e., as to how many stages would be required,
what aggregate area of barrier would be needed, what volume of gas would



to be circulated, etas.

10.4. Reports received from the British, and the visit by the

- British group in the winter of 1941-1942, clarified a number of points. At
that time the British were planning a diffusion separation plant themselves
so that the discussions with F. Simon, R. Peierls, and others were partio-

ularly valuable. ’

The Prinoigles of Segaration bg Diffusion

A Single Diffusion Stage

10.5. As was explained in the last chapter, the rate of diffusion
of a gas through an ideal porous barrier is inversely proportional to the
square root of its molecular weight. Thus if a gas oconsisting of two isotopes
starts to diffuse through a barrier into an evacuated vessel, the lighter
isotope (of molecular weight M;) diffuses more rapidly than the heavier (of
molecular weight Mp). The result (for a short period of time, at least) is
that the relative concentration of the lighter isotope is greater on the far
side of the barrier than on the near side. But if the process is allowed to
continue indefinitely, equilibrium will become established and the oconcentra-
tions willbecome identical on both sides of the barrier. Even if the dif-
fusate gas (the gas whioh has passed through the barrier) is drawn away by a
pump, the relative amount of the heavy isotope passing through the barrier
will inorease since the light isotope on the near side of the barrier has
been depleted by the earlier part of the diffusion.

10.6, For a single diffusion operation, the inorease in the rela-
tive concentration of the light isotope in the diffused gas compared to the
feed gas can be expressed in terms of the separation factor r or the enrich-
ment factor, r-l, both defined in paragraph 9.8 of the last chapter. A
rather simple equation can be derived whioh gives r-l1 in terms of the
molecular weights and the fraction of the original gas which has diffused. .
If this fraction is very small, the equation reduces to r = ¢, the "ideal
" separation factor" of paragraph 9.14. If the fraction diffused is apprecisble,
the equation shows the expected diminution in separation. For example, if
half the gas diffuses, r-l = 69 (= 1), or for uranium hexafluoride
r = 1.003 compared to the value of 1.0043 when a very small fraoction of the
original ges has diffused.

Ehg Cascade

10.7. To separate the uranium isotopes, many suoceggive dairfe géon
stages (i.e., a cascade) must be used since (K= 1.0043 for Ul and UE Fg,
a possible gas for uranium separation. Studies by Cohen and others have shown
that the best flow arrangement for the successive stages is that in which half
the gas pumped into each stage diffuses through the barrier, the other (im-
poverished) half being returned to the feed 4f the next lower stage. For such
an srrangement, as we have seen, the ideal separating effect between the feed
and output of a single stage is 0.69 (X~ 1), This is often called £, the
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"overall enrichment per stage." or the uranium hexafluorides, &£z 0.0
theory; but it is somewhat less in practice as a result of "back diffus
of imperfect mixing on the high pressure side, and of imperfections in
barrier. The first experimental separaticn of the uranium hexafluoride
E. T. Booth, H. C. Paxton, and C.B., Slade) gave results c gresponding t

€ = 0.0014. If one desires to produce 99 percent pure Ug Fg, and if
uses a cascade in which each stage has a reasonable overall enrichment
then it turns out that roughly 4000 staeges are required.

Gas Ciroculation in the Cassade

10.8. Of the gas that passes through the barrier of any give:
stage, only half passes through the barrisr of the next higher stage, ti
other half being returned to an earlier stage. Thus most of the materits
that eventually emerges fram the cascade has been recycled many times.
culation shows that f'or an sctual uranium-separation plant it may be ne¢
to force through the barriers of the first stage 100,000 times the volun
gas that comes out the top of the cascade (i.e., as desired product yest
The corresponding figures for higher stages falls rapidly because of rec
in amount of unwanted material (UZSBFG) that is carried along.

The Problem of Large-Scale Separation

Introduction

10.9., By the time of the general reorganization of the atomioc
project in December 1941, the theory of isotope separation by gaseous di
sion wes well understood. Consequently it was possible to define the te
cal problems that would be encountered in building e large-scale separat
plant. The decisions as to scale and location of such plant were not ma
until the winter of 1942-1943, that 1s, about the seme time as the corre
ing decisions were being made for the plutonium production plants.

The Objective

10.10. The general objective of the large~scelv gaseous diffu
plant was the production each day of a specifisd number of grams of uran!
containing of the order of ten times as mugh U235 as 1s present in the :
quantity of natural uranium. However, it wes appersnt that the plant wou
be rather flexible in operation, and that, considerable variations might
made -- as desired -- in, say, degree of enrichment of the final product.

The Process Gas

10.11. TUranium hexafluoride has been mentioned as a gas that n
be suitable for use in the plant as "process gas™; not the least of its s
tages is that fluorine has only one isotope so that the UF. molecules of
given uranium isotope all have the same mass, This gas ls highly reacotiv
and is actually a solid at room temperature and atmospheric pressure. Th
fore the study of other gaseous compounds of uranium was urgently underts
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As insurance against failure in this search for alternative gases, it was
necessary to continue work on uranium hexafluoride, as in devising methods
for producing and ocirculating the gas.

The Mumber of Stages |

10:.12. The number of stages required in the main cascade of the
plant depended only on the degree of enrichment desired and the value of
overall enrichment per stage attainable with actual barriers. Estimates were
made which called for several thousand stages. There was also to be a
"stripping" cascade of several hundred stages, the exact number depending on
how much unseparated U-236 could economically be allowed to go to waste.

Barrier Area

10.13, We have seen that the total volume of gas that must diffuse
through the barriers is very large compared to the volume of the final prod-
uct. The rate at which the ges diffuses through unit area of barrier depends
on the pressure difference on the two sides of the berrier and on the porosity
of the barrier. Even assuming full atmospheric pressure on one side and zero
pressure on the other side, and using an optimistic figure for the porosity,
oaloulations showed that meny sores of barrier would be needed in the large-
scale plant. '

Barrier Design

10.14, At atmospheric pressure the mean free path of a molecule
is of the order of a ten-thousandth of a millimeter or one tenth of a miocron.
To insure true "diffusive" flow of the gas, the diameter of the myriad holes
in the barrier nmust be less than one tenth the mean free path., Therefore
the barrier material must have almost no holes which are appreciably larger
than 0,01 mioron (4 x 10~ 1nch), but must have billions of holes of this
size or smaller. These holes must not enlarge or plug up as the result of
direct corrosion or dust coming from corrosion elsewhere in the system. The
barrier must be able to withstand a pressure "head" of one atmosphere. It
must be amenable to manufacture in large quantities and with uniform quality.
By January, 1942, a number of different barriers had been made on a small
scale and tested for separation factor and porosity. Some were thought to be
very promising, but none had been adequately tested for actual large-socale
production and plant use.

Pumping and Power Requirements

10.15. In any given stage approximately half of the meterial enter-
ing the stage passes through the barrier and on to the next higher stage,
while the other half passes back to the next lower stage. The diffused half
is at low pressure and must be pumped to high pressure before feeding into the
next stage. Iven the undiffused portion emerges at somewhat lower pressure
then it entered and cannot be fed back to the lower stage without pumping.
Thus the total quantity of gas per stage (comprising twice the amount which
flows through the berrier) has to be circulated by means of pumps.
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10.16. Since the flow of gas through a stage varies greatly w:
the position of the stage in the cascade, the pumps also vary greatly in
or number from stage to stage. The type and capacity of the pump require
for a given stage depends not only on the weight of gas to be moved but ¢
the pressure rise required. Calculations made at this time assumed a foi
pressure of one atmosphere and a back pressure (i.e., on the low pressure
side of the barrier) of one tenth of an atmosphere. It was estimated the
thousands of pumps would be needed and that thousands of kilowatts would
required for their operation. Sinoce an unavoidable concommitant to pumpi
gas is heating it, it was evident that a large cooling system would have
be provided. By early 1942, a good deal of preliminary work had been dor
on pumps. Centrifugal pumps looked attractive in spite of the problem of
sealing their shafts, but further experimental work was planned on comple
sealed pumps of various types.

Leaks and Corrosion

10.17. It was clear that the whole circulating system comprisi
pumps, barriers, piping, end valves would have to be vacuum tight. If an
lubricant or sealing medium is needed in the pumps, it should not react w
the process gas. In fact none of the materials in the system should reac
with the process gas since such corrosion would lead not only to plugging
the barriers and various mechanical failures but also to absorption (i.e.
virtual disappearsnce) of uranium which had already been partially enrich

Actual vs. Ideal Cascade

10,18, In an ideal cascade, the pumping requirements change fr
stage to stage. In practice it is ndt economical to provide e different
of pump for every stage. It is necessary to determine how great a depart
from the ideel cascade (i.e., what minimum number of pump types) should b
employed in the interest of economy of design, repair, eto. Similar comp:
nises are used for other components of the cascade. '

Hold-up and Start-up Time

10.19. When first started, the plant must be allowed to run un.
disturbed for some time, until enough separation has been effected so tha
each stage contains gas of appropriate enrichment. Only after such
stabilization is attained is it desirable to draw off (from the top stage,
any of the desired product. Both the amount of material involved (the hol
up) and the time required (the start-up time) are great enough to constit
major problems in their own right,

Effioiengz

10.20. It was apparent that there would be only three types of
material loss in the plant contemplated, nemely: loss by leakage, loss by
corrosion (i.e., chemical combination and deposition), and loss in plant
waste. It was expected that leakage could be kept very small and that --
after an initial period of operation == loss from corrosion would be small
The percentage of material lost in plant waste would depend on the number
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stripping stages.

Detailed Design

10.21. Questions as to how the barrier material was to be used
(whether in tubes or sheets, in large units or small units), how mixing was
to be effected, and what controls and instruments would be required all were
still to be decided. There was little reason to expect them to be unanswer=-
able, but there was no doubt that they would require both theoretical and
experimental study.

Summary of the Problem

10.22, By 1942 the theory of isotope separation by gaseous dif-
fusion had been well worked out, and it became clear that a very large plant
would be required. The major equipment items in this plant were diffusion
barriers and pumps. DNeither the barriers nor the pumps which were available
at that time had been proved generally adequate. 2iherefore the further de-
velopment of pumps and berriers was especially urgent. There were also other
technicel problems to be solved, these involving corrosion, vacuum seals, and
instrumentation,

Organization

10.23, As we mentlioned at the beginning of this ochapter, the dif-
fusion work was initiated by J. R. Dunning. The work was carried on under
OSRD auspices at Columbia University until May 1, 1943, when it was taken
over by the Manhattan Distrioct. In the summer of 1943 the difficulties en-
countered in solving certain phases of the project led to a considerable
expansion, particularly of the chemical group. H. C. Urey, then director
of the work, appointed H. S. Taylor of Princeton associate director and added
E. Mack, Jr. of Ohio State, G. M. Murphy of Yale, and P. H., Enmett of Johns
Hopkins to the senior staffs Most of the work was moved out of the Columbia
laboratories to a large building situated near by. Early in 1944, L. M,
Currie of the National Carbon Company became another associate director to
help Urey in his lialson and administrative work.

10.24. As has been mentioned, the M. W. Kellogg Company was chosen
in 1942 to plan the large-scale plant. For these purposes Kellogg created a
special subsidiary called Kellex Corporation, and put P. C. Keith in charge
of it. The new subsidiary not only plamned and procured meterials for the
large-acale plant, but also carried on research and development in its Jersey
City laeborateries and later in the large building referred to in the para-
graph above. The plant was constructed by the J. A. Jones Construction Com-
pany, Incorporated, of Charlotte, North Carolina.

10.25. In January 1943, Carbide and Carbon Chemicals Corporation
were chosen to be the operators of the completed plant. Their englneers soon
began to play a large role not only in the planning and construction but also
in the research work.
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Research, Development, Construction, and Production - 1942 to 19456

Production of Barriers

10.26. Bven before 1942, barriers had been developed that wer
thought to be satisfactory. However, the barriers first developed by E.
Booth, H. C, Paxton, and C. B. Slade were never used on a large scale be
of low mechanical strength and poor corrosion resistance. In 1942, unde
general supervision of Booth and F. G.Slack and with the cooperation of
various socientists inoluding F. C. Nix of the Bell Telephone Laboratorie
barriers of a different type were produced. In partiocular, a barrier de
veloped by E. O, Norris and E. Adler was thought sufficiently satisfacto
to be specified for plant use. Other barriers had been developed by ocom
the ideas of several men at the Columbia laboratories (by now christened
SAM Laboratories), Kellex, Bell Telephone Laboratories, Bakelite Corpora
Houdaille-Hershey Corporation, and others. Several of these barriers we
actually adopted for the plant and installed in many stages. Many modif
tions have been tried and by the summer of 1945 a considerably different
barrier than that first suggested was preferred, particularly in respect
eagse of manufactwre. By 1945 the problem was no longer one of barely me:
minimun specifications, but of making improvements resulting in greater :
of output or greater economy of operation.

10.27. Altogether the history of barrier development reminds -
writer of the history of the "canning®" problem of the plutonium project.
each case the methods were largely out and try, and satisfactory or near!
satisfaotory solutions were repeatedly announced; but in each case a real
satisfaotory solution was not found until the last minute and then provec
be far better than had been hoped,

Pumps and Seals

10.28. The early work on pumps was largely under the supervisi
of H. A. Boorse of Columbia University. When Kellex came into the piotur
in 1942, its engineers took leading positions in the development of pumps
and seals. It must be remembered that these pumps are to be operated und
roduced pressure, must not leak, must not corrode, and must have as small
volume as possible. Many different types of centrifugal blower pumps and
reciprocating pumps were tried. In one of the pumps for the larger stage
the impeller is driven through e coupling containing a very novel and in-
genious type of seal. Another type of pump is completely enclosed, its
centrifugal impeller and rotor being run from outside, by induection.

Miscellaneous Developments

10.29. As in the plutonium problem, so here also, there were m
questions of corrosion, etc., to be investigated. New coolants and lubri.
cants were developed by A. L. Henne and his associates, by G. H. Cady, by
W. T. Miller and his co-workers, by E. T. MoBee and his associates, and b;
scientists of various corporations inoluding Hooker Eleotrochemical Co., -
du Pont Co. and the Harshaw Chemical Co. Methods of pretreating surfaces
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against corrosion were worked out. Among the various instruments designed or
adapted for project use, the mass spectrograph deserves special mention. The
project was fortunate in having the assistance of A. 0. Nier of the Univer-
sity of Minnesota, whose mass spectrograph methods of isotope analysis were
sufficiently advanced as to become of great value to the project, as in
analyzing samples of enriched uranium. Mass spectrographs were also used in
pretesting parts for vacuum leaks and for detecting impurities in the proocess
gas in the plant. - ‘

Pilot Plants

, 10.30. Striotly speaking, there was no pilot plant. That is to
say, there was no small-scale separation system set up using the identical
types of blowers, barriers, barrier mountings, cooling, etc., that were put
into the main plant. ‘Such a system could not be set up because the various
elements of the plant were not all available prior to the construction of the
plant itself. To proceed with the construction of the full-scale plant under
these circumstances required foresight and boldness.

10.31., There was, however, a whole series of so=-called pilot plants
which served to test wvarious components or groups of components of the final
plant. Pilot plant No. 1 was a 12-stage plant using a type of barrier rather
like that used in the large-scale plant, but the barrier material was not
febricated in the form specified for the plant and the pumps used were
sylphon-sealed reciprocating pumps, not centrifugal pumps. Work on this
plant in 1943 tested not only the barriers and general system of separation
but gave information about control valves, pressure gauges, piping, etc.
Pilot plant No. 2, a larger edition of No. 1 but with only six stages, was
used in late 1943 and early 1944, particularly as a testing unit for instru-
ments. Pilot plant No. 3a, using centrifugal blowers and dummy diffusers,
was also intended chiefly for testing instruments. Pilot plant No. 3b was
‘a real pilot plant for one particular seotion of the large-scale plant.

Plaﬁt Authorization

10.32. In December 1942, the Kellogg Company was authorized to
proceed with preliminary plant design and in January 1943 the construction
of a plant was authorized.

The Site

10.33. As stated in an earlier chapter, a site in the Tennessee
Valley had originally been chosen for all the Manhattan Distrioct plants, but
the plutonium plant was actually constructed elsewhere. There remained the
plutonium pilot plant already described, the gaseous diffusion plant, the
electromagnetic separation plant (see Chapter XI), and later the thermal
diffusion plant which were all built in the Tennessee Valley at the Clinton
site, known officially as the Clinton Engineer Works.

10.34. This site was examined by Colonel Marshall, Colonel Nichols,
and representatives of Stone and Webster Engineering Corporation in July 1942,
and its acquisition was recommended. This recommendation was endorsed by the
OSRD S-1 Executive Committee at a meeting in July 1942. Final approval was
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given by Major General L. R. Groves after personal inspection of the 70-
square-mile site. In September 1942, the first steps were taken to acqu
the tract, which is on the Clinsch River about thirty miles from Knoxvill
Tennessee, and eventually considerably exceeded 70 square miles. The pl
tonium pilot plant is locatsed in one valley, the electromagnetic separat:
plant in an adjoining one, and the diffusion separation plant in a third

10.35. Although the plant and site development at Hanford is -
impressive, it 1s all under one company dealing with but one general opei
tion so that it is in some respects less interesting than Clinton, which
a great multipliocity of activity. To desoribe the Clinton site, with itt
great array of new plants, its new residential districts, new theatres, 1
school system, seas of mud, clouds of dust, and general turmoil is outsic
the scope of this report.

" Dates of Start of Construction

10.36., Construction of the steam power plant for the diffusior
plant began on June 1, 1943. It is one of the largest such power plants
built. Construction of other major buildings and plants started between
August 29, 1943 and September 10, 1943.

Ogeration

10.37. Unlike Hanford, the diffusion plant consists of so many
more or less independent units that it was put into operation section by
section, as permitted by progress in constructing and testing. Thus ther
was no dramatic start-up date nor any untoward incident to mark it. The
plant was in successful operation before the summer of 1945,

10.38. For the men working on gaseous diffusion it wes a long
from 1940 to 1945, not lightened by such exoiting half-weay marks as the {
chain-reacting pile at Chicago. Perhaps more than any other group in the
project, those who have worked on gaseous diffusion deserve credit for oo
age and persistence as well as scientific and technical ability. For sec
reasons, we have not been able to tell how they solved their problems --
in many cases found several solutions, as insurance against failure in th
plant., It has been a notable achievement. In these five years there haw
been periods of discouragement and pessimism. They are largely forgotten
that the plant is not only operating but operating consistently, reliably,
and with a performance better than had been anticipated.

Summary

10.39. Work at Columbia University on the separation of isotope
by gaseous diffusion began in 1940, and by the end of 1942 the problems of
large-scale separation of uranium by this method had been well defined. &
the amount of separation that oould be effected by a single stage was very
small, several thousand successive stages were required. It was found tha
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the best method of connecting the many stages required extensive recycling
so that thousands of times as much material would pass through the barriers
of the lower stages as would ultimately appear as product from the highest
stage.

10.40. The principal problems were the development of satisfactory
barriers and pumps. Acres of barrier and thousands of pumps were required.
The obvious process gas was uranium hexafluoride for which the production and
handling difficulties were so great that a search for an alternative was
undertaken. Since much of the separation was to be carried out at low pres-
sure, problems of vacuum technique arose, and on a previously-unheard-of
scale. Many problems of instrumentation and control were solved; extensive
use was made of various forms of mass spectrograph,

10.41. The research was carried out principally at Columbia under
Dunning and Urey. In 1942, the M, W. Kellogg Company was chosen to design
the plant and set up the Kellex Corporation for the purpose. The plant was
built by the J.A. Jones Construction Company. The Carbide and Carbon Chemi-
oals Corporation was selected as operating company.

10.42., A very satisfactory barrier was developed although the
final choice of barrier type was not made until the construction of the plant
was well under way at Clinton Engineer Works in Tennessee. Two types of '
centrifugal blower were developed to the point where they could take care of
the pumping requirements. The plant was put into successful operation before

the summer of 1545,
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CHAPTER XI
ELECTHQMAGNETIC SEPARATION OF URANTIUM ISOTOPES

Introduction

11.1. In Chapter IV we said that the possibility of large-sca
separation of the uranium isotopes by electromagnetic means was suggeste
in the fall of 1941 by E. O. Lawrence of the University of California an
H. D. Smyth of Princeton University. In Chapter IX we described the pri
ciples of one method of electromagnetic separation and listed the three
limitations of that method: difficulty of producing ions, limited fract:
of ions actually used, and space charge effects.

11.2. By the end of December 1941, when the reorganization of
whole uranium project was effected, Lawrence had already obtained some
samples of separated isotopes of uranium and in the reorganization he was
officially placed in charge of the preparation of further samples and the
making of various associated physical measurements. However, just as the
Metallurgical Laboratory very soon shifted its objective from the physics
of the chain reaction to the large-scale production of plutonium, the ob;
of Lawrence's division immediately shifted to the effecting of large-scal
separation of uranium isotopes by electromagnetic methods. This change v
prompted by the success of the initial experiments at California and by t
development at California and at Princeton of ideas on other possible met
Of the many electromagnetic schemes suggested, three soon were recognized
being the most promising: the "calutron" mass separator, the magnetron-t
separator later developed into the "ionic centrifuge," and the "isontron®
method of "bunching®" a beam of ions. The first two of these approaches w
followed at California and the third at Princeton. After the first few
months, by far the greatest effort was put on the calutron, but some work
on the ionic centrifuge was continued at California during the swmmer of
1942 and was further continued by J. Slepian (at the Westinghouse laborat
in Pittsburgh) on a small scale through the winter of 1944-1945. Work on
isotron was continued at Princeton until February 1943, when most of the
group was transferred to other work., Most of this chapter will be devote
to the calutron since that is the method that has resulted in large-scale
production of U-235. A brief description will also be given of the therm
diffusion plant built to provide enriched feed material for the electro-

magnetic plant.

11.3. Security requirements-make it impossible here -- as for
other parts of the project —- to present many of the most interesting
technical details. The importance of the development is considerably
greater than is indicated by the amount of space which is given it here.
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Electromagnetic Mass Separators

Preliminary Work

1.4e A. O, Nier's mass spectrograph was set up primarily to
measure relative abundances of isotopes, not to separate large samples.
Uzing vapor from uranium bromide Nier had prepared several small samples
of separated isotopes of uranium, but his rate of production was very low
indeec, since his ion current amounted to less than one micro-zmpere. (A
mass apectrograph in which one micro-ampere of normal uranium ions passes
through the separating fields to the collectors will collect about one .
microgram of U-235 per 16-hr. day.) The great need of samples of enriched
U-235 for nuclear study was recognized early by Lawrence, who decided to
see what could be done with the help of the 37-inch (cyclotron) magnet at
Berkeley. The initial stages of this work were assisted by a grant from
the Research Corporation of New York, which was later repaid. Beginning
January 1, 1642 the entire support came from the OSRD through the S-1
Committee., Later, as in other parts of the uranium project, the contracts
were taken over by the Manhattan District.

*11.5. At Berkeley, after some weeks of planning, the 37-inch
cyclotron was dismantled on November 24, 1941 and its magnet was used to
produce the magnetic field required in what came to be salled a "Calutron®
(a name representing a contraction of %California University cyclotron®).

An ion source consisting of an electron beam traversing the vapor of a -
uranium salt was set up corresponding to the ion source shown in the drawing
in Chapter IX. Ions were then accelerated to the slit sp through which they
passed into the separating region where the magnetic field bent their paths
into semicircles terminating at the collector slit. By December 1, 1941,
molecular ion beams from the residual gas were obtained, and shortly there-
after the beam consisting of singly charged uranium ions (U4) was brought up
to an appreciable strength. It was found that a considerable proportion of
the ions leaving the source were U+ ions. For the purpose of testing the
collection of separated samples, a collector with two pockets was installed,
the two pockets being separated by a distance appropriste to the mass
numbers 235 and 238, Two small collection runs using U$¢ beams of low
strength were made in December, but subsequent analyses of the samples
showed only a small separation factor. (Note that even in this initial
experiment that the separation factor was much larger than in the best
gaseous diffusion method.) By the middle of January 1942, a run had been
made with a reasonable beam strength and an aggregate flow or through-put

of appreciable amount which showed a much improved separation factor. By
early February 1942, beams of much greater strength were obtained, and
Lawrence reported that good separation factors were obtainable with such
beams. By early March 1942, the ion current had been raised still further.
These results tended to bear out Lawrence's hopes that space charge could

be neutralized by ionization of the residual gas in the magnet chamber.
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Initiation of a lLarge Program

11.6. By this time it was clear that the calutron was potenti
able to effect much larger scale separations than had ever before been a
proached. It was evidently desirable to explore the whole field of elec
magnetic separation. With this end in view, Lawrence mobilized his grou
the Radiation Laboratory of the University of California at Berkeley and
began to call in others to help. Awmong those initially at Berkeley were
D. Cooksey, P. C. Aebersold, W. M. Brobeck, F. A. Jenkins, K. R. MacKenz
W. B. Reynolds, D. H. Sloan, F. Oppenheimer, J. G. Backus, B. Peters, A.
Helmholz, T. Finkelstein, and W. E. Parkins, Jr. Lawrence called back s
of his former students, including R. L. Thornton, J. R. Richardson, and
others. Among those working at Berkeley for various periods were L. P.
from Correll, E. U, Condon and J. J. Slepian from Westinghouse, and I. L
muir and K. H. Kingdon from General Electric. During this early period
Oppenheimer was still at Berkeley and contributed some important ideas.
the fall of 1943 the group was further strengthened by the arrival of a
number of English physicists under the leadership of M. L. Cliphant of ti
University of Birmingham.

11.7. Initially 'a large number of different methods were con-
sidered and many exploratory experiments were performed. The main effor
however, soon became directed towards the development of the calutron, 1l
objective being a high separation factor and a large current in the posi:
ion beam.

Immediate Objectives

11.8. Of the three apparent limitations listed in the first
paragraph —— difficilty of producing ions, limited fraction of ions actu:
used, and space charge effects = only the last had yielded to the prelisn
attack. Apparently space charge in the neighborhood of the pogitive ion
could be nullified to a very great extent. There remained as the immedis
objJectives a more productive ion source and more complete utilization of
ions.

11.0 0, The factors that control the effectiveness of an ion sou
are many. Both the design of the source proper and the method of drawing
ions from it are involved. The problems to be solved cannot be formulate
simply and must be attacked by methods that are largely empirical. Even
if security restrictions permitted an exposition of the innumeresble forms
of ion source and accelerating system that were tried, such exposition wo
be too technical to present here.

11.10. Turning to the problem of effecting more complete utili-
zation of the ions, we must consider in some detail the principle of oper
of the calutron. The calutron depends on the fact that singly charged io
moving in a uniform magnetic field perpendicular to their direction of
motion are bent into circular paths of radius proportional to their momen
Considering now just a single isotope, it is apparent that the ilons passi
through the two slits (and thus passing into the large evacuated region i
which the magnetic field is present) do not initially follow a single
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direction, but have many initial directions lying within a small angle,
whose size depends on the width of the slits. Fortunately, however, since
all the ions of the isotope in question follow curved paths of the same
diameter, ions starting out in slightly different directions tend to meet
again -- or almost meet again — after completing a semicirecle. It is, of
course, at this position of re-convergence that the collector is placed.
Naturally, the ions of another isotope (for example, Zons of mass 238 instead
of 235) behave similarly, except that they follow circles of slightly
different diameter. Samples of the two isotopes are caught in collectors at
the two different positions of re-convergence. Now the utilization of a
greater fraction of the ions originally produced may be accomplished readily
enough by widening the two slits referred to. But to widen the slits to any
great extent without sacrificing sharpness of focus at the re-convergence
positions is not easy. Indeed it can be accomplished only by use of carefully
proportioned space-variations in the magnetic field strength. Fortunately,
such variations were worked out successfully.

11.11. Another problem, not so immediate but nevertheless recog-
nized as important to any production plant, was that of more efficient use
of the magnetic field. Since large electromagnets are expensive both to
build and to operate, it was natural to consider using the same magnetic
field for several ion beams. The experimental realization of such an
economical scheme became a major task of the laboratory.

The Gliant Magnet

11.12. Although the scale of separation reached by March 1942 was
much greater than anything that had previously been done with an electro-
magnetic mass separator, it was still very far from that required to produce
amounts of material that would be of military significance. The problems
that have been outlined not only had to be solved, but they had to be solved
on a grand scale. The 37-inch cyclotron magnet that had been used was still
capable of furnishing useful information, but larger equipment was desirable.
Fortunately a very much larger magnet, intended for a giant cyclotron, had
been under construction at Berkeley. This magnet, with a pole diameter of
184 inches and a pole gap of 72 inches, was to be the largest in existence.
Work on it had been interrupted because of the war, but it was already
sufficiently advanced so that it could be finished within a few months if
adequate priorities were granted. Aside from the magnet itself, the
associated building, laboratories, shops, etc., were almost ideal for the

development of the calutron, Needless to say, work was resumed on the giant
magnet and by the end of May 1942, it was ready for use.*

¥The construction of the giant cyclotron had been undertaken with
private funds largely supplied by the Rockefeller Foundation. In order
to push the construction as fast as possible overtime work was required at
additional expense. To cover these costs the Rockefeller Foundation made
an extra appropriation,
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Development up to September 1942

11.13. The first experiments using the 37-inch magnet have be
described in a previous paragraph. Later developments proceeded princir
along these two lines: construction and installation of a properly engi
neered separation unit for the 37-inch magnet, and design and constructi
of experimental separation units to go into the big magnet.

11.14. Besldes the gradual increase in ion beam strength and
separation factor that resulted from a series of developments in the ion
source and in the accelerating system, the hoped-for improvement in util
zation of ions was achieved during the summer of 1942, using the giant
magnet. Further, it was possible to maintain more than one ion beam in
same magnetic separating region. Experiments on this latter problem did
run into some difficulties, however, and it appeared that there might be
limitations on the number of sources and receivers that could be put in .
single unit as well as on the current that could be used in each beam
without spoiling the separation.

11.15. It was evident that many separator units would be need
to get an amount of production of military significance. Therefore, con
sideration was given to various systems of combining groups of units in
economical arrangements. A scheme was worked out which was later used i)
the production plants and which has proved satisfactory.

Advantages of the Electromagnetic System

11.16. In September 1942, both the gaseous diffusion and the
centrifugal methods of uranium isotope separation had been under intensi-
study — and for a longer period than in the case of the electromagnetic
method. Both of these methods - gaseous diffusion and centrifuge — loc
feasible for large-scale production of U=235, but both would require hunc
of stages to achieve large-scale separation. Neither had actually produc
any appreciable amounts of separated U-235. No large-scale plant for
plutonium production was under way, and the self-sustaining chain reactic
which was to produce plutonium had not yet been proved attainable. But i
the case of the electromagnetic method, after the successful separation ¢
milligram amounts, there was no question as to the scientific feasibility
If one unit could separate 10 mg a day, 100,000,000 units could separate
one ton a day. The questions were of cost and time. Each unit was to be
a complicated electromagnetic device requiring high vacuum, high voltages
and intense magnetic fields; and a great deal of research and development
work would be required before complete, large-scale, units could be con-
structed. Many skilled operators would probably be needed. Altogether,
that time it looked very expensive, but it also looked certain and rela-
tively quick. Moreover, the smallness of the units had the advantage tha
development could continue, modifications could be made in the course of
construction or, within limits, after construction, and capacity could al
be expanded by building new units.
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Polic estion

11.17. On the basis of rather incomplete scientific and
engineering information on all the methods and on the basis of equally
dubious cost estimates, decisions had to be made on three issues:

(1) whether to build an electromagnetic plant; (2) how big such a plant
should be; (3) at what point of development the design should be frozen.

Approval of Plant Construction

11.18., On the strength of the results reported on experiments at
Berkeley in the summer of 1942, the S-1 Executive Committee, at a meeting at
Berkeley on September 13-14, 1942, recommended that commitments be made by
the Army for an electromagnetic separation plant to be built at the Tennessee
Valley site (Clinton Engineer Works). It was recommended that it should be
agreed that commitments for this plant might be cancelled on the basis of
later information, It was recommended that a pilot plant should be erected
at the Tennessee Valley site as soon as possible. (However, this recom-
mendation was subsequently withdrawn and such a pilot plant was never built.)
The construction of a production plant was authorized by General Groves on
November 5, 1942, with the understanding that the design for the first units
was to be frozen immediately.

Organization for Planning and Construction

11.19. In describing the production of plutonium, we discussed
the division of responsibility between the Metallurgical Project and the
du Pont Company. The electromagnetic separation plant was planned and built
under a somewhat different scheme of organization. The responsibility was
divided between six major groups. The Radiation Laboratory at the University
of California was responsible for research and development; the Westinghouse
Electric and Manufacturing Company for making the mechanical parts, i.e.,
sources, receivers, pumps, tanks, etc.; the General Electric Company for the
electrical equipment and controls; the Allis-Chalmers Company for the magnets;
the Stone and Webster Engineering Company for the construction and assembly;
and the Tennessee Eastman Company for operation, All five industrial con-
cerns kept groups of their engineers at Berkeley so that a system of frequent
informal conference and cross-checking was achieved. Thus the major part of
the planning was done cooperatively in a single group, even though the details
might be left to the home offices of the various companies,

The Basis of the Technical Decisions

11.20. Strangely enough, although the theory of the self-sustaining
chain~reacting pile is already well worked out, the theory of gaseous dis-
charge, after fifty years of intensive study, is still inadequate for the
prediction of the exact behavior of the ions in a calutron. The amount of
U-235 collected per day, and the purity of the material collected, are
affected by many factors, including: (1) the width, spacing, and shape of
the collector, (2) the pressure in the magnet space, (3) the strength and
uniformity of the magnetic field, (4) the shape and spacing of the defining
slits and accelerating system, (5) the accelerating voltage, (6) the size
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and shape of the slit in the arc source from which the ions come, (7) th
current in the arc, (8) the position of the arc within the arc chamber,
(9) the pressure of vapor in the arc chamber, (10) the chemical nature o
the vapor. Evidently there was not time for a systematic study of all
possible combinations of variables. The development had to be largely
intuitive. A variety of conditions had to be studied and a number of
partial interpretations had to be made. Then the accumulated experience
of the group, the "feel" of the problem, had to be translated into speci
plans and recommendations.

Technical Decisions Required

11.21. (a) The Number of Stages. As in all methods, a compr
must be made between yleld and separation factor. In the electromagneti:
system, the separation factor is much higher than in other systems so th:
the number of stages required is small, There was a possibility that a
single stage might be sufficient. Early studies indicated that attempts
push the separation factor so high as to make single-stage operation
feasible cut the yield to an impractically small figure.

11.22. (b) Specifications. The information and experience th
had been acquired on the variables such as those mentioned above had to b
translated into decisions on the following principal points before design
could actually begin: (1) the size of a unit as determined by the radius
curvature of the ion path, the length of the source slit, and the arrange
ment of sources and receivers; (2) the maximum intensity of magnetic fiel
required; (3) whether or not to use large divergence of ion beams; (4) the
number of ion sources and receivers per unit; (5) whether the source shoul
be at high potential or at ground potential; (6) the number of accelerati:
electrodes and the maximum potentials to be applied to them; (7) the powe:
requirements for arcs, accelerating voltages, pumps, etc.; (8) pumping
requirements; (9) number of units per pole gap; (10) number of units per

building.

Experimental Units at Berkeley

11.23. Most of the design features for the first plant - had to t
frozen in the fall of 1942 on the basis of results obtained with runs made
using the giant magnet at Berkeley. The plant design, however, called foi
units of a somewhat different type. While there was no reason to suppose
that these changes would introduce any difference in performance, it was
obviously desirable to build a prototype unit at Berkeley. The constructi
of this unit was approved at about the same time that the first plant unit
were ordered so that experience with it had no influence on fundamental
design, but it was finished and operating by April 1943, that is, six mont
before the first plant unit. Consequently, it was invaluable for testing
and training purposes. Later, a third magnet was built in the big magnet
building at Berkeley. All told, there have been six separator units
available simultaneously for experimental or pilot plant purposes at .
Berkeley. Much auxiliary work has also been done outside the complete uni
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The Isotron Separator

11.24. As we have already said, H. D. Smyth of Princeton became
interested in electromagnetic methods of separation in the late summer and
fall of 1941. He was particularly interested in devising some method of
using an extended ion source and beam instead of one limited essentially to
one dimension by a slit system as in the calutron mass-separator. A method
of actually achieving separation using an extended ion source was suggested
by R. R. Wilson of Princeton. The device which resulted from Wilson's ideas
was given the deliberately meaningless name "isotron,"

11.25, The isotron is an electromagnetic mass separator using an
extended source of ions, in contrast to the slit sources used in ordinary
mass spectrographs. The ions from the extended source are first accelerated
by a constant, high-intensity, electric field and are then further accelerated
by a low-intensity electric field varying at radio frequency and in "saw
tooth" manner. The effect of the constant electric field is to project a
strong beam of ions down a tube with uniform kinetic energy and therefore
with velocities inversely proportional to the square root of the masses of
ions. The varying electric field, on the other hand, introduces small,
periodic variations in ion velocity, and has the effect of causing the ions
to "bunch" at a certain distance down the tube. (This same principle is
used in the klystron high-frequency oscillator, where the electrons are
"bunched® or "velocity-modulated.") The bunches of ions of different mass
travel with different velocities and therefore become separated. At the
position (actually on area perpendicular to the beam) where this occurs, an
analyzer applies a transverse focussing electric field with a radio frequency
component synchronized with the arrival of the bunches. The synchronization
is such that the varying component of the transverse field strength is zero
when the U-235 ion bunches come through and a maximum when the U-238 ion
bunches come through. Thus the U-235 beams are focussed on a collector, but
the U-238 bunches are deflected. Thus the separation is accomplished.

11.26. This scheme was described at the December 18, 1941 meeting
of the Uranium Committee and immediately thereafter was discussed more fully
with Lawrence, who paid a visit to Princeton. The promise of the method
seemed sufficient to Justify experimental work, which was begun immediately .
under an OSRD contract and continued until February 1943. Since the idea
involved was a novel one, there were two outstanding issues: (1) whether
the method would work at all; (2) whether it could be developed for large-
scale production promptly enough to compete with the more orthodox methods
already under development,

11.27. An experimental isotron was constructed and put into
operation by the end of January 1942. Preliminary experiments at that
time indicated that the isotopes of lithium could be separated by the
method., The first successful collection of partially separated uranium
isotopes was made in the spring of 1942,

. 11.28. Unfortunately, progress during the summer and fall of
1942 was not as rapid as had been hoped. Consequently, it was decided to
close down the Princeton project in order to permit sending the personnel
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to the site where the atomic-bomb laboratory was about to get under way.
Before the group left Princeton a small experimental isotron collected
several samples of partly separated uranium. Thus, the method worked; b
its large-scale applicability was not fully investigated.

The Magnetron and the Ionic Centrifuge

11.29. In December 1941, when the whole subject of isotope
separation was under discussion at Berkeley, the magnetron was suggested
as a possible mass separator. In the meantime, Smyth of Princeton had
been in contact with L. P. Smith of Cornell and had discovered that Smit
and his students had done a considerable amount of work —— and with evid
of success -- on the separation of the isotopes of lithium by just such :
method., This was reported to Lawrence in Washington at one of the Decem
1941, meetings of the Uranium Committee. Lawrence immediately got in to
with Smith, with the result that Smith worked on the method at Berkeley
from February 1942 to June 1942. J. Slepian of the Westinghouse Researc!
Laboratory in East Pittsburgh came to Berkeley in the winter of 1941-194
at Lawrence's invitation and became interested in a modification of the
magnetron which he called an ionic centrifuge. Slepian stayed at Berkel:
- most of the time until the fall of 1942, after which he returned to East
Pittsburgh where he continued the work.

11.30. No geparation of uranium was actually attempted in the
magnetron, Experiments with lithium with low ion currents showed some
separation, but no consistent results were obtained with high ion current
In the case of the ionic centrifuge, uranium samples have been collected
showing appreciable separation, but the results have not been clear-cut ¢

consistent.

The Situation as of Early 1943

" 11.31. With the virtual elimination of the isotron and the ior
centrifuge from the development program, the calutron separator became tr
only electromagnetic method worked on intensively. Construction of initi
units of a plant had been authorized and designs had been frozen for suck
units, but the whole electromagnetic program had been in existence for on
a little more than a year and it was obvious that available designs were
based on shrewd guesses rather than on adequate research. A similar
situation might have occurred with the chain-reacting pile if unlimited
amounts of uranium and graphite had been available before the theory had
been worked out or before the nuclear constants had been well determined.
TFortunately the nature of the two projects was very different, making it
less speculative venture to build an electromagnetic plant unit hastily
than would have been the case for the pile. Further research and develop
could proceed advantageously even while initial units of the plant were b

- built and operated.
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Construction and Operationg March 1943 to June 1945

Comparison with Diffusion and Plutonium Plants

11.32. The preceding chapters show that the end of 1942 was a
time of decision throughout the uranium project. For it was at that time
that a self-sustaining chain reaction was first produced, that construction
was authorized for the Hanford plutonium plant, the diffusion plant at
Clinton, and the electromagnetic plant at Clinton. The diffusion plant was
more flexible than the plutonium plant, since the diffusion plant could be
~ broken down into sections and stages, built in whole or in part, to produce
varying amounts of U-235 of varying degrees of enrichment. The .electro-
magnetic plant was even more flexible, since each separator unit was
practically independent of the other units. The separation process cone
sisted of loading a charge into a unit, running the unit for a while, then
stopping it and removing the product. To be sure, the units were' built in
groups, but most of the controls were separate for each unit. This feature
made it possible to build the plant in steps and to start operating the
first part even before the second part was begun. It was also possible to
change the design of subsequent units as construction proceeded; within
limits it was possible even to replace obsolescent units in the early groups
with new improved units.

Nature and Organization of Development Work

11.33. Construction of the first series of electromagnetic units
at Clinton began in March of 1943 and this part of the plant was ready for
operation in November 1943. The group at Berkeley continued to improve the
ion sources, the receivers, and the auxiliary equipment, aiming always at
greater ion currents. In fact, Berkeley reports describe no less than
seventy-one different types of source and one hundred and fifteen different
types of receiver, all of which reached the design stage and most of which
were constructed and tested. As soon as the value of a given design change
was proved, every effort was made to incorporate it in the designs of new
units .

11.34. Such developments as these required constant interchange
of information between laboratory, engineering, construction, and operating
groups. Fortunately the liaison was excellent. The companies stationed
representatives at Berkeley, and members of the research group at Berkeley
paid frequent and prolonged visits to the plant at Clinton. In fact, some
of the research men were transferred to the payroll of the Tennessee Eastman
Company operating the plant at Clinton, and a group of over one hundred
physicists and research engineers still kept on the Berkeley payroll were
assigned to Clinton. Particularly in the early stages of operation the
Berkeley men stationed at Clinton were invaluable as "trouble shooters"
and in instructing operators. A section of the plant continued to be main-
tained as a pilot unit for testing modified equipment and revised operating
procedures, and was run jointly by the Berkeley group and by Tennessee
Eastman. In addition to the British group under Oliphant already mentioned,
there was a British group of chemists at Clinton under J. W. Baxter.
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Chemical Problems

11.35. Originally, the uranium salts used as sources of vapor
the ion-producing arcs had not been investigated with any very great
thoroughness at Berkeley, but as the process developed, a good deal of w
was done on these salts, and a search was made for a uranium compound th
would be better than that originally used. Some valuable studies were a
made on methods of producing the compound chosen.

11.36. By far the most important chemical problem was the
recovery of the processed uranium compounds from the separation units.
This recovery problem had two phases. In units of the first stage it wa
essential to recover the separated uranium from the receivers with maxim
efficiency; whereas recovery of the scattered unseparated uranium from o
parts of the unit was less important. But if higher stage units are use

.even the starting material contains a high concentration of U-235, and i
is essential to recover all the material in the unit at the end of each
run, i.e., material remaining in the ion source and material deposited o
the accelerating electrodes, on the walls of the magnet chamber, and on
receiver walls,

- The Themmal Diffusion Plant

11.37. For nearly a year the electromagnetic plant was the on
one in operation. Therefore the urge to increase its production rate wa
tremendous. It was realized that any method of enriching -- even slight.
enriching — the material to be fed into the plant would increase the
production rate appreciably. For example, an electromagnetic unit that
could produce a gram a day of 40 percent pure U-235 from natural uranium
could produce two grams a day of 80 percent U-235 if the concentration o:
U-235 in the feed material was twice the natural concentration (1.4 perc:

instead of 0.7 percent).

11.38. We have already referred to the work done by P. H, Abe:
of the Naval Research Laboratory on the separation of the uranium isotope
by thermal diffusion in a liquid compound of uranium. By the spring of
1943 Abelson had set up a pilot plant that accomplished appreciable
separation of a considerable quantity of uranium compound. It was thered
proposed that a large-scale thermal diffusion plant should be constructec
Such a plant would be cheaper than any of the other large-scale plants, ¢
it could be built more quickly. Its principal drawback was its enommous
consumption of steam, which made it appear impracticable for the whole Jjc
of separation,

11.39. Not only was a pilot plant already in operation at the
Naval Research Laboratory, but a second, somewhat larger plant was under
construction at the Philadelphia Navy Yard. Through the cooperation of
the Navy both the services of Abelson and the plans for a large-scale ple
were made available to the Manhattan District. It was decided to erect t
large-scale thermal diffusion plant at Clinton (using steam from the powe
plant constructed for the gaseous diffusion plant) and to use the thermal
diffusion-plant product as feed material for the electromagnetic plant.
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11.40. This new thermal diffusion plant was erected in amazingly
short time during the late summer of 1944. In spite of some disappointments,
operation of this plant has succeeded in its purpose of considerably in-
creasing the production rate of the electromagnetic plant. It has also
stimulated work on the uranium recovery problem. The future of this plant
is uncertain., Operation of the gaseous-diffusion plant makes it difficult
to get enough steam to operate the thermal diffusion plant, but also fur-
nishes another user for its product,

Miscellaneous Problems

11.41. Although the scientific and technical problems which con-
fronted the Berkeley groups were probably not as varied or numerous as the
problems encountered at Chicago and Columbia, they were nevertheless numerous.
Thus many problems arose in the designing of the electric power and control
circuits, magnetic fields, insulators, vacuum pumps, tanks, collectors, and
sources, Many equipment items had to be designed from scratch and then
mass-produced under high priority.

Present Status

11.42. The electromagnetic separation plant was in large-scale
operation during the winter of 1944-1945, and produced U-235 of sufficient
purity for use in atomic bombs. Its operating efficiency is being con-
tinually improved. Research work is continuing although on a reduced scale.

Summary

11.43. In the early days of the uranium project, electromagnetic
methods of isotope separation were rejected primarily because of the expected
effects of space-charge., In the fall of 1941 the question was reopened;
experiments at Berkeley showed that space-charge effects could be largely
overcome. Consequently a large-scale program for the development of electro-
magnetic methods was undertaken, '

1l.44. Of the various types of electromagnetic methods proposed,
the calutron (developed at Berkeley) received principal attention. Two
other novel methods were studied, one at Berkeley and one at Princeton.

The calutron mass separator consists of an ion source from which a beam of
uranium ions is drawn by an electric field, an accelerating system in which
the ions are accelerated to high velocities, a magnetic field in which the
ions travel in semicircles of radius depending on ion mass, and a receiving
system. The principal problems of this method involved the ion source,
accelerating system, divergence of the ion beam, space charge, and utili-
zation of the magnetic field, The chief advantages of the calutron were
large separation factor, small hold-up, short start-up time, and flexibility
of operation. By the fall of 1942 sufficient progress had been made to
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justify authorization of plant construction, and a year later the first
units were ready for trial at the Clinton Engineer Works in'Tennessee.

11.45. Research and development work on the calutron were car
out principally at the Radiation Laboratory of the University of Califor
under the direction of Lawrence. Westinghouse, General Electric, and Al
Chalmers constructed a majority of the parts; Stone and Webster built th
plant, and Tennessee Eastman operated it.

11.46. Since the calutron separation method was one of batch
operations in a large number of largely independent units, it was possib
to introduce important improvements even after plant operation had begun

11.47. In the summer of 1944 a thermal-diffusion separation p.
was built at the Clinton Engineer Works to furnish enriched feed material
the electromagnetic plant and thereby increase the production rate of tk:
latter plant. The design of the thermal-diffusion plant was based on th
results of research carried out at the Naval Research Laboratory and on ¢
pilot plant built by the Navy Department at the Philadelphia Navy Yard.

11.48. Although research work on the calutron was started lats
than on tne centrifuge and diffusion systems, the calutron plant was the
first to produce large amounts of the separated isotopes of uranium.
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CHAPTER XII

THE WORK ON THE ATOMIC BOMB

The Objective

12.1. The entire purpose of the work descoribed in the precedin;
chapters was to explore the possibility of creating atomic bombs and to m
duce the concentrated fissionable materials which would be required in suc
bombs. In the present chapter, the last stage of the woik will be descrit
the development at Los Alamos of the atomlc bomb itself. As in other part
the projJect, there are two phases to be considered: +the organization, an¢
the scientific and technical work itself., The organization will be desori
briefly; the remainder of the chapter will be devoted to the scientific ar
technical problems. Naturally, security considerations prevent a discussi
of many of the most important phases of this work.

History and Organization

12.2. The project reorganization that occurred at the beginning
1942, and the subsequent gradual transfer of the work from OSRD auspices t
the Manhattan District have been described in Chapter V. It will be recal
that the responsibilities of the Metallurgical Laboratory at Chicago orig-
inally included a preliminary study of the physics of the atomic bomb. 8a
preliminary studies were made in 1941; and early in 1942 G. Breit got vari
leboratories (see Chapter VI, paragraph 6.38) started on the experimental
study of problems that had to be solved before progress could be made on b
design. As has been mentioned in Chapter VI, J.R. Oppenheimer of the Univ
sity of California gathered a group together in the summer of 1942 for fur
ther theoretical investigation and also undertook to coordinates this exper
mental work. This work was officially under the Metallurgical Laboratory
but the theoretical group did most of its work at the University of Cali-
fornia. By the end of the summer of 1942, when General L. R. Groves took
charge of the entire project, it was decided to expand the work considerab
and, at the earliest possible time, to set up a separate laboratory.

12.3, In the choice of a site for this atomic-bomb laboratory,
the all-important considerations were secrecy and safety. It was therefor¢
decided to establish the laeboratory in an isolated location and to sever
unnecessary connection with the outside world.

12.4. By November 1942 a site had been chosen -~ at Los Alamos,
New Mexico. It was located on a mesa about 20 miles from Santa Fe. One
asset of thlis site was the availability of considerable area for proving
grounds, but initially the only structures on the site consisted of a handi
of buildings which once constituted a small boarding school. There was no
laboratory, no library, no shop, no adequate power plant. The sole means ¢
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approach was a winding mountain road. That ths handicaps of the site were
overcome to & ccnsiderable degree is a trribute to the unstinting efforts of
the scientifis and military personnel.

12,5 J. R. Oppenheimer has been director of the laboratory from
the start. He arrived at the site in March 1943, and was soon joined by
groups and individuals from Princeton University, University of Chicago,
University of California, University of Wisconsin, University of Minnesota,
and elsewhere. With the vigorous support of General L. R. Groves, J. B,
Conant, and others, Oppenheimer continued to gather around him scientists of
recognized ability, so that the end c¢f 1944 found an extraordinary galaxy of
scientific stars gathered on this New Mexicen mesa. The recruiting of junior
scientific personnel and technicians was more difficult, since for such per=-
sons the disadvantages of the slte were not always counterbalanced by an
appreciation of the magnitude of the goal; the use of Special Engineer Detach-
ment personnel improved the situation considerably.

12.6. Naturally, the task of assembling the necessary apparatus,
machines, and equipment was an enormous one. Three cerloads of apparatus
from the Princeton project filled some of the most urgent requirements. A
cyclotron from Harvard, two Van de Greaff generators from Wisconsin, and a:
Cockoroft-Walton high-voltage device from Illinois soon arrived. As an
illustration of the speed with which the laboratory was set up, we mey re-.
cord that the bottom pole piece of the cyclotron magnet was not laid until
April 14, 1943, yet the first experiment was performed in early July. Other
apparatus was acquired in quantity; subsidiary laborstories were built. Today
this is probably the best-equipped physics research laboratory in the world.

12.7. The leboratory was financed under a contract between the Man-~
hattan District and the University of Califcrnia.

State of Knowledge in April 1943

General Discussion of the Problem

12.8. In Chapter II we stated the gereral conditions required to
produse a self-sustaining chain reaction. It was pointed out that there are
four processes competing for neutrons: (1) the capture of neutrons by uran-
ium which results in fission; (2) non-fission capture by uranium; (3) non-.
fission capture by impurities; snd (4) escape of neutrons from the system.
Therefore the condition for obtaining such a chain reaction is that process
(1) shall produce as meny new neutrons as are consumed or lost in all four
of the processes. It was pointed out that (2) may be reduced by removal of
U-238 or by the use of a lattice and moderator, that (3) mey be reduced by
achieving a high degree of chemical purity, and that (4) may be reduced (re-
latively) by increaesing the size of the system. In our earlier discussions
of chain reactions it was always teken for granted that the chain-reacting
system must not blow up. Now we want to consider how to meke it blow up.

12.9. By definition, an explosion is a sudden and violent release
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(in a small regiou) «¥ & large awcunt of energy. To produce an efficient
explosion in an atowic bomb, the parts of the bomb must not become appreci
separated before & substential frection of the available nuclear energy he
been released. (For expansion leads to increased escape of neutrons from
system and thus to premature termination of the chain reaction.) Stated d
ferently, the efficisency of the atomic bomb will depend on the ratio of (e
the speed with which neutrons generated by the first fissions get into oth
nuclei and produce further fission, end (b) the speed with which the bomb
flies apart. Using known principles of energy generation, temperature and
pressure rise, and expansion of solids and vapors, it was possible to esti
the order of magnitude of the times interval between the beginning and end
the nuclear chein reaction. Almost all the technical difficulties of the
project come from the extraordinary brevity of this time lnterval.

12,10 1In earlier chapters we stated that no self-sustaining ch
reaction could be produced in a block of pure uranium metal, no matter how
large, because of parasitic capture of the neutrons by U-238. This conclu
has been borne out by various theoretical calculations and also by direct
periment. For purposes of producing & non-explosive pile, the trick of us
e lattice and a moderator suffices -- by reducing parasitic capture suffi-
ciently. For purposes of producing an explosive unit, however, it turns o
that this process is unsatisfactory on two counts. First, the thermal neu
trons take so long (so many mioro-seconds) to act that only a feeble explo
would result. Second, a pile is ordinarily far too big to be transported.
It is therefore necessary to cut down parasitic capture by removing the
greater part of the U-238 ~- or to use plutonium.

12.11. Naturally, these general principles =- end others -- had
been well established before the Los Alamos project was set up.

Critical Size

12.12. The calculation of the critical size of & chain-reacting
unit is a problem that has slready besn discussed in connection with piles.
Although the calculation is simpler for a homogeneous metal unit than for ¢
lattice, inacouraeciss remeined in the course of the early work, both becaus
of lack of accurate knowledge of constants and because of mathematical dif-
ficulties. For exemple, the scatiering, fission, and absorption cross sec-
tions of the nuclel involvsed all wary with neutron veloocity. The details ¢
such variation wers not lmown experimentelly and were diffiocult to take int
account in meking caelculations. By the spring of 1943 several estimates of
critical size had been mads using various methods of calculation and using
the best availabls nuclear constants, but the limits of error remained larg

The Reflector or Tamper

12.13. In a uranium-graphite chain-reacting pile the critical si
mey be considerably reduced by surrounding the pile with e layer of graphit
since such an envelope "reflects" many neutrons back into the pile. A simi
lar envelope can be used to reduce the criticel size of the bomb, but here
the envelope has an additional role: 1its very inertia delays the expansion
of the reacting material. For this reason such an envelope is often called
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tamper. Use of a tamper clearly makes for a longer lasting, more energetio,
and more efficient explosion. The most effective tamper is the one having
the highest density; high temsile strength turna out to be unimportant. It
is a fortunate coincidence that materials of high density are also excellent
a8 refleotors of neutrouns.

Effioiengl

12.14. As has already been remarked, the bomb tends to fly to bits
as the reaction proceeds and this tends to stop the reaction. To caloulate
how much the bomb has to expand before the reaction stops is relatively
simple. The ocaloulation of how long this expansion takes and how far the re-
action goes in that time is much more diffiocult.

12.156, While the effect of a tamper is to increase the efficiency
both by reflecting neutrons and by delaying the expension of the bomb, the
effect on the efficienocy is not as great as on the oritical mass. The reason
for this is that the process of reflection is relatively time-consuming and
may not ocour .extensively before the chain reaction is terminated.

Detonation and Assembly

12.16. As stated in Chapter II, it is impossible to prevent a
chain reaction from oocurring when the size exceeds the oritical size. For
there are always enough neutrons (from cosmic rays, from spontaneous fission
reactions, or from alpha-particle-induced reactions in impurities) to initiate
the chain. Thus until detonation is desired, the bomb must consist of a num-
ber of separate pieces each one of which is below the critical size (either
by reason of small size or unfavorable shape). To produce detonation, the
parts of the bomb must be brought together rapidly. In the course of this
assembly process the chain reaction is likely to start -- because of the pre-
sence of stray neutrons -- before the bomb has reached its most compaoct (most
reactive) form. Thereupon the explosion tends to prevent the bomb from
reaching that most compact form. Thus it may turn out that the explosion is
so inefficient as to be rslatively useless. The problem, therefore, is two-
fold: (1) to reduce the time of assembly to a minimum; and (2) to reduce
the number of stray (pre-detonation) neutrons to a minimum.

12.17. Some consideration was given to the danger of producing
a "dud™ or a detonation so inefficient that even the bamb itself would not
be completely destroyed. This would, of course, be an undesirable outcome
since it would present the enemy with a supply of highly valuable material.

Effectiveness

12.18., In Chapters II and IV it was pointed out that the amount
of energy released was not the sole criterion of the value of a bomb. There
was no assurance that one urenium bomb releasing energy equal to the energy
released by 20,000 tons of TNT would be as effective in producing military
destruction as, say, 10,000 two~ton bombs. In faot, there were good reasons
to believe that the destructive effect per calorie released deoreases as the
total amount of energy released increases. On the other hand, in atomio
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bombs the total amount of energy released per kilogram of fissionable mate
(i.e., the efficiency of energy release) increases with the size of the b¢
'Thus the optimum size of the atomic bomdb was not easily determined, A tac
cal aspect that complicates the matter further is the advantage of simulte
ous destruction of a large area of enemy territory. In a complete apprais
of the effectiveness of an atomic bomb, attention must also be given to ef

fects on morale,

Method of Assembly

12.19, Since estimates had been made of the speed that would br
together suboritical masses of U-235 rapidly emough to avoid predetonation
a good deal of thought had been given to practical methods of doing this,
The obvious method of very rapidly assembling an atomic bomb was to shoot
part as a projectile in a gun against a second part as a target. The pro-
jeotile mass, projectile speed, and gun caliber required were not far from
t.e range of standard ordnence practice, but novel problems were introduce
by the importance of achieving sudden and perfeot contact between projecti
and target, by the use of tampers, and by the requirement of portabdbility,
None of these technical problems had been studied to any appreciable exten
prior to the establishment of the Los Alamos laboratory.,

12,20, It had also been realized that schemes probably might be
devised whereby neutron absorbérs could be incorporated in the bomb in sud]
a way that they would be rendered less effective by the initial stages of
the chain reactions, Thus the tendency for the bomb to detonate premature:
and inefficiently would be minimiszed. Such devices for increasing the ef-
ficiency of the bomb are called auto-catalytic.

Summary of Knowledge as of April 1943

12,21, In April 1943 the available information of interest in oc
nection with the design of atomic bombs was preliminary and inaccurate.,
Further and extensive theoretical work on critical size, efficiency, effect
of tamper, method of detonation, and effectiveness was urgently needed,
Meagurements of the nuclear constants of U-235, plutonium, and tamper mater
had to be extended and improved. In the cases of U-235 and plutonium, tent
tive measurements had to be made using only minute quantities until larger
quantities became available.

12,22, Besides these problems in theoretical and experimental
physics, there was a host of chemical, metallurgical, and technical problem
that had hardly been touched. Examples were the purification and fabricati
of U-235 and plutonium, and the fabrication of the tamper. Finally, there
were problems of instantaneous assembly of the bomb that were staggering in
their complexity.

The Wbrk\of the Laboratorx

Introduction

12,23, For administrative purposes the scientific staff at Los
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Alamos was arranged in seven divisions, which have been rearranged at various
times. During the spring of 1945 the divisions were: Theoretical Physics
Division under H. Bethe, Experimental Nuclear Physics Division under X. R.
Wilson, Chemistry and Metallurgy Division under J.W. Kennedy and C.S. Smith
Ordnance Division under Capt. W.S. Parsons (USN), Explosives Division under
G. B. Kistiakowsky, Bomb Physics Division under R. F. Bacher, and an Advanced
Development Division under E. Fermi. All the divisions reported to J. R,
Oppenheimer, Director of the Los Alamos Laboratory who has been assisted in
coordinating the research by S. K, Allison since December 1944. J. Chadwiok
of BEngland and N. Bohr of Demmark spent a great deal of time at Los Alamos
end gave invaluable advice. Chadwick was the head of a British delegation
which contributed materially to the success of the laboratory. For security
reasons, most of the work of the laboratory can be desoribed only in part.

Theoretioal Physics Division

12.24., There were two conslderations that gave unusual importance
to the work of the theoretical physics division under H. Bethe. The first of
these was the necessity for effecting simultaneous development of everything
from the fundamental materials to the method of putting them to use -- all
despite the virtual unavailability of the prinocipal materials (U-235 and plu-
tonium) and the complete novelty of the processes. The second consideration
was the impossibility of producing (as for experimental purposes) a "small-

. scale" atomic explosion by making use of only a small amount of fissionable
material. (No explosion occurs at all unless the mass of the fissionable
material exceeds the oritical mass.) Thus it was necessary to proceed from
data obtained in experiments on infinitesimal quantities of materials and to
oambine it with the available theories as accurately as possible in order to
make estimates as to what would happen in the bomb. Only in this way was it
possible to make sensible plans for the other parts of the project, and to
meke decisions on design and construction without waiting for elaborate
experiments on large quantities of material. To take a few examples, theore-
tical work was required in making rough determinations of the dimensions of
the gun, in guiding the metallurgists in the choice of tamper materials, and
in determining the influence of the purity of the fissionable material on the
effioienoy of the bomb. .

12 25, The determination of the oritical size of the bomb was one
of the main probloms of the theoretioal physios division. In the course of
time, several improvements were made in the theoretical approach whereby it
- was possible to take account of practically all the ocomplex phenomena in-
volved. It was at first considered that the diffusion of neutrons was simila
to the diffusion of heat, but this naive analogy had to be forsaken. In the
early theoretical work the assumptions were made that the neutrons all had
the same velocity and all were scattered isotropically. A method was thus
developed which permitted calculation of the critical size for various shapes
of the fissionable material provided that the mean free path of the neutrons
was the same in the tamper material as in the fissionable material. This
method was later improved first by taking account of the angular dependence
of the scattering and secondly by allowing for difference in mean free path
in ocore and tamper materials. Still later, means were found of taking into
account the effects of the distribution.in velocity of the neutrons, the
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variations of oross sections with velooity, and inelastic scattering in th
core and tamper materials. Thus it became possible to oompute oritical si
assuming elmost any kind of tamper material.

12.26. The rate at which the neutron density decreases in bomb
models which are smaller than the oritical size can be calculated, and all
the variables mentioned above can be teken into account. The rate of appr
to the critical condition as the projectile part of the bamb moves toward
the target part of the bomb has been studied by theoretioal methods. Furt
more, the best distribution of fissionable material in projeotilo and targ
was determined by theoretical studies.

12,27. Techniques were developed for dealing with set-ups in wh
the number of neutrons is so small that a careful statistical analysis mus
be mcde of the effects of the neutrons. The most important problem in thi
connection was the determination of the probability that, when a bomb is
larger than critical size, a stray neutron will start a continulng chain r
action. A related problem was the determination of the magnitude of the
fluctuations in neutron density in a bomb whose size is olose to the oriti
size. By the summer of 19456 many such calculations had been checked by ex
periments.

12.28. A great deal of theoreticel work was done on the ejuatim
of state of matter at the high temperatures and pressures to be expeoted i:
the exploding atomic bombs. The expansion of the various constituent part:
of the bomb during and after the moment of chain reaction has been cal-
culated. The effects of radiation have been investigated in considerable
detail.

. 12,29. Having ocalculated the energy that is released in the ex-
plosion of an atomioc bomb, one naturally wants to estimate the military
damage that will be produced. This involves analysis of the shock waves ir
air and in earth, the determination of the effectiveness of a detonation
benesth the surface of the ocean, etc.

12.30, In addition to all the work mentioned above, e considerat
amount of werk was done in evaluating prelimirnary experiments. Thus an ans
sis was made of the back-scattering of neutrons by the various tamper mater
ials proposed. An analysis was also made of the results of experiments on
the multiplication of neutrons in subcritical amounts of fissionable materi

Experimental Nuclear Physiocs Division

12,31, The experiments performed by the Experimental Nuclear Phy
ics group at Los Alamos were of two kinds: "differential™ experiments as f
determining the cross section for fission of a specifio isotope by neutrons
of a specific velcoity, and "integral™ experiments as for determining the
average soattering of fission neutrons from an actual tamper.

12.32, Many nuclear constants had eslready been determined at the
University of Chicago Metallurgical Laboratory and elsewhere, but a number
important oconstants were still undetermined -- especially thcse involving
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high neutron velocities. Some of the outstanding questions were the follow-
ings

l. What are the fission oross sections of U-234, U-236, U-238,
Pu-239, etoc.? How do they vary with neutron veloocity?

2., What are the elastic scattering oross seotions for the same
nuoclei (also for nuclei of tamper materials)? How do they vary with neutron
veloocity?

3. What are the inelastic oross sections for the nuoclel referred
to above?

4. What are the absorption cross sections for processes other than
fiseion?

6« How many neutrons are emitted per fission in the case of each
of the nuclei referred to above?

6. What is the full explanation of the faot that the number of
neutrons emitted per fission is not a whole number?

‘ 7. What is the initial energy of the neutrons produced by fission?

8. Does the number or energy of such neutrons vary with the speed
of the incident neutrons? ’

9. Are fission neutrons emitted immediately?

10, What is the probability of spontaneous fission of the various
fissionable nuclei? .
12,35, In addition to attempting to find the answers to these
questions the Los Alamos Experimental Nuclear Physics Division investigated
many problems of great scientifioc interest which were expeoted to play a
role in their final device. Whether or not this turmed out to be the case,
the store of lkmowledge thus accumulated by the Division forms an integral
and invaluable part of all thinking on nuclear problems.

12.34. Experimental Methods. The earlier chapters ocontain little
or no disoussion of experimental techniques except those for the observing
of fast (charged) particles (See Appendix 1.). To obtain answers to the ten
questions posed above, we should like to be able to:

(1) determine the number of neutrons of any given energy;

(2) produce neutrons of any desired energy;

(3) determine the angles of deflection of scattered neutrons;

(4) determine the number of fissions ocourring;

(6) deteot other consequences of neutron absorption, e.g., arti-
ficial radiocactivity.

We shall indicate briefly how such observations are made.
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12.35. Detection of Neutrons. Thore ere three ways in which ne
trons can be detected: by the lonization produced by light atomic nuclei
driven forward at high speeds by elastic collisions with neutrons, by the
radioactive disintegration of unstable nuclei formed by the absorption of
neutrons, and by fission resulting from neutron absorption. All three pr
cesses lead to the production of ions and the resulting ionization may be
detected using electroscopes, lonization chambers, Geiger-Miller counter.
Wilson cloud chambers, tracks in photographioc emulsion, etc.

12.36. While the mere detection of neutrons is not diffiocult,
the measurement of the neutron velocities 1s decidedly more so. The Wils
oloud chamber method and the photographic emulsion method give the most
direot results but are tedious to apply. More often various combinations
selective absorbers are used. Thus, for example, if a foil known to abso:
neutrons of only one particular range of energies is inserted in the path
the neutrons and is then removed, its degree of radicactivity is presumab:
proportional to the number of neutrons in the particular energy range con.
cerned. Another scheme is to study the induced radiocectivity known to be
duoced only by neutrons whose energy lies above & certein threshold energy.

12.37. One elegant scheme for studying the effects of neutrons
a single, arbitrarily-selected velocity is the "time of flight" method.
this method a neutron source is modulated, i.e., the source is made to em’
neutrons in short "bursts" or "pulses." (In each pulse there are a great
many neutrons -- of a very wide ranke of velooities.) The target material
and the detector are situated a considerable distance from the source (sex
feet or yards from it). The detector is "modulated" also, and with the st
periodicity, The timing or phasing is made such that the detector is resg
sive only for a short interval beginning a certain time after the pulse of
neutrons leaves the source. Thus any effects recorded by the detsctor (e.
fissions in a layer of uranium deposited on an inner surface of an ionizat
chamber) are the result only of neutrons that arrive just at the moment of
responsivity and therefore have travelled from the source in a certain tinm
interval. In other words, the measured effects are due only to the neutrc
having the appropriate velocity.

12.38. Production of Neutrons. All neutrons are produced as th
result of nuclear reactions, and their initial speed depends on the energy
balance of the particular reaction. If the reaction is endothermic, that
if the total mass of the resultant particles is greater than that of the
initial particles, the reaction does not occur unless the bombarding parti
has more than the "threshold" kinetic energy. At higher bombarding energi
the kinetic energy of the resulting particles, specifiocally of the neutron
goes up with the inorease of kinetio energy of the bombarding particle abo
the threshold value. Thus the Li7(p,n)Be reaction ebsorbs 1.6 Mev energy
since the product particles are heavier than the initial particles. Any f
ther energy of the incident protons goes into kinetic energy of the produc
80 that the maximum speed of the neutrons produced goes up with the speed
the incident protons. However, to get neutrons of a narrow range of speed
a thin target must be used, the neutrons must all come off at the same ang
and the protons must all strike the target with the same speed.
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12.39. Although the same energy and momentum conservation laws
apply to exothermic nuclear reactions, the energy release is usually large
compared to the kinetic energy of the bombarding particles and therefore
essentially determines the neutron speed. Often there are several ranges of
speed from the same reaction. There are some reactions that produce very
high energy neutrons (nearly 15 Mev). :

12.40. Since there 1s a limited number of nuclear reactions usable
for neutron sources, there are only certain ranges of neutron speeds that
can be produced originally. There is no difficulty about slowing down neu-
trons, but it is impossible to slow them down uniformly, that is, without
spreading out the velocity distribution. The most effective slowing-down
scheme is the use of a moderator, as in the graphite pile; in fact, the pile
itself is an excellent source of thermal (i.e., very low speed) or nearly
thermal neutrons. ‘

12.41. Determination of Angles of Deflection. The diffioculties
in measuring the angles of deflection of neutrons are largely of intensity
and interpretation. The number of neutrons scattered in a partiocular direc-
tion may be relatively small, and the "scattered" neutrons nearly always
include many strays not coming from the intended target.

12.42. Determination of Number of Fissions. The determination of
the number of fissions which are produced by neutrons or occur spontaneously
is relatively simple. Ionization chambérs, counter tubes, and many other
types of detectors can be used.

12.43. Detection of Products of Capture of Neutrons. Often it is
desirable to find in detail what has happened to neutrons that are absorbed
but have not produced fission, e.g., resonance or "radiative" capture of
neutrons by U=238 to form U-238 which leads to the production of plutonium,
Such studies usually involve a combination of miorochemical separations and
radioactivity analyses.

12.44. Some Experiments on Nuclear Constants. By the time that
the Los Alamos laboratory had been established, a large amount of work had
been done on the effects of slow neutrons on the materials then available.
For example, the thermal-neutron fission cross section of natural uranium
had been evaluated, and similarly for the separated isotopes of uranium and
for plutonium. Some data on high-speed-neutron fission cross sections had
been published, and additional information was available in project labora-
tories. To extend and improve such data, Los Alamos perfected the use of
the Van de Graaff generator for the Li7(p,n)Be7 reaction, so as to produce
neutrons of any desired energy lying in the range from 3000 electron volts
to two million electron volts. Success was also achieved in modulating
the oyclotron beam and developing the neutron time-of-flight method to pro-
duce (when desired) effects of many speed intervals at once. Special
methods were devised for filling in the gaps in neutron energy range. Parti.
cularly important was the refinement of measurement made possible as greater
quentities of U-235, U-238 and plutonium began to be received. On the whole,
the values of cross seotion for fission as a function of neutron energy from
practically zero electron wolts to three million electron volts is now fairl;
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well known for these materials.

12.45. Some Integral Sxperiments. Two "integral experiments™ (
periments on assembled or integrated systems comprising fissionable materi
reflector, and perhaps moderator also) may be described. In the first of
these integral experiments a chain-reacting system was constructed which
included a relatively large amount of U-235 in 1liquid solution. It was de
signed to operate at a very low power level, and it had no cooling system.
Its purpose was to provide verification of the effects predicted for react
systems containing enriched U-236. The results were very nearly as expect

12.46. The second integrel experiment was carried out on a pile
containing a mixture of wranium and a hydrogenous moderator. In this firs
form, the pile was thus a slow=-neutron chain-reacting pile. The pile was
then rebuilt using less hydrogen. In this version of the pile, fast-neutr
fission became important. The pile was rebuilt several more times, less
iydrogen being used each time. By such a serious of reconstructions, the
action character was successively altered, so that thermal neutron fission
became less and less important while fast neutron fission became more and :
important -- approaching the conditions to be found in the bamb.

12.47. Summery of Results on Nuclear Physics. The nuclear con-
stants of U-235, U-238, and plutonium have been measured with a reasonable
degree of accuracy over the range of neutron energies from thermal to thre:
million electron volts. In other words, questions 1, 2, 3, 4, and 5§ of th
ten questions posed at the beginning of this section have been answered.
The fission spectrum (question 7) for U-235 and Pu-239 is reasonably well
known. Spontaneous fission (question 10) has been studied for several typ
of nuclei. Preliminary results on questions 6, 8, and 9, involving detail:
of the fission process, have been obtained.

Chemistry end Metallurgy Division

12,48, The Chemistry and Metallurgy Division of the Los Alamos
Laboratory was under the joint direction of J. W. Kennedy and C.S. Smith.
I+ was responsible for final purification of the enriched fissionable mate:
ials, for fabrication of the bomb core, tamper, etc., and for various other
matters. In all this division's work on enriched fissionable materials es;
cial care had to be taken not to lose any appreciable amounts of the mater]
(which are worth much more than gold). Thus the procedures already well-
established at Chicago and elsewhere for purifying and fabricating natural
uranium were often not satisfactory for handling highly-enriched samples of
U-235,

Ordnance, Explosives, and Bomb Physics Divisions

12.49. The above account of the work of the Theoretical Physiocs
Experimental Nuclear Physiocs, and Chemistry and Metallurgy Divisions is
somewhat incomplete because important aspects of this work cannot be dis=~
cussed for reasons of security. For the same reasons none of the work of
the Ordnance, Explosives, and Bomb Physics Divisions can be discussed at al
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Sumary

12.50., In the spring of 1943 an sntirely new laboratory was
established at Los Alamos, New Mexico, under J. R, Oppenheimer for the pur-
pose of investigating the design and construction of the atomic bomb, from
the stage of receipt of U-235 or plutonium to the stage of use of the bomb.
The new laboratory improved the theoretical treatment of design and perform-
ance problems, refined and extended the measurements of the nuclear constants
involved, developed methods of purifying the materials to be used, and,
finally, designed and constructed opersble atomic bombs.
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CHAPTER XIII

GENERAL SUMMARY

Present Overall Status

13.1. As the result of the labors of the Manhattan District c
zation in Washington and in Tennessee, of the scientific groups at Berke
Chicago, Columbia, Los Alamos, and elsewhere, of the industrial groups a
Clinton, Hanford, and many other places, the end of June 1945 finds us e
pecting from day to day to hear of the explosion of the first atomic bom
devised by man. All the problems are believed to have been solved at le
well enough to make a bomb practicable. A sustained neutron chain react
resulting from nuclear fission has been demonstrated; the conditions nec
to cause such a reaction to occur explosively have been established and
be achieved; production plants of several different types are in operati
building up a stock pile of the explosive material. Although we do not |
when the first explosion will occur nor how effective it will be, announ
ment of its occurrence will precede the publication of this report. Eve:
the first attempt is relatively ineffective, there is 1little doubt that
later efforts will be highly effective; the devastation from a single ba
is expected to be comparable to that of a major air raid by usual method:

13.2. A weapon has been developed that is potentially destruci
beyond the wildest nightmares of the imagination; a weapon so ideally sui
to sudden unannounced attack that a country?s major cltles might be desta
overnight by an ostensibly friendly power. This weapon has been created
by the devilish inspiration of some warped genius but by the arduous labc
thousands of normal men and women working for the safety of their countrj
Many of the principles that have been used were well known to the inter-
national scientific world in 1940. To develop the necessary industrial
cesgses from these principles has been costly in time, effort, and money,
the processes which we selected for serious effort have worked and seversa
that we have not chosen could probably be made to work. We have an initi
advantage in time because, so far as we know, other countries have not b
able to carry out parallel developments during the war period. We also h
a general advantage in scientific and particularly in industrial strength
but such an advantage can easily be thrown away.

13.3. Before the surrender of Germany there was always a chanc
that German sclentists and engineers might be developing atomic bombs whi
would be sufficiently effective to alter the course of the war. There wa
therefore no choice but to work on them in this country. Initially many
gcientists could and did hope that same principle would emerge which wouls
prove that atomic bombs were inherently impossible. This hope has faded
gradually; fortunately in the same period the magnitude of the necessary :
dustrial effort has been demonstrated so that the fear of German success
weakened even before the end came. By the same token, most of us are cer
that the Japanese cannot develop and use this weapon effectively.
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Prognostication

13.4. As to the future, one may gusss that technical developments
will take place along two lines. From the military point of view it is
reasonably certain that there will be improvements both in the processes of
producing fissionable material and in its use. It is conceivable that totally
different methods may be discovered for converting matter into energy since
it is to be remembered that the energy released in uranium fission corre-
sponds to the utilization of only about one-tenth of one per cent of its
mass. Should a scheme be devised for converting to energy even as much as a
few per cent of the matter of some common material, civilization would have
the means to commit suicide at will.

13.5. The possible uses of nuclear energy are not all destructive,
and the second direction in which technical development can be expected is
along the paths of peace. In the fall of 1944 General Groves appointed a
committee to look into these possibilities as well as those of military
significance. This committee (Dr. R. C. Tolman, chairman; Rear Admiral
E. W. Mills (USN) with Captain T. A. Solberg (USN) as deputy, Dr. W. K. Lewls,
and Dr. H. D. Smyth) received a multitude of suggestions from men on the
various projects, principally along the lines of the use of muclear energy
for power and the use of radioactive by-products for scientific, medical, and
industrial purposes. While there was general agreement that a great industry
might eventually arise, comparable, perhaps, with the electronics industry,
there was disagreement as to how rapidly such an industry would grow; the
consensus was that the growth would be slow over a period of many years.

At least there is no immediate prospect of running cars with nuclear power
or lighting houses with radiocactive lamps although there is a good proba-

. bility that nuclear power for special purposes could be developed within ten
years and that plentiful supplies of radioactive materials can have a pro-
found effect on scientific research and perhaps on the treatment of certain
diseases in a similar period.

Planning for the Future

13.6. During the war the effort has been to achieve the maximum
military results. It has been apparent for some time that some sort of
govermment control and support in the field of nuclear energy must continue
after the war. Many of the men associated with the project have recognized
this fact and have come forward with various proposals, some of which were
considered by the Tolman Committee, although it was only a temporary advisory
comuittee reporting to General Groves. An interim committee at a high level
is now engaged in formulating plans for a continuing organization. This
committee is also discussing matters of general policy about which many of the
more thoughtful men on the project have been deeply concerned since the work
was begun and especially since success became more and more probable.

The Questions before the People

13.7. We find ourselves with an explosive which is far from com-
pletely perfected. Yet the future possibilities of such explosives are ap-
palling, and their effects on future wars and international affairs are of
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fundamental importance. Here is a new tool for mankind, a tool of un-
imaginable destructive power. Its development ralises many questions tha
must be answered in the near future.

13.8. Because of the restrictions of military security there
been no chance for the Congress or the people to debate such questions.
have been seriously considered by all concerned and vigorously debated a
the scientists, and the conclusions reached have been passed along to th
highest authorities. These questions are not technical questions; they
political and social questions, and the answers given to them may affect
mankind for generations. In thinking about them the men on the project
been thinking as citizens of the United States vitally interested in the
fare of the human race. It has been their duty and that of the responsi
high govermment officials who were infommed to look beyond the limits of
present war and its weapons to the ultimate implications of these discow
This was a heavy responsibility. In a free country like ours, such ques
should be debated by the people and decisions must be made by the people
through their representatives. This is one reason for the release of th
report. It is a semi-technical report which it is hoped men of science :
this country can use to help their fellow citizens in reaching wise deci:
The people of the country must be informed if they are to discharge thei.
responsibilities wisely.
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APPENDIX 1

METHODS OF OBSERVING FAST PARTICLES FROM NUCLEAR REACTIONS

In Chapter I we pointed out the importance of ionization in the
study of radioactivity and mentioned the electroscope. In this appendix
shall mention one method of historical impo-tance comparable with the
electroscope but no longer used, and then we shall review the various met
now in use for observing alpha particles, beta particles (or positrons),
gamma rays, and neutrons, or their effects,

Scintillations

The closestapproach that can be made to "seeing" an atom is to
the bright flash of light that an alpha particle or high-speed proton maj
when it strikes a fluorescent screen. All that is required is a piece of
glass covered with zinc sulphide, a low-power microscope, a dark room, a
wellerested eye, and of course a source of alpha particles, Most of
Rutherford's famous experiments, including that uientioned in paragraph 1,
involved "counting" scintillations but the method is tedious and, as far
the author knows, has been entirely superseded by electrical methods,

The Process of Ionization

When a high-speed charged particle like an alpha particle or a
high-speed electron passes through matter, it disrupts the molecules that
strikes by reason of the electrical forces between the charged particle a
the electrons in the molecule, If the material is gaseous, the resultant
fragments or ions may move apart and, if there is an electric field prese
the electrons knocked out of the molecules move in one direction and the
residual positive ions in another direction. An initial beta particle wi
a million electron volts energy will produce some 18,000 ionized atoms
before it is stopped completely since on the average it uses up about 60
volts energy in each ionizing collision, Since each ionization process g
both a positive and a negative ion, there is a total of 36,000 charges se
free by one high-speed electron, but since each charge is only 1.6 x 10-1
coulomb, the total is only about 6 x 10-15 coulomdb and is still very minu
The best galvanometer can be made to measure a charge of about 10-10
coulomb, It is possible to push the sensitivity of an electrometer to ab
1016 coulomb, but the electrometer is a very inconvenient instrument to

An alpha particle produces amounts of ionization comparable wit
the beta particle. It is stopped more rapidly, but it produces more ious
unit of paths A gamma ray is much less efficlent as an ionizer since the
process is quite different, It does occasionally set free an electron fr
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a molecule by Compton scattering or the photoelectric effect, and this
secondary electron has enough energy to produce ionization. A neutron, as
we have already mentioned in the text, produces ionization only indirectly
by giving high velocity to a nucleus by elastic collision, or by disrupting
a nucleus with resultant ionization by the fragments. '

If we are to detect the ionizing effects of these particles, we

must evidently use the resultant effect of a great many particles or have
very sensitive means of measuring electric currents,

The Electroscope

Essentially the electroscope determines to what degree the air
immediately around it has become conducting as the result of the ions pro-
duced in it..

The simplest form of electroscope is a strip of gold leaf a few
centimetere long, suspended by a hinge from a vertical insulated rod. If
If the rod is charged, the gold leaf also takes up the same charge and
stands out at an angle as a result of the repulsion of like charges. As the
charge leaks awey, the leaf gradually swings down against the rod, and the
rate at which it moves is a measure of the conductivity of the air surround-
ing it.

A more rugged form of eleotroscope was devised by C. C. Lauritsen,’
who substituted a quartz fiber for the gold leaf and used the elasticity of
the fiber as the restoring force instead of gravity., The fiber is made
conducting by a thin coating of metal. Again the instrument is charged, and
the fiber, after initial deflection, gradually comes back to its uncharged
position. The position of the fiber is read in a low-power microscope.

These instrumenta can be made portable and rugged and fairly senasitive, They
are the standard field instrument for testing the level of gamma radiation,
particularly as a safeguard against dangerous exposure.

Ionization Chambers

An ionization chamber measures the total number of ions produced
directly in ite It usually consists of two plane electrodes between which
there is a strong enough electric field to draw all the ions to the eleotrodes
before they recombine but not strong emough to produce secondary ions as in
the instruments we shall describe presently.

By careful design and the use of sensitive amplifiers an ionization
chamber can measure a number of ions as low as that produced by a single
alpha particle, or it can be used much like an electroscope to measure the
total amount of ionizing radiation present instantaneously, or it can be
arranged to give the total amount of ionization that has occurred over a



period of time,

Proportional Counters

While ionization chambers can be made which will respond to si
alpha particles, it is far more convenient to use a self-amplifying devi
. that is, to make the ions originally produced make other ions in the sam
region so that the amplifier cirouits need not be so sensitive,

In a proportional counter one of the electrodes is a fine wire
along the axls of the second electrode, which is a hollow oylinder. The
effect of the wire is to give strong electric field strengths close to i
even for relatively small potential differences between it and the other
electrode, This strong field quickly accelerates the primery ions forme
the alpha or beta particle or photon, end these accelerated primary ions
(particularly the electrons) in turn form secondary ions in the gas with
which the counter is filled so that the total pulse of current is much
increased,

It is possible to design and operate such counters in such a wm
that the totel number of ions formed is proportional to the number of
primary ions formed. Thus after amplification a current pulse can be ses
on an oscilloscope, the height of which will indicate how effective an
ionizer the initial particle was. It is quite easy to distinguish in th:
way between alpha particles and beta particles and photons, and the cire
can be arranged to count only the pulses of greater than a chosen magnit
Thus a proportional counter can count alpha particles against a backgrow
of betasor can even count only the alpha particles having more than a
certain energy.

Geiger-uueller Counters

If the voltage on a proportional counter is raised, there come:
point when the primary ions from a single alpha particle, beta particle,
photon will set off a discharge through the whole counter, not merely
multiply the number of primary ions in the region where they are produced
This is a trigger action and the current is independent of the number of
ions produced; furthermore, the current would continue indefinitely if no
steps were taken to quench it. Quenching can be achieved entirely by
arranging the external circuits so that the voltage drops as soon as curr
passes or by using a mixture of gases in the counter which "poison" the
electrode surface as soon as the discharge passes and temporarily prevent
the further emission of electrons, or by combining both methods.

The Geiger-Mueller counter was developed before the proportiona
counter and remeins the most sensitive instrument for detecting ionizing
radiation, but all it does is "count™ any ionizing radiation that passes
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through it whether it be an alpha particle, proton, electron, or photon.

The Art of Counter Measurements

It is one thing to describe the various principles of iomization
chambers, counters, and the like; quite another to construct and operate
them successfully.

First of all, the walls of the counter chamber must allow the
particles to enter the counter. For gamma rays this is a minor problem, but
for relatively low-speed electrons or positrons or for alpha particles the
walls of the counter must be very thin or there must be thin windows.

Then there are great variations in the details of the counter
itself, spacing and size of electrodes, nature of the gas filling the chamber,
its pressure, and so on.

Finally, the interpretation of the resultant data is a tricky
business. The absorption of the counter walls and of any external absorbers
must be taken into aoccount; the geometry of the counter with relation to the
source must be estimated to translate observed sounts into actual number of
nuclear events; last but not always least, statistical fluctuations must be
considered since all nuclear reactions are governed by probability laws,

The Wilson Cloud Chamber

There is one method of observing nuclear particles that depondl
direotly on ionization but is not an electrical method. It uses the fact
that supersaturated vapor will condense more readily on ions than on neutral
molecules., If air saturated with water vapor is cooled by expansion just
after an alpha particle has passed through it, tiny drops of water condense
on the ions formed by the alpha particle and will reflect a bright light
strongly enough to be seen or photographed so that the actual path of the
alpha particle is recorded.

This method developed by C. T. R, Wilson in Cambridge, England,
about 1912 has been enormously useful in studying the behavior of individual
particles, alphas, protons, electrons, positrons, mesotrons, photons, and the
fast atoms caused by collisions with alphas, protons, or neutrons. Unlike
the scintillation method, its companion tool for meany years, it has not been
superseded and is still used extensively, particularly to study details of
collisions between nuclear particles and atoms.
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The Photographic Method

The tracks of individual particles passing through matter can
be observed in photographic emulsions, but the lengths of path are so s
that they must be observed under a microscope, where they appear as a s
of develaped grains marking the passage of the particle. This method o
observation requires practically no equipment but is tedious and of lim
usefulness. It is possible, however, to use the general blackening of
photographic film as a measure of total exposure to radiation, a proced
that has been used to supplement or to replace electroscopes for safety
control in many parts of the project,

The Observation and Measurement of Neutrons

None of the methods we have described are directly applicable
neutrons, but all of them are inairectly applicable since neutrons prod
ions indirectly. This happens in two ways == by elastic collision and 1
nuclear reaction. As we have already described, a fast neutron in pass
through matter occasionally approaches an atomic nucleus so closely as
impart to it a large amount of momentum and energy according to the law
elastic collision, The nucleus thereby becomes a high-speed charged pa:
which will produce ionizatioa in an ionization chamber, counter, or clo:
chamber, But if the neutron has low speed, e.g., thermal, the struck m
will not get enough energy to cause lonization. If, on the other hand,
neutron is absorbed and the resultant nucleus breaks up with the releast
energy, ionization will be produced. Thus, for the detection of high-s)
neutrons one has a choice between elastic collisions and nuclear reactic
but for thermal speeds only nuclear reaction will serve.

The reaction most commonly used is the B1 (n,x) Li7 reactio:
which releases about 2,5 Mev energy shared betwaen the resuitant alpha
particle and Li7 nucleus. This is ample to produce ionization. This
reaction is used by filling an ionization chamber or proportional counte
with boron triflucride gas so that the reaction occurs in the region
where ionization is wanted; as an alternative the interior of the chambe
or counter is lined with boron. The ionirzation chamber then serves as ¢
instrument to measure overall neutron flux while the proportional sounte
records numbers of individual neutrons,

One of the most valuable methods of measuring neutron densitie
nuclear reactions depends on the production of artificial radioactive
nuclei, A foil known to be made radioactive by neutron bombardment is
inserted at a point where the neutron intensity is wanted. After a give
time it is removed and its activity measured by an electroscope or count
The degree of activity that has been built up is then a measure of the
number of neutrons that have been absorbed. This method has the obvious
disadvantage that it does not give an instantaneous response as do the
ionization chamber and counter,
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One of the most interesting methods developed on the project is to
use the fission of uranium as the nuclear reaction for neutron detection.
Furthermore, by separating the isotopes, fast and slow neutrons can be
differentiated,

Since the probability of a neutron reaction occurring is different
for every reaction and for every neutron speed, difficulties of translating
counts or current measurements into numbers and speeds of neutrons present
are even greater than for other nuclear particles, No one need be surprised
if two able investigators give different numbers for supposedly the same
nuclear constant., It is only by an intricate series of interlocking
experiments carefully compared and interpreted that the fundamental facts
can be untangled from experimental and instrumental variables,
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APPENDIX 2
THE UNITS OF MASS, CHARGE AND ENERGY

Mass

Since the proton and the neutron are the fundamental particle:
cof which all nuclei are built, it would seem natural to use the mass of
or the other of them as a unit of mass. The choice would probably be ti
ton, which is the nucleus of a hydrogen atom. There are good reasons, !}
torical and otherwise, why neither the proton nor the neutron was choser
Instead, the mass unit used in atomic and nuclear physics is one sixteer
the mass of the predominant oxygen isotope, Olb, and is equal to 1.6603
10~24 gram. Expressed in terms of this unit, the mass of the proton is
1.00758 and the mass of the neutron is 1.00893. (Chemists usually use ¢
slightly different unit of mass.)

Charge

The unit of electric charge used in nuclear science is the pos
charge of the proton., It is equal in magnitude but opposite in sign to
charge on the electron and is therefore often called the electronic char
One electronic charge is 1.60 x 10-19 coulomb. It may be recalled that
current of one ampere flowing for one second conveys a charge of ons cou
lomb; i.e., one electronic charge equals 1.60 x 10‘l9 ampere second.

Energy

The energy unit used in nuclear physics is the elsctron volt, -
is defined as equal to the kinetic energy which a particle carrying one
tronic charge acquires in falling freely through a potential drop of one
It is often convenient to use the million~times greater unit: million e
tron volt (Mev).

The relationships among the electron volt and other common uni
energy are in the following table:
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Conversion Table for Energy Units
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APFENDIX 3

DELAYED NEUTRONS FROM URANTUM FISSION

As was pointed out in Chapter VI, the control of a chain-reactin
plle is greatly facilitated by the fact that some of the neutrons resultin
from uwranium fission are not emitted until more than a second after fissio
occurs. It was therefore important to study this effect experimentally.
Such experiments were described by Snell, Nedzel and Ibser in a report dat
May 15, 1942 from which we quote as follows-

The present experiment consists of two interrelated parts——
one concerned with the decay curve, and one concerned with the
intensity of the delayed neutrons measured in terms of that of the
"jnstantaneous" fission neutrons.

The Decay Curve of the Delayed Neutrons

The neutron source was the beryllium target of the University
of Chicago cyclotron struck by a beam of up to 20 «A of 8 Mev
deuterons. Near the target was placed a hollow shell made of
tinned iron and containing 106 1lbs. of U0, This was surrounded
by about 2" of paraffin. The interior o he shell was filled with
paraffin, except for an axial hole which accommodated a BF3~filled
proportional counter. The counter was connected through an ampli-
fier to a scaling circuit ("scale of 64") equipped with inter-
polating lights and a Cenco impulse counter. A tenth~second timer,
driver by a synchronous motor, and hundredth-second stop watch were
mounted on the panel of the scaler, close to the interpolating
lights and impulse counter. This group of dials and lights was
photographed at an appropriately varyling rate by a Sept camera
which was actuated by hand. The result was a record on movie film
of times and counts, from which the decay curves were plotted.

The actual procedure was as follows: During bombardment the
stop watch was started and the timer was running continuously; the
counter and amplifier were on, but the pulses leaving the amplifier
were grounded. The scaler was set at zero. After a warning signal
the cyclotron was shut off by one operator, while another operator
switched the output of the amplifier from ground into the scaler,
and started taking photographs. It was easy to take the first
photograph within half a second of turning off the cyclotron.

Sixty to a hundred photographs were taken during a2 typical run.

The necessity of using both a stop watch and a timer arose from

the fact that the hundredth-second precision of the stop watch was
needed for the small time intervals between photographs during the
initial part of the run, but the watch ran down and stopped before
the counting was complete. The timer then gave sufficient precision

for the later time intervals.
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Some forty runs were taken under varying experimental con-
ditions. Short activations of one or two seconds were given for
best resolution of the short periods. ILong, intense bombardments
lasting 15-20 minutes, as close as possible to the target, were
made to make the long period activities show up with a maximum
intensity. Some 5-minute bombardments were made, keeping the
cyclotron beam as steady as possible, to study the relative
saturation intensities of the various activities; in these
activations the cyclotron beam was reduced to 1 or 2 aA to
prevent the initial counting rate from becoming too high for
a counter (300 per sec. was taken as a reasonable upper limit
for reliable counting). Two BF, counters were available, one
having a themmal neutron cross gection of 2.66 sq. cm., and the
other 0.43 sq. cm. After a strong activation, we could follow
the decay of the delayed neutrons for some 12 minutes. Back-
ground counts (presumably chiefly due to spontaneous fission
neutrons) were taken and were subtracted from the readings.

They amounted to about 0.4 counts per sec. for the large
counter.

A study of all the decay curves gives the following as a
general picture of the neutron-emitting activities present:

TABIE 1
Relative initial intensity
Half-life ‘ activated to saturation
57 ¥ 3 sec. 0.135
2, t 2 sac. 1.0
7 sec. 1.2
2.5 sec. 1.2

Any activity of period longer than 57 sec, failed to appear
even after the most intense bombardment we could give, lasting
20 minutes. The relative initial intensities given are the
average values obtained from three curves.

These results give the following equation for the decay
curve, of the delayed neutrons after activation to saturations

-0.28% -0.099t -0.029t - -0.012¢%
Activity = constant (1.2e +1.28 +1.0e +0.135e )

where t is in seconds.

The second part of the experiment measured the total number of
neutrons emitted in the time interval 0.0l sec. to 2.0 min. after the cyclo-
tron was turned off. Assuming that all the delayed neutrons observed were
in the four groups measured in the first part of the experiment, this second
result indicated that 1.0 % 0.2 per cent of the neutrons emitted in uranium
fission are delayed by at least 0.0l sec. and that about 0.07 per cent are
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delayed by as much as a minute. By designing the effective value of k, i
multiplication factor, for a typical operating pile to be only 1.0l with
the controls removed and the total variation in k from one control rod t«
0.002, the number of delayed neutrons is sufficient to allow easy contro!
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APPENDIX 4

THE FIRST SELF-SUSTAINING CHAIN-REACTING PILE

In Chapter VI the construction and operation of the first sel:
sustaining chain-reacting pile were described briefly. Though details :
still be withheld for security reasons, the following paragraphs give a
what fuller desoription based on a report by Fermi. This pile was erect
Fermi and his collaborators in the fall of 1942,

Description of the Pile. The original plan called for an approxim:
spherical pile with the best materials near the center. Actually contr«
measurements showed that the critical size had been reached before the :
was complete, and the construction was modified accordingly. The final
structure may be roughly described as an oblate spheroid flattened at ti
top, i. ®., like a door knob. It was desired to have the uranium or ure
oxide lumpes spaced in a cubic lattice imbedded in graphite. Consequent]
the graphite was cut in bricks and built up in layers, alternate ones of
which cofitained lumps of uranium at the corners of squares. The critice
size was reached when the pile had been built to a height only three que
of that needed according to the most cautious estimates. Consequently c
one more layer was added. The graphite used was chiefly from the Natior
Carbon Company and the Speer Graphite Company. The pile contained 12,4C
of metal, part of which was supplied by Westinghouse, part by Metal '
Hydrides, and part by Ames. Since there were many more lattice points t
lumps of metal, the remaining ones were filled with pressed oxide lumps.

For purposes of control and experiment there were ten slots pa
completely through the pile., Three of those near the center were used f
control and safety rods, Further to facilitate experiment, particularly
removal of samples, one row of bricks carrying uranium and passing near
center of the pile was arranged so that it could be pushed completely ou
of the pile,

This whole graphite sphere was supported by a timber framework
resting on the floor of a squash court under the West Stands of Stagg Fi

Predicted Performance of the Pile., The metal lattice at the center
the pile and the two other major lattices meking up the bulk of the rest
the pile had each been studied separately in exponential experiments #18
#27, and #29., These had given a multiplication factor of 1,07 for the
metal lattice and 1,04 and 1,03 for the oxide lattices, the difference 1
the last two resulting from difference in the grade of graphite used. I
to be remembered that these figures are multiplication factors for latti:
of infinite size. Therefore a prediction of the actual effective
multiplication factor keff for the pile as constructed depended on the
validity of the deduction of k from the exponential experiments, on a
proper averaging for the different lattices, and on a proper deduction o

keff from the average k for infinite size. Although the original design
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the pile had been deliberately generous, its success when only partly com-
pleted indicated that the values of the multiplication factors as calculated
from exponential experiments had been too lowe. The observed effective
multiplication factor of the part of the planned structure actually built
was about 1.0006 when all neutron absorbers were removed.

Measurements Performed during Construction. A series of measurements
was made while the pile was being assembled in order to be sure that the
oritical dimensions were not reached inadvertently. These measurements
served also to check the neutron multiplication properties of the structure
during assembly, making possible a prediction of where the critical point
would be reached.

In general, any detector of neutrons or gamma radiation can be
used for measuring the intensity of the reaction. Neutron detectors are
somewhat preferable since they give response more quickly and are not
affected by fission-product radiations after shut down, Actually both
neutron detectors (boron trifluoride counters) and gamma-ray ionization
chambers were distributed in and around the pile. Certain of the ionization
chambers were used to operate recording instruments and automatic safety
controls,

In the pile itself measurements were made with two types of
detector., A boron trifluoride counter was inserted in a slot about 43" from
the ground and its readings taken at frequent intervals, In addition, an
indium foil was irradiated every night in a position as close as possible to
the effective center of the pile, and its induced activity was measured the
following morning and compared with the readings of the boron trifluoride
counter,

The results of such measurements can be expressed in two ways,

Since the number of secondary neutrons produced by fission will increase
steadily as the pile is constructed, the activity A induced in a standard
indium foil at the center will 1norease steadily as the number of layers of
the pile is increased, Once the effective multiplication factor is above
one, A would theoretically increase to infinity. Such an approach to
1nfinity is hard to observe, so a second way of expressing the results was
used. Suppose the lattice apaeing and purity of materials of a graphite-
uranium structure are such that the multiplication factor would be exactly
one if the structure were a sphere of infinite radius. Then, for an actual
sphere of similar construction but finite radius, the activation of a
detector placed at the center would be proportional to the square of the
radius, It was possible to determine a corresponding effective radius R
for the real pile in each of its various stages. It followed, therefore,
that, if the factor k,, were precisely one on the average for the lattice in
the pile, the activity A of the detector at the center should increase with
increasing Refr in such a way that szf/A remained constant, but, if k.
for the lattice were greater than one, then as the pile size approaohed the
ocritical value, that is, as k, pp approached one, A should approach infinity
and therefore R2 /A approach zero. Therefore by extrapolating a curve of
gff/l vs. size of the pile, i.e., number of layers, to where it cut the
axis, it was possible to predict at what layer k,¢p would become one. Such
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a curve, shown in Fig., 1, indicated at what layer the critical size wou:
reacheds The less useful but more direct and dramatic way of recording
the results is shown in Fig., 2, which shows the growth of the neutron
activity of the pile as layers were added,

During the construction, appreciably before reaching this
oriticel layer, some cadmium strips were inserted in suitable slots., Ti
were removed once every day with the proper precautions in order to che¢
the approach to the critical conditions. The construction was carried i

this way to the critical layer.

Controls The reaction was controlled by inserting in the pile some
strips of neutron absorbing material =- cadmium or boron steel., When tt
pile was not in operation, several such cadmium strips were inserted in
number of slots, bringing the effective multiplication factor considerak
below one., In fact, any one of the cadmium strips alone was sufficient
to bring the pile below the critical condition. Besides cadmium strips
that could be used for menual operation of the pile, two safety rods and
one automatic control rod were provided, The automatic control rod was
operated by two electric motors responding to an ionization chamber and
amplifying system so that, if the intensity of the reaction inocreased
above the desired level, the rod was pushed in, and vice versa.

Operation of the Pile. To operate the pile all but one of the cadm
strips were taken out. The remaining one was then slowly pulled out., A
the eritical conditions were approached, the intensity of the neutrons
emitted by the pile began to increase rapidly. It should be noticed,
however, that, when this last strip of cadmium was so far inside the pil
that the effeoctive multipliocation factor was just below one, it took a
rather long time for the intenaity to reach the saturation value.
Similarly, if the cadmium strip was just far enough out to make k,pp
greater than one, the intensity rose at a rather slow rate. For example
if one rod is only 1 cm. out from the critical position, the "relaxatio
time," i.e., the time for the intensity to double, is about four hours.
These long "relaxation times" were the result of the small percentage of
delayed neutrons which have been discussed in Appendix 3, and make it
relatively easy to keep the pile operating at a constant level of
intensity. " '

The pile was first operated on December 2, 1942 to a maximum
energy production of about 1/% watt, On December 12th the intensity was
run up to about 200 watts, but it was not felt safe to go higher because
of the danger of the radiation to personnel in and around the buildinge.
During this high intensity run, measurements were made of radiation
intensity beside the pile, in the building, and on the sidewmlk outside.
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APPENDIX 5
SAMPLE LIST QF REPCRTS

Presented below is a list of titles of representative reports
pared in the Metallurgical Laboratory of the University of Chicago in 19

A Table for Calculating the Percentage Loss Dus
to the Presence of Impurities in Alloy

Concerning the Radium-Beryllium Neutron Sources

Preliminary Estimates of the Radiations from
Fission Products

Background of Natural Neutrons in Multiplying Pile

Absorption Cross Sections for Rn plus Be Fast
Neutrons

On Mechanical Stresses Produced by Temperature
Gradients in Rods and Spheres

Effect of Geometry on Resonance Absorption of
Neutrons by Uranium

Protection against Radiations
Planning Experiments on Liquid Cooling

Report on the Possibility of Purifying Uranium by
Carbonyl Formation and Decomposition

On the Radioactivity of Cooling Helium

Estimation of Stability of Ether under Various
Conditions of Irradiation

Uranium Polsoning
Transuranic and Fission Product Activities

Chemical Effects of Radiation on Air Surrounding the
Pile

An Estimate of the Chemical Effects of Radiation on
the Cooling Water in the Pile

The Extraction Method of Purification of Uranyl Nitrate

The Diffusion of Fission Products from Cast Metal at
600°C and 1000°C
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OFFICE OF
THE UNDER SECRETARY OF STATE
WASHINGTON

March 17, 19486,
Dear MR. SECRETARY:

Your committee was appointed on January 7, 1946, with the fol-
lowing terms of reference:

¢ Anticipating favorable action by the United Nations Organization
on the proposal for the establishment of a commission to consider
the problems arising as to the control of atomic energy and other
weapons of possible mass destruction, the Secretary of State has
appointed a Committee of five members to study the subject of con-
trols and safeguards necessary to protect this Government so that
the persons hereafter selected to represent the United States on the
Commission cen have the benefit of the study.”

At our first meeting on January 14, the Committee concluded that
the consideration of controls and safeguards would be inseparable
from & plan of which they were a part and that the Commission would
look to the American representative to put forward a plan. At that
meeting we also agreed that it was first essential to have a report
prepared analyzing and appraising all the relevant facts and formu-
lating proposals. In order that the work should be useful, it was
necessary to designate men of recognized attainments and varied
background, who would be prepared to devote the major part of
their time to the matter.

On January 23, 1946, we appointed as a Board of Consultants for
this purpose:

Mr, David E. Lilienthal, Chairman of the Tennessee Valley
Authority, who acted as Chairman of the consulting Board,
Mr. Chester I. Barnard, President of the New Jersey Bell Tele-
" phone Company,
Dr. J. Robert Oppenheimer, of the California Institute of Tech-
. nology and the University of California,
Dr. Charles Allen Thomas, Vice President and Technical Direc-
tor, Monsanto Chemical Company, and
Mr. Harry A. Winne, Vice-President in Charge of Engineering
Policy, General Electric Company.
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has now completed 1ts report, which 18 transmitted herewith.

A preliminary draft of this report was first presented to your Com-
mittee ten days ago. Extensive discussion between the Committee
and the Board led to the development of further considerations
embodied in a subsequent draft. Still further discussion resulted in
the report now transmitted.

We lay the report before you as the Board has submitted it to us
“not as a final plan, but as a place to begin, a foundation on which to
build.” In our opinion it furnishes the most constructive analysis
of the question of international control we have seen and a definitely
hopeful approach to a solution of the entire problem. We recommend
it for your consideration as representing the framework within which
the best prospects for both security and development of atomic
energy for peaceful purposes may be found.

In particular, we are impressed by the great advantages of an
international agency with affirmative powers and functions coupled
with powers of inspection and supervision in contrast to any agency
with merely police-like powers attempting to cope with national
sgencies otherwise restrained only by a commitment to “outlaw” the
use of atomic energy for 'war. In our judgment the latter type of
organization offers little hope of achieving the security and safeguards
we are seeking.

We are impressed also by the aspect of the plan which concentrates
in the hands of the international agency only the activities which it is
essential to control because they are dangerous to international
security, leaving as much freedom as possible to national and private
research and other activity.

We wish to stress two matters brought out in the Board’s report—
matters of importance in considering the report’s proposals as they
affect the security of the United States both during the period of any
international discussion of them and during the period required to
put the plan into full effect.

The first matter concerns the disclosure of information not now
generally known. The report points out that the plan necessitates
the disclosure of information but permits of the disclosure of such
information by progressive stages. In our opinion various stages may
upon further study be suggested. It is enough to point out now that
there could be at least four general points in this progression. Certain
information, generally described as that required for an understanding
of the workability of proposals, would have to be made available at
the time of the discussions of the proposalsin the United Nations Atomic
Energy Commission, of the report of the Commission in the Security
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recommendations ot the United Nations. We have carefully con-
sidered the content of this information, and in our discussions with
the Board have defined it within satisfactory limits. We estimate the
degree of its importance and the effect of its disclosure to be as
follows: If made known to a nation otherwise equipped by industrial
development, scientific resources and possessing the necessary raw
materials to develop atomic armament within five years, such dis-
closure might shorten that period by as much as a year. Whether
any nation—we are excluding Great Britain and Canada—could
achieve such an intensive program is a matter of serious doubt. If
the program were spread over a cousiderably longer period, the
disclosure referred to would not shorten the effort appreciably.

The next stage of disclosure might occur when the proposed inter-
national organization was actually established by the action of the
various governments upon the report of the United Nations. At this
time the organization would require most of the remaining scientific
knowledge but would not require the so-called technical know-how or
the knowledge of the construction of the bomb.

By the time the organization was ready to assume its functions in
the field of industrial production it would, of course, require the tech-
nological information and know-how necessary to carry out its task.
The information regarding the construction of the bomb would not be
essential to the plan until the last stage when the organization was
preparéd to assume responsibility for research in the field of explosives
as an adjunct to its regulatory and operational duties.

The second matter relates to the assumption or transfer of authority
over physical things. Here also the plan permits of progress by
stages beginning in the field of raw material production, progressing
to that of industrial production, and going on to the control of ex-
plosives.

The development of detailed proposals for such scheduling will
require further study and much technical competence and staff. It
will be guided, of course, by basic decisions of high policy. One of
these decisions will be for what period of time the United States will
continue the manufacture of bombs. The plan does not require that
the United States shall discontinue such manufacture either upon the
proposal of the plan or upon the inauguration of the international
agency. At some stage in the development of the plan this is required.
But neither the plan nor our transmittal of it should be construed as
meaning that this should or should not be done at the outset or at any
specific time. That decision, whenever made, will involve consider-
ations of the highest policy affecting our security, and must be made
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Y our Committee, Mr. Secretary, awaits your further instructions as
to whether you believe it has performed the task you assigned to it and
may now be discharged or whether you wish it to go further in this
field under your guidance.

Respectfully submitted,

DEaN ACHESON
Chairman
VANNEVAR Busm
James B. CoNaNT
Lesuie R. Groves,
Major General, USA.
Joan J. McCroy
The Honorable
James F. Byrwes,
Secretary of State,
Washington, D. C.
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INTRODUCTION

The board of consultants met for the first time on January 23rd,
conferring briefly with the Secretary of State’s Committee on Atomic
Energy respecting the board’s assignment to study the problem of
international control of atomic energy. For more than seven weeks
since that time we devoted virtually our entire time and energies to
the problem we were directed to study and report upon. We visited
the plants and installations at Oak Ridge, Tennessee, and Los Alamos,
New Mexico, and spent days consulting with numerous scientists,
industrial experts, and geologists, authorities in the technical fields
concerned with atomic energy. Since February 25th this board has
met almost continuously, developing and writing the following report.
Our absorption in this task does not, of course, assure the soundness
of the recommendation which is the product of our deliberations.
But it is relevant as a measure of how important and urgent we feel
it to be that the Government and the people of the United States
develop a rational and workable plan, before the already launched
internatibnal atomic armament race attains such momentum that
it cannot be stopped.

We have concluded our deliberations on this most difficult problem,
not in a spirit of hopelessness and despair, but with a measure of
confidence. It is our conviction that a satisfactory plan can be
developed, and that what we here recommend can form the founda-
tion of such a plan. It is worth contrasting the sense of hope and
confidence which all of us share today with the feeling which we had
at the outset. The vast difficulties of the problem were oppressive,
and we early concluded that the most we could do would be to suggest
various alternative proposals, indicate their strengths and limitation,
but make no recommendations. But as we steeped ourselves in the
facts and caught a feel of the nature of the problem, we became more
hopeful. That hopefulnessgrewnotout of any preconceived ‘‘solution’
but out of a patient and time-consuming analysis and understanding
of the facts that throw light on the numerous alternatives that we
explored. Five men of widely differing backgrounds and experiences
who were far apart at the outset found themselves, at the end of a
month’s absorption in this problem not only in complete agreement
that a plan could be devised but also in agreement on the essentials
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SECTION |

Background of the Problem

This report is a preliminary study of the international control of
atomic energy. It has been prepared to contribute to the clarification
of the position of the U. S. Representative on the United Nations
Commission on atomic energy set up by resolution of the United
Nations General Assembly to inquire into all phases of this question.

The Commitment for International Control.

We were given as our starting point a political commitment already
made by the United States to seek by all reasonable means to bring
about international arrangements to prevent the use of atomic energy
for destructive purposes and to promote the use of it for the benefit
of society. It has not been part of our assignment to make a detailed
analysis of the arguments which have led the Government of the
United States in concert with other nations to initiate these steps for
international action. By way of background, however, it is useful to
review $ome of the main reasons which have influenced the people of
the United States and its Government in this course. These reasons
were first definitely formulated in the Agreed Declaration of Novem-
ber 15, 1945, issued by the President of the United States and the
Prime Ministers of the United Kingdom and Canada. An under-
standing of the declarations in that document will itself throw con-
siderable light on the criteria by which any specific proposals for
international control may be judged.

The Agreed Declaration cites three reasons for seeking international
control. This Declaration recognizes that the development of atomic
energy, and the application of it in weapons of war, have placed at
the disposal of mankind “means of destruction hitherto unknown.”
The American people have been quick to recognize the really revolu-
tionary character of these weapons, particularly as weapons of strategic
bombardment aimed at the destruction of enemy cities and the
eradication of their populations. Enough has been said to make
unnecessary & repetition of the probable horrors of a war in which
atomic weapons were used by both combatants against the cities of
their enemy. But it is hardly possible to overestimate the deep im-
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‘I'he second point recogmzed 1n the Agreed Declaration 18 that there
can be no adequate military defense against atomic weapons. A
great mass of expert testimony is involved in an appreciation of the
firmness of this point, but it appears to be accepted without essential
reservation, and subject only to an appropriate openmindedness,
about what the remote future of technical developments in the arts of
war may bring.

The third point, and again we quote from the Agreed Declaration,
is that these are weapons “in the employment of which no single
nation can in fact have a monopoly.” Of the three, this is perhaps
the most controversial. Strong arguments have been brought forward
that the mass of technical and scientific knowledge and experience
needed for the successful development of atomic weapons is so great
that the results attained in the United States cannot be paralleled by
independent work in other nations. Strong arguments have also been
put forward that the degree of technical and industrial advancement
required for the actual realization of atomic weapons could hardly be
found in other parts of the world. These arguments have been met
with great and widespread skepticism. It isrecognized that the basic
science on which the release of atomic energy rests is essentially a
world-wide science, and that in fact the principal findings required
for the success of this project are well known to competent scientists
throughout the world. It is recognized that the industry required
and the technology developed for the realization of atomic weapons
are the same industry and the same technology which play so essential
8 part iz man’s almost universal striving to improve his standard of
living and his control of nature. It is further recognized that atomic
energy plays so vital a part in contributing to the military power,
to the possible economic welfare, and no doubt to the security of a
nation, that the incentive to other nations to press their own develop-
ments is overwhelming.

Thus the Agreed Declaration bases is policy on the revolutionary
increase in the powers of destruction which atomic weapons have
injected into warfare, and on the fact that neither countermeasures
nor the maintenance of secrecy about our own developments offers
any adequate prospect of defense.

There are perhaps other considerations which have contributed
to the popular understanding of the necessity for international con-
trol, although they do not appear explicitly in the Agreed Declaration.
The United States is in a rather special position in any future atomic
warfare. Our political institutions, and the historically established
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present position, in which we have a monopoly of these weapons,
may appear strong, this advantage will disappear and the situation
may be reversed in a world in which atomic armament is general.

The atomic bomb appeared at the very end of hostilities at a time
when men’s thoughts were naturally turning to devising methods for
the prevention of war. The atomic bomb made it clear that the plans
which had been laid at San Francisco for the United Nations Organ-
ization would have to be supplemented by a specific control of an
instrument of war so terrible that its uncontrolled development
would not only intensify the ferocity of warfare, but might directly
contribute to the outbreak of war. It is clear, too, that in the solu-
tion of this relatively concrete and most urgent problem of protecting
mankind from the evils of atomic warfare, there has been created an
opportunity for a collaborative approach to a problem which could
not otherwise be solved, and the successful international solution
of which would contribute immeasurably to the prevention of wat
and to the strengthening of the United Nations Organization. On
the one hand, it seemed unlikely that the United Nations Organiza-
tion could fulfill its functions without attempting to solve this prob-
lem. On the other hand, there was hope and some reason to believe
that in attempting to solve it, new patterns of cooperative effort
could be‘ established ‘which would be capable of extension to other
fields,  and which might make a contribution toward the gradual
achievement of a greater degree of community among the peoples of
the world. Although these more general considerations may appear
secondary to the main purposes of this report, they are not irrelevant
to it. There is another phrase of the Agreed Declaration which
rightly asserts “that the only complete protection for the civilized
world from the destructive use of scientific knowledge lies in the
prevention of war.”

The proposals which we shall make in this report with regard to
the international control of atomic energy must of course be evaluated
against the background of these considerations which have led to the
universal recognition of the need for international control. We
must ask ourselves to what extent they would afford security against
atomic warfare; to what extent they tend to remove the possibility
of atomic weapons as a cause of war; to what extent they establish
patterns of cooperation which may form a useful precedent for
wider application. We ourselves are satisfied that the proposals in
this report provide the basis of a satisfactory answer to these questions.
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setting up of the United Nations Commission on atomic energy.
There is a further aspect of the general background that also requires
discussion at the outset. When the news of the atomic bomb first
came to the world there was an immediate reaction that a weapon of
such devastating force must somehow be eliminated from warfare;
or to use the common expression, that it must be “outlawed”. That
efforts to give specific content to a system of security have generally
proceeded from this initial assumption is natural enough. But the
reasoning runs immediately into this fact: The development of atomic
energy for peaceful purposes and the development of atomic energy
for bombs are in much of their course interchangeable and inter-
dependent. From this it follows that although nations may agree
not to use in bombs the atomic energy developed within their borders,
the only assurance that a conversion to destructive purposes would
not be made would be the pledged word and the good faith of the nation
itself. This fact puts an enormous pressure upon national good faith.
Indeed it creates suspicion on the part of other nations that their
neighbors’ pledged word will not be kept. This danger is accentuated
by the unusual characteristics of atomic bombs, namely their devas-
tating effect as a surprise weapon, that is, a weapon secretly developed
and used without warning. Fear of such surprise violation of pledged
word will surely break down any confidence in the pledged word of
rival countries developing atomic energy if the treaty obligations and
good faith of the nations are the only assurances upon which to rely.

Such considerations have led to a preoccupation with systems of
inspection by an international agency to forestall and detect violations
and evagions of international agreements not to use atomic weapons.
For it was apparent that without international enforcement no system
of security holds any real hope at all. :

In our own inquiry into possibilities of a plan for security we began
at this point, and studied in some detail the factors which would be
involved in an international inspection system supposed to determine
whether the activities of individual nations constituted evasions or
violations of international outlawry of atomic weapons.

We have concluded unanimously that there is no prospect of se-
curity against atomic warfare in a system of international agreements
to outlaw such weapons controlled only by a system which relies on
inspection and similar police-like methods. The reasons supporting
this conclusion are not merely technical, but primarily the inseparable
political, social, and organizational problems involved in enforcing
agreements between nations each free to develop atomic energy but
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poses are the heart of the difficulty. So long as intrinsically dangerous
activities may be carried on by nations, rivalries are inevitable and
fears are engendered that place so great a pressure upon a system of
international enforcement by police methods that no degree of in-
genuity or technical competence could possibly hope to cope with
them. We emphasize this fact of national rivalry in respect to in-
trinsically dangerous aspects of atomic energy because it was this
fatal defect in the commonly advanced proposals for outlawry of
atomic weapons coupled with a system of inspection that furnished
an important clue to us in the development of the plan that we recom-
mend later in this report.

We are convinced that if the production of fissionable materials by
national governments (or by private organizations under their con-
trol) is permitted, systems of inspection cannot by themselves be
made “effective safeguards . . . . to protect complying states
against the hazards of violations and evasions.”

1t should be emphasized at this point that we do not underestimate
theneed for inspection as a component, and & vital one, in any system
of safeguards—in any system of effective international controls. In
reading the remainder of this section it is essential to bear in mind
that throughout the succeeding sections of this report we have been
concerned with discovering what other measures are required in order
that inspection might be so limited and so simplified that it would be
practical and could aid in accomplishing the purposes of security.

The remainder of this section, however, is concerned with outlining
the reasons for our conclusion that a system of inspection superim-
posed on an otherwise uncontrolled exploitation of atomic energy by
national governments will not be an adequate safeguard.

The Technical Problem of Inspection.

Although, as we have said, a system of inspection cannot be judged
on technical grounds alone, an understanding of the technical problem
is necessary in order to see what an inspection system would involve.
The general purpose of such inspection (that is, inspection as the sole
safeguard) would be to assure observance of international agreements
according to which certain national activities leading more or less
definitely to atomic armament would be renounced, and others which
have as their purpose peaceful applications of atomic energy would be
permitted. The fact that in much of their course these two types of
activity are identical, or nearly identical, makes the problem one of
peculiar difficulty.
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nical Uommittee reporting to the vvar Department on the technical
aspectsof this problem.* We are indebted to this uniquely qualified
group of experts for helpful discussions and for making available to
us many of their reports, without which we should doubtless have
been very much slower to understand the situation.

As a result of our work with this Committee, we are clear: that
every stage in the activity, leading from raw materials to weapon,
needs some sort of control, and that this must be exercised on all of
the various paths that may lead from one to the other; that at no
single point can external control of an operation be sufficiently reliable
to be an adequate sole safeguard ; that there is need for a very extensive
and technically highly qualified and varied staff if the job is to be done
at all; that the controlling agency must itself be active in research and
development, and well informed on what is an essentially living art;
and that, for effective control, the controlling organization must be
as well and as thoroughly informed about the operations as are the
operators themselves. Finally—and this we regard as the decisive
consideration—we believe that an examination of these and other
necessary preconditions for a successful scheme of inspection will
reveal that they cannot be fulfilled in any organizational arrangements
in which the only instrument of control is inspection.

A fundamental objection to an agency charged solely with inspec-
tion is that it will inevitably be slow to take into account changes in
the science and technology of the field. One cannot look intelligently
for a factory of whose principle of design and operation one has never
heard. One cannot effectively inspect if the purpose of the operator
is to conceal the discoveries by which he hopes to evade inspection.
In a field as new and as subject to technical variation and change as
this, the controlling agency must be at least as inventive and at least
as well informed as any agency which may attempt to evade control.

Human Factors in Inspection.

Even more important than the technical difficulties of realizing
an adequate system of inspection, against & background of national
rivalry in the field of atomic energy, or through an organization whose
major or whose sole directive is suppressive, are the many human
factors which in such an arrangement would tend to destroy the
confidence and the cooperation essential to its success. The first

*Membership of this Technical Committee on Inspection and Control estab-
lished by the Manhattan District included L. W. Alvarez, R. F. Bacher, L. A.
Bliss, S. G. English, A. B. Kinzel, P. Morrison, F. G. Spedding, C. Starr, Col.
W. J. Williams, and Manson Benedict, Chairman.
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experts and administrators needed for the work. The work itself,
which would be ‘largely policing and auditing and attempting to
discover evidences of bad faith, would not be attractive to the type
of personnel essential for the job. The activity would offer the
inspectors & motive pathetically inadequate to their immense and
dreary task.

The presence of a large number of “foreigners” necessarily having
special privileges and immunities inquiring intimately and generally
into industrial and mining operations would be attended by serious
social frictions. For adequate inspection the numbers are large.
As an example, it has been estimated that for a diffusion plant oper-
ated under national auspices, to offer any real hope of guarding
against diversion, 300 inspectors would be required. They would
have to check not merely accounts and measuring instruments but
also individuals personally. Inquiries would need to be made of
individuals without regard to rank or general status. Moreover,
it would be especially important to check the location and employ-
ment of scientists and many techuologists, probably including
students. Industrial secrets would be at least to some extent open
to “prying”. The effect of this would vary with countries. It
would probably be as obnoxious to Americans as to any others.
Its corrosive effect upon the morale and loyalty of the inspecting
organizasion would be serious.

Some of the organizational difficulties involved in intimate inspec-
tion ‘“down the line” of one organization by another are known from
experiences that are undoubtedly mild compared with what we should
anticipate here. The following are illustrative of the political diffi-
culties of practical operation (quite apart from those to be expected
in adopting the international system to begin with). Adequate sur-
veillance by inspection as the sole or primary means of control in-
volves a persistent challenge of the good faith of the nations inspected.
If this were confined to relations between the chancellories and gen-
eral military staffs the difficulty while serious might not be insuper-
able. But official questioning of the good faith of a nation by con-
crete action of inspectors among its citizens is another matter and
would tend to produce internal as wecll as external political problems.
A somewhat similar problem is involved when a government (or its
officials or employees) interferes with the functions of inspectors or
molests or threatens them personally, or bribes or coerces them, or s
accused of doing any of these things. Such incidents could not be
avoided.
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tion and use of fissionable materials for purposes of war. It is obvious,
however, that suspicion by one nation of the good faith of another
and the fear engendered thereby are themselves strong incentives
{for the first to embark on secret illicit operations. The raw materials
of atomic energy, potentially valuable for new peacetime purposes
and of critical importance for war, are already a matter of extreme
competition between nations. The forces growing out of this situa-
tion and making for acute rivalry between nations seem to us far
more powerful than those which cause the present rivalries with
respect to such resources as oil. The efforts that individual states
are bound to make to increase their industrial capacity and build a
reserve for military potentialities will inevitably undermine any
system of safeguards which permits these fundamental causes of
rivalry to exist. In short, any system based on outlawing the purely
military development of atomic energy and relying solely on inspec-
tion for enforcement would at the outset be surrounded by conditions
which would destroy the system.

There is much technical information which underlies our belief
that inspection can be effective only if it is supplemented by other
steps to reduce its scope to manageable proportions, to limit the things
that need to be inspected, to simplify their inspection, and to provide
a pattern of organization which on the one hand will be of assistance to
the controlling agency, and on the other will minimize organizational
sources of conflict and the inducements to evasion. Much of this
technical information is interwoven with later sections of this report.
As the facts on which we base our recommendations for a workable
plan of control are discussed, the detailed considerations which led to
the conclusion stated in this section will appear more concretely than
in the foregoing summary.
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SECTION Il

Principal Considerations in Developing a System of
Safeguards

INTRODUCTION

At the outset of our inquiry we were preoccupied with some way of
making an inspection system provide security. This is a preoccu-
pation that is apparently common to most people who have seriously
tried to find some answer to the extraordinarily difficult problem pre-
sented by the atomic bomb. But as day after day we proceeded with
our study of the facts concerning atomic energy, and reflected upon
their significance, we were inescapably driven to two conclusions: (a)
the facts preclude any reasonable reliance upon inspection as the pri-
mary safeguard against violations of conventions prohibiting atomic
weapons, yet leaving the exploitation of atomic energy in national
hands; (b) the facts suggest quite clearly a reasonable and workable
system that may provide security, and even beyond security, foster
beneficial and humanitarian uses of atomic energy.

What Should be the Characteristics of an Effective System of Safeguards:

It may be helpful to summarize the characteristics that are desirable
and indeed essential to an effective system of safeguards; in other
words, the criteria for any adequate plan for security.

a. Such a plan must reduce to manageable proportions the problem
of enforcement of an international policy against atomic warfare.

b. It must be a plan that provides unambiguous and reliable danger
signals if a nation takes steps that do or may indicate the beginning
of atomic warfare. Those danger signals must flash early enough to
leave time adequate to permit other nations—elone or in concert—
to take appropriate action.

¢. The plan must be one that if carried out will provide security;
but such that if it fails or the whole international situation collapses,
any nation such as the United States will still be in a relatively secure
position, compared to any other nation.

d. To be genuinely effective for security, the plan must be one that
is not wholly negative, suppressive, and police-like. We are not
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must be one that will tend to develop the beneficial possibilities of
atomic energy and encourage the growth of fundamental knowledge,
stirring the constructive and imaginative impulses of men rather than
merely concentrating on the defensive and negative. It should, in
short, be a plan that looks to the promise of man’s future well-being
as well as to his security.

e. The plan must be able to cope with new dangers that may appear
in the further development of this relatively new field. In an organ-
izational sense therefore the plan must have flexibility and be readily
capable of extension or contraction.

f. The plan must involve international action and minimize rivalry
between nations in the dangerous aspects of atomic development.

The facts we have come to think essential, and the elements of our
thinking as we moved toward the plan we herein recommend, are set
out in this section, in the form of the considerations that are relevant
to an effective program for security, and that have led us to devise
what we believe is an adequate plan.

[10]

CHAPTER |

The Problem Has Definable Boundaries

This problem of building security against catastrophic use of
atomic energy is not one without boundaries. This is important.
For if the fact were that tomorrow or a year hence we might reason-
ably expect atomic energy to be developed from clay or iron or some
other common material then it is apparent that the problem of pro-
tection against the misuse of energy thus derived would be vastly
more difficult. But such is not the case. The only scientific evi-
dence worthy of regard makes it clear that in terms of security ura-
nium is indispensable in the productionof fissionable material on a scale
large enough to make explosives or power. The significance of this
fact for effective international control will appear.

As a first step in our work, we undertook a study, with the help of
the qualified members of our group, aimed at an understanding of the
well-established principles of nuclear physics upon which, among
other things, the conclusion is based that uranium is indispensable as
the primary source of atomic energy. These scientific principles are
not familiar, but they are capable of being appreciated by laymen.
Because the specific content of any system of control will be impor-
tantly influenced by the scientific principles and facts, we would
emphasize the importance of an appreciation of them. ¥or present
purposes, we shall state in greatly simplified terms certain conclusions
that are drawn from a full technical account of this subject.

Until 1942 the energy which man had learned to control for his
useful purposes derived almost exclusively (except for water, wind,
and tidal power) from chemical reactions. For practical purposes,
chemical combustion was the main source of energy. This energy
is the product of rearrangements of electrons in the periphery of
atoms and results from the change in chemical structure which occurs
in the process of combustion.

“Atomic energy,”’ as that term is popularly used, refers to the
energy that results from rearrangements in the structure of atomic
nuclei of elements. There are very strong forces which hold such
nuclei together and account for their stability. The nature of these
forces is not adequately understood, but enough is known about their
behavior, not only to make it certain that the energy of an atomic
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explain one major fact of decisive importance: Only in reactions of
very light nuclei, and in reactions of the very heaviest, has there ever

- been, to the best of our knowledge, any large-scale release of atomic
energy. The reasons for this can be given in somewhat oversimplified
form.

As to the light nuclei—The forces which hold all nuclear particles
together are attractive. When lighter nuclei combine to make heavier
ones, and in particular when the lightest nucleus of all, that of hydro-
gen, is combined with another light nucleus, these attractive forces
release energy. This combination of light elements to form somewhat
heavier ones occurs in the stars and of the sun; in the sun effectively
what happens is that hydrogen nuclei combine to form the more stable
nuclei of helium. Almost all sources of the energy used on earth
come to us from the sunlight which this great atomic energy plant
provides. But the conditions which make this plant possible are
very special, and we do not know how to duplicate them on earth;
we may very well never learn to do so. They depend on maintaining
matter deep in the interior of the sun at very high temperatures—
many millions of degrees. The nuclear reactions themselves provide
the energy necessary to keep the matter hot; and it is kept from
expanding and cooling by the enormous gravitational forces of attrac-
tion which hold the sun together and provide a sort of container in
which this temperature and pressure can be maintained. For the
foreseeable future the maintenance of such reactions on earth will
not be possible; in the immediate future it is certainly not possible.

As to the heaviest nuclei—Although nuclear reactions can be carried
out in the laboratory for all nuclei, and although in some cases a given
nuclear reaction may release energy even for nuclei of intermediate
weight, the properties which make the large-scale release of such
energy possible are peculiar, to the very light nuclei and to the very
heaviest. And the very heaviest nuclei have a property shared by
none of the the other elements. These very heavy nuclei generate
energy if they can be caused to split into lighter ones; this unique pro-
cess is called “fission.”” Perhaps a dozen nuclear species are known
which can be made to undergo fission; under more drastic treatment
no doubt the list will be extended. But to make atomic energy takes
more than the property of fission. The fission process itself must
maintain itself or grow in intensity so that once it is started in a
few nuclei a chain of reactions will be set up and a large part of the
material will become potentially reacting. The agency which initiates
this process is the neutron. In fission neutrons are emitted; and in
certain nuclei bombardment by neutrons is enough to cause fission.

(12]
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for which it is true—that substance is uranium. Uranium is the only
natural substance that can maintain a chain reaction. It is the key
to all foreseeable applications of atomic energy.

One may ask why there are so few materials which undergo fission,
and why so few of these can maintain a chain reaction. The reason
lies in the fact that only the heaviest nuclei are sufficiently highly
charged to come apart easily, and that only the most highly charged
of all are sufficiently susceptible to fission on neutron bombardment to
maintain a chain reaction. It is not to be anticipated that this situ-
ation will be invalidated by further scientific discovery. )

A word needs to be said about the role of thorium, which is slightly
more abundant than uranium, and for which fission is also not too
difficult to induce. Thorium cannot maintain a chain reaction,
either itself or in combination with any other natural material than
uranium. Nevertheless, it occupies an important position with
regard to safeguards. The reason for this is the following: Without
uranium, chain reactions are impossible, but with a fairly substantial
amount of uranium to begin with and suitably large quantities of
thorium a chain reaction can be established to manufacture material
which is an atomic explosive and which can also be used for the main-
tenance of other chain reactions.

Absolute control of uranium would therefore mean adequate safe-
guard .zegarding raw materials. Yet, since any substantial leakage
of uranium through the system of controls would make possible the
exploitation of thorium to produce dangerous amounts of atomic
explosive, provisions governing thorium should be incorporated in
the system to compensate for possible margins of error in the control
of uranium. The coexistence of uranium and thorium in some natural
deposits makes this technically attractive.

There can be little hope of devising a successful scheme of control
unless the problem can somehow be limited to the immediate future,
by arrangements that have a reasonable prospect of validity for the
next decade or two,’and which contain sufficient flexibility to accom-
modate themselves to inevitably changing conditions. We believe
that a system of control which disregards all materials except ura-
nium and thorium satisfies these conditions. Indeed if a successful
system of control can be commenced now, based upon these materials,
and if the time should ever come when other materials lend them-
selves to the same activities, it should in fact be far easier to include
them within the system than it will be to set up the initial control
gystem with which we are now concerned.

[13]



rowed by the geological conditions under which uranium and thorium
are found, and the fact that at present those elements have only a
restricted commercial significance. Although they are distributed
with relative abundance throughout the world, and although it is
clear that many sources beyond the known supplies will be discovered,
it is apparently the view of the authorities that these elements occur
in high concentrations only under very special geologic conditions.
This would seem to mean that the areas which need to be surveyed,
to which access must be had, and which would ultimately have to
be brought under control, are relatively limited.

[14]

CHAPTER |l
The Adequacy of Present Scientific Knowledge

There can be no question that its dynamic changing quality is one
of the dominant features of the present situation in the field of atomic
energy. Advances in knowledge must be expected in a constant
stream. Does this mean that a system of safeguards is impossible
because new knowledge will completely change the nature of the
problem from year to year or even month to month? The answer is
in the negative: .

When the atomic bomb was first used there was a widespread belief
that its development involved a few simple, static secrets. As it
became possible for people to learn how rapidly ideas and techniques
had changed in this field in the last years, and how many further
developments the future seemed to have in store, the original opinion
was replaced by another: that we knew very little of the possibilities
and limitations of this field and that it was so rapidly changing that
no account of the present technical situation would have much valid-
ity. This view has been expressed both in the preamble to a pending
Bill, which indicates that too little is known of the technical facts to
provide a firm basis for political action, and in such statements as one
attributed to a high official, that it would not be long before we could
extract atomic energy from common materials such as clay.

Neither the initial view of a static body of knowledge nor the later
one of unpredictably rapid change accurately describes the present
situation. As the preceding chapter has shown, there is a great deal
that we know about nuclear reactions—know solidly, firmly, and with
vast, interrelated experimental checks on the soundness of the descrip-
tion. Novelty will of course appear in scientific discoveries, but it
will appear for the most part not as a negation of present knowledge
but as the result of new types of physical experience made possible by
new methods of physical exploration, and in turn requiring new modes
of description. This future experience may have something to do
with the basic knowledge involved in release of atomic energy, but
there is no basis for believing this, and the chances are against it.
There is another type of novelty that lies in ingenious applications of
the fundamental facts as they are now known. This does not lessen
the importance of the underlying facts and of conclusions which can
unambiguously be drawn from them.
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pressing, 18 obvious. Such & Job lacks any dynamic qualties. 1t
does not appeal to the imagination. Its future opportunities are
obviously circumscribed. It might draw the kind of man, let us say,
who was attracted to prohibition squads in years past. Compare this
type of persounel with those who could be expected't(.) enter a system
under which it is clear that the constructive possibilities of atomic
energy may also be developed. Atomic energy then becomes a new
and creative field in which men may take pride as participants, what-
ever their particular role. They are in “on the ground floor” of a
growing enterprise. Growth, opportunities, future development—
these are the characteristics, let us say of the field of air transport that
have made it possible for the airlines to attract a high grade and
youthful personnel. .

The importance of this fact that atomic energy has beneficial uses
as well as destructive uses, in torms of the attraction of personnel in a
security organization will, of course, depend upon the functions given
to that organization, If the security organization has not only en-
forcement but also development functions, then this consideration of
beneficial possibilities becomes & most weighty one.

What are the beneficial possibilities? We have had the benefit of a
thoughtful, unpublished report on the technical possibilities now ap-
parent in this field. This report was prepared for the Secre?,ary‘ of
War’s Interim Committee on Atomic Energy by a panel of scientists
who worked with a large additional group of leading scientists in the
Geld.* The conclusions there stated represent an appraisal of t,h'ese
possibilities, that is, in our opinion, challenging and at the same time
balanced and restrained.

In introducing its conclusions the report observes that “We are
probably no more able to foresee the ultimate fruits of development
than were Faraday's contemporaries to understand what would
come of the discovery of electro-magnetic induction.” It gives a
further sense of perspective in emphasizing that “The uniqufs.pre-
occupation of the war years in the use of atomic energy for military
weapons . . . has probably retarded our understanding of other
applications.” We believe that this 1s equally true at pr.esent.

The report discusses two ““great fields” for beneficial use, ““the
development of atomic energy as a controlled source of power” and

‘the application of radiations and radioactivities to the growth of the

*This panel included A. H. Compton, E. Fermi, E. O. Lav:vrence, and J R.
Oppenbeimer. Their report was prepared in consultation with 8. K. A'lhson,
Zay Jeffries, C. C. Lauretaen, L. I. Rabi, C. A. Thomas, H. C. Urey, and with the
further help of numerous specialists.

[18]

exploitation of atomic energy as a tool for research will outweigh
the benefits to be derived from the availability of a new source of
power.” But this new source of power is itself regarded as of great
significance, and is thought to be ‘“ the most appropriate focal point for
the work of the next few years.”

“We have examined in some detail [the report continues] the
technical problems of making available heat and power on the scale
of present world consumption from controlled nuclear reactors. We
see no significant limitations on this development, either in the
availability or in the cost of the fundamental active materials. We
see characteristic limitations and characteristic advantages in atomic
power which make us regard it in great measure as a supplement to
existing sources, and an incentive to new developments, rather than
as a competitor, let us say, to coal or to petroleum products. We see
no foundation in current science for the hope that atomic power can
be effectively used for light, small portable units such as are required
for aircraft and for automotive transportation; but we believe that
the development of rather large power units for heat and conversion
to electrical energy is a program for the near future; that operating
units which will serve to demonstrate the usefulness and limitations
of atomic power can be in existence within a few years, and that
only the gradual.incorporation and adaptation of such units to the
specific demands of contemporary economy will involve a protracted
development.”

Finally, the report takes up the opportunities which have been
opened in the field of research by the prospect of a plentiful supply
of radioactive substances as byproducts of the manufacture of
fissionable materials, a circumstance which it has been said may

well be as significant for scientific progress as the ready availability
of microscopes for every laboratory.

“TIt should be understood [the report says] that work specifically
focused on atomic power need not and should not interfere with
making available to biology, medicine, chemistry, and physics the
radiations and activities characteristic of this field . . . We should
not be astonished if the greatest benefit of this program were in
fact to lie in therapy for some of the neo-plastic diseases, such as
cancer, or in the increased understanding of biological systems or
of the realities of the physical world, which will in turn open up
new fields of human endeavor.”

The full report contains descriptions in more concrete terms of some
of these possibilities. We are convinced that in the vigorous exploita-
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Under the most favorable conditions, the peril of atomic warfare
can be averted only by drawing upon the best human resources of
good will, imagination, and ingenuity. All experience teaches that
these resources cannot be tapped except by challenging opportunities.
One of the most serious dangers to the promotion of effective inter-
national action is the danger that our natural preoccupation with the
destructive aspects of atomic energy may blind us to its useful aspects.
Upon searching investigation, some of the latter may prove illusory.
But if the lessons of past scientific and technological progress mean
anything, we also know that many of these opportunities will mate-
rialize. We believe that only a system of safeguards which is built
around these hopeful prospects can succeed. We have tried through-
out this report to make explicit the connection between a system of
safeguards and these opportunities.

Important, perhaps even decisive, in the proposals we put forth in
this report is the fact that many of the constructive activities required
in the development of atomic energy involve no risks of providing a
material basis for weapons of war. This aspect of the matter is dealt
with in detail in Chapter V of this Section.

[20]

CHAPTER IV
The Elimination of International Rivalry

) It is clear that uranium and thorium are materials of great strategic
Importance to nations seeking to establish for themselves a powerful
position in the field of atomic energy. The fact that rich sources of
such materials occur in a relatively few places in the world, as com-
pa:red, for example, with oil, creates a competitive situation which
might easily produce intolerable. tensions in international relations.
We believe that so long as nations or their subjects engage in compe-
tition in the fields of atomic energy the hazards of atomic warfare are
very great indeed. We assume the General Assembly of the United
Nations, in setting up an Atomic Energy Commission, had this dis-
turbing fact much in mind.

What .is true in respect to the dangers from national competition
for uranium is similarly true concerning other phases of the develop-
ment of atomic energy. Take the case of a controlled reactor, a
power pile, producing plutonium. Assume an international agree-
ment-barring use of the plutonium in a bomb, but permitting use of
the pile for heat or power. No system of inspection, we have con-
cluded, could afford any reasonable security against the diversion of
such materials to the purposes of war. If nations may engage in this
fia.ngerous field, and only national good faith and international polic-
ing stand in the way, the very ezistence of the prohibition against the
use of such piles to produce fissionable material suitable for bombs
would tend to stimulate and encourage surreptitious evasions. This
danger in the situation is attributable to the fact that this potentially
hazardous activity is carried on by nations or their citizens.

It has become clear to us that if the element of rivalry between
nations were removed by assignment of the intrinsically dangerous
pha.ses of the development of atomic energy to an international organi-
zation responsible to all peoples, a reliable prospect would be afforded
for 8 system of security. For it is the element of rivalry and the
impossibility of policing the resulting competition through inspection
alone that make inspection unworkable as a sole means of control.
With that factor of international rivalry removed, the problem becomes
both hopeful and manageable.
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its functions as a safeguarder of the world’s future.

Such a development function also seems essential in terms of
attracting to the international agency the kind of scientists and
technicians that this problem requires, recognizing that a mere policing,

inspecting, or suppressing function would neither attract nor hold
them. '

[24]

CHAPTER V

“Safe” and “Dangerous” Activities .

It is true that the internationalization of activities intrinsically
dangerous to security reduces the hazards in the way of security and
does bring into more manageable form the problems of enforcement
and the suppression of atomic weapons. If it were necessary, in
such a scheme of safeguards, to vest in an international agency a total
monopoly as to all aspects of atomic energy, disadvantages would
arise 80 great as conceivably to make the prospect of effective inter-
nationalization itself beyond realization. Such an overall grant of
exclusive right to develop, operate, and utilize, conferred upon an
international agency, would change many of the industrial and eco-
nomic practices of this country, for example, and would change them
quite disadvantageously.

Such a complete international monopoly would be hard to live under.
Its restrictive limitations would chafe, and might in time cause serious
loss of support to the security purposes that lay behind the proposal
itself. Many of the considerations of complexity, irritation, the
engendering of suspicion, the encouragement of deceit that we found
militated against a system of safeguards based upon national opera-
tion and international inspection would to a lesser degree be repeated
by such an all-out proposal for centralization.

This problem need not arise. For there are important areas in the
field of atomic energy where there is no need for an international
monopoly, and where work may and should be open not exclusively
to the international organization, but to private and to national
institutions in a quite free manner. These fields are among those of
the greatest immediate promise for the beneficial exploitation of atomic
energy. They are technically complex and closely related to the cen-
tral scientific problems. That open and, in some respects, competi-
tive activity is possible in much of the field should go & long way
toward insuring contact between the experts of the international
organization and those outside it, in industry and in scientific and
educational organizations. The same fact should help correct any
tendencies that might otherwise develop toward bureaucratic inbreed-
ing and over-centralization, and aid in providing healthy, expanding
national and private developments in atomic energy.

[25]
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private exploitation are in themselves rather complex; to the discussion
of these we must now turn. These are, of course, activities which
without reliance on the conscious determination of the operators,
and with a minimum of control and supervision, are physically in-
capable of contributing to the making of atomic weapons.

A word may be in order about our views on what constitute “dan- -

gerous activities’’—those that, in our opinion, ought to be subject to
an international monopoly. It will be appreciated at the outset that
this distinction between the ‘“safe’” and the ‘‘ dangerous’ can be useful
without being completely sharp or fixed for all time.

In our view, any activity is dangerous which offers a solution either
in the actual fact of its physical installation, or by subtle alterations
thereof, to one of the three major problems of making atomic weapons:

I. The provision of raw materials,
II. The production in suitable quality and quantity of the fission-
able materials plutonium and U 235, and

III. The use of these materials for the making of atomic weapons.
Thus we regard the mining and processing of uranium as a dangerous
activity even though it must be supplemented by plants and ordnance
establishments if atomic weapons are to result. We regard the facil-
ities for making atomic weapons as dangerous even though some con-
trol be exercised over the provision of the fissionable material; and we
regard the operation of reactors or separation plants which make the
material for bombs or which, by relatively minor operational changes,
could make the material for bombs, as dangerous even though they in
turn would have to be supplemented by supplies of raw material and
by installations for assembling atomic weapons.

We need not regard as dangerous either amounts of material which
are small in relation to those needed to make a weapon or installation
whose rate of production is small in these terms. A further point
which will prove important in establishing the criteria for the safety
or danger of an operation is this: U 235 and plutonium can be dena-
tured; such denatured materials do not readily lend themselves to
the making of atomic explosives, but they can still be used with no
essential loss of effectiveness for the peaceful applications of atomic
energy. They can be used in reactors for the generation of power or
in reactors useful in research and in the production of radioactive
tracers. It is important to understand the sense in which denaturing
renders material safer. In the first place, it will make the material
unuseable by any methods we now know for effective atomic explo-
sives unless steps are taken to remove the denaturants. In the second
place, the development of more ingenious methods in the field of
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It i8 possible, both for U 235 and for plutonium, to remove the de-
naturant, but doing so calls for rather complex installations which,
though not of the scale of those at Oak Ridge or Hanford, nevertheless
will require a large effort and, above all, scientific and engineering
skill of an appreciable order for their development. It is not without
importance to bear in mind that, although as the art now stands de-
natured materials are unsuitable for bomb manufacture, developments
which do not appear to be in principle impossible might alter the
situation. This is 8 good example of the need for constant reconsider-
ation of the dividing line between what is safe and what is dangerous.

We would, however, propose as criterion that installations using

material both denatured and insufficient in quantity for the manu-

facture of bombs could be regarded as safe, provided the installations
did not themselves make large quantities of suitable material. With
some safeguards in the form of supervision, installations in which the
amounts of material are small, or in which the material is denatured,
might also be regarded as safe; but installations using or making
large amounts of material not denatured, or not necessarily denatured,
we would call dangerous.

‘Let us see now what we regard as safe activities in this field.

(1) Perhaps the clearest case is the application of radioactive
material as tracers in scientific, medical, and technological studies.
This is a field in which progress may be expected to be very rapid, -
and we can ses no reason at all for limiting, on grounds of safety, the
activities using such tracer materials.

(2) It is easy to design small nuclear reactors which use denatured
U 235 or plutonium. These reactors can be operated at a power
level low enough to be incapable of producing dangerous quantities
of fissionable materials but high enough to provide neutron sources
and gamma ray sources of unparalleled intensity. The material in
these reactors is neither in quantity nor in quality significant for
bomb production; even if one combined the material from many, no
practical method of making weapons would be available. On the
other hand, reactors of this kind can and almost inevitably will be
designed to operate at so low a power level that they cannot be used
to produce quantities of fissionable material which are of military
significance. Reactors of this general kind have the following im-
portant applications:

(@) They may be used to make radioactive materials, and as such
may be a supplement, and a valuable supplement, to the
more dangerous reactors operating at higher power levels;
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CHAPTER

Functions of Atomic Development Authority

In the field of raw materials—The first purpose of the agency will
be to bring under its complete control world supplies of uranium and
horium. Wherever these materials are found in useful quantities
the international agency must own them or control them under
effective leasing arrangements. One of its principal tasks will be to
conduct continuous surveys so that new deposits will be found and
80 that the agency will have the most complete knowledge of the world
geology of these materials. It will be a further function of the agency
constantly to explore new methods for recovering these materials from
media in which they are found in small quantities.

In this way there will be no lawful rivalry among nations for these
vital raw materials. Through its surveys the agency will be better
informed about their geology and extraction than any single nation
could possibly be. It will be in a better position to discover whether
and where illicit operations might occur than any inspection force
could possibly be. This is not to say that there is no risk of illicit
operations; any plan, any system of safeguards, involves some risk.
The question that must be answered in appraising the dangers is
whether the risk is so large that it is better to make no attempt at
international control and abandon the world to national atomic
armament.

As we have pointed out earlier, if the Atomic Development Authority
is the only agency which may lawfully operate in the raw materials
field, then any visible operation by others will constitute a danger
signal. This situation contrasts vividly with the conditions that would
exist if nations agreed to conduct mining operations solely for proper
purposes; for surreptitious abuse of such an agreement would be
very difficult to detect. It is far easier to discover an operation that
should not be going on at all than to determine whether a lawful
operation is being conducted in an unlawful manner.

For the purpose of its surveys, the international agency would
require access to various nations for its geologists and mining engineers.
But the known geology of the critical materials is such that it may be
possible to limit the degree of access from the start. And, as explora-
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knowledge would be necessary.

All the actual mining operations for uranium and thorium would
be conducted by the Authority. It would own and operate the re-
fineries for the reduction of the ores to the metal or salt. It would
own the stockpiles of these materials and it would sell the by-prod-
ucts, such as vanadium and radium. It would also provide the neces-
sary supplies of uranium and thorium for the present limited com-
mercial uses. All these sales would presumably go through normal
commercial channels.

In the field of raw materials as in other activities of the Authority,
extremely difficult policy questions, with the most serious social,
economic, and political implications, will arise. How shall nations
and individuals be compensated for reserves taken over by the
Authority? As between several possible mines in different areas,
which shall be operated when it is clear that the output of all is not
presently required? How can a stragetic balance be maintained
between nations so that stockpiles of fissionable materials will not
become unduly large in one nation and small in another? We do
not suggest that these questions are simple but we believe that prac-
tical answers can be found. An attempt to suggest an approach to
such answers is made later where the general question of policies of
the Authority is discussed.

Production Plants.—The second major function of the Authority
would be the construction and operation of useful types of atomic
reactors and separation plants. This means that operations, like
those at Hanford and Oak Ridge and their extensions and improve-
ments, would be owned and conducted by the Authority. Reactors
for producing denatured plutonium will be large installations and by
the nature of the process they will yield large amounts of energy as a
byproduct. As the technology of power development by this method
expands, ways will be found for utilizing this power both as heat and
as electricity. The existing plants are not designed to operate at a
sufficiently high temperature for the energy to be used for the gener-
ation of electrical power. One of the first research and development
problems of the Authority would be to develop designs of reactors
such that the energy released would be in form usable for the gener-
ation of electric power.

These production plants are intrinsically dangerous operations.
Indeed they may be regarded as the most dangerous, for it is through
such operations that materials can be produced which are suitable
for atomic explosives,
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FOREWORD

This report describes the effects of the atomlc bombs which were droj
on the Japanese cltles of Hiroshime and Nagaseki on August 6 and 9, 1945,
spectively. It summarizes all the authentic information that i1s available
damage to structures, Injuries to personnel, morale effect,.etc., which cs
_ releaged at this time without prejudiclng the securlty of the Unilted State

This report has been compiled by the Manhattan Englneer District of t
Unlted States Army under the directlon of MaJjor General Leslle R. Groves,
Specilal acknowledgement to those whose work contributed largely to this re

18 made to:

The Speclal Manhattan Englneer District Investigating Group,
The Unlted States Strateglc Bombing Survey,
The British Misslon to Japan and

The Jolnt Atomic Bomb Investigating Group (Medical)
and particularly to the following individuals-

Col. Stafford L. Warren, Medical Corps, Uhited States Army for
his evaluation of medical data,

Capt. Henry L. Barmett, Medlcal Corps United States Army, for
his evaluation of medical data, - .

Dr. R. Serber, for his comments on flash burn,

Dr. Hans Bethe, Cornell Unlversity, for his information of the
nature of atomlc exploslons,

MaJjors Noland Varley and Walter C. Youngs, Corps of Englneers,
Unlted States Army, for their evaluation of physlcal damage
to structures,

J. O, Hirschfelder, J. L., Magee, M. Hull, and S. T. Cohen, of
the Los Alamos Laboratory, for thelr data on nuclear explosion

Lieut. Col. David B. Parker, Corps of Englneers, Uhited States
Arnmy, for edlting this report.
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INTRODUCTION

Statement by the Presldent of the United States: "Sixteen hours ago an

" American alrplane dropped one bomb on Hlroshima, Japan, and destroyed its use-
fulness to the enemy. That bomb had more power than 20,000 toms of T.N.T. It
had more than two thousand times the blast power of the British Grand Slam,
which 1s the largest bomb ever yet used in the history of warfare".

These fateful words of the President on August 6th, 1945, marked the first
public announcement of the greatest sclentific achievement in history. The
atomic bomb, first tested in New Mexico on July 16 l9h5, had Just been used
agalnst a military target.

On - August 6th, 1945, ab '8:15 A.M., Japanese time, a B-29 heavy bomber
flying at high altltude dropped the first atomic bomb on Hiroshims. More than
L square miles of the clty were instantly and completely devastated. 66,000

people were killed, and 69,000 injured.

On August 9th, thfee‘daye later, at 11:02 A.M., another B-29 dfopped the
gsecond bomb on the industrial section of the clty of Nagasakl, totelly destroy-
ing. l% square miles of the cilty, killing 39,000 persons, and injuring 25,000
more.

On August 10, the Qay after'the atomic bombing ef'Nagasaki, the Japanese

government requested that 1t be permitted to surrender under the terms of the
Potsdam declaration of July 26th which 1t had previously ignored.
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THE MANHATTAN PROJECT ATOMIC BOMB INVESTIGATING GROT

- On August 11lth, 1945, two days after the bombing of Nagasaki, a messa
was dispatched from Major General Leslie R. Groves to Brigadier General Th
F. Farrell, who was his deputy 1n atomic bomb work and was representing hi
operations in the Pacific, directing him to organize a apecial Manhattan P

ect Atomic Bomb Investigating Group.

: This Group was to secure scilentific, technical and medicdl intelligen
in the atomic bomb field from within Japan as soon as possible after the
cessation of hostilities. The mission was to conaist of three groups: 5

1. Group for Hiroshima.

2. Group for Nagasaki.
3. Group to secure information concerning general Japanese activitie

in the field of atomic bombs.

. The first two groups were organized to accompany the first American
troops into Hiroghima and Nagasaki. v

The primary purposes of the mission were as follows,. in order of impo
tance: .

. 1l. To make certain that no unusual hazards were present in the boambe

cities. .
2. To secure all possible information concerning the effects of the
bombs, both usual and unusual and particularly with regard to radiocactive

fects, 1f any, on the targets or elsewhere.

General Groves further stated that all availables specialist personnel
instruments would be sent from the United States, and that the Supreme All
Commander in the Pacific would be informed about the organlzation of the

mission.

- On the same day, 11 August, the special personnel who formed the part
the investigating group to be sent fram the Unlted States were selected an
ordered to California with instructions to proceed overseas at once to ac-
complish the purposes set forth in the message to General Farrell. The ma
party departed from Hamilton Field, California on the morning of 13 August
arrived in the Marianas on 15 August

On 12 August the Chief of Staff sent the Theater Commander the follow
message: .

"FOR MACARTHUR, SIGNED MARSHALL:
"GROVES HAS ORDERED FARRELIL AT TINIAN TO ORGANIZE A SCIENTIFIC GROUP

THREE SECTIONS FOR POTENTTIAL USE IN JAPAN IF SUCH USE SHOULD BE DESIRED. ‘!
FIRST GROUP IS FOR HIROSHIMA, THE SECOND FOR NAGASAKI, AND THE THIRD FOR 1

PURPOSE OF SECURING INFORMATION CONCERNING GENERAL JAPANESE ACTIVITIES IN '
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FIELD OF ATOMIC WEAPONS. THE GROUPS FOR HIROSHIMA AND NAGASAKI SHOULD ENTER
THOSE CITIES WITH THE FIRST AMERICAN TROOPS IN ORDER THAT THESE TROOPS SHALL
NOT BE SUBJECTED TO ANY POSSIBLE TOXIC EFFECTS ALTHOUGH WE HAVE NO REASON TO
'BELTEVE THAT ANY SUCH EFFECTS ACTUALLY EXIST. FARRELL AND HIS ORGANIZATION

HAVE ALL AVATLABLE INFORMATTON ON THIS SUBJECT."

» General Farrell arrived in Yokohama on 30 August, with the Commanding
General of the 8th Army; Colonel Warren, who was Chief of the Rediological
Divieion of the District, arrived on 7 September. The maln body of the in-
vestigating group followed later. Preliminary inspectlons of Hiroshlma and
Nagasakl were made on 8-9 and 13-14 September, respectively. Members of the
press had been enabled to precede General Farrell to Hiroshima.

The speclal groups spent 16 days in Nagasakil and 4 days in Hiroshima,
during which time they collected as much information as was posslble under
their directlves which called for a prompt report. After Gemeral Farrell re-
-turned’ to the U.S. to make hils preliminary report, the groups were headed by
Brigadier General J. B. Newman, Jr. More extensive surveys have been made .
since that time by other agencies who had more time and personnel available
for the purpose, and much of their additional data has thrown further light or
the effects of the bomblngs. This data has been duly considered in the making
of this report. :

PROPAGANDA

On the day after the Hiroshima strike, General Farrell received instruc-
tlons from the War Department to engage in a propaganda campailgn agelnst the
Japanese Emplre 1n connection with the new weapon and 1te use agalnst
Hiroshima. The campalgn was to include leaflets and any other propaganda conr
sidered appropriate. With the fullest cooperation from CINCPAC of the Navy
and the United States Strateglc Alr Forces, he lnltlated promptly a campalgn
which included the preparation and distribution of leaflets, broadcasting via
short wave every 15 minutes over.radlo Salpan and the printing at Sailpan and
distribution over the Empire of a Japanese langusge newspaper which included

the description and photographs of the Hiroshima strike.

The campalgn proposed:

1. Dropping 16,000,000 leaflets in a period of 9 days on 47 Japanese
citles with population of over 100,000. = These citles represented more than
4L0% of the total population.

2. Broadcgst of propagande at regular intervals over radio Salpan.
3. Distribution of 500,000 Japanese language newspapers containing
stories and plctures of the atomic bomb attacks.

The campaign continued until the Japanese began thelr surrender negotia;
tiona. At that timg gome 6,000,000 leaflets and a large number of newspapers



had been dropped. The radilo broadcasts in Japanese had been carried out a
regular 15 minute intervals.

SUMMARY OF DAMAGES AND INJURIES

Both the Hiroshima and the Nagasakl atomic bombs exhibilited similar
effects.

The damages to man-made structures and other inanimate obJects was th
result in both citiles of the following effects of the explosions:

A. Blast, or pressure wave, similar to that of normal explosions.

B. Primary fires, i1.e., those fires started Iinstantaneously by the h
radlated from the atomic explosion. '

C. Secondary fires, i.e., those fires resulting from the collapse of
bulldings, damage to electrical systems, overturning of stoves, and other

primary effects of the blast.
D. Spread of the original fires (B and C) to other structares.

The casualties sustalned by the inhabitants of both cities were due t

»

A. "Flash" burns, caused directly by the almost instantaneous radiat
of heat and light at the moment of the explosion. .

B. Burns resulting from the fires caused by the explosion.

C. Mechanical injuries caused by collapse of bulldings; flying debri:
and forceable hurling - about of persons struck by the blast pressure wave

D. Radiation injuries caused by the instantaneous penetrating radiat:
(in many respects similar to excessive X-ray exposure) from the nuclear ex
plosion; all of these effective radiations occurred during the first minut.
after inlitlation of the explosion, and nearly all occurred during the firs

second of the explosion.

No casualties were suffered as a result of any persistent radioactivr
of filsslon products of the bomb, or any induced radioactivity of obJjects n
the explosion. The gamma radiations emitted by the nuclear exploslon dld :

of course, inflict any damage on structures.

' The number of casualties which resulted from the pure blast effect al
(i.e., because of simple pressure) was probably negligible in comparison t«
that caused by other effects.

The central portions of the citles underneath the explosions suffered
almost complete destruction. The only surviving obJjects were the frames o:
small number of strong reinforced concrete buildings which were not collaps
by the blast; most of these bulldings suffered extensive damage from inter:
fires, had their windows, dcors, and partitions knocked out, and all other
fixtures which were not integral parts of the reinforced concrete frames
burned or blown away; the casualtles in such bLulldings near the center of ¢
ploaion were almost 100%. In Hiroshima fires sprang up simultaneously all
the wide flat central area of the city; these fires soon combined In an im
"fire storm" (high winds blowing inwards toward the center of a large confl
gration) similar to those caused by ordinary mass incendiary ralds; the re-
sulting terrific conflagration burned out almost everything which had not
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already been destroyed by the blast in a roughly circular area of L.kt square
mileg around the point directly under the explosion (this point will hereafte:
in this report be referred to as X). Similar fires broke out in Nagasakl, bui
no devastating fire storm resulted as 1n Hiroshima because of the irregular
shape of the city

In both cities the blast totally destroyed everything within a radius of
1 mile from the center of explosion, except for certain reinfcrced concrete
frames as noted above. The atomlc explosion almost completely destroyed
Hiroshima's identity as a city. Over a fourth of the population was killed
in one stroke and an additional fourth seriously injured, so that even if
there had been no damage to structures and installations the normal city life
would still have been completely shattered. Nearly everything was heavily
damaged up to a radlus of 3 miles from the blast, and beyond this. distance
damage, although comparatively light, extended for several more miles. Glass
was broken up to 12 miles. . '

In Negagaki, a smaller area of the city was actually destroyed than in .
Hiroshima, because the hills which enclosed the target area restricted the
spread of the great blast; but careful examination of the effects of the ex-
plosion gave evidence of even greater blast effects than in Hiroshima. Total
destruction spread over an area of about 3 square mlles. Over a third of the
50,000 buildings in the target area of Nagasakl were destroyed or seriously
damaged. The complete destructlion of the huge steel works and the torpedo
plant was especlally lmpressive. The steel frames of all bulldings within a
mile of the explosion were pushed away, as by a glant hand, from the point of
‘detonation. The badly burned area extended for 3 miles in length, The hill-
sides up to a radius of 8;000 feet were scorched, glving them an autumnal
appearance.

 MAIN CONCLUSIONS

The following are the main conclusions which were reached after thorough
examination of the effects of the bombs dropped on Hiroshima and Nagasaki'

1. No harmful emounts of persistent radioactivity were present after the
explosions as determined by- ,

A, Measurements of the intensity of radioactivity at the tlme of the
investigation; and

B. Failure to find any clinical evidence of. persons harmed by persisteni
radioactivity.

2, The effects of the atomic bombs on human beings were of three main
types:

A. Burns, remarkable for (1) the great.ground area over which they were
inflicted and (2) the prevalence of "flash" burns caused by the instantaneous
heat radiation. - .

, B. Mechanical injuries, also remarkable for the wide area in which
suffered. '
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C. Effects resulting from penetrating gamma radiation, The effects
from radiation were due to instantanecus discharge of radiation at the mome
of explosion and not to persistent radioactivity (of either fission product
or other substances whose radioactlvity might have been induced by proximit

to the explosions).

3. The effects of the atomic bombs on structures and installations we
of two types:

A. Destruction caused by the great pressure from the blast; and
B. Destruction caused by the fires, either started directly by the gr
heat radiation, or indirectly through the collapse of buildings, wiring, et

4., The actual tonnage of T.N.T. which would have caused the same blaa
‘damage was approximately of the order of 20,0C0 tons.

5. In respect to their height of burst, the bombs performed exautly
according to design. .

6. The bombs Were placed in such positions that they could not have 4
more damage from any alternative bursting point in either city.

7. The heights of burst were correctly chosen having regard to the ty
of destruction 1t wag desired to cause.

: 8. The 1nformation—collected would enable a reasonablj accnrate predi
tion to be made of the blast damage likely to be caused in any city where a
atomic explosion could be effected.

THE SELECTION OF THE TARGET

Some of the most frequent queries concerning the atomic bombs are thos
dealing with the selection of the targets and the decislon as to when the

bombs would be used.

The approximate date for the first use of the bomb was set in the fall
of 1942 after the Army had taken over the direction of and responsibility f
the atomic bomb project. At that time, under the sclentiflc assumptions wh
turned out to be correct, the summer of 1945 was named as the most likely d
when sufficlient production would have been achieved to make it possible ac-
tually to congtruct and utilize an atomic bomb. It was essentlal befare th
time to develop the technique of constructing and detonating the bomb and t

make an almost infinlite number of sclentific and englneering developments a
tests. Between the fall of 1942 and June 1945, the estimated probabilities

of success had risen from about 60% to above 90%; however, not until July 1
1945, when the first full-scale test took place in New Mexico, was it cori-
clusively proven that the theories, calculatlons, and engineering were cor-
rect and that the bomb would be successful.

The test in New Mexico was held 6 days after sufficlent material had D

come available for the first bomb. The Hiroshima bomb was ready awaiting s
able weather on July 31st, and the Nagasakl bomb was used as soon after the
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Hiroshima bomb as 1t was practicable to operate the second mission.

The work on the actual selection of targets for the atomic bomb was begur
in the spring of 1945. This was done in close cooperation with the Commanding
General, Army Air Forces, and his Headquarters. A number of experts in variotv
fields assisted in the study. These included mathematicians, theoretical phys
icists, experts on the blast effects of bombs, weather consultants, and variov
other gpeclalists. Some of the im@ortant consilderations were:

A, The range of the aircraft which would carry the bomb.,
- B. The desirabllity of visual bombing in order to lnsure the most effec-
tive use of the bomb. v
C. Probable weather conditions in the target areas.
. D. Importance of having one primary and two secondary targets for each
- migslon, go that i1f weather conditions prohibited bombing the target there
would be at least two altermates.
© E, Selectlon of targsts to produce the greatest mllitary effect on the
Japanese people and thereby most effectlively shorten the war.
- “F. The morale effect upon the enemy.

. These led in turn to the following:

A, Since the atomic bomb was expected to produce 1ts greatest amount of
damage by primery blast effect, and next greatest by flres, the targets should
contaln a large percentage of closely-built frame bulldings and other construc
tlon that would be most susceptible to damage by blast and fire.

_B. The maximum blast effect of the bomb was calculated to extend over ar
area of approximately 1 mlle in radius; therefore the selected targets should
contaln a densely built- -up area of at least thils size.

C. The selected targets should have a high military strategic value.
D. The first target should be relatively untouched by previous bombing,
in order that the effect of a single atomic bomb could be determined.

. The weather records showed that for five years there had never been two
successive good visual bombing days over Tokyo, indicating what might be ex-
pected over other targets in the home 1slands. The worst month of the year fc
visual bombing was believed to be June, after which the weather should improve
slightly during July and August and then become worse again during September.
Since good bombing conditions would occur rarely, the most intense plans and
" preparations were necessary in order to secure accurate weather forecasts and
to arrenge for full utilization of whatever good weather might occur. It was
also very desilrable to start the railds before September.

DESCRIPTION OF THE CITIES BEFORE THE BOMBINGS
Hiroshima

The city of Hiroshima is located‘on the broad, flat delta.of the Ota
River, which has T channel outlets dividing the city into six islands which
projJect into Hiroghima Bay. The city is almost entirely flat and only



s8lightly above sea level; to the northwest and northeast of the clty some
hills rise to 700 feet. A single hill in ths eastern part of the city pro
about % 5 mile long and 221 feet 1n height interrupted to some extent the
spreading of the blast damage; otherwlse the cilty was fully exposed to the
bomb. Of a city area of over 26 square miles, only 7 square mlles were co
Pletely bullt-up. There was no marked separation of cammerclal, industria
and residential zones. 75% of the pcpulation was concentrated in the dens
bullt-up area in the center of the city.

"Hiroshima was a city of conslderable military importance. It contain
the 2nd Army Headquarters, which commanded the defense of all of southern
Japan. The city was a communications center, a storage point, and an assel -
area for troops. To quote a Japanese report, "Probably more than a thousa
times since the beglnning of the war did the Hiroshima citizens see off wi

‘cries of 'Banzal' the troops leaving from the harbor,"

The center of the city contained a number of reinforced concrete buil
ings as well as lighter structures. Outslde the center, the area was con-
gested by a dense collection of small woocden workshops set among Japanese
houses; a few larger industrlal plants lay near the outskirts of the city.
The houses were of wooden construction with tile roofs. Many of the indus-
buildings also were of wood frame construction. The city as a whole was h:
susceptible to fire damage. '

Soms of the reinforced concrete bulldlngs were of a far stronger'cons
tion than 1s required by normal standards in America, because of the earth.
quake danger in Japan. This exceptlionally strong construction undoubtedly

‘counted for the fact that the framework of some of the bulldings which were
.falrly close to the center of damage 1in the clty did not collapse.

The population of Hiroshimas had reached & peak of over 380,000 earlie:
.the war but prior to the atomic bombilng the populatlon had steadlly decreat
because of & systematic evacuatlon ordered by the Japanese government. At
time of the attack the population was approximately 255,000, This figure !
based on the registered population, used by the Japanese in computing ratic
quantlities, and the estimates of additional workers and troops who were br¢
into the clty may not be highly accurate. Hlroshima thus had approximstely
the sams number of people as the city of Providence, R.I., or Dallas, Tex.

Nagasakl

Nagasakl lles at the head of a long bay which forma the best natural !
bor on the southern Japanese home 1sland of Kyushu. The main commercilal ar

, ‘resldentlial area of the clty lles on & small plain near the end of 'the bay.

Two rivers divided by a mountain spur form the two maln vallsys 1n which tl
clty lies., Thils mountaln spur and the Ilrregular lay-out of the clty tremer
dously reduced the area of destruction, so that at first glance Nagasakl aj
peared to have been less devastated than Hiroshima.

The heavily build-up ares of ths c¢lty ls comfined by the terrain to le
than 4 square miles out of a total of about 35 square miles in the clty as

whols.



The city of Nagasaki had been one of the largest sea ports in southern
Japan and was of great war-tlme lmportance because of 1ts many and varied in-
dustries, Including the production of -ordnance, ships, military equipment, and
other war materlals. The narrow long strip attacked was of particular lmpor-
tance because of 1lts Industries.

In contrast to many modern aspects of Nagasakl, the residences almost
without exception were of flimsy, typlcal Japanese construction, consisting of
wood or wood-frame bulldings, with wood walls with or without plaster, and
tlle roofs. Many of the smaller industries and business establighments were
also housed in wooden buildings or flimsily bullt masonry bulldings. Nagasakl
had been permitted to grow for many years wilithout conforming to any definite
. city zoning plan and therefore resldences were constructed adjacent to factory

buildings and to each other almost as close as 1t was possible to build them
throughout the entilre industrial valley.

" THE ATTACKS
Hiroshima

Hiroshima was the primary target of the first atomic bomb mission. The
misgion went smoothly in every respect. The weather was good, and the crew. ant
equipment functloned perfectly. In every detall, the attack was carried out
exactly as plannsd, and the bomb performed exactly as expected.

The bomb éXploded over Hiroshims at 8:15 on the morning of August 6, 19k5,
About an hour previously, the Japanese early warning radar net had detected v
the approach of soms Amsrican alrcraft headed for the gsouthern part of Japan,
The alert had been glven and radlo broadcasting stopped in many cltles, among
them Hiroshima. The planes. approached the coast at a very high sltitude. At
nearly 8:00 A.M., the radar operator in Hiroshima determined that the number
of planes coming in was very small -.probably not more than three - and the
alr raid alert was lifted. The normal radio broadcast warning was glven to
tie people that 1t might be advlisable to go to shelter 1f B-29's were actually

“sighted, but no raid was expected beyond soms sort of reconnalssance. At 8:15
AM,., the bomb exploded with a blinding flash In:the sky, and a great rush of
alr and a loud rumble of nolse extended for many mlles around the clty; the .
flrst blast was soon followed by the sounds of falling buildings and of grow-
ing fires, and a great cloud of dust and smoke. began to cast a pall of dark-
ness over the city. .

At 8: 16 A.M,., the Tokyo control operator of the Japanese Broadcasting
Corporation noticed that the Hiroshima staticn had gone off the alr. He triled
to use -another telephons line to réestablish his program, but it too had
falled. - About twenty minutes later the Tokyo raillroad telegraph center real-
ized that the main line telegraph had stopped working Just north of Hiroshima.
From some small rallway stops within ten miles of the city there came unoffi-
clal and confused reports of a terrible explosion in Hiroshima., All these re-
porte were transmitted to the Headquarters of the Japanese General Staff.

Military headquarters repeatedly tried to call the‘Army Control Statlon
in Hiroshima, The complete sllence from that city puzzled the men at
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Headquarters;'they knew that no large enemy rald could have occurred, and -
knew that no sizeable store of explosives was in Hiroshimas at that time. .

young officer of the Japanese General Staff was instructed to fly lmmediat:

to Hiroshima, to land, survey the damage, and return to Tokyo with reliabl
information for the staff. It was generally felt at Headquarters that notl
serious had taken place, that it was all a terrible rumor starting from a :

gparks of truth.

The staff officer went to the alrport and took off for the southwest.
After flying for about three hours, while still nearly 100 miles from
Hiroshima, he and his pilot saw a great cloud of smoke from the bomb, In i
bright afternoon, the remains of Hiroshima were burning. .

Their plane soon reached the city, around which they circled in disbe:
A great scar on the land, still burning, and covered by a heavy cloud of a
wag all that was left of a great city. They landed south of the city, and
staff officer immedlately began to organize relief measures, after reporti

Tokyo.

' Tokyo's first knowledge of what had really caused the disaster came fi1
the White House public announcement in Washington sixteen hours after Hiro
shima had been hit by the atomic bomb.

Naggsaki

Nagasaki had never been subjected to large scale bombing prior to the
plosion of the atomlc bomb there. On August lst, 1945, however, a number c¢
high explosive bombs were dropped on the city. A few of these bombs hit ir
the shipyards and dock areas in the southwest portion of the city. Several
the bombs hit the Mitsubishi Steel and Arms Works and six bombs landed at t
Nagasald Medical School and Hospital, with three direct hits on buildings
there. While the damage from these few bombs were relatively small, it cre
considerable concern in Nagasaki and a number of people, principally school
children, were evacuated to miral areas for safety, thus reducing the popu]
tion in the city at the tlme of the atomic attack.

On the morning of August 9th, 1945,at about 7:50 A.M., Japenese time,
air raid alert was sounded in Nagasaki, but the "All clear" signal was give
at 8:30. When only two B-29 superfortresses were sighted at 10:53 the
Japanese apparently agsumed that the planes were only on reconnailssance and
no further alarm was given. A few moments later, at 11:00 o'clock, the ob-
gervation B~29 dropped instruments attached to three parachutes and at 11:C
the other plane releaged the atomic bomb. .

The bamb exploded high over the industriel valley of Nagasakl, almost
nidway between the Mitsubishl Steel and Arms Works, In the south, and the
Mitsubishi-Urakami Ordnance Works (Torpedo Works), in the north, the two
principal targets of the city,

Despite its extreme Importance, the flrst bombing mission on Hiroshima
had been almost routine. The second mission was not so uneventful. Again
the crew was specially trained amnd selected; but bad weather introduced som
momentous complications. These complications are best described in the bri
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account of the mission's weaponeer, Comdr., now Capt., F. L. Ashworth, U.S.N.
who was in technical command of the bomb and was charged with the responsibil
ity of Insuring that the bomb was successfully dropped at the proper time and
on the deslgnated ta:r'get His na.rra.tive runs as follows:

"The night of our take-off was one of tropica.l ra.in squalls , and flashes
of lightning stabbed into the dariness with disconcerting regularity. The
weather forecast told us of storms all the way from the Marianas to the Empiz
Our rendezvous was to be off the southeast coast of Kyushu, some 1500 miles
away, There we were to Join with our two companion observation B-29's that
took off & few minutes behlind us., Skillful plloting and expert navigation
brought us to the rendezvous wlthout incildent.

"About five minutes after our arrival, we were Joined by the first of ot
B-29's. The second, however, falled to arrive, having apparently been throwr
off 1ts course by storms during the night. We walted 30 minutes and then prc
ceeded without the second plane toward the target area. ‘

"During the approach to the target the special instruments installed in
the plene told us that the bomb was ready to function. We were prepared to
drop the second atomic bomb on Japen. But fate was against us, for the targe
was completely obscured by smoke and haze, Three times we a.ttempted. bombing
runs, but wlthout success. Then wilth antl-aircraft fire bursting around us
and with a number of enemy fighters coming up a.fter us, we headed for our
secondary ta.rget . Na.ga.saki . v :

"The bomb. burst with a blinding flash and a huge oolumn of black smoke
swirled up toward us. Out of this column of smoke there bolled a greut
swirling mushroom of gray eamoke, luminous wlth red, flashing flame, that
reached to 40,000 feet in less then 8 minutes. 'Below. through the clouds we .
could see the pall of black amoke ringed with fire that covered what had beer
the industrial area of Nagasaki.

"By this time our fuel supply was d.a.ngerbusly low, so after one qﬁick '
clrcle of Naga.sa.ki , we headed direct for Okinawa for an emergency la.nd_'Lng and
refueling . :

GENERAL COMPARISON OF HIROSHIMA AND NAGASAK]

v . It was not at first a.ppé.rent to even tralned observers visiting the two
J a.pa.nese cltles which of the two bombs had been the most effective.

In some respects, Hiroshims looked worse tha.n Nagasaki, The Tire deamage
in Hiroshims was much more complete, the center of the city was hit and every
thing but the reinforced concrete buildings had virtually disappeared. A
desert of clear-swept, charred remalns, with only a few strong bullding freme
left sta.nd.ing was a terrifylng sight. :

. At Nagasa.ki there were no builldings Just underneath the center of explo-
slon. The damage to the Mitsubishi Arms Works and the Torpedo Works was
spectacular, but not overwhelming, There was something left to see, and the
main contours of some of the buildings were still normal.
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An observer could stand in the center of Hiroshime and get a view of 1
most of the city; the hills prevented a similar overall view in Nagasaki.
Hiroshima impressed itself on one's mind as a vast expanse of desolation; 1
nothing as vivid was left in one's memory of Nagasaki.

When the observers began to note details, however, striking difference
appeared. Trees were down In both citles, but the large trees which fell :
Hiroshima were uprooted, while those in Nagasakl were actually snapped off,
A few reinforced concrete bulldings were smashed at the center in Hiroshims
but in Nagaseki equally lheavy damage could be found 2,300 feet from X. In
study of obJects which gave definite clues to the blast pressure, such as
squashed tin cang, dished metal plates, bent or snapped poles and like, it
was soon evident that the Nagasakl bomb had been much more effective than 1
Hiroshima bomb. In the description of damage which follows, it will be nol
that the radius for the amount of damage was. greater in Nagasa.ki than Hiros

GENERAL DESCRIPTION OF DAMAGE
CAUSED BY THE ATOMIC EXPLOSIONS

- In considering the devastation in the two cities, it should be remembe
that the citles' differences in shape and topography resulted ln great dif-
ferences in the damages. Hiroshima wes all on low, flat ground, and was
roughly circular in shape; Nagasakl was much cut up by hills and mountain &
wlith no regularity to its shape.

In Hiroshims almost everything up to about one mile from X was complei
destroyed, except for a small number (about 50) of heavily reinforced concr
buildings, most of which were speclally designed to withstand earthquake st
which were not collaepsed by the blast; most of these bulldings had their ir
teriors completely gutted, and all windows, doors, sashes, and frames rippe
out, In Nagasaki, nearly everything within 1/2 mile of the explosion was

. destroyed, Iincluding heavy structures. All Japanese homes were destroyed w

in 1 1/2 miles from X.

Underground air raid shelters with earth cover roofs Immediately below
the explosion had thelr roofs caved in; but beyond 1/2 mile from X they suf

" Pered no dsmage. .

e

In Na.gasa.ki , 1500 feet from X high'qua.lity gteel frame bulldings were
completely collapsed, but the entire buildings suffered mess distortion and

panels and roofs were blown in.

In Nagasaki, 2,000 feet from X, reinforced concrete buildings with 10"
wallg and 6" floors were collapsed; reinforced concrete buildings with 4" w
and roofs were standing but were badly damaged. At 2,000 feet some 9" conc
walls were completely destroyed _ :

' In Nagasaki, 3,500 oot from. x, church buildifgs with 18" brick walls
completely destrOJed l”’" brick walls were severly cracked as far as 5,00C

feet.

In Hiroshima, L ,1#00 feet frem X, multi~story brick bulldings were cam-
pletely demolished. In Nagasakl, similar buildings wers destroyed to 5,30C
feet. e . o
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In Hiroshima, roof tiles were bubbled (melted) by the flash heat out to
4,000 feet from X; in Nagasaki, the same effect was observed to 6,500 feet.

In Hiroshimsa, $teel frame buildings were destroyed 4,200 feet from X, and
to 4,800 feet in Nagasakl.

Ih both cltles, the mass distortion of large steel builldings was observed
out to 4,500 feet from X.

In Nagasakl, reinforced concrete smoke stacks with 8" walls, speclally
deslgned to withstand earthquake shocks, were overturned up to 4,000 feet
from X,

- In Hiroshim&, steel frame bulldings suffered severe structural damage up
to. 5 TO00 feet from X, and in Nagasakl the same damage was sustained as far as
6,000 feet.

In Nagesakil, 9" brick walls were heavily cracked to 5,000 feet, were moa-
erately cracked to 6,000 feet, and slightly cracked to 8,000 feet. In both
cltles, light concrete buildings collapsed out to 4,700 feet,

In Hiroshima, multl-story brick builldings suffered gtructural damage up
to 6,600 feet, and in Nagasaki up to 6,500 feet from X.

In both cltles overhead electric installations were destroyed up to 5,500
feet; and trolley cars were destrdyed up to 5,500 feet, and damaged to 10,500
feet.

Tlash ignition of dry, combustible materlal was observed as far as 6,hOO
feet from X in Hiroshima, and in Nagasakl as far as 10,000 feet from X.

Severe damage to gas holders occured out to 6,500 feet 1n both cltles.

All Japenese homes were serlously damaged up to 6,500 feet in Hiroshima,
and. to 8,000 feet in Nagasaki. Most Japanese homes were damaged up to 8,000
feet in Hiroshima and 10,500 feet in Nagasaki.

The hillsides In Nagasakl were scorched by the flash radlation of heat as
far as 8,000 feet from X; this scorching gave the hillsides the appearance of
premature autumn. :

In Nagasakl, very heavy plaster damage was observed in many buildings up
- to 9,000 feet; moderate damage wes sustained as far as 12 000 feet, and light
damage up to 15,000 feet.

The flash charring of wooden telegraph poles was observed up to 9,500 feet
from X in Hiroshima, and to 11,000 feet 1n Nagasakl; some reports indicate
flash burns as far as l3,000‘feet from X in both places.

Severe displacement of roof tiles was observed up to 8,000 feet in
Hiroshima, and. to 10,000 feet in Nagasakl.

In Nagasaki, very heavy damage to window frames and doors was obaserved up
to 8,000 feet, and light damage up to 12,000 feet.
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Roofs and wall coverings on steel frame buildings were destroyed out
11,000 feet.

Although the sources of many fires were diffilcult to trace accuratel;
it 18 belleved that fires were started by primacy heat radlation as far as
15,000 feet from X.

Roof damage extended as far as 16 000 feet from X in Hiroshima and 1
Nagasaki. ;

The actual collapse of bulldings was obaserved at the extreme range of
23,000 feet from X in Nagasall. .

Although complete window damage was observed only up to 12,000 Teet :
X, some window damage occured in Nagasaki up to 40,000 feet, and actual bre
age of glass occured up to 60,000 feet

Heavy fire damage was sustained.in a clrcular area in Hiroshima with
mean radius of about 6,000 feet and a maximum radius of about 11,000 feet;
gimilar heavy damage occured in Nagasakl south of X up to 10, OOO feet when
it was stopped on a river course.

- In Hiroshima over 60,000 of 90,000 buildings were destroyed or sever:
.dameged by the atomic bomb; this fivure represents over 67% of the cilty's

structures.

In Nagasaki, 14,000 or 27% of 52,000 residences were completely d.est1
and 5,400, or 10%, were half destroyed. Only 12% remained undamaged. This
destruction was limlted by the layout of the cilty. The following is a sum
of the damage to bulldings in Nagasakl as determined from a ground survey 4

by the Japanese:

Destruction of Builldings and Houses Number Percentags
(Compiled by Nagasaki Municipality) a :
Total in Nagasaki (before atomic explosion) 50,000 100.0 -
Blasted (not burmed) 2 6)2 5.3
Blasted and burned . 11, 494 ‘ 23.0
Blasted and/or burned lh,lh6 28.3
Partially bwrned or blasted - : 5,441 10.9
Total buildings and houses destroyed 19,587 39.2 -
Undamaged . 30,413 60.8

In Hiroshima, all utilities and transportation services were disrupte
for varying lengths of time. In general however services were restored .abc
as rapldly as they could be used by the depleted population. Through rail:
gervice was in order in Hiroshima on 8 August, and electric power was avall
in most of the surviving parts on 7 August, the day after the bombing. The
reservolr of the city was not damaged, being nearly 2 miles from X. Howeve
70,000 breaks in water pipes in bulldings and dwellings were caused by the
blast and fire effects. Rolling transportation suffered extensive damsge.
damage to railroad tracks, and roads was comparatively small, however. The
electric power tranemission and distribution systems were badly wrecked. 1
telephone system was approxlmately 80% damaged, and no service was restoret
until 15 Auvgust,
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‘Despite the customary Japanese lack of attention to sanitation measures,
no major epldemlc broke out in the bombed cities, Although the conditions
following the bombings makes this fact seem surprising, the experience of
other bombed citles in both Germany and Japan show Hiroshims and Nagasakl not
to be 1solated cases.

The atomlc explosion over Nagasakl affected an over-all area of approxi-
mately 42.9 square miles of which about 8,5 square miles were water and only
about 9.8 square miles were bullt up, the remainder being partially settled.

- Approximately 36% of the bullt up areas were serlously damaged. The area most
severely damaged had an average radius of about 1 mlle, and covered about 2,9
square miles of which 2.4 were built up.

In Nagasakl, bulldings with structural steel frames, principally the
Mitsubishi Plant, as far as 6,000 feet from X were severely damaged; these
bulldings were typical of wartime mill construction in America and Great
Britaln, except that some of the frames were somewhat less substantial. The
damage consisted of windows broken out (100%), steel sashes ripped out or
bent, corrugated metal or corrugated asbestos roofs and sidings ripped off,
roofs bent or destroyed, roof trusses collapsed, colums bent and cracked, and
concrete foundations for columns rotated. Damage to bulldings with structural
stesl frames was more severe where the bulldings received the effect of the
blast on thelr sides than where the blast hit the ends of builldings, because
the bulldings had more stiffness (resistance to nsgative moment at the top of
colums) 1n a longltudinal direction. Many of the lightly constructed steel
frame buildings collapsed completely while some of the heavily constructed (to
carry the welght of heavy cranes and loads) were stripped of roof and siding,
but the frames were . only partially inJured.

The. next most seriously damaged area 1n Nagasakl lles outslide the 2.9
square mlles just described, and embraces approximately 4.2 square miles of
which 29% was bullt up. The damage from blast and fire was moderate here, but
in some sections (portions of main business districts) many secondary fires
started and spread rapldly, resulting in about as much over-all destruction as
in areas much closer to X.

An area of partlal damage by blast and fire lies Just outslde the one Just
described, and.comprises approximately 35.8 square miles., Of this area,
roughly 1/6th was bullt up and wag water, The extent of damsge varled from
serious (severe damage to roofs and windows in the maln business section of
Negasakl, 2,5 miles from X), to minor (broken or occasionally broken windows
at a distance of 7 miles southeast of X).

As intended, the bomb was exploded at an almost ldeal location over
Nagasaki to do the maximum damage to industry, including the Mitsubishi Steel
and Arms Works, the Mitsubishi-Urakaml Ordnance Works (Torpedo Works), and nu-
merous factories, factory training schools, and other industrial establisnments.
with a minimum destruction of dwellings and, consequently, & minimum amount of
casualtles., Had the bomb been dropped farther south, the Mitsubishl-Urakami
Ordnance Works would not have been so severely damaged, but the main business
and residentlal districts of Nagasaki would have sustained much greater damage
and casualties.
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Calculations show that the structural steel and reinforced concrete fi
which survived the blast fairly cloge to X could not have withstood the esf
mated peak pressures developad agalnst the total areas presented by the sic
and roof of the bulldings., The survival of thesge frames 1s explainsd by ti
fact that they were not actually requlred to withstand the peak pressure be
cause the windows were quickly kmocked out and roof and siding stripped of“
thereby reducing total area and relleving the pressure. While this saved i

“bullding frames, it permitted severe damage to building interior and conteni

and Injuries to the bullding occupants. Bulldings without large panel oper
ings through which the pressure could dissipate were completely crushed, el
when thelr frames were as strong as those which survivesd.

The damage sustainsd by reinforced concrete bulldings depended both or
the proximlty to X and the type and strength of the relnforced concrete cor
struction., Some of the bulldings with reinforced concrete frames also had
reinforced concrete walls, ceillngs, and partitions, while others had bricl
concrete tile walls covered either with plaster or ornamental stone, with 1
titlons of metal, glass, and plaster. With the exceptlon of the Nagasaki }
ical School and Hospltal group, which was designed to withstand earthquakes
and was therefore of heavier construction than most American structures, mc
of the reinforced concrete structures could be classified only as falr, wid
concrete of low strength and density, with many of the columms, beams, and
slabs underdesigned and ilmproperly reinforced. These facts account for son
of the structural fallures which occured. :

In gemeral, the atomlc bomb explosion damaged all windows and ripped ¢
bent, or twisted most of the steel window or door sashes, ripped doors fron
hinges, damaged all suspended wood, metal, and plaster cellings. The blast
concugsion also caused great damage to equipment by tumbling and battering.
Fires generally of secondary origin consumed practlcally all combustible me
rial, caused plaster to crack off, burned all wooden trim, stair covering,
wooden frames of wooden suspended ceilings, beds, mattresses, and mats, ant
fused glass, rulned all equipment not already destroyed by the blast, rulne
all electrical wiring, plumbing, and caused spalling of concrete columns ar
beams in many of the rooms. )

Almost wilthout exception masonry bulldings of eilther brick or stons wi
the effectlive limits of the blast were severely damaged so that most. of the
were flattensd or reduced to rubble., The wreckage of a church, approximate
1,800 feet east of X in Nagasakl, was one of the few masonry builldings stil
recognizable and only portlons of the walls of this structurs were left sta
ing. These walls were extremely thick (about 2 feet). The two domes of th
church had reinforced concrete frames and although they were toppled, they

together as units,

Practlcally every wooden building or bullding with timber frame within
miles of X was elther completely destroyed or very seriously damaged, and s
nificant damage in Nagasakl resulted as far as 3 mlles from X. DNearly all
bulldings collapsed and a very large number were consumed by fire.

A reference to the various photographs deplcting damage showse that al-

though most of the bulldings within the effective limits of the blast were
tally destroyed or severely damaged, a large number of chlimneys even close
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were left standing, apparently uninjured by the concussion. One sxplanation
is that concrete chimneys are approximately cylindrical in shape and conse-
guently offer much less wind resistance than flat surfaces such as bulldings.
Another explanation 1s that since the citles were subJject to typhoons the more
modern chimneys were probably designed to withstand winds of high velocity.
It is also probable that most of the recently constructed chimmneys as well as
the more modern buildings were constructed to withstand the acceleration of
rather severe earthquakes. Since the bombs were exploded high in the air,
chimneys relatively close to X were subJected to more of a downward than a
lateral pressure, and. consequently the overturning moment was much less than
might have been anticipated.

Although the blast damaged many bridges to some extent, bridge demage wes
on the whole slight in comparison to that suffered by buildings. The demage
varied from only damaged rallings to complete destruction of the superstructure
Some of the brldges were wrecked and the spans were shoved off thelr plers and
into the river bed below by the force of the blast. Others, particularily
steel plate girder bridges, were badly buckled by the blast pressure. None of
the fallures observed could be attributed to Inadequate design or structural
weaknesses. . :

The roads, and raillroad and street railway trackage sustained practically
no primary damage as a result of the explosion. Most of the demage to rail-
roads occurred from secondary causes; such as fires and damage to bridges or
other structures. Rolling stock, as well as automobiles, trolleys, and buses
were destroyed and burned up to a considerable dlstance from X. Streets were
impassable for awhile because of the debris, but they were not damaged. The
height of the bomb explosion probably explains the absence of direct damage to
railroads and roeds.

A large part of the electric supply was Interrupted by the bomb blast,
chiefly through deamage to electric substations and overhead transmission sys-
tems. Both gas works in Nagasekl were severely dameged by the bomb. These
works would have required 6-7 months to get into operation. In addition to the
damage sustalned by the electrical and gas systems, severe damage to the water
supply system was reported by the Japanese govermment; the chief damage was a
number of breaks in the large water mains and in almost all of the distributing
pipes in the areas which were affected by the blast. Nagasakl was still suf-

' fering from a water shortage Inside the city six weeks after the atomic attack.

' The Nagasakil Prefectural report describes vividly the effects of the bomb
on the city and its inhabitants:

"Within a radius of 1 kilometer from X, men and animals dled almost in-
stantaneously and outside a radius of 1 kilometer and within a radius of 2
kilometers from X, some men and snimals died instantly from the great blast
and heat but the great majority were seriously or superficlally injured. Houses
and other structures were coipletely destroyed while fires broke out everyh
where. Trees were uprooted and withered by the heat.

"Outside a radius of 2 kilometers and within a radius of 4 kilometers
from X, men and animals suffered varlous degrees of injury from window glass
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and other fragments scattered about by the blast and many were burned by t
Intense heat. Dwellings and other structures were half damaged by blast.

"Outside a radius of 4 kilémeters and within a radius of 8 kilometers
living creatures were injured by materials blown about by the blast; the &
1ty were only superficially wounded. Houses were only half or partially
damaged." ’ '

The British Mission to Japan interpreted thelr observations of the de
struction of bulldings to apply to similar construction of thelr own as fo.

A similar‘bomb'exploding in a similar fashion would produce the follo
effects on normal British houses:

~

Up to 1,000 yards from X 1t would cauge complete collapsse.

Up to 1 mile from X 1t would damage the houses beyond repair.

Up to 1.5 miles from.x it would render them uninhabitable without ext«
sive repalr, particularly to roof timbers.

Up to 2.5 miles from X 1t would render them uninhabitable until first
repalrs had been carried out. , ,

. The fire damage in both cities was tremendous, but was more complete :
Hiroshima then in Nagasaki. The effect of the filres was to change profount
the appearance of the city and to leave the central part bare, except for
relnforced concrete and steel frames and obJects such as safes, chimmey ste
and pleces of twisted sheet metal. The fire damage resulted more from the
properties of the citles themselves than from those of the bombs.

The conflagration in Hiroshlma caused high winds to spring up as alr %
drawn in toward the center of the burning area, creating a "fire storm". 1
" wind velocity in the city had been less than 5 miles per hour hefore the bc
ing, but the fire-wind attained a velocity of 30-40 miles per hour. These
great winds restricted the perimeter of the fire but greatly added to the
damage of the conflagration within the perlmeter and caused the deaths of n
persons who might otherwlse have escaped. In Nagasekl, very severe damage
caused by fires, but no extensive "fire storm" engulfed the city. In both
cltles, some of the fires close to X were no doubt started by the igmitiom
highly combustible material such as paper, straw, and dry cloth, upon the 1
stantaneous radilation of heat from the nuclear explosion. The presence of
large amounts of unburnt combustible materials near X, however, indlicated t
even though the heat of the blast was very intense, 1ts duratlion was Insuff
clent to raise the temperature of many materials to the kindling point exée
in cases where conditlons were 1ldeal. The maJjority of the fires were of:
secondary origln starting from the usual electricel short-circults, broken
lines, overturned stoves, open fires, charcoal brazlers, lamps, etc., follc
collapse or serlous damage from the direct blast.

Fire fightling and rescue unlts were stripped of men and equipment. Al
30 hours elapsed before any rescue partles were observable., In Hiroshima o
a handful of fire engines were avallable for fighting the ensulng fires, an
none of these were of first class type. In any case, however, it 1s not 11
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that any fire fighting equipment or pergomnel or organization could have ef-
fected any significant reduction in the amount of damage caused by the tremen-
dous conflagra.tion.

A study of numerous aerial photographs made prior to the atomic bombings

- indicates that between 10 June and 9 August 1945 the Japanese constructed fire
breaks in certain areas of the cities in order to control large scale fires.

In general these fire breaks were not effective because fires were started at so
.many locations simuiltaneously. They appear, however, to have helped prevent
fires from spreading farther east into the main business and residential section
of Nagaseki.

TOTAL CASUALTIES

There has been great difficulty in estimating the total casualtles in the
Japanese cltles as a result of the atomic bombing. The extenslve destruction
of civil installations (hospitals fire and police department, and goverrment
agencies) the state of utter confusion immediately followlng 'bhe explosion, as
‘well as the uncertainty regarding the actua.l -population before the bombing, con-
tribute to the difficulty of meking estimates of casualties. The Japanege peri-
odlic censuses are not complete. Finally, the great fires that raged in each city
totally consumied meny bodles. '

The number of total casualtles has been estimated at various times since
the bombings with wide discrepancies. . The Manhattan Engineer District's best
availlable figures are: : , o

TABLE A

Estimates of Casualtles
. Hiroghims Negasaki
Pre-raid population o 255,000 . ' 195,000
Dead . ' _ o 66 000 39,000
Injured: ‘ o : 69 000 25,000
- Total Casualties 135,000 ‘ 6h 000

The relation of total casualties to distance from X, the center of damage
and point directly under the air-burst explosion of the bomb 1s of great im-
portance in evaluating the casualty-producing effect of the bombs. This re-
lationship for the total populatlon of Nagaseki 1s shown 1n the table below,
based on the first-obtalned casualty figures of the District: :

TABLE B

1,
3
4
6

. Relation of Total Casualties to Dlstance from X
Digtance : ' : Total Killed per
from X, feet Kllled Injured Missing _ Casualties square mile
0-1,600 7,505 960 1,127 9,592 2k, 700
640 - 3, 7300 3,688 1,478 1,799 6, ,965 lp oko
1300 - i, 500 8,678 - 17,137 3, 1597 29,112 5,710
,900 - 6, 550 ' 221 , 11,958 28 - 12,207 125
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No figrre for total pre-rald population at these different distances 1
avallable. Such figures would be necessary in order to compute per cent m
tality. A calculation meds by the British Mission to Japan and based on a
preliminary analysis of the study of the Joint Medical Atomic Bomb Investi.
gating Commlssion glves the following calculated values for per ocent mortal
at Increasing distances from X:

TABLE C

Por-Cent Mortality at Varlous Distances

Distance from X, Per-cent Mortality
in feet '

0 - 1000 93.0%
1000 = 2000 92.0
2000 - 3000 - 86.0
3000 - 400oO 69.0
L4000 - 5000 , _ k9.0
5000 - 6000 31.5 .
6000 - T000 12.5
7000 - 8000 ; 1.3
8000 - 9000 ' : 0.5

0.0

9000 - 10,000

It seems almost certain from the varilous reports that the grea.test tol
number of deaths were those occurring immediately after the bombing. The
causes of many of the deaths can only be surmised, and of ‘course many perst
near the center of explosion suffered fatal :LnJuries from more then one of
bomb effects., The proper order of importance for possible causes of death
burns, mechanical injury, end gemms radlation. Early estimates by the Jape
nesge are shown 1n D below: i -

TABLE D

Cause of Irmediate Deaths

City Cause of Death Per-cent of Total
Hiroshima Burns | \ 60k
: Falling debris . 30
Other 10
Nagasaki - Burne _ ' _ 9%
Fallling debris 9
Flying glass T

Other ' 7
THE NATURE OF AN ATOMIC EXPLOSION
The most striking difference between the explosion of an atomic bemb s

that of an ordinary T.N.T. bomb is of course in magnitude; as the President
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announced after the Hlroshima attack, the explosive energy of each of the
atomlc bombs was equivalent to about 20,000 tons of T.N.T.

But in addition to its vastly greater power, an atomic explosion has sev-
eral other very speclal characteristics. Ordinary explosion is a chemical re=
action in which energy 1s released by the rearrangement of the atoms of the
explosive material. 1In an atomlic explosion, the ldentity of the atoms, not
simply thelr arrangement, 1s changed. A considerable fraction of the mase of
the explosive charge, which may be uranium 235 or plutonium, is transformed
into energy. Einstein‘s equation, E = mc2 shows that matter that 1s trans-
formed into energy may yleld a total energy equivalent to the mass multiplied
by the square of the velocity of light. The significance of the equatlon 1s
easlly seen when one recalls that the veloclity of light 1s 186 000 miles per
second. The energy released when a pound of T.N.T. explodes would if con-
verted entirely into heat, ralse the temperature of 36 1bs. of water from
freezing temperature (32°F) to boiling temperature (212°F). The nuclear fis-
sion of a pound of uranium would produce an equal temperature rise in over 200
million pounds of water.

The explosive effect of an ordinary material such as T.N.T. .ls derived
from the rapid conversion of solid T.N.T. to gas, which occupiles initially the
,same volume as the solld; 1t exerts intense pressures on the surrounding air
and expands rapldly to a volumée many tlmes larger than the initial volume. A
wave of high pressure thus rapldly moves outward from the center of the ex-
Plosion and is the major cause of damage from ordinary high explosives. An
atomio bomb also generates & wave of high pressure which is in fact of much
higher pressure than that from ordinary explosions; and this wave 1s again the.
major cause of damege to bulldings and other structures.. It differs from the
pressure wave of a block buster in the size of the area over which high pres-: -
sures are generated. It also differs in the duratlon of the pressure pulse at
any glven point: the pressure from a block buster lasts for a few milldi- . - -
gseconds (a millisecond is one thousandth of a second) only, that from the -
atomic bomb for nearly a second, and was felt by observers both in Japen and
in New Mexico as a very strong wind going by. '

The next greatest difference between the atomic bomb and the T.N.T. ex-.
plosion 1s the fact that the atomlc bomb glves off greater amounts of radia-
tion. Most of this radiation 1s "light" of some wave-length ranging from the
so-called heat radlatlions of very long wave length to the so-called gamma rays
which have wave-lengths even shorter than the X-rays used in medicine. All of
these radiations travel at the same speed; this, the speed of light, is
186 000 miles per second. The radiations are intense enough to kill people
within an appreciable distance from the explosion, and are in fact the major
cause of deaths and injurles apart from mechanical InjJuries. The greatest
number of radiation inJuries was probably due to the ultra-violet rays which
have a wave lergth slightly shorter than visible light and which caused flash
burn comparable to severe sunburn. After these, the gamma rays of ultra short
wave length are most lmportant; these cause inJuries similar to those. from
over-doses of X-rays.

The origin of the gamma rays ls different from that of the bulk of the
radiatlon: +the latter 1s caused by the extremely high temperatures in the .
bomb, in the same way as light ls emltted from the hot surface of the sun or:
from the wires in an Iincandescent lamp. The gamma rays on the other hand are

- 20 =



emltted by the atomic nuclei themselves when they are transformed in the fi
sion process. The gammea rays are therefore specific to the atomic bomb and
are completely absent in T, N.T. explosions. The light of longer wave lengt
(vieible and ultra-violet) is also emitted by a T.N.T. explosion, but with
much smaller intensity than by an atomic bomb, which makes it i1nsignificant
far as damage 1s concerned.

A large fraction of the gamma rays 1s emltted in the first few mlcrose
onds (millionths of a second) of the atomic explosion, together with neutrc
which are also produced in the nuclear fission. The neutrons have much les
dsmage effect than the gamma rays because they have a smaller intensity and
also because they are strongly absorbed in air and therefore can penetrate
only to relatively amall distances from the explosion: at a thousand yarde
the neutron intensity is negligible. After the nuclear emission, strong ga
radlation.continues to come from the exploded bomb. This generates from th
filssion products and continues for about one minute until all of the explos
products have risen to such a height that the intensity received on the gro
1s negligible. A large number of beta rays are also emitted during this ti
but they are unimportant because their range is not very great, only a few
feet. The range of alpha particles from the unused active material and fis
slonable material of the bomb is even smaller.

Apart from the gemms radiation ordinary light is emitted, some of whic
1s vieible and some of which is the ultra violet rays mainly responsible fo
flash burns., The emlssion of light starts a few milliseconds after the nuc
ar explosion when the energy from the explosion reaches the alr surrounding
the bomb. The observer sees then a ball of fire which rapidly grows in siz
During most of the early time, the ball of fire extends as far as the wave
high pressure. As the ball of fire grows its temperature and brightness de
creage. Several mllliseconds after the initiation of the explosion, the
. brightness of the ball of fire goes through a minimum, then it gete somewha
brighter and remains at the order of a few times the brightness of the sun :
a perlod of 10 to 15 seconds for an observer at six mlles distance. Most o
the radiation 1s glven off after this point of maximum brightness. Also af
this maximum, the pressure waves run ahead of the ball of fire.

The ball of fire rapidly expands from the size of the bomb to a radius
several hundred feet at one second after the explosion. After thils the mos
striking feature 1s the rise of the ball of fire at the rate of about 30 y=
per second. Meanwhile 1t also continues to expand by mixing with the coole:
alr surrounding 1t. At the end of the first minute the ball has expanded t«
radius of several hundred yards and risen to a height of about one mlle. TI
shock wave has by now reached a radius of 15 miles and 1ts pressure dropped
less than l/lO of a pound per square inch, The ball now loses 1ts brillian:
and appears as a great cloud of smoke: the pulverized material of the bomb
This cloud continues to rise vertically and finally mushrooms out at an alt:
tude of about 25,000 feet depending upon metereological conditions. The clc
reaches a maximum helght of between 50,000 and 70,000 feet in'a time of ovel
30 minutes.

It 18 of interest to note that Dr. Hans Bethe, then a member of the
Manhattan Engineer District on loan from Cornell Unlversity, predicted the
exlstence and characterlstics of this ball of fire months before the first

test was carried out.
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To summarize, radiation comes in two bursts - an extremely intemse one
lasting only about 3 milliseconds and a less intense one of much longer dura-
tion lasting several seconds. The second burst contalns by far the larger
fraction of the total light energy, more than 90%. But the first flash is
especlally large in ultra-violet radiation which is bilologically more effective.
Moreover, because the heat 1n this flash comes in such a short time, there 1s
no time for any cooling to take place, and the temperature of a person's skin
can be raised 50 degrees centigrade by the flash of visible and ultra-violet
rays in the first millisecond at a distance of 4,000 yards. People may be in-
Jured by flash burns at even larger dlstances. Gamms radiation danger does not
extend nearly so far and neutron radiation danger 1s still more limited.

The high skin temperatures result from the first flash of high intensity
radiation and are probably as significant for inJuries as the total dosages
which come mainly from the second more sustalned burst of radiation. <The com-~
bination of skin temperature increase plus large ultra-violet flux imside 4,000
yerds is inJjurious in all cases to exposed persommnel. Beyond this point there
may be cases of injury, depending upon the individual sensitivity. The infra-
red dosage 1s probably less important because of 1ts smaller intemnsity.

CHARACTERISTICS OF THE DAMAGE CAUSED BY THE ATOMIC BOMBS

The damage to man-made structures caused by the bombs was due to two dis-
tinct causes: first the blast, or pressure wave, emanating from the center of
the explosion, and, second, the fires which were caused either by the heat of
the explosion itself or by the collapse of buildings containing stoves, electri-
cal fixtures, or any other equipment which might produce what is known as a
secondary fire, and subsequent spread of these fires.

The blast produced by the atomlc bomb has already been stated to be approx-
imately equivalent to that of 20,000 tons of T.N.T. Given this figure, one may
calculate the expected peak pressures in the alr, at various distances from the
center of the explosion, which occurred following detonatlon of the bomb. The
peak pressures which were calculated before the bombs were dropped agreed very
closely with those which were actualiy experienced in the cities during the
attack as computed by Allied experts in a number of ingenious ways after the
occupation of Japan.

The blast of pressure from the atomic bombs differed from that of ordinary
high explosive bombs in three main ways:

A. Downward thrust. Because the explosions were well up 1n the alr, much
of the damage resulted from a downward pressure. This pressure of course most
largely effected flat roofs. Some telegraph and other poles immediately below
the explosion remalned upright while those at greater distances from the center
of damage, belng more largely exposed to a horlzontal thrust from the blast
pressure waves, were overturned or tilted. Trees undermeath the explosion re-
malned upright but had their branches broken downward.

B. Mass distortion of buildings. An ordlnary bomb can damage only a part
of a large bullding, which may then collapse further under the action of grav-
ity. But the blast wave from an atomic bomb 1s so large that it can
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engulf whole buildings, no matter how great their size, pushing them over ¢
though a glant hand had given them a shove.

C. Long duration of the posgitive pressure pulse and consequent small
effect of the negative pressure, or suction, phase. In any explosion, the
posltive pressure exerted by the blast lasts for a definite period of time
(usuvally a small fraction of a second) and is then followed by a scmewhat
longer perlod of negative pressure, or suctlon. The negative pressure is
always much weaker than the positive, but in ordinary explosions the short
duratlon of the posltlive.pulse results in many structures not having time 1
fall in that phase, while they are able to fail under the more extended,
though weaker, negative pressure. But the duration of the positive pulse :
approxlimately proportlonal to the 1/5 power of the slze of the exploslve
charge. Thus, if the relation held true throughout the range in question,
10-ton T.N.T. explosion would have a positive pulse only about l/lhth ags 1c
as that of a 20,000-ton explosion. Consequently, the atomic explosions ha
positive pulses so much longer than those of ordinary explosives that near]
all failures probably occurred during this phase, and very little damage
could be attributed to the suction which followed.

One other interesting feature was the combination of flash ignition an
comparative slow pressure wave., Some objects, such as thin, dry wooden sle
were lgnited by the radiated flash heat, and then thelr fires were blown ot
gsome time later (depending on their distance from X) by the pressure blast
which followed the flash radiation. :

CALCULATIONS OF THE PEAK PRESSURE OF THE BLAST WAVE

Several ingenious methods were used by the various Investigators to de
mine, upon visiting the wrecked cities, what had actually been the peak
pregssures exerted by the atomic blasts, These pressures were computed for
various distances from X, and curves were then plotted which were checked
agalnst the theoretical predictions of what the pressures would be. A furt
check was afforded from the readings obtained by the measuring instruments
whilch were dropped by parachute at each atomic attack. The peak pressure
figures gave a direct clue to the equivalent T.N.T. tomnage of the atomic
bombs, since the pressures developed by any given amount of T.N.T. can be
calculated easily.

One of the simplest methods of estimating the peak pressure ls from
crushing of oll drums, gasoline cans, or any other empty thin metal vesssl
wlth a small opening. The assumption made is that the blast wave pressure
comes on instantaneously, the resulting pressure on the can is more than th
cagse can withstand, and the walls collapse inward. The alr inside 18 com=
pressed adlabatically to such a point that the pressure inside is less by a
cortain amount than the pressure-outside, this amount being the pressure
difference outside and in that the walls can stand in thelr crumpled condit:
The uncertalnties involved are, first, that some alr rushes in through any
opening that the can may have, and thus helps to bulld up the pressure insi
and, second, that as the pressure outside falls, the air inside cannot esca
sufficiently fast to avoid the walls of the can being blown out again tc so
extent. These uncertainties are such that estimates of pressure based on
this method are on the low side, i.e., they are underestimated.
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Another method of calculating the peak pressure is through the bending of
gteel flagpoles, or lightning conductors, away from the explosion. It 1s pos-
sible to calculate the drag on a pole or rod in an airstream of a certain den-
ity and velocity; by connecting this drag with the strength of the pole in
question, a determination of the pressure wave may be obtained.

Still another method of egtimating the peak pressure is through the over-
turning of memorilal stones, of which there are a great quantlity in Japan. The
dimensliona of the stones can be used, along with known date on the pressure
exerted by wind against flat surfaces, to calculate the deslred figure.

i..ONG RANGE BLAST DAMAGE

There wags no conslstency in the long range blast damage. Observers often
thought that they had found the limit, and then 2,000 feet farther away would
find further evidence of damage.

The most impressive long range damage was the collapse of some of the
barracks sheds at Kamigo, 23,000 feet south of X in Nagasaki. It was remark-
able to see some of the buildings intact to the last detail, including the
roof and even the windows, and yet. next to them a similar building collapged
to ground level

The limiting radius for severe displacement of roof tiles in Nagasaki was
about 10,000 feet although 1soclated cases were found up to 16 000 feet. In
Hiroshima the general limiting radius was about 8,000 feet; however even at a
distance of 26 000 feet from X in Hiroshima, some tiles were displaced

At Mogl, 7 miles from X in Nagasaki over steep hills over 600 feet high,
about 10% of the glass came out. In nearer, sequestered localitles only 4
miles from X, no damage of any kind was caused. An Interesting effect was
noted at Mogi; oyowitnesses said that they thought a raid was being made on
the place; one big flash was seen, then a loud roar, followed at several
gecond intervals by half a dozen other loud reports, from all directions.
These successive reports were obviously reflections from the hills surrounding
Mogi.

GROUND SHOCK

The ground shock in most cities was very light. Water pipes still carried
water and where leaks were visible they were mainly above ground. Virtually
all of the damage to underground utilities was caused by the collapse of
buildings rather than by any direct exertion of the blast pressure. This fact
of course resulted from the bombsg' having been exploded high in the air.

SHIELDING, OR SCREENING FROM BLAST

In any explosion, a certain amount of protection from blast may be gained
by having any large and substantial obJect between the protected object and
the center of the explosion. This shielding effect was noticeable in the
atomic explosions, Just as in ordinary cases, although the magnitude of the
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exploslons and the fact that they occurred at a considerable height in the
caused marked differences from the shielding which would have characterized
ordinary bomb explosions.

The outstanding example of shlelding was that afforded by the hills in
the clty of Nagasakl; 1t was the shielding of these hills which resulted in
the amaller area of devestation in Nagasakl despite the fact that the bomb
there was not less powerful. The hills gave effective shielding only at su
distances from the center of explosion that the blast pressure was becoming
critical - that is, was only barely sufficlent to cause collapse ~ for the
structure. Houses bullt in ravines in Nagasaki pointing well away from the
center of the explosion survived without damage, but others at similar dist
in ravines pointing toward the center of exploslon were greatly damaged. I
the north of Nagasaki there was & small hamlet about 8,000 feet from the ce
of explosion; one could see a distinctive variation in the intensity of dam
across the hamlet, corresponding with the shadows thrown by a sharp hill,

The best example of shielding by a hill was southeast of the center of
explosion in Nagaseki. The damage at 8,000 feet from X consisted of light
ter damage and destructlon of about half the windows. These buildings were
European type and were on the reverse side of a steep hill. At the same di
tance to the south-southeast the damage was considerably greater, l.e., all
windows and frames, doors, were damaged and heavy plaster damage and cracks
the brick work also appeared. The contrast may be 1llustrated also by the
that at the Nagasakl Prefectural office at 10,800 feet the damage was bad e
for the building to be evacuated, while at the Nagasaki Normal School to wh
the Prefectural offlce had been moved, at the same distance, the damage was

comparatively light.

Because of the helght of the bursts no evidence was expected of the
shielding of one bullding by another, at least up to a considerable radlus.
It was In fact difficult to find any evidence at any distance of such shiel:
There appeared to have been a little shlelding of the bullding behind the
Administration Buillding of the Torpedo Works in Nagasakl, but the benefilts
were very slight. There was also some evidence that the group of buildlngs
comprising the Medical School in Nagasakl did afford each other mutual prot:
tion. On the whole, however, shielding of one building by another was not
noticeable.

There was one other peculiar type of shlelding, best exhibited by the
workers' houses to the north of the torpedo plant in Nagasaki. These were
6,000 to 7,000 feet north of X. The damage to these houses was not nearly :
bad as those over a thousand feet farther away from the center of explosion
It seemed as though the great destruction caused in the torpedo plant had
weakened the blast a little, and the full power was not restored for anothe

1,000 feet or.more.

FLASH BURN

As already stated, a characteristic feature of the atomic bomb, which :
quite foreign to ordinary explosives, is that a very appreclable fractlion oi
the energy liberated goes into radiant heat and light. For a sufficiently
large explosion, the flash burn produced by this radiated energy will become
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the dominant cause of damage, since the area of burn damage will increase in
proportion to the energy released, whereas the area of blast damage increases
only with the two-thirds power of the energy. Although such a reversal of the
mechanism of damage was not achleved in the Hiroshlma and Nagasaki bombs, the
effects of the flash were, however, very evident, and many casualties resulted
from flash burns. A discussion of the casualties caused by flash burns will
be given later; in this section will be described the other flaesh effects
which were observed in the two clties.

The duration of the heat radlation from the bomb 1s so short, Just a few
thousandths of & second, that there i1s no time for the energy falling on a
surface to be dissipated by thermal defusion; the flash burn 1s typlcally a
surface effect. In other words the surface of either a person or an object
exposed to the flash is raised to a very high temperature while Iirmediately
berneath the surface very little rise in temperature occurs.

The flash burning of the surface of objects, partlcularly wooden obJects,
occurred in Hiroshima up to a radius of 9,500 feet from X; at Nagasekl burns
‘were vislble up to 11,000 feet from X, The charring and blackening of all
telephone poles, trees and wooden posts in the areas not destroyed by the gen-
eral fire occurred only on the side facing the center of explosion and did not
go around the c¢ormers of bulldings or hills. The exact position of the explo-
sion was in fact accurately determined by teking a number of sights from vari-
ous objects which had been flash burned on one slde only.

To 1llustrate the effects of the flash burn, the following describes a
number of examples found by an observer moving northward from the center of
explosion in Nagasakl, First occurred a row of fence posts at the north edge
of the prison hill, at 0.3 miles from X. The top and upper part of these
postes were heavlly charred. The c¢harring on the front of the posts was ‘sharp-
ly limited by the shadow of a wall. This wall had however been completely de-
molished by the blast, which of course arrived some time after the flash. At
the north edge of the Torpedo works, 1.05 miles from X, telephone poles were
charred to a depth of about 0.5 millimeters. A light piece of wood similar to
the flat side of an orange crate was found leaning against one of the tele-
phone poles. Its front surface was charred the same way as the pole, but it
wes evident that 1t had actually been ignited. The wood was blackened through
a couple of cracks and nail holes, and around the edges onto the back surface.
It seemed likely that this plece of wood had flamed up under the flash for a
few seconds before the flame was blown out by the wind of the blast. Farther
out, between 1.05 and 1.5 miles from the explosion, were many trees and poles
showing a blackening. Some of the poles had platforms near the top. The
shadows cast by the platforms were clearly visible and showed that the bomb
had detonated at a considerable helght. The row of poles turned north and
crosged the mountain ridge; the flash burn was plainly visible all the way to
the top of the ridge, the farthest burn observed being at 2.0 miles from X.

Another striking effect of the flash burn was the autumnal appearence of
the bowl formed by the hills on three sides of the explosion point. The
ridges are about 1.5 miles from X. Throughout this bowl the foliage turned
yellow, although on the far side of the ridges the countryside was quite
green.  This autumnal appearance of the trees extended to about 8,000 feet
from X.

- 26 -



However, shrubs and small plants qulte near the center of explosion ir

Hiroshima, although stripped of leaves, had obviously not been killed. Mar
were throwing out new buds when observers visited the city.

There are two other remarkable effects of the heat radiated from the t
explosion. The first of these 1s the mammer in which heat roughened the su
of polisghed granite, which retalned ite polish only where it was shlelded f
the radiated heat travelling in straight lines from the explosion. This rc
ening by radiated heat caused by the unequal expanslon of the constituent ¢
tals of the stone; for granite crystals the melting temperature is about 6C
centigrade. Therefore the depth of roughening and ultimate flaking of the
granite surface indicated the depth to which this temperature occurred and
ed to determine the average ground temperatures in the 1nstant following th
explosion. This effect was noted for dilstances about l— times as great in
Nagasaki as in Hiroshima.

The second remarkable effect was the bubbling of roof tile. The slze o
bubbles and thelr extent was proportional to thelr nearnmess to the center o
explosion and also depended on how sguarely the tlle 1ltself was faced towar
the explosion. The distance ratio of this effect between Nagasaki and Hiro
was about the same as for the flaking of pollshed granite.

Various other effects of the radiated heat were noted, including the
lightening of asphalt road surfaces in spots which had not been protected f
the radiated heat by any obJject such as that of a person walking along the
Various other surfaces were discolored in different ways by the radiated he

As has already been mentioned the fact that radiant heat traveled only
straight lines from the center of explosion enabled observers to determine
direction toward the center of explosion from a number of different points,
observing the "shadows" which were cast by intervening objects where they
shielded the otherwise exposed surface of some obJect. Thus the center of
plosion was located with considerable accuracy. In a number of cases these
"shadows" also gave an indication of the height of burst of the bomb and oc
sionally a dilstinct penumbra was found which enabled observers to calculate
diameter of the ball of fire at the imstant 1t was exerting the maximum cha

or burning effect.

One more interesting feature conmected with heat radiation was the cha:
of fabric to different degrees depending upon the color of the fabric. A n
of instances were recorded in which persons wearing clothing of various col
received burns greatly varying in degree, the degree of burn depending upon
color of the fabric over the skin in gquestion. For example a shirt of alte:
light and dark gray stripes, each about 1/8 of an inch wlde, had the dark
stripes completely burmed out but the light stripes were undamaged; and a p
of Japanese paper exposed nearly 1 miles from X had the characters which w
written in black ink neatly burmed out.

CHARACTERISTICS OF THE INJURIES TO PERSONS

Injuries to persons resulting from the atomic explosionms were of the
following types:
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A. Burns, from
1. Flagh radiation of heat
2, Tireg started by the explosions.
B. Mechanical injuries from collapse of buildings, flying debris, etc.
C. Direct effects of the high blast pressure, i.e., straight compression.
D. Radiation injuries, from the instantaneous emlssion of gamma rays and
neutrons.

It is impossible to asgsign exact percentages of casualties to each of the
types of injJury, because so many victims were inJjured by more than one effect
of the explosions. However, 1t is certain that the greater part of the cas-
ualties resulted from burnsg and mechanical Injures. Col. Warren, one of
America's foremost radioliglets, stated it is probable that T per cent or less
of the deaths resulted primarily from radiatlon diseage.

The greategt single factor Influencing the occurrence of casgualtles was
the digtance of the person concerned from the center of explosion.

Estimates baged on the gtudy of a selected group of 900 patients indicated
that total caswalties occurred as far out as lh,OOO feet at Nagasakl and 12,000
feet at Hiroshims. :

Burns were suffered at a conslderable greater distance from X than any
other type of inJjury, and mechanlcal injuries farther out than radiation effecte

Medical findings show that no person was inJured by radiocactivity who was
not exposed to the actual exploslon of the bombs. No injuries resulted from
persigtent radicactivity of any sort. .

BURNS

Two types of burns were observed. Thege are generally differentiated as
flame or fire burn and so-called flagh burn.

The early appearance of the flame burn as reported by the Japanese, and
the later appearance as observed, was not unusual.

The flash burn presented several distinctive features. Marked redness of
the a’fected skin areas appeared almost immediately, according to the Japanese,
wlth progressive changes in the gkin taking place over a period of a few hours.
When seen after 50 days, the most distinctive feature of these burns wasg their
gharp limitation to exposed skin areas facing the center of the explogion. For
instance, a patient who had been walking in a direction at right angles to a
line drawn between him and the explosion, and whose arms were swinging, might
have burns only on the outside of the arm nearest the center and on the ingide
of the other arm.

Generally, any type of shielding protected the skin against flash burns,
although burns through one, and very occasionally more, layers of clothing did
occur in patients near the center. In such cases, it was not unusual to find
burns through black but not through white clothing, on the same patient.
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Flash burns also tended to involve areas where the clothes were tightly dr:
over the skin, such as at the elbows and shoulders.

The Japanese report the 1ncidence of burns in patients surviving morc
than a few hours after the explosion, and seeking medical attentlon, as hi;
as 95%. The total mortallities due to burns alone camnot be estimated with
degree of accuracy. Ags mentloned already, it is belleved that the majorit;
all the deaths occurred immedlately. Of these, the Japanese estimate that
and most of the reports estimate that over 50%, of the deaths were due to

burns.

In general, the incldence of burns was in direct proportion to the dis
tance from X. However, certaln lrregularities in this relationshlp result
the medical studies because of variations in the amount of shielding from
flash burn, and because of the lack of complete data on persons killed out.
right close to X.

The maximum distance from X at which flash burns were observed is of
paremount interest. It has been estimated that patlents with burns at
Hiroshima were all less than 7,500 feet from the center of the explosion at
the time of the bombing. At Nagasakl, patients with burns were observed ot
to the remarkable dlstance of 13,800 feet.

MECHANICAL INJURIES

The mechanical injuries Ilncluded fractures, lacerations, contusions,
abrasions, and other effects to be expected from falling roofs, crumbling
walls, flying debrls and glass, and other 1ndlrect blast effects. The ap-
pearance of these various types of mechanlcal injurles was not remarkable t
the medical authorities who studled them.

It was estimeted that patlents with lacerations at Hlroshima were less
than 10,600 feet from X, whereas at Nagasakl they extended as far as 12,20C

feet.

The tremendous drag of wind, even asg far as 1 mile from X, must have r
sulted in many injurles and deaths., Some large pleces of a prison wall, fc
example, were flung 80 feet, and many have gone 30 feet high before falling
The same fate must have befallen many persons, and the chances of a human
being surviving such treatment are probably small,

BLAST INJURIES

No estimate of the number of deaths or early symptoms due to blast
pressure can be made. The pressures developed on the ground under the ex-
plosions were not sufficient to kill more than those people very near the
center of damage (within a few hundred feet at most). Very few cases of
ruptured ear drums were noted, and it is the general feellng of the medical
authorities that the direct blast effects were not great. Many of the
Japanese reports, which are believed to be false, describe immediate effect
such as ruptured abdomens with protruding Intestines and protruding eyes, b
no such results were actually traced to the effect of alr pressure alons.
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RADIATION INJURIES

As pointed out in another section of thls report the radiatlons from the
nuclear explosions which caused injurles to persons were primarily those ex-
perienced within the first second after the exploslon; a few may have occurred
later, but all occurred In the first minute. The other two general types of
radlation, viz., radlation from scattered fisslon products and lnduced radlo-
activity from objects near the center of explosion, were definitely proved not
to have caused any casualties.

The proper designation of radlation Injuries 1s somewhat dlfficult. Prob-
ably the two most direct designations are radiatlon inJury and gamma ray inJury.
The former term i1s not entlrely sultable In that 1t does not deflne the itype
of radlation as lonizing and allows possible confusion with other types of ra-
diation (e.g., infra-red). The objection to the latter term is that it limits
the lonlzing radiation to gamma rays, which were undoubtedly the most lmpor-
tant; but the possible contributlon of neutron and even beta rays to the blo-
loglcal effects cannot be entlrely lgnored. Radlatlon inJury has the advan-
tage of custom, since 1t 1s generally understood 1ln medicine to refer to X-ray
effect as distinguished from the effects of actinlc radiation. Accordingly,
radlation InJury 1s used in this report to mean InjJury due only to lonizing
radlstion.

According to Japanese observatlons, the early symptons in patlents suffer-
ing from radlation inJury closely resembled the symptonse observed in patlents
recelving Intensive roentgen therapy, as well ag thosge observed in experimen-~
tal animals recelving large doses of X-rays.. The lmportant symptons reported
by the Japanese and observed by Amerlcan authorities were epilation (loss of
hair), petechlae (bleeding into the skin), and other hemorrhaglc manifesta-
tions, oropharyngeal lesions (inflammation of the mouth and throat) vomiting,
dlarrhea, end fever. .

Epllation was one of the most spectacular and obvious findings. The ap-
pearance of the epllated patient was typlcal. The crown was involved more
than the sldes, and in many instances the resemblance to a monk's tonsure was
striking. In extreme cases the halr was totally lost. In some cases, re-
growth of hair had begun by the time patients were seen 50 days after the
bombing. Curiously, epilation of hair other than that of the gcalp was ex-
tremely unusual.

Petechiae and other hemorrhagic manifestations were striking findings.
Bleeding began usually from the gums and in the more serlously affected was
goon evident from every possible source. Petechlae appeared on the limbs and
on pressure polnts. ILarge ecchymoses (hemorrhages under the skin) developed
about needle punctures, and wounds partially healed broke down and bled freely.
Retinal hemorrhages occurred in many of the patlents. The bleeding time and
the coagulation time were prolonged. The platelets (coagulation of the blood)
were characteristically reduced in numbers.

Nausea and vomiting appearing within a few hours after the explogion was
reported frequently by the Japanese. This usually had subslded by the fol-
lowing morning, although occasionally it continued for two or three days.
Vomiting was not infrequently reported and observed during the course of the
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later symptoms, although at these times 1t generally appeared to be relate
other manifestation of systemic reactions associated with infection.

Diarrhea of varylng degrees of severity was reported and observed. I
more severe cases, it was frequently bloody. For reasons which are not ye
clear, the dlarrhea In some cases was very persistent.

Leslons of the gums, and the oral mucous membrane, end the throat wer
obgerved. The affected areas became deep red, then violacious in color; a
many Instances ulcerations and necrosis (breakdown of tissue) followed. B
counts done and recorded by the Japanese, as well as counta done by the Ma
hattan Engineer District Group, on such patients regularly showed leucopen
(Low-white blood cell count). In extreme cases the white blood cell count
below 1,000 (normal count is around 7,000). In association with the leuco:
and the oropharyngeal lesions, & variety of other infectlve processes were
seen. Wounds and burns which were healing adequately suppurated and serio
necrosis occurred. At the same time, similar ulcerations were observed in
larynx, bowels, and in femsles, thé gentalia. Fever usually accompanied t!
lesions. .

Eye injuries produced by the atomlc bombings in both cities were the
subject of special investigations. The usual types of mechanical inJjuries
were seen., In addition, leslons consisting of retinal hemorrhage and exude
were observed and 5% of the patients showing them had other signs of radie

injury.

The progress of radiation disease of various degrees of severity is st
in the following table:



Summary of Radlation InJjury

Clinical Symptoms and Findings

Day
after
Explo-
slon Most Severe Moderately Severe Mild
1. 1. Neausea and vomliting (1. Naussa and vomlting
2, | after 1-2 hours. after 1-2 hours.
i. NO DEFINITE SYMPTOMS
5. 2. Diarrhea
6.| 3. Vomiting NO DEFINITE SYMPTOMS
7. 4. Inflammation of the
mouth and throat
- 8.| 5., Fever
9.| 6. Rapid emaclation
10. Death NO DEFINITE SYMPTOMS
11, |  (Mortality probably 2, Beginning epilation.
12, 100%)
130 :
1k,
15.
16.
l?-
18. 3. Loss of appetite
19. and general malalse. 1. Epilation
20, 4, TFever. 2. Loss of appetite
21. 5. Severe Inflammation |and malalse.
22, of the mouth and throat (3. Sore throat.
23. L, Pallor.
2k, '|5. Petechiae
25. 6. Diarrhea
26. : 7. Moderate emacla-
27. 6. Pallor. tion. "
28, 7. Petechlae, diarrhes
29. and nose bleeds (Recovery unless com-
30. plicated by previous
31, 8. Rapid emaclation poor health or

Death
(Mortallty probably
50%)

super-imposed Iin-
Jurles or infec-
tions).

It was concluded that persons exposed to the bombs at the time of detona-
tion dld show effects from lonizing radiation and that some of these patients,
otherwlse uninjured, dled, Deaths from radiation began about & week after ex-

posure and reached a peak in 3 to 4 weeks.

after 7 to 8 weeks.

They practlcally ceased to occur



Treatment of the burns and other physical Injuries was carried out by
Japanese by orthodox methods. Treatment of radiation effects by them incl
general supportative measures such as rest and high vitamin and caloric dic
Liver and calcium preparations were administered by injection and blood tre
fusions were used to combat hemorrhage. Special vitamin preparations and ¢
speclal drugs used 1n the treatment of similar medical conditions were usec
American Army Medlcal Corps offlcers after their arrival. Although the ger
measures instltuted wsre of some benefit no definite effect of any of the
specific measures on the course of the dlsease could be demonstrated. The
of sulfonamide drugs by the Japanese and particularly of penicillin by the
American physilcilans after their arrival undoubtedly helped control the infe
tions and they appear to be the slngle important type of treatment which me
have effectlvely altered the earlier course of these patlents.

One of the most lmportant tasks assigned to the misslon which investig
the effects of the bombing was that of determining if the radiation effects
were all due to the instantaneous discharges at the time of the explosion,
1f people were belng harmed in addltlon from persistent radicactivity. Thi
question was investlgated from two points of view. Direct measurements of
perslstent radloactivity were made at the time of the investigation. From
these measurements, calculations were made of the graded radlatlon dosages,
i.e., the total amount of radlation which could have been absorbed by eny r
son. These calculations showed that the highest dosage which would have be
received from persistent radiocactivity at Hiroshima was between & and 25
roentgens of gammea radiatlion; the highest in the Nagasakl Area was between
and 110 roentgens of gamma radiation. The latter figure does mot refer to
city itself, but to a localized area In the Nishlyama District. In interpr
these findings it must be understood that to get these dosages, one would h
had to remain at the point of highest radiocactivity for 6 weeks continuousl
from the first hour after the bombing. It 1s apparent therefore that lnsof
ag could be determined at Hiroshima and Negasakl, the residual radiation al
could not have been detrimental to the health of persons entering and livin
in the bombed areas after thelexplosion.

The second approach to this question was to determine 1f any persoms n
in the city at the time of the explosion, but coming in immedlately afterwa
exhibited any symptoms or findings which might have been due to persistence
induced radioactivity. By the time of the arrival of the Marhattan Englnee:
District group, several Japanese studies had been done on such persons. No
of the persons examined in any of these studies showed any symptoms which c
be attributed to radlation, and thelr actual blood cell counts were conslst
within the normal range. Throughout the period of the Manhattan Engineer
District investigation, Japanese doctors and patlents were repeatedly requet
to bring to them any patients who they thought might be examples of persons
harmed from persistent radiocactivity. No such subjects were found.

It was concluded therefore as a result of these findings and lack of
findings, that although a measurable quantity of induced radloactivity was
found, it had not been sufficilent to cause any harm to persons living in the

two cities after the bombings.
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SHIELDING FROM RADIATION

Exact figures on the thickmnesses of varlous substances to provide com=
plete or partial protection from the effects of radiation, in relation to the
distance from the center of explosion, cannot be released at this time.
Studies of collected data are still under g It can be stated, however,
that at a reasonable dlstance, say about 2 mile from the center of explosion,
protection to persons from radiation injury can be afforded by a layer of
concrete or other material whose thickness does not preclude reasonable
construction.

Radiation ultimately caused the death of the few persons not killed by
other effects and who were fully exposed to the bombs up to a distance of
about 2 mile from X. The British Mission has-estimated that people in the
open had a 50% chance of surviving the effects of radiation at 3/4 of a mile
fram X.

EFFECTS OF THE ATOMIC BOMBINGS ON THE INHABITANTS
OF THE BOMBED CITIES

In both Hiroshima and Nagasaki the tremendous scale of the disaster
largely destroyed the citles as entitlies., Even the worst of all other pre-
vious bombing attacks on Germany and Japan, such as the incendiary raids on
Hemburg in 1943 and on Tokyo in 1945, were not comparable to the paralyzing
effect of the atomlc bombs. In addition to the huge number of persons who

.were killed or injurled so that their services In rehabllitatlon were not
“avallable, a panic flight of the population took place from both cities
immedlately followlng the atomic explosions. No significant reconstruction
or repalr work was accomplished because of the slow return of the population;
at the end of November 1945 each of the cities had only about 140,000 people.
Although the ending of the war almost immediately after the atomic bombings
removed much of the incentive of the Japanese people toward immediate recon=-
gtruction of thelr losses, thelr paralysis was still remarkeble, Even the
clearance of wrecksge and the burning of the many bodies trapped in it were
not well organized some weeks after the bombings. As the British Mlssion has
stated, "the Impregsion which both cities make is of having sunk, in an in-
gtant and without a struggle, to the most primitive level."

Aside from physical injury and damage, the most significant effect of
the atomic bombs was the sheer terror which 1t struck into the peoples of
the bombed cities. This terror, resulting in immedlate hysterical activity
and flight from the cities, had one especlally pronounced effect: persons
who had become accustomed to mass air raids had grown to pay little heed to
single planes or small groups of planes, but after the atomic bomblngs the
appearance of a single plane caused more terror and disruption of normal 1ife
than the appearance of many hundreds of planes had ever been able to cause
before., The effect of this terrible fear of the potential danger from even
a gingle enemy plane on the lives of the peoples of the world in the event of
any future war can easily be conJjectured.

The atomic bomb did not alone win the war against Japan, but it most
certalnly ended it, saving the thousands of Allied lives that would have been
lost in any combat invasion of Japan.
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EYEWITNESS ACCOUNT

Hiroshima -- August 6th, 1945

by

Father John A. Siemes, professor of modern philosphy at
Tokyo's Catholic University

Up to August 6th, occasional bombs,
which did no great damage, had fallen on
Hiroshima. Many cities roundabout, one
after the other, were destroyed, but Hiro-
shima itself remained protected. There
were almost daily observation planes over
the city but none of them dropped a bomb.
The citizens wondered why they alone had
remained undisturbed for so long a time.
There were fantastic rumors that the
enemy had something special in mind for
this city, but no one dreamed that the end
would come in such a fashion as on the
morning of August 6th.

August 6th began in a bright, clear,
summer  morning. About seven o’clock,
there was an air raid alarm which we had
heard almost every day and a few planes
appeared over the city. No one paid any
attention and at about eight o’clock, the
all-clear was sounded. I am sitting in my
room at the Novitiate of the Society of
Jesus in Nagatsuke; during the past half
year, the philosophical and theological sec-
tion of our Mission had been evacuated to
this place from Tokyo. The Novitiate is
situated approximately two kilometers
from Hiroshima, half-way up the sides of
a broad valley which stretches from the
town at sea level into this mountainous
hinterland, and through which courses a
river. From my window, I have a wonder-
ful view down the valley to the edge of the
city.

Suddenly-—the time is approximately
8:14-—the whole valley is filled by a garish
light which resembles the magnesium light
used in photography, and I am conscious
of a wave of heat. I jump to the window
to find out the cause of this remarkable
phenomenon, but I see nothing more than
that brilliant yellow light. As I make for
the door, it doesn’t occur to me that the
light might have something to do with
enemy planes. On the way from the win-
dow, I hear a moderately loud explosion
which seems to come from a distance and,
at the same time, the windows are broken
in with a loud crash. There has been an

interval of perhaps ten seconds since the
flash of light. I am sprayed by fragments
of glass. The entire window frame has
been forced into the room. I realize now
that a bomb has burst and I am under the
impression that it exploded directly over
our house or in the imimediate vicinity.

I am bleeding from cuts about the hands
and head. I attempt to get out of the door.
It has been forced outwards by the air
pressure and has become jammed. I force
an opening in the door by means of re-
peated blows with my hands and feet and
come to a broad hallway from which open
the various rooms. Everything is in a
state of confusion. All windows are broken
and all the doors are forced inwards. The
book-shelves in the hallway have tumbled
down, I do not note a second explosion and
the fliers seem to have gone on. Most of
my colleagues have been injured by frag-
ments of glass, A few are bleeding but
none has been seriously injured. All of us
have been fortunate since it is now appar-

" ent that the wall of my room opposite the

window has been lacerated by long frag-
ments of glass.

We proceed to the front of the house to
see where the bomb has landed. There is
no evidence, however, of a bomb crater;
but the southeast section of the house is
very severely damaged. Not a door nor a
window remains, The blast of air had
penetrated the entire house from the south-
east, but the house still stands. It is con-
structed in a Japanese style with a wooden
framework, but has been greatly streng-
thened by the labor of our Brother Gropper
as is frequently done in Japanese homes.
Only along the front of the chapel! which
adjoins the house, three supports have
given way (it has been made in the manner
of Japanese temple, entirely out of wood.)

Down in the valley, perhaps one kilo-
meter toward the city from us, several
peasant homes are on fire and the woods on
the opposite side of the valley are aflame.
A few of us go over to help control the
flames. While we are attempting to put
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things in order, a storm comes up and it
beging to rain. Over the city, clouds of
smoke are rising and I hear a few slight
explosions. I come to the conclusion that
an incendiary bomb with an especially
strong explosive action has gone off down
in the valley. A few of us saw three
planes at great altitude over the city at
the time of the explosion. I, myself, saw
no aircraft whatsoever,

Perhaps a half-hour after the explosion,
a procession of people begins to stream
up the valley from the city. The crowd
thickens continuously. A few come up the
road to our house., We give them first aid
and bring them into the chapel, which we
have in the meantime cleaned and cleared
of wreckage, and put them to rest on the
straw mats which constitute the floor of
Japanese houses. A few display horrible
wounds of the extremities and back. The
small quantity of fat which we possessed
during this time of war was soon used up
in the care of the burns. Father Rektor
who, before taking holy orders, had studied
medicing, ministers to the injured, but
our bandages and drugs are soon gone. We
must be content with cleansing the wounds.

More and more of the injured come to us.

The least injured drag the more seriously

wounded. There are wounded soldiers, and
mothers carrying burned children in their
arms. From the houses of the farmers in
the valley comes word: “Our houses are
full of wounded and dying. Can you help,
at least by taking the worst cases?” The
wounded come from the sections at the
edge of the city. They saw the bright light,
their houses collapsed and buried the in-
mates in their rooms. Those that were in
the open suffered instantaneous burns,
particularly en the lightly clothed or un-
clothed parts of the body. Numerous fires
sprang up which soon consumed the entire
district. We now conclude that the epicent-
er of the explosion was at the edge of the
city near the Jokogawa Station, three kilo-
meters away from us. We are concerned
about Father Kopp who that same morn-
ing, went to hold Mass at the Sisters of
the Poor, who have a home for children
at the edge of the city. He had not returned
as yet.

Toward noon, our large chapel and li-
brary are filled with the seriously injured.
The procession of refugees from the city
continues. Finally, about one o’clock, Fa-
ther- Kopp returns together with the Sis-
ters. Their house and the entire district
where they live has burned to the ground.
Father Kopp is bleeding about the head

and neck, and he has a large burn on the
right palm. He was standing in front of
the nunuery ready to go home. All of a
sudden, he became aware of the light, felt
the wave of heat and a large blister formed
on his hand. The windows were torn out
by the blast. He thought that the bomb
had fallen in his immediate vicinity. The
nunnery, also a wooden structure made by
our Brother Gropper, still remained but
soon it is noted that the house is as good
as lost because the fire, which had begun
at many points in the neighborhood, sweeps
closer and closer, and water is not avail-
able. There is still time to rescue certain
things from the house and to bury them
in an open spot. Then the house is swept
by flame, and they fight their way back to
us along the shore of the river and through
the burning streets.

Soon comes news that the entire city has

"been destroyed by the explosion and that

it is on fire. What became of Father Su-
perior and the three other Fathers who
were at the center of the city at the Central
Mission and Parish House? We had up to
this time not given them a thought because
we did not believe that the effects of the
bomb encompassed the entire city. Also,
we did not want to go into town except
under pressure of dire necessity, because
we thought that the population was greatly
perturbed and that it might take revenge
on any foreigners which they might con-
sider spiteful onlookers of their misfortune,
or even spies.

Father Stolte and Father Erlinghagen
go down to the road which is still full of
refugees and bring in the seriously injured
who have sunken by the wayside, to the
temporary aid station at the village school.
There iodine is applied to the wounds but
they are left uncleansed. Neither ointments
nor other therapeutic agents are available.
Those that have been brought in are laid
on the floor and no one can give them any
further care. What could one do when all
means are lacking? Under those circum-
stances, it is almost useless to bring them
in. Among the passersby, there are many
who are uninjured. In a purposeless, in-
sensate manner, distraught by the magni-
tude of the disaster most of them rush by
and none conceives the thought of organiz-
ing help on his own initiative. They are
concerned only with the welfare of their
own families. It became clear to us during
these days that the Japanese displayed
little initiative, preparedness, and organi-
zational skill in preparation for catas-
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trophes. They failed to carry out any res-
cue work when something could have been
saved by a cooperative effort, and fatal-
istically let the catastrophe take its course.
When we urged them to take part in the
rescue work, they did everything willingly,
but on their own initiative they did very
little.

At about four o’clock in the afternoon,
a theology student and two kindergarten
children, who lived at the Parish House
and adjoining buildings which had burned
down, came in and said that Father Su-
perior LaSalle and Father Schiffer had
been seriously injured and that they had
taken refuge in Asano Park on the river
bank, It is obvious that we must bring
them in since they are too weak to come
here on foot.

Hurriedly, we get together two stretch-
ers and seven of us rush toward the city.
Father Rektor comes along with food and
medicine. The closer we get to the city,
the greater is the evidence of destruction
and the more difficult it is to make our
way. The houses at the edge of the city
are all severely damaged. Many have col-
lapsed or burned down. Further in, almost
all of the dwellings have been damaged by
fire, Where the city stood, there is a gi-
gantic. burned-out scar. We make our way
along the street on the river bank among
the burning and smoking ruins. Twice we
are forced into the river itself by the heat
and smoke at the level of the street.

Prightfully burned people beckon to us.
Along the way, there are many dead and
dying. On the Misasi Bridge, which leads
inte the inner city we are met by a long
procession of soldiers who have suffered
burns, They drag themselves along with
the help of staves or are carried by their
less severely injured comrades...an end-
less procession of the unfortunate.

Abandoned on the bridge, there stand
with sunken heads a number of horses
with large burns on their flanks. On the
far side, the cement structure of the local
hospital is the only building that remains
standing. Its interior, however, has been
-burned out. It acts as a landmark to guide
us on our way.

Finally we reach the entrance of the
park. A large proportion of the populace
has taken refuge there, but even the trees
of the park are on fire in several places.
Paths and bridges are blocked by the
trunks of fallen trees and are almost im-
passable. We are told that a high wind,
which may well have resulted from the
heat of the burning city, has uprooted the

large trees. It is now quite dark. Only the
fires, which are still raging in some places
at a distance, give out a little light.

At the far corner of the park, on the
river bank itself, we at last come upon
our colleagues. Father Schiffer is on the
ground pale as a ghost. He has a deep
incised wound behind the ear and has lost
so much blood that we are concerned about
his chances for survival. The Father Su-
perior has suffered a deep wound of the
lower leg. Father Cieslik and Father
Kleinsorge have minor injuries but are
completely exhausted.

While they are eating the food that we
have brought along, they tell us of their
experiences. They were in their rooms at
the Parish House—it was a quarter after
eight, exactly the time when we had heard
the explosion in Nagatsuke—when came
the intense light and immediately there-
after the sound of breaking windows,
walls and furniture. They were showered
with glass splinters and fragments of
wreckage. Father Schiffer was buried be-
neath a portion of a wall and suffered a
severe head injury. The Father Superior
received most of the splinters in his back
and lower extremity from which he bled
copiously. Everything was thrown about
in the rooms themselves, but the wooden
framework of the house remsined intact.

The solidity of the structure which was
the work of Brother Gropper again shone
forth.

They had the same impression that we
had in Nagatsuke: that the bomb had
burst in their immediate vicinity, The
Church, school, and all buildings in the
immediate vicinity c