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PREFAZIONE

Il primo volume di questopera contieme 7 lavord di Fermi scrittd durante
il periodo italiano della swa vita, dal 1921 alla fine del 1938, guando emigro
per gli Stati Uniti o Amevica. Il presente secondo wvolwme comprende lo fase
americana delle sua attivitd.

Per guanto cio che & stato detto nella Prefazione al Primo Volume si applichi,
naturalimente, anche a gquesto Secondo Volume, ¢ mecessario tuttavia aggriungere
alcune avverfense.

I lavori del precedente volume, salvo eccezioni semsa importansza, furono
pubblicati da Fermi stesso. Il secondo volume contiene, invece, un wnumero vi-
levante di lavori che originaviamente non erano destinati alla pubblicazione e
che non furono viveduti dall Autove. Tali sono per esempio i lavori che s viferi-
scono alla pila. Duranie la seconda guerra mondiale essi furono fatti civco-
lave come documenti segveti e wapporti di wvari Fnti del Govermo Statuwi-
fense. Hssi siviferiscomo tuttl, diveltaments o meno, allo sviluppo dell energia
nucleare. Alcuni di guesti scritti somo semplici vapporti sul lavoro compriuio
durante un certo periodo, alcuni contengono il risultaio di una sola misura im-
portante, altyri hanwno scopo didattico ¢ contengono presemtazioni complele di leorie
o di serie di esperimenti. Per quanto non li pubblichiamo tuiti, i pin importants
Son0 contenuli in gquesto volume — alcuni, somo awcova classificati e guindi
inaccessibili. Altri lavori sono #iproduzions di corsi svolti in speciali circostanze
durante la guerra. Essi sono state scritti da uditori, senea vevisione da parte di
Fermi, ¢ comtengono imperfesioni che sarebbero certo state covrette dall’ autore
se egli i awvesse prepavaty per la pubblicazione. Il Comitato di Redazione nowm
pud perd sostitwirsi all'autore in questo compito e le lezioni somo presentate
nelia redazione oviginale. Fsse damno un esempio intevessante dello stile didar-
tico di Fevmi mei suoi anni maturi.

Tutts questi lavori, dopo la guerva, sono rimasti segreti, ¢ guindt inaccessi-
bili al pubdlico, per un tempo pity o meno lungo. Quando, infine, sono stati de-
classificati, Fermi stesso, per varie vagioni, decise di non pubblicarli. 11 Cowi-
tato di Redazione ha peraltro deciso di includerli in gquesta opera a causa della
lovo importanza storica. Fssi infaiti somo wuna fonte indispensabile per ogni
Jutura storia della tecnologia nucleare.

Poiché questi lavori non sono apparsi in vegolar: viviste scientifiche, é talora
dificile rintracciarli tra le pubblicazioni wficiali governative. Originariamente
¢ lavori avevane una siglatura convenaionale. Spesso perd lo stesso lavoro riap-
pare con denominasioni diverse: cost CP—4I3 & riapparso anche come ALCD—
3269.

Nelle introduzioni af vari lavori abbiamo cevcato di chiavive, per quanio
posstbile, le denominazioni wificiali, Quando poi nel corso di lavori vengono ci-
tate altre pubdblicazions con wna siglatura convenzionale, se esse sono conlerite
in guesto volume, abbiamo dato 1 Numero sotto cui esse appaiono in questa rac-
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colta. Per le altre il lettore interessato dovrd consultare wn catalogo delle pubbli-
cazioni dell’« Atomic Energy Commissiony degli Stati Undti d' America.

Abbiamo aggivnto in Appendice una lista di onori ricevuti da Fermi, una
cronclogia della sua vita ¢ una breve descrizione dei manoscritti ¢ di altri docu-
menti storici a lui relativi, con 'indicazione della lovo wbicazione.

Dobbiamo ringraziare il Dv. H. D. Young, bibliotecario dell'« Argonne
National Laboratory», e <l Dy, Robert Rosenthal della University of Chicago
Library per il loro valido asuto in diverse occasiont,; noncké la Sig. O. Mala-
guti per Paiuto prestato mella preparasione della bibliografia. Le Signore
Laura Fermi ed Elfriede Segré cf hanno validamente aiutato, sia in questo che
nel precedemte volume, in varie guise, e le ringragiamo cordialmente,

I Comitato di Redazione

E. AmMaLpr, H. L. ANDERSON
E. PeErsico, F. RASETTI

C. 5. SmrTH, A. WATTENBERG
E. SEGRE (Presidente).




FOREWORD

The jirst volume of this book comiains Fermi's sclentific papers written
during the Italian period of his life, from the begimuing of IQ2I to the end
of 1938 when he emigrated lo the United States of Amevica. The present
second volume covers the American phase of his activity.

The Foreword to Volume I applics also to this wolume. There are, however,
some additional vemarks relevant especially fo this volume. :

The contents of the previous volume were prepaved for publication by
Fermi  himself, with insignificant exceptions. Voluwme I contains a lavge
sumber of papers which were not destined for publication, swuch as the reports
of work commected with the pile. These papers have been issued as classtfied
reporis by different agencies of the U.S. Govermment concerned with nuclear
energy during the Second World War. Some are only records of work performed
during a certain period of time, some contain only the resull of one important
measurement, some are more elaborate presentations of theory or of a series of
experiments.  Although we do not pudlish them all, the most important are
nere. A few are still classified.

Some papers are reproductions of courses of lectwres given in special circum-
stances during the war. They were writien by members of the audience and were
not revised by Fermi thus, they contain mamny imperfections which he would
have removed if he had prepared them for publication. However, the Editorial
Committee could not replace the Author in this work and the lectuves arve presem-
ted as written down. They are interesting samples of Fermi's didactic style
in his later years.

After the war, all these papers remained classified for some time and became
available for publication at different dates. Fermi himself decided, for various
reasons, not to publish them after declassification. The Editorial Commilice,
however, has included them in this vofume because they are historically interesting.
In particular, they are Indispensable source material for any fuiure history of
nuclear technology.

Becawse all these papers have not been published in standard jowrnals,
we have been faced with the problem of a suitable system of referemces. The
papers were issued wunder code wmames such as CP—-413, and often the same
paper was reissued under different namesse. g., CP—413 is the same as AECD-
3260. We have given this type of information in the introductions to the diffe-
rent papers. The papers comtain alse referewnces to other veports issued wnder
similar civcumstances. We have left these references wunaltered and the inte-
vested reader will have to consult the catalogs of publications issued by the
U.5.A4. Atomic Energy Commission.

We have added as Appendizes a lst of howmors veceived by Fermi, a
chronology of his life and a catalog of the known manuscripts existing and of
their location.
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We thank Dr. H. D. Young of the Argonne National Loboratory and
Dr. R. Rosenthal of the University of Chicago Library for their help on diffe-
rent occasions. Mis. O. Malaguti has lelped in checking the bibliography.
Mrs. Lawra Fevmi and Elfriede Sepré have contributed imvalnable aid to the
prepavation of both voluwmes.
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Enrico Fermi had hardly arrived in the United States in January 193¢ when the news
of the discovery of the fission of uranium reached him. Hahn and Strassmann () in Berlin
had just completed their important experiment showing the occurrence of barium from the
bombardment of uranium by neutrons, They communicated this result and its implication
that uranium could be split by neutrons to their erstwhiie colleague, Lise Meitner, who
had fled to Sweden because of the Nazi persecutions. The Christmas helidays found her at
a favorite vacation place near Gdteborg., Her nephew, Otto Frisch, had taken the occasion
to join her and together they discussed the implications of these experiments, foreseeing as
ane of the consequences the large amount of energy release in the fission process.

These developments were communicated te Niels Bohr, who appreciated immediately
the underlying reason for the fission process. He was about to depart for a visit to the United
States and so couldn’t wait to see the experimental tests which Meitner and Frisch had de-
vised (%), However on his arrival in New York, he hurried with his news to Columbia Uni.
versity, He wanted to discuss the new developrents with Fermi.

Fermi saw directly, that in so violent a reaction neutrons might be released too. If
the arrangement were such that the emitted neutrons could produce further fissions, the pro-
cess might become multiplicative. If the circumstances were favorable enough, a chain
reaction might be developed and large amounts of encrgy released.

At that time I was a graduate student working under the direction of Professur John
R. Dunning. I had spent several years assisting E. T. Booth and G. N. Glasce in the con-
struction of the cyclotron. The cyclotron had begun to operate and I was readying an ioniza-
tion chamber-lincar amplifier combination for a thesis research in neutron scattering, Noting
Fermi’s evident interest in the new development as well as his lack of equipment, it seemed
natural to offer to join forces with him. I proposed a rather simple modification of my ioniza-
tion chamber which would allow us to observe the intense lonization caused by the frag-
ments from the fission of uranium. We saw pulscs from the fission of uranium on the screen’
of my cathode ray oscilloscope on January 25, 1939, only a few days after Frisch had carried
out essentially the same cxperiment in Copenhagen.

The Fifth Washington Conference on Theorstical Physics took place the next day
and Fermi was able to speak about the fission process with the conviction of personal experi-
ence. The discussion by Bohr and Fermi about the implications of the new development
aroused the greatest interest in the scientific world. Many laboratories set about to verify
the essential features of the process (3),

By the time he returned to Columbia the next day, Fermi knew what questions he
wauted to answer, Were neutrons emitted in the fission of uranium? If so0, in what num-
bers?  Tlow could these neuirons be brought to produce further fissions? What comipetitive
processes were there? Could a chain reaction be developed?

Tn carrying further the experiments that could be done with the ionization charriber-
linear amplifier combination, all the members of the group wha, under Dunning, were we rking
with the cyclotron, participated. E.T. Booth and G. N. Glasoe had worked several years
constructing the cyclotron. While F. G. Slack had only recently arrived to spend a year
in research at Columbia. The subscquent developments caused him to extend his stay
several years beyond his original intention. Fermi’s insistence that quantitative measu.te-
ments be carried out prevailed, and in the first paper, written only one month after

(1} O. HaHN and F. STRASSMANN, « Naturwiss. », 27, 171 {1939).
(z) L. MEITNER and O. R. FRISCH, ¢ Nature», 43, 239 {1939).
“0O. R, FriscH, «Natures, 143, 270 (1939).
(3) For an eatly review of the development of fission physics, see L. A. TURNER, ¢ Rev;,
Mod. Phys.» 12, 1{1940)..
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Fermi had arrived at Columbia, the value of the fission cross-section for slow neutrons as well
as for fast neutrons was reported. The measurements were quite crude, but they gave nu-
merical values to essential guantities and served in this way to begin to bring realism to pure
speculation. In addition, evidence was found which indicated that the fission cross-section
had a 1/v dependence at low energies and the implication was drawn, based on an argument.
which we now know is not completely valid, that it was the rare isotope of uranium, U?3s,
which was involved. Ferml conceived the fission as taking place very rapidly, from which
fact the 1/v dependence could be expected as a natural consequence. It was a surprise to
him when, several years later, velocity selector measurements showed resonances in the

low energy fission crosssection of U235,

Curiously, these experiments with the lonization chamber were done mostly with a
radon beryllium neutron source rather than the cyclotron. The cyclotron could serve as an
intense but unsteady source of neutrons and in those days it was more frequently in need
of repairs than operating reliably. For most of the work Fermi preferred the weaker but
much more reliable raden-beryllium source which Dunning’s good offices could alsa make
available. On the other hand, the cyclotron served in the demonstration that fission

products could be collected by recoil.
H. I.. ANDERSON.

129.

THE FISSION OF URANIUM ™

H. L. Axperson, E. T. BoorH, J. R, DUNNING, E. FERMI, G. N. GLASOE, and F. G, SLACK.
« Phys: Rev.», 55, 511—512 {1939} (Letter).

This letter is a preliminary report of some of the experimients which
we have undertaken on the fission process of the uranium nucleus by neutron
bombardment.

The phenomenon was discovered by Hahn and Strassmann © who
were led by chemical evidence to suspect the possibility of the splitting of
the uranium nucleus into two approximately equal parts. Through the kindness
of Professor Bohr we were informed of these results some days before receiving
them in published form, as well as of the suggestion of Meitner and Frisch
that the process should be connected with the release of energy of the order
ot” 200 Mev.

It seemed worth while fo attempt the detection of the fragments by
their high ionization. The interior of a parallel plate ionization chamber
was coated with a thin layer of uranium oxide. When this chamber was
conmected to a linear amplifier a large number of small pulses from the
alpha-particles of uranium were observed, but when exposed to the bom-
bardment of neutrons from the cyclotron or from a Rn—Be source very
large pulses occurred in addition. From the ratio of the maxima of these large
pulses to the maxima of those due to the alpha-particles it was estimated

{*) Publication assisted by the ERNEST KEMPTON ADAMS FUND for Physical Research

of Columbia University.
(1) O. HAHN and F. STRASSMANN, « Naturwiss.», 27, 11 {1939).




129. — The Fission of Uranium 3

that the energies of the fragments of uranium range up to about go Mev.
This value of the energy seems to be somewhat smaller than the theoretical
expectation. If we assume that the energy release in the fission is approxi-
mately 200 Mev, and that the two fragments may have somewhat different
masses, then fragments with energies up to 120 or 130 Mev might be expected
in some cases. However, these values probably do not lie outside our experi-
mental error since lack of linearity in the amplifier and incomplete collection
of the ions might explain the difference.

After this experiment had been performed, Professor Bohr received
a cable from Dr. Frisch stating that he had obtained the same results some
days before.

A number of measurements have been made of the cross section for the
fission process for neutrons of different energies. For this the interior of
an ionization chamber was coated, by electrolytic deposition, with a layer
of uranium oxide of only 0.5 mm air equivalent, so that all the fission processes
could be observed. In order to know the numhber of neutrons, a Rn—DBe source
of known intensity was utilized in a standard position inside a paraffin block @.
In order to obtain the contributions of the thermal neutrons only, the differ-
ence in the number of fissions was measured with and without a cadmium
absorber. These experiments gave a cross section of thermal neutrons for
the fission process alone of about 2} 107% cm® Fast neutrons from a Rn—Be
source have instead an average cross section of about 0.1 X 10— cm™

By using a similar chamber with a thicker uranium oxide coating, the
changes in the fission activity due to the interposition of cadmium and boron
filters were determined and compared with those obtained when the same
chamber was coated with boron instead of uranium. Within the limits of
the experimental error the behavior for slow neutrons of the absorbers for
the fission process and for the boron disintegration was the same. This suggests
that the efficiency of slow neutrons for the fission process follows a 1/ law.
As mentioned above, fast neutrons are relatively more efficient in producing
the fission process than they are in the boron disintegration.

The validity of the 1/o law makes it probable that the levels of the com-
pound nucleus are broadened by the short lifetime (probably not more than
10— 77 sec.) of the fission process. There seems to be some contradiction be-
tween this result and the known fact that uranium has a sharp resonance
for slow neutrons of about 25 ev that does not lead, however, to the fission
but to the formation of U®¥ As suggested by Professor Bohr a possible
explanation is that the fission doss not occur from U*® hut from U®¥, which
is present in an amount of somewhat less than 1 percent.

The range of the fragments has been measured by allowing the fragments
to enter a shallow ionization chamber 1.0 em from the uranium through a
grid. By varying the pressure the maximum range has been determined
to be approximately 1.7 cm.

The recoil fragments from irradiated uranium have been collected upon
a Cellophane foil placed next to it. After a ten-minute irradiation with slow

{2y E. AMALDI and E. FERMI, « Phys. Rev.», 50, 8gg (1930).
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neutrons from the cyclotron, the Cellophane foil showed an activity of about
400 counts per minute when wrapped around a counter. The decay of this
activity indicated the presence of several periods which have not yet been
analyzed. Interposition of an 0.0012 Cellophane foil between the uranium
and the collecting foil showed that a small fraction of the recoil fragments
passes through, in fair agreement with the range measurement. While these
experiments were in progress we werc informed by Professor Bohr that a
similar experiment had been suggested by Miss Meitner.

We are indebted to Dr. J. Steigman, H. B. Hanstein and E. Haggstrom
for their assistance in carrying out these experiments.

Pupin Physics Laboratories, Columbia University, New York, New York, February 16,
[936.
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Ne 130,

Fermi preferred, for himself, to pursue the question of the neutron emission, leaving
for others the study of those aspects of the fission process which seemed to bear less directly
on the possibility of producing a chain reaction. I continued working with Fermi, giving up,
at least for a time, the cyclotron and my ionization chamber-linear amplifier apparatus. 1
took over the production of the radon berylium sources which were used in the next
experiment. In this we were joined by H. B. Hanstein, also a graduate student, who con-
tributed the electrometer with which we measured the radioactivity induced in the neutron
detectors.

In the first experiment a radon-beryllium neutron source was used to irradiate a bulb
containing uranium oxide, the whole being limmersed in a large container of water, It was
Leo Szilard who pressed upon us a radium-beryllium photoneutron source which he had man-
aged to procure. The encrgy of the neutrons from this source being lower than that of
those emitted from fission would allow the latter to revcal themselves in the experiment with
the radon-beryllium source. It was possible to show that neutrons were emitted in about
the same number as they were absorbed. These experiments were parallel to but carried
out independently of those by von Halban, Joliat, and Kowarski (*).

H. L. ANDERSON.

130.

PRODUCTION OF NEUTRONS IN URANIUM
BOMBARDED BY NEUTRONS®

H.IL. ANpERSON, E, FERMI, and H, B. HANSTEIN
« Phys. Rev.», 55, 797—798 (1039) {Letter).

It is conceivable that the splitting of the uranium nucleds may have
associated with it the emission of neutrons. These could either evaporate
from highly excited fragments (this process is made more probable by the
large neutron excess of the fragments, which lowers the binding encrgy of
the neutrons) or be emitted at the instant of fission. This letter is a preliminary
report on experiments undertaken to ascertain whether, and in what number,
neutrons are emitted by uranium subject to neutron bombardment, and also

(]) H. vonw HaiaN, F. JoLror, and L. KOWARSKI, ¢ Naturew, 743, 470 and 8o
(1939). - _

©(*) Publication assisted by the Ernest Kempton Adams Fund for Physical Research
of Columbia University,
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whether the number produced exceeds the total number absorbed by all
processes whatever.

A source of neutrons was placed in the center of a spherical hulb, 13 cm
in diameter, which was immersed in the center of a large tank of water, go cm
in diameter and go cm high. The activity induced in a rhodium foil placed
in the water at various distances from the source was measured with and
without uranium oxide inside the bulb. If we denote by a (#) the activity

induced at the distance #», the integral ja (#) #>dr is proportional to the total

number of slow neutrons present in the water. A comparison of the integrals
with and without uranium gives, in principle, the possibility of deciding
whether or not, with uranium present, there is a net increase in the number
of neutrons. This result will he independent of the initial energy of the neutrons
since in the water they all become slow neutrons.

With radon - berylliumm as a source of neutrons a 6 percent increase
in the integral with uranium was found. If this increase were caused only
by neutrons emitted by the processes discussed above, it would correspond
to a yield of about two neutrons per each neutron captured. Since, however,
a radon 4+ heryllium source emits also neutrons with energies of several
million electron volts one can also interpret the increase observed, or at
least part of it, as due to (#, 2#) processes in which a high energy neutron
knocks out a nuclear neutron without being captured.

The experiment was therefore repeated with photoneutrons emitted
from a block of beryllium irradiated with the gamma-rays from one gram
of radium. Since these neutrons have energies considerably lower than 1o°
ev an (n, 2#%) process is highly improbable, Because of the large dimensions
and the shape of the beryllium block and the radium source, it was not feasible,
however, to secure, in this experiment, the requisite spherical symmetry.
The resulting loss of precision makes a comparison of the two integrals incon-
clusive. Since, however, at large distances fron: the source the activity with
uranium is about 30 percent larger than without uranium, it follows that
neutrons of energy larger than that of the photeneutrons are produced in
the process. This result is in agreement with the direct observations of Szilard
and Zinn; we thank them for informing us of their results prior to publication.
Close to the bulb the activity with uranium is, instead, about 60 percent
of the activity without uranium. This decrease is due to the absorption
of neutrons by uranium; the total absorption cross section of uranium, due
to fission and other processes, can be deduced from this result to be of the
order of §x 10— cm?,

If the volume integral of the differences in the activities with and without
uranium is calculated, the contribution from parts in the neighborhood of
the bulb is negative and gives the order of magnitude of the number of neutrons
absorbed. The contribution of the distant parts of the volume is positive
and gives the order of magnitude of the number of neutrons produced. These
two contributions are of the same order of magnitude and the present accuracy
is inadequate to decide which one is larger. Improved experiments are in
progress in order to increase the accuracy.
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Roberts, Meyer, and Wang ¢} have reported the emission of delayed
neutrons subsequent to the bombardment of uranium by neutrons. Such
delayed neutrons cannot contribute appreciably to the effects that have
been described here. This was ascertained by observing that no activity
was induced in the rhodium detector after the removal of the source.

We are indebted to the Association for Scientific Collaboration for the
loan of the photoneutron source used in these experiments.

Pupin Physics Laboratories, Columbia University, New York, New York, March 16,
1939.

(1) ROBERTS, MEYER, and WANG, « Phys. Rev.», 53, 510 {1939).
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Ne 131.

Besides producing fission, slow neutrons can alse, by simple capture, give rise to a
radicactive isotope of uranium, U239, This process competes with fission in taking up the
neutrons which are needed to sustain a chain reaction. We wanted to know how much of
the absorption was due to this process, and whether adding its contribution to that of the
fission, all of the absorption ascribed to uranium could be accounted for. It is the simple
capture of neutrons by U22? that leads through neptunium to the production of plutonium,
which subsequently proved to be of great importance. The capture of thermal neutrons is
due to a strong resonance ahsorption at somcwhat higher energies. A major problem in
making the chain reaction was to avold losses due to this absorption. The following Letter
reported the first of many measurements made to establish quantitatively the importance
of this process. The value reported here turncd out to be too smali by a factor of two, but
Fermi knew that a weakness of the experiment was in the scurce standardization and we
subsequently devoted a considerable effort to imnprove the knowledge of the neutron output
of the sources we used.

H. L. ANDERSON.

I31.

SIMPLE CAPTURE OF NEUTRONS
BY URANIUM &

H.L. ANDERSON and E. FERMI
4« Phys. Rev.», 55, 1106-1107 (1039) {Letter).

It is known @ that slow neutrons, besides producing fission, can also
by simple capture give rise to a radioactive isotope of uranium {U**) which
emits beta-rays with a period of 23 minutes. We have attempted to ascertain
the contribution of this process to the capture of thermal neutrons, in order
to determine whether this absorption could account for the difference ¢
between the total capture cross section and the cross section for fission.
According to Meitner, Hahn and Strassmann, the simple capture of neutrons
is a typical resonance process with a sharp absorption band at about 235 volts.

{*} Publication assisted by the Ernest Kempton Adams Fund for Physical Research
of Columbia University.

(1) MEITNER, HAHN, and STRASSMANN, « Zeits, f. Physik», 106, 249 (1937).

{(2) ANDERSON, BooTH, DUNNING, FERMI, GLASOE, and SLACK, «Phys. Rev.», 335,
511 (1939

(3) WHITAKER, BARTON, BRIGHT, and MURPHY, « Phys. Rev.», 55, 793 (1935).

{4) ANDERSON, FERMI, and HANSTEIN, « Phys, Rev.», 55, 797 (1936}

{5) MICRIELS, PARRY, and THOMSON, « Naturey, 143, 760 {1939).
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They give 1200 x 10— % cm?® as the cross section at resonance, but they give
no information as to the width of the absorption band and the capture cross
section for thermal neutrons.

Our measurement was based on a determination of the number of disin-
tegrations per second of the 23-minute period of uranium produced by thermal
neutrons and of the number of thermal neutrons effective under the conditions
of irradiation.

The procedure was as follows: (I) Purification of uranium from uranium
X Dby dissolving uranyl nitrate in ether and shaking with a small amount
of water. UX and other impurities remain in the water, while a large fraction
of uranium remains in ether solution and a purified uranyl nitrate may be
obtained by evaporating the ether. {2) Irradiation inside paraffin by means
of the cyclotron with an indiwmn {oil as monitor placed elsewhere in a fixed
position. (3) Second ether purification in order to separate the 23-minute
life from all other activities which are not duc¢ to isotopes of uraniurm,
{4) Measurement, by means of an ionization chamber, of the decay of the
23-minute life and the growth of the UX activity.

If the beta-rays of U and of UX (practically, only those of UX, are
effective since the beta-rays of UX, are too soft to enter our chamber) had
the same energy distribution, the ratio of initial activity of U®* reduced to
infinite time of irradiation, to the saturation activity of UX would give the
ratio of the number of disintegrations of U to the known number of disin-
tegrations of UX,, namely, §x 10~ per atom per second.. However, the
absorption coefficients of the two beta-radiations are different. According
to our measurements, the mass absorption coefficients in aluminum are 10
cn®/g for U, and 5.5 cm®*/g for UX,. We have therefore corrected our
results for the absorption of beta-rays in the substance itsell, in the container
and in the window of the ionization chamber, and for the sensitivity of the
chamber. The total correction factor was 3.4. Under our conditions of irradia-
tion, the two activities so corrected were of the same order of magnitude,

(z) The activation was performed with and withount Cd ahsorbers
in order to isolate the contributions of thermal neutrons. (6) The number
of thermal neutrons for a given indication of the monitor was obtained by
comparing the activity induced in an indium foil when irradiated either
in the uranium position with the cyclotron or in a paraffin arrangement of
standard geometry {center of the surface of a cylinder of paraffin containing
the source 3 cm below the surface) with a known Rn-Be source. The number
of thermal neutrons per millicurie per cm?® per second effective in activating
the indium foil was taken © to be 7 3.

In this way we found, in a first experiment, a cross section for the pro-
duction of U*® by thermal neutrons of 1.0X 10— ¢m=

In a second experiment, using the same method on a mixture of uranium
and manganese, we determined simultaneously the capture cross sections
for uranium and for manganese, and found 1.2 X 10— cm® and 10X 1072

(6) E. AMALDI and E. FERMI, ¢ Phys. Rev.s, 50, 899 (1936). The factor ' 3 appears
in order to take into account the obliquity of the emerging neutroms.
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&

cm?, respectively. The good agreement of this last value with that obtained
as the difference between the scattering plus capture cross section &
14.3 X 107* cm® and the scattering cross section ® 2.1 X 10~ cm® may be
interpreted as a check on the accuracy of the method.

The width, T', of the resonance level at 25 volts may be calculated
from the intensity of activation, and turns out to be of the order of one volt.
This width and our value for the thermal neutron cross section for simple
capture are not consistent with an interpretation in terms of the single-level
formula of Breit-Wigner.

Summing the fission cross section of 2 X 10— em?® with the above cross
section for simple capture of 1.2 x 10—2 cm?® we find as the total absorption
cross section for thermal neutrons 3.2 X 10— cm® Because of the large errors
which can affect such measurements, this may not be inconsistent with the
value §x 1072 cm® previously reported ® from absorption measurements,
or with the value of 5.9 x 10~ cm?® reported by Michiels, Parry and
Thomson ©). If, instead, the total absorption is considerably larger, as reported
by Whitaker e @/. @, there must be some other process of absorption to
account for the difference.

Pupin Fhysics Laboratories, Columbia University, New York, New York, May 17, 1939.

{(7) DUNNING, PEGRAM, FINK and MITCHELL, « Phys. Rev.s, 48, 265 (1935).
(8) M. GOLDHABER and G. H. BRIGGS, « Proc. Roy. Sec.s, 162, 127 (1937).
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Ne 132.

While the work described in paper N° 131 was going on, Szilard was busy obtaining a
large amount of uranium oxide for a more ambitious experiment with the object of observing
directly an increase in the number of neutrons due to the presence of uranium. The uranium
oxide, which was on loan, was packed in tin cans. In this way, some 20 kilograms could be
placed around Szilard’s photo-neutron source, and the whele assembly immersed in a bath
of manganese solution. The neutron intensity was measured by measuring the radicactivity
induced in the manganese. With the uranium in place, a ten percent increase was observed.
Thus, it became certain that more neutrons were emitted by the uranium than it absorbed.
‘When an attempt was made to deduce what the ratio was of fast neutrons emitted per therma!
neutron abscrbed by uranium, it became apparent that there was a large correction due to
the resonance absorption by the uranium. Our discussion as to what to do about this pro-
ceeded aimlessly for a while, Then Fermi asked to be left alone for 20 minutes, This was
long enough for him to make a rough estimate of this effect, and this was duly recorded in
the paper. He never revealed, neither to Szilard nor to me, the details of how he arrived
at this estimate, presumably because his basis was largely intuitive. Fermi was never far
wrong in such things, and he was taken at his word. The episode did pinpoint the impor-
tance of the resonance absorption and provided the clue of how, by lumping the uranium,
the losses due to the resonance absorption could be reduced. It also became clear that thermal
neutron absorption by hydrogen was too large for water to be a usable medium for slowing
down neutrons in a chain reaction. i

This was the first, and also the last, experiment in which Szilard and Ferni coilaborated
together, Szilard’s way of working on an experiment did not appeal to Fermi. Szilard
was not willing to do his share of the experimental work, neither in the preparation nor in
the conduct of the measurements. He hired an assistant to do what we would have required
of him. The assistant, S, E. Krewer, was quite comnpetent, so we could not complain on this
score, but the scheme did not conform with Fermi’s idea of how a joint experiment should
be carried out, with ali work distributed more or less equally and each willing and able to do
whatever fel! to his lot. Fermi’s vigor and energy always made it possible for him to con-
tribute somewhat more than his share, so that any dragging of feet on the part of the others
stood out the more sharply in contrast.

H. L. ANDERSON.

132.

NEUTRON PRODUCTION AND ABSORPTION
IN URANIUM & '

H. L. ANDERSON, E, FERMI, and LEC SZILARD
Columbia University, New York, New York
¢ Phys. Rev.», 56, 284—286 (1939)
{received July 3, 1939).

It has heen found®™® that there is an abundant emission of neutrons from
uranium under the action of slow neutrons, and it is of interest to ascertain

(*) Publication assisted by the Ernest Kempton Adams Fund for Physical Research
of Columbia University.

(r} v. HALBAN, JoLIOT and KOWARSKI, « Natures, I43, 470 {1939).

{2) L. SZiLARD and W. H. ZINN, « Phys. Rev.», 55, 759 (1939).

(3) ANDERSON, FERMI and HANSTEIN, « Phys. Rev.», 55, 797 (1039).
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whether and to what extent the number of neutrons emitted exceeds the
number absorbed.

This question can be investigated by placing a photo-ncutron source
in the center of a large water tank and comparing, with and without uranium
in the water, the number of thermal neutrons present in the water. In the
previous experiments of this type @2 it was attempted to have as closely
as possible a spherically symmetrical distribution of neutrons. The number
of thermal neutrons present in the water was determined by measuring along
one radius the neutron density ¢ as a function of the distance » from the

center, and then calculating / #* pdr. A difference in favor of uranium of about

five percent was reported by von Halban, Joliot and Kovarski ),

Since one has to measure a small difference, slight deviations from a
spherically symmetrical distribution might give misleading resuits. The pre-
sent experiments which are based on the same general principle do not require
such symmetry. In order to measure the number of thermal neutrons in
the water we filled the tank with a ten-percent solution of MnSO,. The
activity induced in manganese is proportional to the number of thermal
neutrons present. A physical averaging was performed by stirring the solution
before measuring the activity of a sample with an fonization chamber. To
obtain an effect of sufficient magnitude, about zoo kg of U,0; was used.

The experimental arrangement is shown in fig. 1. A photo-neutron
source, consisting of about 2 g of radium and 250 g of beryllium was placed
in the center of the tank. The geometry was such that practically all neutrons
emitted by the source and by the uranium oxide were slowed down and
absorbed within the tank. KEach irradiation extended over several half-life
periods of radiomanganese and the observed activity of the solution was
about four times the background of the ionization chamber. Alternating
measurements were taken with the cans filled with uranium oxide, and with
empty cans of the same dimensions. The activity proved to be about ten
percent higher with uranium oxide than without it. This result shows that
in our arrangement more neutrons are emitted by uranium than are absorbed
by uranium. , _

In order to find the average number of fast neutrens emitted by uranium
for each thermal neutron absorbed by uranium, we have to determine what
fraction of the total number of neutrons emitted by the photo-neutron source
is, in our experiment, absorbed in the thermal region by uranium. The number
of photo-neutrons emitted by the source is indicated by the activity of the
solution in the tank when the irradiation is carried out with empty cans
surrounding the source. We obtained a measure of this number by taking
into account that in vur solution about 20 percent of the neutrons are captured
by manganese and the rest by hydrogen. In order to obtain, in the same
units, a measure of the number of neutrons absorbed by uranium we pro-
ceeded in the following way: A mixture of sand and manganese powder,
having the same thermal neutron absorption as uranium oxide replaced

(4) v. HALBAN, Jor1oT and KOWARSKI, ¢ Natures, 143, 680 (1939).
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the uranium oxide in 1/4 of the cans which were distributed uniformly among
the other uranium oxide-filled cans. After irradiation, all this powder was
mixed together, a ten-percent MnSO, solution was prepared from a sample,
and its activity was measured with our ionization chamber.

In this way we found that about 5o percent of the neutrons emitted by
the source are absorbed as thermal neutrons by uranium in cur arrangement.
It follows that, if uranium absorbed only thermal neutrons, the observed
ten-percent increase in activity obtained with uranium present would
correspond to an average emission of about 1.2 neutrons per thermal neutron

\
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Fig. 1. — Horizontal section through center of cylindrical tank

which is filled with 340 liters of 10-percent MnSO, solution. A,

photo-neutron source composed of 2.3 grams of radium and 250

grams of beryllium. B, One of 52 cylindrical cans § ¢m in diam-

eter and 60 cm in height, which are either empty or filled with
uranium oxide,

absorbed by uranium. This number should be increased, to perhaps 1.3,
by taking into account the neutrons which, in our particular arrangement,
are absorhed at resonance in the nonthermal region by uranium, without
causing neutron emission.

From this result we may conclude that a auclear chain reaction could
be maintained in a system in which neutrons are slowed down without much
absorption until they reach thermal cnergies and are then mostly absorbed
by uranium rather than by another element. It remains an opeu question,
however, whether this holds for a system in which hydrogen is used for slowing
down the neutrons. .

In such a system the absorption of neutrons takes place in three different
ways: The neutrons are absorbed at thermal energies, both by hydrogen
and uranium, and they are also absorbed by uranium at resonance before
they are slowed down to thermal energies. Our result is independent of the
ratio of the concentrations of hydrogen and uranium, insofar as it shows
that, for thermal neutrons, the ratio of the cross section for neutron production
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and neutron absorption in uranium is greater than one, and probably about
1.5. What fraction of the neutrons will reach thermal energies without being
absorbed will, however, depend on the ratio of the average concentrations
of hydrogen and uranium. Since there is an appreciable absorption even
far from the center of the resonance band, it follows that the fraction of
neutrons absorbed by uranium at resonance will increase with decreasing
hydrogen concentration. This has to be taken into account in discussing
the possibility of a nuclear chain reaction in a systemn composed essentially of
uranium and hydrogen. A chain reaction would require that more neutrons
be produced by uranium than absorbed by uranium and hydrogen together.
In our experiment the ratio of the average concentration of hydrogen to
uranium atoms was 17 to I, and in the experiment of von Halban, Joliot
and Kowarski this ratio was 70 to 1. At such concentrations the absorption
of hydrogen in the thermal region will prevent a chain reaction. By reducing
the concentration of hydrogen one would obtain the following effect: On
the one hand a larger {fraction of those neutrons which reach thermal energics
will be absorbed by uranium; on the other hand fewer neutrons reach the
thermal region due to an increased absorption by uranium at resonance.
Of these two counteracting factors the first is more important for high hydrogen
concentrations and the second 1s more important for low hydrogen concen-
trations. Starting with high hydrogen concentrations, the ratio of neutron
production to total neutron absorption will thus first rise, then pass through
a maximum, and, as the hydrogen concentration is decreased, thereafter
decrease.  We attempted to estimate the quantities involved from the
information available about resonance absorption in uranium $7 and from
the observed net gain of 0.2 in the number of neutrons in our experiment.
The effect of the absorption at resonance turns out to be so large that even
at the optimum concentration of hydrogen it is at present quite uncertain
whether neutron production will exceed the total neutron absorption. More
information concerning the resonance absorption of uranium as well as more
accurate measurement of some of the values which enter into our calculation
are required before we can conclude whether a chain reaction is possible in
mixtures of uranium and water.

We wish to thank Dr. D, W. Stewart, of the Department of Chemistry,
and Mr. S. E. Krewer, for advice and assistance in carrying out some of these
experiments. We are much indebted to the Eldorado Radium Corporation
for enabling us to work with large quantities of uranium oxide in our experi-
ments, and to the Association for Scientific Collaboration for the use of the
photoneutron source and other facilities.

{5) MEITNER, HAHN and STRASSMANN, «Zeits. f. Physik», 106, 249 (1937).
(6) v. HALBAN, KowaRSKI and SAVITCH, ¢ Comptes renduss, 208, 1396 (1930},
(7) H. L. ANDER3SON and E. FirMI, ¢ Phys. Rev.»s, 55, 1106 (1930).
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N@ 133.

By now summer had arrived. Fermi left for Ann Arbor, where the University of
Michigan conducted a Summer School of Theoretical Physics, in which Fermi had participated
before (see paper N° 67), and of which he was very fond. I took up a careful study of the
uranium resonance absorption process, which was to be my doctoral dissertation, Mean-
while, Szilard convinced himself that with graphite to slow down the neutrons the chain reac-
tion was practically a certainty. With this certainty in mind he and E.P. Wigner pre-
vailed upon Einstein to write his famous letter to President Roosevelt. The letter outlined
the possibilities for nuclear energy and the need for supporting the work. It led to the
establishment of the ‘“Advisory Committee on Uranium® which was to look into the problem
and report to the President. It also led, early in 1940, to a first government grant of § 6,000
and to the delivery of enough graphite to determine its neutron absorption. {(Fermi and
Dean G. B, Pegram of Columbia had also made an attempt to alert the government to the
implications of atomic energy—the previous March. Introduced by a letter from Pegram,
Ferni had talked to Admiral S.C, Hooper and a group of Navy men in Washington. Per-
haps because of his, and Pegram’s, cautious language no action followed. (¥)

During his stay at Ann Arbor some correspondence was exchanged between Fermi and
Szilard on the subject of the use of graphite for making a chain reaction, but Fermi’s attention
was diverted by an interesting problem in cosmic rays. Mesotrons (now called p-mesons)
were newly discovered particles found among the cosmic rays, It had been shown that
they have a considerably greater absorption in air than in equal masses of condensed material.
This was interpreted as evidence that the mesotron was an unstable particle decaying with
a lifetime of about two microseconds. Fermi thought that some of the difference in behavior
might be due to the higher dielectric constant which is characteristic of condensed matter.
In material having a high dielectric constant the electric field intensity of a rapidly moving
charged particle is reduced in such a way that its loss of energy by lonization is diminished.
When he returned to Columbia at the end of the summer, Fermi made a simple classical
calculation which showed that the effect could be quize sizable. This was reported in the
following letter, (Note the recurrence of the ideas first developed in papers N° 23 a, &

and g3},
H.L. ANDERSON.

133.

THE ABSORPTION OF MESOTRONS IN AIR
AND IN CONDENSED MATERIALS ™

« Phys. Rev.y, 56, 1242 (1939) (Letter).

It has been pointed out by several authors that the absorption of mesoc-
trons in air is considerably larger than the absorption by equal masses of
condensed materials, This fact has been interpreted as evidence for a spon-

(*y L. L. STRAUSS, Men and Decisions, Doubleday & Co., 1902.
(*+) Publication assisted by the Ernest Kempton Adams Fund for Physical Research

of Columbia University.
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taneous decay of the mesotron. A lifetime of about 2% 107% sec. is required
in order to account for the difference.

The great theoretical importance of this conclusion justifies a careful
investigation of possible alternative explanations of the observed difference
in absorption. | have therefore considered the following effect which seems
to explain the observations, at least to some extent, without assuming a
decay of the mesotron.

The ionization loss of energy by a fast particle passing through matter
is partly due, as is well known, to close impacts between the particle and
the material electrons; a large fraction of the loss, however, is due to impacts
at distances greater than the atomic radius. For a mesotron with cnergy
of the order of some billions of ev the ionizing effects of the particle can reach
to distances of over 1o* times the interatomic distances.

In a rarefied gas the action of the field of the passing particle on every
molecule is independent of the perturbation due to the surrounding molecules.
This is no longer true for a condensed material in which the electric field of
the passing particle is largely affected by the reaction of the electric pola-
rization of the substarice. A calculation of this effect based on the classical
theory of the ionization loss shows that it is by no means negligible.

Simple formulas can be obtained if the dielectric properties of the medium
are schematized by assuming all the electrons (# per unit volume) to be elasti-
cally bound with the same frequency v,. The dielectric constant for low fre-
quencies would then be &= 1 + ne*/mmv;. With these assumptions it can
be proved that the energy loss per unit path for a particle moving with
velocity © is less than the loss calculated with the ordinary theory by the

following amount:
2 7 net

for o< ¢ffe,

27 et | E— I I-—e?fc®

-+

wa” l T —e2/c? E—1I

for » > cffc.

The result is not essentially dependent on the special assumption as
to the dielectric properties of the substance.

While these formulas give a rclatively unimportant change in the stop-
ping power of gases and solids for slow particles like protons or a—particles,
the difference in behavior becomes rather large when the velocity approaches
that of light. Let us consider for example the encrgy loss of a mesotron of
3% 10° ev in two different media: A condensed material for which we take
¢ = 2; and air for which we take e = 1.00054. Neglecting the present effect
one would expect the energy loss to be approximately 2.3 Mev-cm?/g for both
media. The reduction of loss due to the interaction is negligible in the case
of air; it is instead about 0.5 Mev-cm?/g {or the condensed substance. This
reduces the loss in the latter case to only 1.8 Mev em®/g.

The effect of this difference on the absorption of cosmic rays can be
estimated if we assume the number of mesotrons with energy >> W to vary
as W2, The ratio of the mesotron intensity observed under equal amounts
of air-and of condensed materials should then be (2.3/1.8) == 1.6. Accordmg
to Ehmert the experimental value of the ratio is about 2. :
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[t seems therefore that the theory accounts for the order of magnitude
of the effect even without any contribution from the decay of the mesotron.

Whether zll the effects, and especially the somewhat greater differences
of absorption reported as results of observations with relatively thin absorbers,
can be interpreted on the outlined hasis is doubtful. Indeed the theoretical
result seems to be near one-haif of the experimental difference. But in any
case the interactions between atoms represent an important factor to be
taken into account in the interpretation of experiments of this type.

I hope to be able to give soon the details of the theory and of its appli-
cations in a more extensive publication.

Pupin Physics Laboratories, Columbia University, NewYork, New York, October 1,
1939.
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N° 134.

Fermi worked most of the fall calculating in some detail the magnitude and conse-
quences of the effect discussed in paper N° 133. It turned out to be important only a2t very
high meson energics. The experiment of Rossi, Hilberry and Hoag (« Phys. Rev.», 36,
837, 1939) measured the absorption for mesons of energy sufficiently low for Fermi's cffect
to be rather unimportant, Thus, the decay of the mesotron was definitely established, and
soon thereafter F. Rasetti observed the decay dircetly (« Phys. Rev.y, 50, 706, 1941). Sub-
sequently, O, Halpern and H. Hall (¢« Phys. Rev.», 73, 477, 1948) refined the calculations and
showed that the effect was even smaller than Fermi had supposed.

H. L. ANDERSON,

134.

THE IONIZATION LOSS OF ENERGY IN GASES
AND IN CONDENSED MATERIALS®

¢« Phys. Rev.», 57, 485-493 (1940).
Pupin Physics Laboratories, Columnbia University, New York, New York.
Received January 22, 1940.

Tt is shown that the loss of energy of a fast charged particle due to the ionization of the
material through which it is passingis considerably affected by the density of the material.
The effect is due to the alteration of the electric field of the passing particle by the electric
polarization of the medium. A theory based on classical ¢lectrodynamics shows, that by equal
mass of material traversed, the loss is larger in a rarefied substance than in a condensed one,
The application of these results to cosmic radiation problems is discussed especially in view
of the possible explanation on this basis of part of the difference in the absorption of meso-
trons in air and in condensed materials that is usually interpreted as evidence for a spon-
taneous decay of the mesotron.

The determination of the energy lost by a fast charged particle by
ionization and excitation of the atoms through or near which it is passing
has been the object of several theoretical investigations. The essential features
of the phenomenocn are explained as well known in terms of a classical theory
due to Bohr; the electrons near which the particle passes are treated as classical
ogcillators that are set in motion by the electric field of the passing particle.
The energy thus absorbed by the electrons is equal to the energy lost by the

(*) Publication assisted by the Ernest Kempton Adams Fund for Physical Research
of Columbia University.
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particle. This theory gives a satisfactory description of the influence of the
impacts for which the minimum distance & between the electron and the
passing particle is larger than the atomic dimensions. Quantum mechanical
corrections have to be introduced for the very close impacts, when the particle
passes through the atom. ,

Both in the classical and in the quantum mechanical theories the action
on every atom has been discussed so far by neglecting the perturbation of
the field of the passing particle arising from the electric polarization of the
swrounding atoms. A detailed analysis shows however that in some cases
these polarization effects are very important ™. '

The influence of the polarization has been calculated in the present paper
on the basis of the classical theory. This may be expected to give correct
results for at least that part of the energy loss which is due to collisions at
distances & greater than the atomic radius.

THEORY.

The field of a charged particle moving through a medium having dielectric
properties is affected by the polarization of the medium. We shall first
calculate the field by applying classical electrodynamics. The amount of
energy lost by the particle at distances greater than a certain minimum
distance & from the path of the particle will then be calculated as flux of the
Poynting vector across a cylindrical surface of radius & having the path of
the particles as axis. We may reasonably hope to get in this way a correct
sstimate of the losses due to the atoms for which & is somewhat larger than
the interatomic distances. Indeed we might then expect the quantum mecha-
nical correction not to be very important: moreover a description of the
dielectric properties of the mediumn with a continuum theory is permissible.

We write the Maxwell equations in the usual form:

(1) div (E 4 47 P) = 47p,
(2) divH = o,

(3} crotE=—H,

() crot H=E + 4nP 4 4mpV,

where E, H, P, p, V are, respectively, the eletric and magnetic field strength,
the electric polarization vector, the density and velocity of the electric charges.
The magnetic polarization of the medium has been neglected.

The relationship between E and P can be simply expressed on the assump-
tion that the electrons are elastically bound to equilibriurn positions and are
furthermore subjected to a friction force. It is then:

(5) E=—(F 2P +VIP).

{1) The possibility that a screening effect due to the polarization of the medium might
reduce the ionization loss was suggested by W, F. G. SWANN, « Jour. Franklin Inst.» 226,

598 {1938).
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where m, ¢, #, are the mass, the charge and the number of electrons per unit
volume; vjz7 is the frequency of the electronic oscillators when E = o:
2 p is the coefficient of the friction force.

Let E, and P, be the compenents of frequency vjzm (with the time
dependence: exp (— 2vr}) in the harmonic analysis of E and P: we have then:

©) E =

— 2ip) P, .

In general we may assume between E, and P, a relationship of the type:
(7 E, =47y V)P,
v (v) is in general a complex function of v.

In the special case (5) that the dispersion law can be described in terms
of one kind of dispersion oscillators only we have:

(8) () =

4‘11‘ ne* (\Jz—- v — zg']ﬁv)_

Qur problem is to find the field produced by a concentrated charge ¢
moving with the constant velocity . We take the path of the particle as
x axis and the position occupied by the particle at # = o as origin of the
coordinates.

If we know the field at # = o we can obtain the field at any time by
translating it with the uniform velocity 2. This enables us to eliminate the
time from the Maxwell equations by using the relationship:

(9) 3ot = —wéfox

Since at #== b the charge is at the origin we have further p= &3 (2) 3 () 8{2};
and the Maxwell equations become

(10) div (E + 47 D) — 47 ed ()5 ()3 (),

{11) divH = o,

{12) crot E =oH,

(13) c(rot Hy, = — vk, |- 4ol J- 4mev 3 (x) 3 () 3 (8),

(14) c(rotH)y, = —ovE, —4mnoP, ; c¢(otHL=—vE,—amol,,

where a dash means the derivative with respect to x. Since the field moves
with the uniform velocity z we may develop the field vectors in Fourier com-
ponents with respect to x instead of # and interpret E, and P, in (7) as those
components whose dependence on x is represented by factor exp (dvxfe).

The integration of the equations {7) (10) (11) (12} (13) (14) with the
boundary condition that the fields must vanish at infinite distance can be
performed as follows. Iroin (7) and (10) we first calculate div P and div E
as:

(15) divP=—

) 4y aivE 250300 j e

we can then eliminate H from (13) and (14) in the usual way and eliminate
also E with (7). Taking into account (15) we find an equation for each com-
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ponent of P. Developing these components in Fourier integrals with respect
to x one easily finds the solutions in terms of the Bessel functions K, and K;

(=l

’ 1 ? , .
P,=- 41; WZJ(I — CZYJKO (k&) exp (dvxfv) ivdy,
SO -
EK, (46 .
Ps =5 f Tz) exp (tvrjo) dv

where Pj is the component perpendicular to the x axis and

SO SO N A
(17) k 702 (I 52)6‘2Y(V)
The sign of £ is determined so as to have its real part > o, From (16) and
(7) we obtain the componentis of the electric field

s E.= — T:; f( ; -?:Y — ?;—2) K, (A8) exp (dvxfv) ivdy,

(18) !

Ty %P {ivxjv)dv.

Y
— 00

F. — & /P?Y/fiKl (."é&}

From these and (12) we finally obtain the magnetic fleld. This reduces to
one component only, perpendicular to the x, é-plane. [ts magnitude is
given by

(19) H=2 féKI (kB) exp (Fvf) dv

The amount of energy lost by the particle per unit time at distances
larger than 6 is given by the flux of the Poynting vector out of a cylinder of
radius 4. Dividing this flux by » we obtain the corresponding loss of energy
W; per unit path. This is

[[ExH],do — — waEx d.

(z0) Wi =
4w 2w
F I
We substitute in this expression (18) and (1g9) changing in the last the
name of the integration variahle to v'. W; is then expressed by a triple integral
over x, v, v'. The integration over x gives a d—function. This fact enables
us to perform in the usual way also the integral over v'. We find at last,

taking inte account £ (— v) = &% (v)

(21) W= 20 (L — )it K, (6 0K, (80) .

— 0
One easily recognizes that the integrand takes complex conjugate values
for the values v and — v of the integration variable; we have therefore:

[+

2p " N 2y
(22) Wi =220 R J( - — L) ke K, (B 5 K. (45) .

[e]

where we have indicated the real part of 2 by Ra
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In order to calculate this integral we specialize our assurnptions as to
the dielectric properties of the medium by using (8). We find

[ev]

8 et p1-—x® — 2z vy L
<23) Wi = wi® (€ — 1} / ( e~—1% —2inx o _L‘_g_) i dx £ 6 KI (é* 5) KU (ké) '
where °
(24) e=14 422
iy

is the dielectric constant for low frequencies . We have further

. ) . ) e a.a @—x"—27nx
(25) I A = =
with
N : . Amanet Hﬁi____ . s
(26) £ = et (e — 1) (92 I) ’ a= 2 —g°

The integral (23) can be calculated when & is very small. In this case
we may use {or the Bessel functions the following expressions

I 4 . _ 1
@7) Ko (he) =5 log o7 3 Kalh¥d) = 47

in which 3.17 = exp (2 x Eulers constant).
(23) becomes now:
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The integral can be reduced to the following mtecrrals that can easily
be calculated by complex integration.
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(2) It should be noticed that £ is equal to the dielectric constant for small frequencies
only when the description of the dielectric properties with dispersion oscillators of one fre-
quency only is a sufficiently good approximation, When this is not the case g might differ
considerably from the actual value of the dielectric comstant.
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The integration path of these integrals is along the positive real axis. They
can be calculated by deforming the integration path moving first from the
origin in the positive imaginary direction to a very large distance from the
origin and then coming back on the real axis along a quarter of a circle of
very large radius with center in the origin and by teking proper account
of the singularities. Notice further that only the real part of the above integrals
is convergent. The divergence of the imaginary part has been introduced
when we have used the approximate expressions (27) for the Bessel functions.
This divergence is of course immaterial to us, since in our formulae only the
real part of the integrals is used.
We obtain now:

a 27 oaet mme® E— 1 o®
(28) Wi = w® ? log 3.17 T 5e® &° + logs (t —e?c?) &
27 {(e—m2)e { - c
- - artg - Tor v =< —
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ro_ 2wmaet s e o I —z2 [, vza—cz)ﬁz__ nE
(29) “"} " p? elog 3.1771.”22 A2 ) + 1 (T) + P f]
LI for v .
- mIfz w2 e — cafz Ve
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When the damping is negligible (lim % = o) the above formulae become:

_27;744215 i e—1 _‘vzf L £
(30) Wi = i ﬂlog 3.17 T 72e® 5° + log g (1 —2%/c) 4 for o <]?

__ Zmaaety pe® 1—z?fe® | , K
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These results should be compared with the corresponding energy loss
calculated with the usual theory by neglecting the polarization effects:

2w net m®

e— 1 G|
b o8 .17 7 ne® &°

Jlog L

I—2?fc? &4

(32) W, (usual theory) =

The comparison is shown in Fig. 1. The three curves represent the energy
foss per unit path due to impacts at distances greater than 10—% cm, measured
taking 2 7 ne*fme”® as unit, according to the ordinary formula (32) and accord-
ing to the present theory with formulae (30) and (31) for standard air and
for water. In both cases the difference from the ordinary result is very small
atlow energies. For high energies, instead, the loss calculated with the ordinary
theory keeps increasing logarithmically with increasing energy, whereas the
effect of the polarization produces a flattening out of the curves for air and
water in such a way that W; remains finite even when the energy of the particle
becomes infinite.

It can easily be seen from (28) and (29) that the limiting value of W;
for v == ¢ i{s independent on both the binding frequency v, of the dispersion
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oscillators and the damping constant z. It depends only on the number =
of electrons per unit volume, and is given by:

2

(33) Wev =)= 2;;2:4 log 3.17}:-?;& 2

This shows that the energy loss of very high energy particles due to various
materials in layers of such thicknesses as to contain always the same number
of electrons per ¢m?, is smaller for larger electronic densities 2 of the material
(see on Fig. 1 the difference between air and water).

When the damping v of the dispersion oscillators is very small it is possible
to calculate the integral (23) for arbitrary values of & by using the exact
expressions for the Bessel functions instead of the approximate expressions (27},
One finds:

(34) W, =22 [E“ e Ko(b"”g\ K, (2] -2 g s kj_ﬂ

2
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for v = ¢JJe .

For very small 4 these expressions go over into (30) and (31). It is interest-
ing to note, however, that W; in this case does not vanish, as one might
expect, for very large 4. Indeed it follows from (34) and (33) that for é =
it is:

2 et

(36 W = P —%glog(l ——}—2) for v < cfie;
4 JE-Y - _
(37 We = 2;:}? [_ ! S_E}I/C + log EiIJ for v > ¢fie.

W represents that part of the energy lost by the particle that is emitted
in the form of radiation. Such an emission of radiation has actually been
observed by Cerenkov®, and can easily be seen to occur in those ranges
of frequency for which the phase velocity of light in the given medium is
smaller than the velocity of the particle. Tts theory has been developed by
Frank and Tamm ® with methods very similar to those used here and with
similar results, It is noteworthy that the Cerenkov radiation, as results from
the preceding formulae, does not represent a loss of energy to be added to
that calculated with the Bohr theory; but it forms instead part of the loss
of the Bohr theory, as is seen from the fact that (30) (31}, which include the
Cerenkov radiation, give the same result (32) as the Bohr theory in the limit
of very low densities (¢ = 1} when the polarization effects become negligible.

We have considered so far only the phenomena occurring at distances
greater than the interatomic distance, for which it ig legitimate to apply
the continuum electrodynamics. A description of the effects of impacts at

(3) P. CERENKOV, ¢«Comptes rendus de PAcad. Sci. U.R.8.8.», 14, 101 {1537).
{4) 1. FRANK and IG. TAMM, ¢ Comptes rendus de PAcad. Sci. U.R.8.8.y, 14, 109 (1937)-
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close distances requires a quantum mechanical description of the impact
process as well as of the field of the passing particle and of its change due
to the polarization of the other atoms. If we assume, however, that the effect
of the polarization on the close distance impacts is not large we may use
the ordinary theory, as developed by Bethe and Bloch for the calculation
of the energy loss due to such impacts.

Under this assumption we may take the difference between the formulae
(30) (31) of the present theory and formula (32) giving the result of the Bohr
theory as the correction representing the po-
larization effects. We find thus that the en-

ergy loss per unit path is less than that given
by the ordinary formulae by the following
amount:
(3&) 2;;64 log e for <7 ¢fiie ;
27 met | gE—1 1 — g2/ c?
(39) |8 T T
for v > C[V's‘.

The correction is negligible for low veloc- L ugefe

ities; for very large energies instead it reduc- -2 ¢ 7 3T s

es the energy loss to less than go percent of the Fig. 1. — Energy loss per unit
loss calculated with the ordinary theory. path duc to impacts at distances

3
For very large energies we have from the

greater than 10~ *cin. The cur-
. . ves marked air and water are
ordinary theory the following energy loss:

calculated according to the pre-
e W ser{t theory with formulae (30)
and (31).

2 1 net

2 a z
e (1 — %) %2 v

(40)

We obtain thus from (39) the following formula valid asymptotically
for very large energies:

{41)

2 7 nes 1 w8 W

e Y e
We note that this asymptotic formula does not contain the binding
frequency of the electrons but only their number per unit volume.

APPLICATIONS.

Only a very small polarization effect should he expected according to
the present theory in the stopping power of different materials for e—particles,
protons or deutercns having energies up to the order of magnitude of some
Mev. In all these cases the velocity is rather small compared with ¢, so that
we must use (38). This formula gives an entirely negligible correction in the
case of air, since in this case E is very close to unity. Corrections of the order
of several percent might be cxpected in the case of the stopping power in
solid or liquids. It is doubtful whether such differences are large enough
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to be observable. Moreover, when the velocity of the particle is small, as
in the present case, the ionization produced by the particle does not reach
far enough from the trajectory as to make the description of the field in terms
of continuum electrodynamics a good approximation.

Greater effects are to be expected in the case of B—particles and especially
for particles of several millions of ev. The correction for air is again negligible
but an appreciable correction is found for condensed substances especially
for high energy pB—particles. The energy loss per cm of water calculated with
the usual theories for B-—particles of 10° 107, 10° ev is, respectively, 1.03,
2.15, 2.72 Mev. The correction (38) (39) reduces these losses to 1.83, 1.73,
1.94 Mev if we take € = 1.7; since, however, the effective E may he as low
as 1.1, the corrected energy iosses may be 1.92, 1.91, 2.090 Mev. In spite of
the fact that the differences are in some cases rather large, it is very difficult
to compare these results with the available experimental material. Indeed
the data for relatively low energies arc largely affected by the scattering ®;
while those for large energies are perturbed by the radiation losses of energy.

The results for mesotrons are represented in fig. 2. The diagrams have
been calculated for a rest energy of the mesotron of 8o Mev. The energy of
the mesotron is plotted inn a logarithmic scale on the abscissae; and the energy
loss in units 2 7 #e*/mv® is plotted on the ordinates for standard air, water
and Jead. The curves A are calculated with Bloch’s formula; the curves B
are corrected for the polarization effects according to the present theory.
It should be noticed that the incomplete knowledge of the dispersion law
makes the shape of the curves B in the neighborhood of the point at which
they begin to deviate appreciably from the corresponding curves A rather
uncertain. For somewhat greater energies, instead, the curves B become prac-
tically independent of the dispersion law, being given by (41).

According to (41) the loss of energy in a layer containing N electrons
per cm? depends on the electronic density # in the layer. For two layers
having the same N and different electronic densities #, and #, the difference

in energy loss is:
2 m Net 1 Ha

(42’) W, — W, = Y

L

sy

the energy loss being smaller for the substance of greater density. {42) is
valid only for rather large energies of the mesotron: for smaller energies the
difference is considerably less, as can be seen on the curves of fig. 2, and
it depends on the difference in atomic number between the different substances
and not so much on the differences in density.

A difference in the absorption of mesotrons by air and by condensed
substances in the sense that condensed substances have a smaller mass-
absorption than air has Leen reported by several experimenters®. This
difference is usually considered as evidence for a spontanecus decay of the
mesotron. As the difference (42) is in the same sense as the experimentally

{5) M.M. SLAwSKY and H.R. CraANE, ¢« Phys. Rev.y, 56, 1203 (1939).
{6) For a critical discussion of the literature on this subject see: B. R0SSI, « Rev. Mod.

Phys.», 17, 296 {1939).
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observed differences, it is interesting to compare them quantitatively. Indeed
if it were possible to prove that (42) accounts for all the difference chserved
experimentally, this would climinate the strongest argument in favor of the
decay of the mesotron.

The experiments on the difference in absorption have been performed
using different techniques. Inone type of experiment, as e.g. that of Ehmert @,
the absorption in thicknesses of air greater than the atmosphere is measured
by inclining the counters by an angle B with respect to the vertical, so that
the thickness actually traversed by the rays is by a factor i/cosf greater
than for the rays coming in a vertical direction. The ahsorption curve in
air can be thus observed for thicknesses of air up fo many atmospheres.

Loss

L i i 3 ! 1
1a 0% 5 dod 105 igh I0¢ Pev

Fig. 2, — Energy loss in units of 27w #et/mv? for mesotrons of

various energies In air, water, and lead. Curves A are calculated

with Bloch’s formula and curves B are corrected for the polari-
zation effects according to the present theory.

This absorption curve is compared with that obtained with the counters
under water or under condensed materials. Experimments of this kind show
that under large and equivalent thicknesses of air and of condensed materials
the intensity of the mesotron component of the cosmic radiation is different.
The intensity under condensed absorbers is about twice as large as under air.

In order to estimate what part of this difference can be accounted for
by the present theory we take as average density of air along the path of the
mesotron 1/e of the density at sea level, namely 0.00045, corresponding to
an electronic density z,, = 1.36 X 10™. As a typical condensed substance
we take water, for which the electronic density 18 #yatee = 3.35 X 10%.  Accord-
ing to {42) this corresponds to a difference of 0.60 Mev in the energy loss in
one gfem® of air and in a thickness of water containing the same number of
electrons. For mesotrons of 10* Mev the energy loss is about 2.8 Mev X cm?/g.
The loss in the equivalent amount of water is then only 2.2. The energies
required for a mesotron to traverse a thick layer of air or an equivalent layer

{7) A. EHMERT, «Zeits. f. Physiks 106, 751 (1937).

s
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of water are therefore in the ratio 2.8/2.2 = 1.27. Assuming the energy dis-
tribution of the mesotrons to be such that the number of mesotrons with
energy greater than W is proportional to W—* we conclude that the number
of mesotrons observed under equivalent and very thick layers of condensed
matter and of air should be in the ratio 1.2779 = 1.58. The effect to be expected
according to the present theory is therefore of the order of magnitude of
the effect observed experimentally. The present thecry, however does not
appear sufficient to explain ali the effect but enly about one-half of it. If
we interpret the residual effect as due to the decay of the mesotron the lifetime
of this particle ought to be taken about twice as large as according to the
usual estimates.

In a second type of experiment, like the one recently described by Rossi,
Hilberry and Hoag®, the vertical intensity of the mesotronic component
of the cosmic radiation is measured at different heights with and without
a graphite ahsorber; the absorptions in air and in graphite are thus directly
compared. Graphite is used in order to eliminate as much as possible the
effects due to the differences in atomic number. This arrangement has the
advantage of heing independent of the assumption that the primary radiation
entering the atmosphere is isotropic. Furthermore the absorbers used are
relatively thin (82 g/cm? graphite and 12.7 cm lead) and conseguently the
effeet of a possible decay of the mesotron is measured for mesotrons of a
relatively low energy, so that the apparent lengthening of the lifetime due
to relativity effects is not very large. On the other hand, the observed absorp-
tions are rather small (1o to 20 percent) and are thercfore more sensitive
to perturbations due to possible geometrical transition effects when the
graphite is placed abeve the counters. Professor Rossi, however, informs
me that he has very carefully excluded that his results might be considerably
affected by such effects. Since this experiment invelves mesotrons having
energies of only a few hundreds of Mev the polarization effects discussed in
this paper should affect its results only very little (see fig. 2). The effect
observed in this experiment has therefore apparently to be attributed to a
decay of the mesotron.

We notice finally that the estimates of the energy of the mesotrons
penetrating to very great depths should be somewhat changed in order to
take into account the polarization effects. For example the energy of mesotrons
capable of traversing 1.5x10°g/cm® of matter should be reduced from
5.6 x 10° Mev to about 3.9 10 Mev.

(8) B. Ross1, H.V.N. HiBerry and J. B. Hoac, « Phys. Rev.s, 36, 837 (1039).
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N° 135.

Dwuring the Spring of 1940 Fermi visited the University of California at Berkeley in
order to give the Hitchcock Lectures there. At that time the phenomena of fission were
paramount on his mind and I was also studying fission products. The new 60’ Crocker cy-
clotron had just started operation and had a beam of alpha particles, We decided to bom-
bard uranium with alpha particles and observe the result. The following short paper des-
cribes what could be done at the time, The work was left essentially incomplete.

We did not discuss problems related to the chaln reaction of uranium because of the
secrecy lnvolved,

During the same visit of Fermi to Berkeley we tried unsuccessfully to detect the density
effect on the stopping power of a material for charged particles, discussed in paper N° 134.

E. SEGRE.

I135.

FISSION OF URANIUM BY ALPHA-PARTICLES

E. FErMI and E. SEGRE
Department of Physics, Radiation Laboratory, University of Califormia, Berkeley, California
« Phys. Rev.», 59, 680-081, {1941) (Letter)
February 24, 19471,

Fission of uranium has been produced by neutrons, deuterons and gamma-
rays. The 60" cyclotron of the Crocker Radiation Laboratory with its 32-Mev
alpha-particies afforded the possibility of trying to produce fission by alpha-
bombardment of uranium.

A layer of ammonium uranate, a few millimeters thick was bombarded
with a beam of several milliamperes intensity of 32—Mev alpha-particles for
about one minute and was afterwards tested chemically for some of the char-
acteristic fission products of uranium. The foilowing were found: iodine
(54 minutes), iodine {3.4 hours), 1'% (22 hours), I'" (8 days). In some cascs
we found also tellurium members of the same chains.

In order to check that the activation was not due to secondary neutrons,
both faces of the thick uranium target werc tested. The face not directly
exposed to the heam showed practically no activity., In order te rule out
also the possibility of a deuteron contamination of the beam itself, it was
checked that the ratio between the activity of 93* and fission products
was less, by order of magnitude, than the same ratio under deuteron bombard-
ment. The 93 activity itsell was possibily due to small residual deuteron
contamination of the beam or to secondary neutrons.




30 135. — Fission of Uranium by Alpha-Particles

We looked also for possible delayed fission by bringing the sample a
few minutes after the end of the bombardment in front of an jonization chamber
connected to a linear amplifier. No big kicks due to fission were observed.

The Gamow barrier for alpha-particles colliding with uranium is estimated
to be almost 30 Mev. However, the transparency of the barrier for particles
up to 4 or § Mev below the top of the barrier is still large enough to allow
them to penetrate inside the nucleus with a large probability. If these esti-
mates are correct, the formation of a compound nucleus by uranium and
alpha-particles would have a large cross section even for energies somewhat
below 25 Mev.

The excitation energy of the compound nucleus is less than the kinetic
energy of the alpha-particle because at the top of the periodic system the
process of emitting alpha-particles from the nucleus is exothermic. On account
of this fact the excitation energy of the compound nucleus is probably from
5 to 10 Mev less than the kinetic energy of the alpha-particle. This leaves
an excitation which may vary according to the energy of the primary particle
from 15 to 27 Mev, and is therefore amply sufficient to produce the fission
of the compound nucleus. Indeed it is so large that 2 or 3 neutrons may
be evaporated, still leaving a sufficient energy available for the fission.

In conclusion, we wish to thank Professor E. O. Lawrence for his interest
in this work, the Research Corporation for financial support and the Hitchcock
Foundation for providing the opportunity for one of us to visit the Radiation
Laboratory.
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Ne 136

The results of the long calculations on the energy loss by lonization must have been
somewhat disappointing to Fermi., They served to underline a remark he once made, that
he could caleulate almost anything to an accuracy of ten percent in less than a day, but to
improve the accuracy by a factor of three might take him six months.

By the tine this work was completed, Fermi decided that I had come far enough with
my thesis rescarch on the resonance capture of neutrons by uranium, so I wrote up my re-
sults and joined him again.

Szilard had been promoting the idea that the uranium research should be kept secret.
The destructive possibilities of the chain reacticn were very real to him. He was deeply
concerned that the research would go forward more rapidly in Germany. If the Nazis had
nuclear weapons in their hands before we did, world disaster scemed a certainty. It was
very important that they should not know of our progress, or even of our interest. Szilard’s
earlier attempt to persuade Joliot and his group in France te withhold their results from
publication failed, but now France was under the threat of the Naziarmy. To sct the pattern,
of withholding papers from publication, at least in the Physical Review, Szilard nceded a
paper to withhold. For this, my thesis on the resonance absorption in uranium, already in
the proof stage, would serve perfectly. A guarantee was given and a deposit of § 75 made
to the library of Columbia University by Dean G. B. Pegram. The ultimate publication of
my thesis was thereby assured, and 1 was able to obtain my doctoral degree. Thereafter,
those who submitted papers dealing with uranium rescarch to the Physical Review could be
asked te withhold them from publication by the editors. This was only necessary where the
research had been conducted with private funds. The researches supported by government
funds were written up in reports marked Secret and given limited circulation to a selected
list of persons concerned.

At about this tirne Szilard’s efforts to procure some graphite for a test of its neutron
absorption properties began to bear fruit. Cartons of carefully wrapped graphite bricks
began to arrive at the Pupin Physics Laboratory until one and one-half tons had come for
the experiment. Fermi returned with enthusiasm to the quest for the way to make the
chain reaction. This was the kind of physics he liked best. Together we stacked the
graphite bricks into a neat pile. We cut narrow slots in some of the bricks for inserting
the rhodium foil neutron detectors and were soon ready to take the measuremnents.

The rhodium foils were Fermi's favorite neutron detector. He had used them early
in the Rome experiments. The radicactivity induced in rhodium by slow neutrons has a
quite short half lfe: 44 seconds. This leaves very little time, after they have been irradiated,
to get them under the Geiger counter for measurement, The Geiger counter was placed in
Fermi’s office, some distance down the hall from the laboratory in which the graphite pile
had been built. This was done to keep the Geiger counter from being disturbed by the
neutron source. A precise schedule was followed for each measurement, With the rho-
dium in place in the graphite, the scurce was inserted in its position and removed after ome
minute, To get the foil to the Geiger counter, set it in place under the Geiger tube, and close
the lead shield in the allotted 2o seconds took some fast legwork. Stopwatch in hand he
would always be ready to throw the switch of the counting device at the prescribed moment.
Then, with obvious pleasure, he would follow the flashing lights of the scaling circuit, tapping
his fingers on the bench in time with the clicking of the register. Such a display of the phe-
nomcnon of radioactivity never failed to delight him.

The results of the work had the greatest significance for the uranium project. Not
only was it shown that the absorption of neutrons in graphite was small enough to make
it the obvicus choice of material for slowing down the neutrons, but also the basic theoretical
techniques for describing the behavior of neutrons in such substances were set forth. The
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slowing down process was described by means of a diffuslon equation accerding to a theory
which later became known as the “ age theory ” and enjoyed wide usage in the Uranium
Project. The approach was ane Fermi had already developed in his original work “ Sul
moto dei neutroni nelle sostanze idrogenate ”” (Paper N° 11g;. The case of graphite was
actually simpler because the energy losses took place in smaller steps and becanse the scat-

13 3

tering cross-section changed less rapidly than in the case of hydrogen. After the meutrons
reached thermal energies, a second diffusion process began in which the neutrons continued
to diffuse through the material until they either es€aped, or were abscrbed. The mathemati-
cal analysis following this point of view allowed the absorption cross scction of graphite
to be calculated from the exponential decrease in neutron intensity which was observed with
increasing distance from the source. It was this method which was adopted to test all the
subsequent batches of graphite which came in ever increasing numbers as the work proceeded.

This paper was reissued by the Metallurgical Laboratory as Report A—z1 (CP), in Au-
gust, 1943.

H.L. ANDERSON.

130.

PRODUCTION AND ABSORPTION
OF SLOW NEUTRONS BY CARBON

H.Ll. ANDERSON and E. FERMT
Report A—21 (September 25, 1640).

The processes o1 slowing down of neutrens and of absorption of thermal neutrons
in carbon have been investigated. The slowing down process is described as a diffusion of
the neutrons and the corresponding diffusion constants are deduced from the experimental
results The diffusion of thermal neutrons that sets in after the slowing-down phase has also
hecn studied in order to determine the capture cross section of carbon. This cross section for
the graphite that we have used has been found to be 3X 10—27 cm®.

When fast neutrons are emitted by a source inside a slowing substance
two essentially different diffusion processes take place, In the firgt, the fast
neutrons collide many times with the nuclei of the substance, thereby losing
energy until they reach thermal energy. After this the second diffusion
process beging; the neutrons continue to diffuse through the material but
without further loss of energy until they are finaily absorbed. The length
of the diffusion path in the slowing-down phase depends on the number of
collisions required for reducing the initial energy of the neutron to thermal
energy. The length of path during thermal diffussion depends on the absorp-
tion cross-section of the given material for thermal neutrons. We have inves-
tigated these two processes in graphite.

Refore describing the experiments it will be convenient to write down
a few relations which will be useful in the interpretation of the experiments.
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SLOWING DOWN PROCESS.

On the assumption that the scattering of neutrons by carbon is elastic
and spherically syrnmetrical in the center of gravity system it can easily
be shown that if the energy before impact is E then the energy E' after impact
may take on with equal probability any of the values between the maximum

E and a minimum %—I—%; FE =0.716 E, where A = 12 is the atomic weight
of carbon. On the average the logarithmic decrement in the energy is given

by the expression,

T 1—o)® T+«
(n p.=logE/E=I—( 2a) log Iiu:O'ISS
where « = 1/A. [t follows that a reduction in energy from 10°ev to I ev
requires on the average about 87 collisions. The reduction to thermal energy
would require instead some 110 collisions.

Consider a neutron having an initial energy E, inside an infinite mass
of graphite. After a number N of impacts its energy is reduced to a value
E,. Let 7 be the distance between the initial and the final positions of this
neutron. If we neglect the coherence in the directions of successive free
paths and the dependence of the mean free path 2 con the energy, we find
for the average of »* the simple expression#* — 22*N. When those factors
are taken into account it can be proved that:

E

EO Q
2 __iw 2 n . ' 2
(2) e ”E'[ » (E) dEJE — 13'4E‘/ x(E) B[R,

Owing to the uncertainties in the value of A for fast neutrons this formula
cannot be used for an exact calculation of #2.

[f N is a large number the final position of the neutrons will have a
Gaussian space distribution of the form

(3) e 7
7o shall hereinafter be termed the range of the distribution. 7% is related to

#* by the formula,
ey =

Actually, the distribution of the slow neutrons of a given resonance band
around a point source of fast neutrons embedded in graphite will be only
approximately (zaussian. Deviations may be expected because the neutrons
emitted from the source are not initially homogeneous in energy and because
the number N of collisions (about 87 for the rhodium band] is not sufficiently
large.

We have studied the slowing down of neutrons emitted from a Rn -+ Be
source to the energy of the resonance neutrons of rhodium (about 1 ev) and
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of iodine (about 100 ev) by measuring at various positions the activity of
rhodium and of iodine detectors, properly screened with cadmium so as to
eliminate the thermal neutrons, in a mass of carbon. It would be desirable
to use an amount of carbon large enough so that a fast neutron leaving the
source cannot escape from the carbon before it has reached the resonance
energy. Since the amount of carbon at our disposal (about 4 tons) was not
sufficient for fulfilling this condition we arranged a number of graphite bricks
in the form of a rectangular paralielepiped 91 X 91 X 245 cm?® as shown
in fig. 1. The effect of the boundary may be neglected in the case of the largest
dimension but not in the case of the smaller dimensions, The block of graphite
was placed vertically in the center of a large room so as to minimize the effect

0 [ I I 0

Hn+Be
0 I 0 0 0

SOURCE
I [ 0 0 0

SARAFFIN CARBON
. 1 meter ,
Fig. 1. — Arrangement for the measurement of the capture cross-section of carbon shown

in section. The 15 slots for the detector are perpendicular to the plane of the figure.

of wall scattering. The source was placed in a fixed position inside the block
while the detector was placed in various positions inside a vertical slot and
its activity measured for each positicn. As detectors we used § X §cm?®
rhodium foils of thickness 0.126 gms/cm® and 6 cn diameter disks of Pbl,
of thickness 0.35 gmsfem® Taking a Cartesian set of axes with the & axis
vertical, the x, y-plane passing through the source and the origin at one of
the corners of a square cross-section of the parallelepiped, the source was
at the position x = 50.8 cm, ¥ = 30.4 cm and 7 = 0. The base of the paral-
lelepiped was at # = — g1 cm while the coordinates of the slot in which the
detector was placed were x = 40.6 cm and vy = 45.7 ¢m. The activity of
the detector as a function of its # coordinate is given for Rh in Table I and
for [ in Table II. These results have also been plotted infig. 2. The curves
are only approximately Gaussian; the experimental points for large values
of z lie considerably higher than the Gauss distribution adjusted to fit the
initial points.
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TaBLE 1.
Rhodium.
z (em.) Intensity
— 290 477
—- 18.8 .705
— 8.7 0.614 )
L5 0.992
11.7 0.869
2r.8 0.629
32.0 0.408
42,1 ©.230
52.3 0.1162
62.5 ©.0564
72.6 0.0273
82.8 0.0169
02.9 0.00778
103.1 0.0028¢
TaBLE II.
lodine.
z {cm.) Lntensity
— 20 0.60z
o 1.000
20 0.584
40 0.189
6o 0.0422
8o 0.0081

Although the experimental results have been obtained with a very
particular geometrical arrangement some general conclusions may be deduced
from them. Let us assume that the slowing down process can be described
as a diffusion process in which the neutron in slowing down to some definite
value of energy undergoes a constant and large number N of impacts. The
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process of siowing down may now be described by means of a diffusion equation
(5) Ag=-L -

where g is the density of neutrons slowed down to a certain energy. 2 is a
parameter dependent on the neutron energy having the dimensions of a length
squared. ¢ increases with decreasing energy and would be proportional to

1.0

Intensity
o
e

~

N
N\

0 25 50 75
Centimeters

Fig. 2, — Intensity of rhodium resonance neutrons (o) and iodine resonance neutrons

{#). The abscissac are the distances z of the detector from a horizontal plane through the

source, The ordinates are the measured activations of a Rh and an 1 detector screened by
cadmium. The curves are calculated with the formulae (11) and (12).

the number N of impacts required for slowing down the neutron to a given
energy if A were constant. The precise expression for ¢ is,

(6) t = ’_36_4[1 (E)dE/E.

E

This relationship may be found, for instance, by considering the case of a
point source of neutrons inside an infinite mass of carbon. The solution
of (5} for this case is,

1 g—~r2/4£
3f2 af2 ’
G #

The »* corresponding to this distribution is 6¢ {from which ¢ may explicitly
be related to the mean free path and the energy by means of (2). In terms
of the range we have from (4),

(7) Fo = 4£.
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With this definition of # the space distribution of neutrons of a given
energy for our particular geometry may be derived by solving the diffusion
equation (5) subject to the following boundary conditions: For £ =0, # is
a d—function at the position of the source. On the boundary of the carbon
block # = 0. We may correct for the finite size of the mean free path by
taking the boundary outside of the carbon block at a distance /)3 from
its surface. For the case of a long rectangular parallelepiped the solution
of (5) may be expressed in the form,

(8) Flr,y, e e

where f{x,»,7) is a rapidly converging Fourier series of the arguments x
and y which may readily be calculated given the dimensions of the base and
the position of the source. It is seen that both the dependence of the distri-
bution on z and the range of the distribution are independent of the size of
the base and are the same as would be found for an infinite block.

We shall first interpret our results in terms of this simple theoretical
description. The density of neutrons of a given resonance band is pro-
portional to the activity of the corresponding detector suitably shielded with
cadmium. We would expect the experimental points of Tables I and II to
fit Gauss curves. Actually, only an approximate fit is obtainable. The rhodium
curve may approximately be represented by a Gaussian function with a
range #, (Rh) = 34 ¢m while for iodine #, (I) = 29 cm. The difference in the
behavior between iodine and rhodium is due to the fact that the resonance
energy of iodine lies above that of rhodium. The difference between the
ranges for iodine and for rhodium makes possible a determination of the ratio
of their resonance energies. From (2} and {4) taking X as independent of
the energy in this region, we have,

¢) 72 (Rh) — 73 (I) = 20.6 3> log,, (Ei/Exs) -

Taking » = 2.55 em @ for our graphite of density 1.63, this gives
log.. EifEgy = 2.35 and Ej/Egy = 220. This value is more than twice that
obtained by the boron method (about 100). It should be pointed out that
in our experiment the logarithm of the energy ratio is measured. A 207,
error in this logarithm, which would not be incompatible with our accuracy,
would account for the difference.

From the distribution of neutrons in the rhodium band we may easily
derive the distribution of those neutrons which have just reached thermal
energies. Assuming a ratio of 40 between the rhodium resonance energy and
thermal energy we obtain as in (g), 7. (thermal) — 7. (Rh) = 20.6 * log,, 40;
7 (thermal) = 37 cm. In this we have neglected the small chemical binding
effect.

A more accurate phenomenoclogical description of the slowing down
process may be obtained on essentially similar lines by assuming two groups
of neutrons diffusing with different ranges. Some justification for this assump-
tion may be had by considering that some neutrons are slowed down to a

{1) H. B. HANSTEIX and J. R. DUNNING, ¢« Phys. Rev.», 57, 565 (1940).
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given energy with fewer impacts, others with more impacts. An empirical
description which represents quite accurately the experimental resuits is
the following: For the distribution law for neutrons which have just become
thermal in an infinite mass of carbon we superimpose two Gaussian groups:

(10) G = 0.16 e 77299% | o By o7 l404®

The ranges for the rhodium and for the iodine neutrons are correspondingly
smaller and can be caleulated from the thermeal ranges by proceeding as
in {g). For rhodium the two ranges are 26 cm and 44 cm and for iodine 19.3
cm and 40.4 cm. Using these results and applving the differential equation (3)
subject to the boundary conditions imposed by our geometry we obtain the
distribution curves for rhodium:

(11) 0.5 e— 726" L 0.5 g e
and for iodine
(12) 0.51 e— 71193 | 0,40 e— 7" e04",

These have been plotted in Figure 1 and are seen to be in good agreement
with the experimental points.

ABSORPTION OF THERMAL NEUTRONS IN CARBON,

Once the neutrons have been reduced to thermal energy they keep on
diffusing in the carbon without, on the average, any further change in energy.
Provided the number of impacts is large this diffusion process may be described
by means of the following differential equation,

® SEEL YV Y

here # is the density of thermal neutrons, A is the mean free path for scatter-
ing of thermal neutrens by carbon, N is the number of impacts by thermal
neutrons before being captured = 6,../0.,, v is the neutron velocity, and
g is the number of thermal neutrons produced per c¢m® per second. By
studying the distribution of thermal neutrons in a mass of carbon it is possible
to obtain the coefficient 2°N/3 and since X is known the capture cross-section
is readily obtainable.

In our experiment we proceeded as follows. We arranged our graphite
bricks in the form of a rectangular parallelepiped 122 X122 X152.5 cm?
The block was covered on ail sides with cadmium sheet of 0.45 gms/cm?
thickness. The cadmium could be removed from one of the square faces.
Next to this face an arrangement of paraffin was constructed as shown in
Figure 2 in the center of which was placed a Rn 4+ Be source. Some 15 slots
were cutin the carbon block to facilitate the introduction of a rhodium detector
and the activity of this detector was measured for 435 positions both with
and without the removable cadmium sheet.

The activity of the detector in the two cases is due in part to the resonance
neutrons—and this part is obviously not affected by the cadmium-—and the
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remainder to the thermal neutrons. Taking the difference of the activity
with and without the removable cadmium we get a result which is proportional
to the difference 7, --», between the density of thermal neutrons in the two
cases. 72, and 7z, both obey the differential equation (13) and # is the same
in both cases. Thus, the differential equation for 7, — #, which is obtained
by subtraction does not contain g¢. It is,

(14} nl—nz:%N—A(n,-—nz).

The boundaries at which #,— 7, = 0 are removed a distance /i3 from the
actual surfaces of the carbon block. The integral of {14) subject to these
boundary conditions is,

(1s) E Ak Sinﬁsmr—’éy [6 %a% — g7 70k b g%
J,k~1
with
2 3 = ¥ 2
(16) afk:}\zNJraz ]+‘é>

The origin of the coordinates is at one corner of the face nearest the source.
This face is a square whose side @ is greater than the actual side of the carbon
block by 2 2/{ 3. &1s the length of the carbon block in the # direction increased
by 2/f3. In our case we had a = 123.4 cm; 4 = 153.0 cm.

We need only evaluate one of the coefficients (e.g. the first, j = & = /)
of a two-fold Fourier expansion of the intensity in a cross-section of the bloclk,
According to (15) this must vary as

(17) g—unz___g—?ﬂub gunz_

Since the second term represents a small correction which can easily be taken
into account, we expsct for this coefficient an exponential variation. The
coefficient of this exponential is directly related to A*N/3 by (16).

The first Fourier coefficient was determined by measuring with the
rhodium detector the neutron density at ¢ points over a cross-section and
taking a suitable linear combination of these in order to minimize the influence
of the other Fourier coefficients. Our geometry was such that the first har-
monic was by far the most important. The effect of the other harmonics
could perturb the result by only a negligible amount.

In figure 3 the observed values of the first Fourier coefficients are plotted
logarithmically against z. A small correction has been applied to take into
account the second term in (17) so that we would expect the experimental
points to lie on a straight line. The dotted curve is the curve expected if
there were no absorption and its slope is determined essentially by the dimen-
sions of the graphite block. The solid curve has been drawn to fit as well
as possible the experimental points. It corresponds to a cross-section for
capture of 3 X102 cm® This result is consistent with the upper limit of
10— %% em” given by Frisch, Halban, and Koch ®.

(z) O. R. FriscH, H. v. HALBAN and J. KocH, « K. Danske Vidensk, Selsk,», 15, No. 10
(1937)-
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1t is clear that this result refers to the graphite which was actually used.
Since the cross-section turns out to be exceedingly small, very small amounts
of neutron absorbing materials might be, to some extent at least, responsible

1000 - 1 -]

100 R

Intensity

— 1

L ‘
oy 55 50 75 00 25
Centimeters

Fig. 3.- Logarithmic plot of #:; — #. as a function of the distance from the face of the carbon
block nearest to the source. The broken Iine would be expected in case of no absorption.
The solid line corresponds to an absorption cross-section of 3 X 10—27 cm®.

for this ahsorption. For instance, a content of water of less than one per cent
could account for the observed absorption. We excluded the presence of
an amount of water large enough to affect appreciably our result by comparing
the weights of some of our graphite bricks before and after heating at 200°C
for many hours. A small impurity which certainly accounts for part of the
observed absorption is atmospheric nitrogen. Assuming that the gaps between
the microcrystals in cur graphite were filled with air, nitrogen would account
for about one-tenth of the observed cross-section. If larger amounts of nitrogen
were adsorbed the effect would be correspondingly larger.
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Ne 137,

After the success of the graphite measurements, there was an opportunity to study
the fission process itself in some detail. Although a large number of radioactive series had
been found among the fission products, most of the work had been confined to the identifi-
cation and the genetic relationships of these radio-elements. Fermi always wanted to know
the quantitative aspects of the relationships. In the present case he wanted to know what
was the probability that when fission occurred in uranium, a given radioactive series would
appear. This probability was called the branching ratio.

The work went forward along these lines, becausc an able radio-chemist, A. V. Grosse,
had come to Columbia on a Guggenheim Fellowship in order to participate in the new work,
It was Grosse’s enthusiasm and buoyant personality, plus the fact that the cyclotron was
worlking well, that made Fermi think that this research would be amusing as well as enlighten-
ing. Things worked out very well; Grosse devised the mcthods of radio-chemical separation,
and these were carried out by Fermi and me. It amused Grosse to see the conversion of his
physics colleagues into chemists. In watching us work it appeared as if I, who was supposed
te be the assistant, was doing the supervising; Fermi himself was doing most of the hard work.

A great many ether separations were carried out. This involved boiling away fairly
large quantities of ether. Fermi had none of the reqnisite patience of a good chemist and
tried to speed this process beyond what was prudent. There would be an explosion, the ether
would burst into flame, Fermi’s eyebrows would be singed, but he wasn’t deterred. Later,
when the ether method became an important way to purify uranium, Fermi could give some
cautionary advice,

The measurement of fission yields was later carried out in an extensive way by large
groups of radio-chemists in the Metallurgical Laboratory, principally under the directicn of
N. Sugarman and C. D, Coryell. The following paper was the first quantitative work on
this subject. There seemed no compelling reason to withhold this paper from publication.

H. L. ANDERSON.

Enrico Fermi was a rare combination of both an outstanding theoretical and an ex-
perimental physicist. In the universality of his genius he was also no mean chemist. It
was fascinating to see Fermi disapgear in dense fumes of sulfuric acid as he was carrying
out some chemical separation in the corner room of the basemcnt of the Pupin Laboratories
in the very early days of the atomic encrgy project at Columbia University (1939). His
voice could be clearly heard out of the ““ London fog ” giving instructions as to what should
be done next.

T had the privilege of working with Enrico Fermi and Herbert Anderson on a problem
that interested all three of us, namely, what are the final chemical products of the fission
of the uranium atom? 'The physicist refers to this problem as determining the probability
that a given radioactive series is formed or what the branching ratic of a particular radioactive
serigs is in the fission of 1/235. The probiem consisted wusually of a quick chemical separation
of a well-known fission product and the determination of its amount quantitatively, by mak-
ing measurements in a Geiger counter in a well defincd geometry.

Geiger counters were installed next to Fermi’s desk in this office. The chemical sepa-
rations were carried out a few rooms away at the end of a corrider. 1t was a common sight
to see Herbert Anderson run * interference ” for Enrico Fermi, opening the doors for Fermi
who would be running close behind him, holding the radioactive preparation, usually a pre-
cipitate on a filter, in his hands. The filter was usually Scotch-taped into position in the
wartned up Geiger counter within a few seconds after Fermi entered the room.
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The amazing thing about Fermi’s experimentation was his ability, by penetrating anal-
ysis, to always keep in mind the goal of his investigation, and to cstimate, by intuition,
approximate error possibilities so that his guess in many cases was better than other people’s
measurements. Because of these qualities his rate of progress in arriving at new results was
the fastest I have cver seen.

A.V. GROSSE.

137.

BRANCHING RATIOS IN THE FISSION
OF URANIUM (235) ™

H.L. AxpeErsoN, E, FeruI, and A.V. GROSSE
Pupin Physics Laboratories, Columbia University, New York, New York
Received QOctober 14, 1940
« Phys. Rev.», 50, §2-56 (1941).

A survey has been made on the percentages of slow neutron-induced uranium fissions
that give rise to the formation of various radioactive series. These percentages were obtained
by measuring the numbers of fi-disintegrations of a suitable member of the series after an
irradiation under specified geometrical conditions and a gquantitative chemical separation.
The percentages found for the series thus far investigated vary from about ©.1 percent to
10 percent.

A large number of radicactive series found among the fission products
of uraniurm have been reported. Thus far, however, the work has been confined
mostly to the identification and the genetic relationships of the radio-elements
which arise from uranium fission. The present work is part of a systematic
attempt to determine in a quantitative way the probability that when uranium
fission occurs a given radioactive series will appear. We shall call this pro-
bability the branching ratio of the radioactive series.

In Table I+ are listed those radio-elements which have been found to
date with indicatien, wherever possible, of their genetic relationships and
atomic weights. In compiling this table we have relied mainly on the critical
survey of Livingood and Seaborg ©, supplemented by data which have
appeared subsequently. In Table I the fission fragments have been arranged
in two groups; a light group having atomic weights in the range from 82
to 100 and a heavy group with weights ranging from 127 to 150. To date, 10
radioactive chains have heen identified in the Jight group and 12 in the heavy
group. Because of greater analytical ease we have concentrated our effort
on the heavy group and have determined the branching ratios of g out of 12.

(*) Publication assisted by the Ernest Kempton Adams Fund for Physical Research
of Celumbia University.

T Note added in groof. — The 22-hour and the 6.6-hour iodines have now been assigned
to atomic weights 133 and 135, respectively, by C. S. WU, « Phys. Rev.», 58, 126 (1040).

(r) J.J. LIvINGoOD and G.T. SEABORG, ¢« Rev. Mod, Phys.», r2, 30(1040).




TaBLE 1.

Radioactive series from wramium fission. S indicates a stable isotope.
Heavy Group
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Sbh st 80 hr 4.2 hr $min | 10 min | Io min ‘
Te 52 1ohr | S |[70min | S | 25 min 77hr  |[60min | 43min |I5min )
I s 1S 8 day 24hr |22hr |54min | 6.6 hr I
Xe 54 S S S 5 S 8 S 30sec. | short cday g.4ahr | 15 min I
Cs 55 Smin | 40 sec. 32 min j
Ba 56 g g S|S8|5]5|5 |8 min | 300 hr T4 min | 1 min
La 57 S 40 bhr 2.5 hr | 18 min

o/g . 0.18 0.34 1.6 6.4 8.4 5.2 7.6 1z 9(?) |

LicHT GROUP
82 , 83 | 84 | 85 | 36 | 8 38 8 | 9o | - — = =] = 1 =1 =
Br 335 2.3 hr 40 min | 3.8 hr
Kr 36 S 1.g L 5 5 3 hr 5 Tmin
8
Rb 37 s 5 18 min | 15 min
Sr 38 S S 5 S 15 day 6hr | 7 min
Y 39 S 1.3 hr
Zr 40 5 17 hr 7o day
Cb 41 75 min
Mo 42 67 hr
— 43 .. 6.6 hr
slo . 6.1
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The sum of these heavy group fission series amounts to only about 5o percent,
(see Table I) indicating that our present knowledge of fission fragments is
still incomplete.

The presence of a variety of series may be interpreted by assuming that
the original splitting may take place into different fragments. The emission
of one or more neutrons further increases the number of possibilities. If
no neutrons were emitted the sum of the weights of the two fragments ought
to be equal to 236, in the case of fission produced by slow neutrons in TJ°%.
If neutrons are emitted this sum is correspondingly less. Since, presumably,
the same number of neutrons is not always emitted, we need not expect that
when a given sertes in the heavy group occurs it will always be accompanied
by the same series in the light group. Very little information is available
as to the relative probability of the formation of the various fission products.
We have, therefore, undertaken a study of these probabilities. Since we
shall be unable to continue this research for some rmonths because of the
rebuilding of the Columbia cyclotron now in progress, it was thought worth
while to report on the results obtained thus far.

EXPERIMENTAL METHOD.

In each measurement we irradiated a solution containing 50 grams of
uranium element inside a paraffin block placed in a fixed position near the
cyclotron. Usually, uranyl nitrate was used, but the sulphate was employed
for the antimony determination. Neutrons were produced in the cyclotron
by the bombardment of Be with 6-Mev protons. These neutrons have an
energy up to about 2 Mev and our geometrical arrangement was such that
practically only slow neutrons were effective in producing fission. Our results,
therefore, refer to the fission of U?*. The intensity of irradiation was monitored
by means of a gold foil placed in a fixed position inside the paraffin block.
The activity of the gold foil was compared to that of a standard uranium
plaque by means of an ionization chamber. In a few cases a Rn + Be source
was used for the irradiation instead of the cyclotron.

For the investigation of each element a known amount of the element
in a suitable chemical form was added as a carrier to the uranium solution,
together with smaller quantities of all other known fission products. The
desired element was subsequently purified and separated. A weighed fraction
of the added amount was painted on a thin aluminum strip, covered with
Scotch cellulose tape and wrapped around a thin walled silvered-glass counter 2,
The strip was held by means of a suitable aluminum container so as to insure
the reproducibility of its disposition relative to the counter. Taking into
account the absorption of the B-rays, the geometrical efficiency of the counting
arrangement, and the finite time of irradiation, as explained below, the
number of 8-disintegrations per second at saturation of the element in question

(2) Made by ECK and KREBS, New York City.
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was obtained. The branching ratio, i.e., the fraction of fissions giving rise
to a particular radicactive series, was calculated from the formula,

R = In/gf MFN.

I is the observed initial activity of the preparation measured in counts
per minute; f is the ratio of the weights of carrier element used for the activity
measurement to that added to the irradiated solution; M is the intensity
of irradiation as measured in arbitrary units with the gold monitor; F is the
fraction of saturation of the activity in question accumulated during the
time of irradiation; v is the correction factor for the absorption of the B-rays,
For its determination an aluminum cylinder of thickness 0.043 g/cm?, equiv-
alent to the combined thickness of the counter wall and the Scotch tape,
was inserted between the sample and the counter. If an exponential law
of B—ray absorption is assumed, 7 is the ratio of the measured activity without
the aluminum to that with it. Values of n are given in Table II. The thickness
of the counter wall was found by comparing, with a second counter as detector,
the absorption for f—rays of radium E of the counter used with an aluminum
cylinder of known thickness under the same geometrical conditions. In this
way the thickness of the counter wall was found te be equivalent to o.029
g/em? of aluminum. The Scotch tape had a thickness equivalent to o.012
g/em?® A small increment was added to take into account the absorption in
the average sample measured.

TABLE II.

Absorption factors % for 0.043 glem® of aluminurm.

ELEMENT Harrs-LIFE 7 ELEMENT HALF-LIFE 7
s15bh™29 4.2 hr 1.67 a3l 22 hr 1.85
s Te™2? 70 min 1.81 53 *3* 8days 4.9
seSb™®7 §o hr 1.61 ssBa’3® 86 min  1.26
g2 1e™7 10 hr 1.66 ! seBa’+® 300 hr

53l 54 min 1.60 syLa™® 36 hr } bz
. 2.4 hr 1.60 40lT 17.2 hr

ol 6o6hr 1.0 ,:Ch g5 min } 00

The symbo! g is the geometrical efficiency of the counting arrangement.
It was determined by measuring in our standard way the B-activity of a
weighed amount of U,0; and was found to be 1/3. Differences in this efficiency
caused by possible differences in the back-scattering of the various B-rays
were neglected. The measurement of g was repeated several times with
varying amounts of U,03 and was found to give the same result to within
a few percent.
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N is the number of fissions per minute taking place in the uranium solution
for unit intensity of irradiation. In order to determine N we proceeded in
the following way: In place of the uranium solution we used 140 cc of a
solution of MnS0O,. In order to alter the distribution of neutrons as little
as possible the concentration of this solution was adjusted so that the number
of neutron captures per second would be roughly the same as in the uranium
case. The activity of a known fraction of these manganese atoms was then
determined with the counter in our standard way. The number of fissions
per uranium atom is equal to the number of disintegrations per manganese
atom times the ratio of the fission cross section of uranium to the capture
cross scction of manganese for thermal neutrons. We found that for unit
intensity of irradiation g6o,00c fissions took place in our uranium solution
per minute.

On the assumption that a series of radio-clements has no branchings
we chose for each radicactive series one convenient radio-element for determin-
ing the percentage of fissions of the series. The chemical elements investigated
were I, Sb, Ba and Zr. The series investigated are those of Table I for which
the percentages are given.

JODINE.

lodine was separated by the following method: A standard solution
of 5 KI 4+ 1 KIO, was added to the uranium solution and acidified with dilute
H,50, to free all of the iodine. The free iodine was then steam distilled into
a flask containing water and converted into iodide ion by titrating with
NaH>0,; the iodine was then precipitated as either PdI, or Agl.

Originally, our practice was to paint Pdl, precipitated in the presence
of Br ion on the aluminum strip. Since on several occasions the Pdl, reacted
with the aluminum with some loss of iodine, these measurements could be
relied on for giving only relative branching ratios of the various iodine isotopes.
For absolute determinations we used a precipitate of Agl. Bromine is not
separated in this case, but since the bromine products are short-lived the
determinations could be made on the longer-lived iodines. For these last
measurements we used a Rn -~ Be source.

Separation of iodine has permitted us to investigate the following series @,

{1) Te¥ (30 min) or (30 hr)— I"¥ (8 day),

(2) 5b (10 min) - Te (60 min) — 1 (22 hr} - Xe (5 day),
{3) Te (~ 15 min) -+ 1 (6.6 hr) - Xe (9.4 hr),

@ Sb (5 min) > Te (77 hr) > T (2.4 h),

(5) Sb (<7 10 min}) — Te (43 min) — I (54 min).

In one experiment iodine was separated z4 hours aflter the end of a
7-hour irradiation. The decay curve was readily analyzed into an 8-day

(3) P. H. ABELSON, ¢ Phys. Rev.», 56, 7 (1939).
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and a 22-hour activity; no evidence for the presence of the 5-day Xe could
be found and it was assumed that this gas escaped from the sample during
measurement.

We were able to determine that the 8—day iodine arises principally from
the 3o-minute rather than the 30-hour isomer of tellurium. This was done
by irradiating for 2 hours and separating the iodine after 22 hours and again
after 89 hours. If the 8—day iodine arose from the 30-hour tellurium the ratio
of its activity from the second separation to that from the first would be 1.1.
If instead, it arose from the 3o-—minute tellurium this ratio would be zero.
. Aratio of 0.1 was found which indicates that the 8—day iodine arises principally
from the 3o-minute tellurium,

The branching ratio of the 2.4—hour activity was obtained as follows.
The parent substance of this radio-clement has a much longer life (77 hours)
than the parent elements of all other radio-iodines produced in the fission.
It follows that the 2.4-hour radio-iodine is the only radio-iodine which can
be regenerated in an irradiated uranium solution from which iodine has
been removed once one or two days after irradiation. We therefore irradiated
a solution and after about one day performed a first iodine separation. The
collected iodine has a decay curve in which all the following periods were
represented: 8 days, 2.4 hours, 66 hours and 22 hours. The solution was then
allowed to stand for about one more day; the 7-hour tellurium, which was
- still present in the solution, reproduced during this time the 2.4~hour iodine; a
second iodine separation collected, therefore, the 2.4-hour iodine almost pure.

The activity of the s4-minute iodine could easily be distinguished from
all other activities because of the large difference in period from the other
activities and the fact that a separation of iodine soon after a short irradiation
vields this activity with a much greater intensity than any other.

We were, however, not able to get a very convincing decay curve of the
6.6~-hour iodine, perhaps because the daughter substance (g.4-hour Xe) was
occluded only in part in our sample. The corresponding branching ratic
given in the table is somewhat doubtful. The branching ratios in the case of
the 22-hour and the 2.4~hour iodines were measured using Agl precipitation.
The branching ratios of the other isotopes were obtained by analyzing decay
curves of PdI, precipitations and comparing initial activities of the 22-hour
and 2z.4-hour activities with the others. Irradiations of various lengths of
time gave reasonably consistent results.

ANTIMONY.

Antimony and some telluriurn were added to the uranium sulphate
solution in the form of a solution of SbCl, in 5o-percent H,50, and reduced
with granulated zinc and sulphuric acid in a hydrogen generator to Sbil,,
and absorbed in a AgNQ, solution. The silver antimony precipitate was
hltered, decomposed with concentrated HCl and antimony precipitated with
H.S from the solution in the usual way and weighted as Sb,S, after drying
in a stream of CO,.
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The activity of the Sb samples was analyzed in order to determine the
branching ratios of the following series @

(1) Sb* (80 hr) — Te™ (10 hr) - [*7,
(2) Sk (4.2 hr) — Te™ (70 min) — I'*,

The decay curves show evidence of the growth of the two radio-telluriums
(1o hours and 70 minutes) out of the chemically separated samples of
antimony, The branching ratios of these two series are considerably smaller
than any other found so far. This fact may perhaps be related to the circum-
stance that these series are at the low atomic weight end of the heavy group.

BARIUM.

This element was separated from the irradiated solution by first eliminat-
ing most of the UO,NO,), by ether extraction and precipitating Ba and
Sr as sulphates in the aqueous extract. These sulphates were melted with
KNaCQO, in the presence of the oxides of Te, Mo and Cb, the washed carbonates
dissolved in dilute HCl and precipitated, in the presence of Th (to eliminate
UX), for a second time as sulphates. After converting these to carbonates
Ba was separated from Sr as BaCrO, in acetic acid solution and reconverted
into BaSO,.

From the activity of the barium samples we determined the branching
ratios of the two series ®:

(1) Xe™® (< 305) —» Ce™ (6 min) —» Ba™ (86 min) » La™,
(2) Xe (short) - Cs (405 7} — Ba (300 hr) — La (40 hr).

A first barium sample was separated from a uranium solution irradiated
for many hours. Special care was taken to purify the sample as thoroughly
as possible from UX contamination. Since this purification process took
several days only the 300-hour activity was found in the decay curve. Actually,
the lifetime appeared from our measurements to be somewhat longer. The
first part of the decay curve shows evidence of the growth of the qo-hour
[anthanum. This growth was, however, not sufficiently intensive for a reliable
separate determination of the absorption factors of Ba and La. In determin-
ing the branching ratio we used the average absorption factor of the complex
radiation of Ba and La. This procedure may of course introduce some addi-
tional error into this determination.

The activity of the 86--minute barium was measured on a BaCrO, sample
separated from a uranium solution irradiated about one hour. Because of the
short time available for the purification an appreciable UX background was
observed in this sample. The 86-minute activity was, however, much more
intensive and could be analyzed without difficulty.

{4) O. HAUN and F, STRASSMANN, ¢ Naturwiss.», 27, 529 (1936); G. N. GLASOE and
J. STEIGMAN, « Phys. Rev.», 55, 1 (1940}




137. — Branching Ratios in the Fission of Uranium (235) 49

ZIRCONIUM.

For the chemical separation of zirconium the U solution was acidified
with concentrated HCI to about 25 percent, the Zr precipitated as a phosphate
and the ZrP,0, purified as previously described ® and finally converted into
Zr0,.

The chain investigated was:

Zr (17.2 hr.) — Cb (75 min).

A zirconium oxide sample separated from a solution irradiated about
two hours was measured. The decay curve showed an initial rise caused by
the growth of the 75—-minute columbium and then a decay with the 17.2-hour
period of zirconium. A rather small background, presumably caused by
a long-living zirconium was also observed. We were unable to separate the
two absorption factors of r7.2—hour zirconium and 7§-minute columbium
from these curves and we used, therefore, an average absorption coefficient.
Two irradiations, one of 2 hours and another of 10 hours, gave, in good agree-
ment, 5.0 and 6.3 for the branching percentages.

Assuming that one radivactive fragment in the light group and one radio-
active fragment in the heavy group are produced in each fission, we would
expect the sum of the branching percentages to be 100 for each of the two
groups. The percentages for the nine series analyzed in the heavy group add
to about so. Apart from possible errors, especially in the determination of
the number of fissions, this low result is partly caused by incomplete analysis
(9 out of 12) of the known series and probably also by series not yet discovered.

In conclusion the authors wish to express their indebtedness to the
Research Corporation for financial aid. One of us (AVG) is also indebted
to the John Simon Guggenheim Memorial Foundation for the grant of a
fellowship.

{5) A.V. GrossE and E.T. BooTH, « Phys. Rev.», 57, 664 (1940).
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Ne 138.

The advantages of graphlte as a2 means to slow down neutrons became apparent after
the experiment which uscd a pile of graphite to measure the absorption of carbon. In such
a pile of graphite, the neutrons were slowed down mere slowly than in water, but once they
reached thermal energies the neutrons would diffuse longer and reach greater distances from
the source. A physical separation of the thermal neutrons from higher energy neutrons could
be obtained and Fermi saw many ways to use this to advantage.

The graphite column was rebuilt. Tt was provided with a gap in which a layer of
uraniun could be inserted. With a radon 4+ beryllium source placed inside the column
some 7o centimeters below the gap, the neutrons in the neighborhood of the gap were almost
entirely at thermal cnergies. A large fraction of these were absorbed when uranivim was
inserted in the gap. The neutrons ernitted by the uranium could now be distinguished easily
from those originating from the source. A fourfold increase in the resonance actlivity of
indium in the neighborhood of the uranium showed clearly the producticn of neutrons by
the uranium,

Amnother advantage of using graphite came because the slowing down and diffusion of
neutrons could be caleulated in 2 much more reliable way than in the case of either water or
paraffin. Thus it became possible to measure the most important property of uranium for
the chain reaction, the average number of neutrons produnced per thermal neutron absorbed.
This gquantity, which he called v, was found to have the value 1.73, as reported in the follow-
ing paper. This augured well for the chain reaction, and further work was pushed ferward,
with increasing interest. A later repetition under improved cenditions brought the number
down to 1.20 (sec paper N° 163).

This and the previous paper are interesting in that the nomenclature and notations
used in them for the first time found wide acceptance In the further work on the slowing
down of neutrons and in their reproduction by uranium.

This paper was reissued by the Metallurgical Laboratory as Report CP-¢, in August,
15943.

H. I.. ANDERSOK.

138.

PRODUCTION OF NEUTRONS BY URANIUM

H. L. AXDERSON and E, FERMI
Columbia University, New York, New York
Report A-6 (January 17, 1941).

The average number 1 of neutrons produced by uranium upen the capture of a thermal
neutron was determined by using a column of graphite for slowing down the neutrons.
The column was provided with a gap in which aJayer of uranium oxide could be inserted.
A Rn - Be source was placed inside the column on its axis 70 cm below the gap. With
this arrangement the procduction of neutrons by uranium was clearly demostrated by a
fourfold increase of the resouance activity of indium in the neighborhood of the gap with
the uranium in place. In Secfion 7 a study is made of the slowing down and of the thermal
diffusion of neutrons in graphite. In Secion 77 measurements of the distribution of indium
resonance neutrons with and without uranium in the gap are amalyzed to obtain the
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number of neutrons produced per second by the uranium. In Secfion 777 measurements
of the distribution of therinal ncutrons with and without uranium are analyzed to give
the number of thermal neutrons captured per sccond by uwranium. From these numbers
7 is found to be I.73.

This paper is a report of an experimental investigation to determine
the average number of neutrons produced by uranium upon the capture of
a thermal neutron. This number, which we shali denote by %, differs from the
number of neutrons produced per fission because a fraction of the thermal
neutrons captured by uranium gives rise to U**. For a discussion of chain
reactions produced with unseparated uranium isotopes it is the number
rather than the number per fission which is of immediate importance.

The previous attempts () to measure n have not been entirely satisfac-
tory because the neutrons produced by uranium were measured as a small
difference between the total number of neutrons present with and without
uranium in the neighborhood of a primary source of neutrons. Furthermore,
a considerable uncertainty was due to the difficulty of estimating the number
of neutrons absorbed while being slowed down across the resonance band of
uranium. In the present experiments these difficulties were minimized by
using carbon instead of water for slowing down the neutrons. This has the
advantage of making possible a much more complete separation of the thermatl
neutrons from those of higher energy. Indeed, in a tall column of graphite
of square cross-section three feet on a side, the intensity of indium resonance
neutrons {(energy about I ev) at a distance of 70 centimeters from a Rn - Be
source is already quite small while the intensity of thermal neutrons is still
rather large. A layer of uranium placed at this positiori absorbs from the
primary source practically only the thermal neutrons. An indium detector
screened with cadmium, which is insensitive to the thermal neutrons, placed
in the neighborhood of the uranium is very little affected by the primary
neutrons produced by the Rn 4 Be source. The response to the secondary
neutrons produced by the uranium, however, can be clearly distinguished
and may be as large as four times that due to the primary neutrons.

The use of carbon has the further advantage that the diffusion of the
neutrons may be calculated in a much more reliable way than in the case of
either water or paraffin. This makes possible a complete analysis of the activity
curves taken under various conditions and thereby permits a separate iden-
tification of those factors which enter into the experiment. '

SeEcTION I: THE SLOWING DOWN AND DIFFUSION OF NEUTRONS IN GRAPHITE.

In a previous report, *“ Production and Absorption of Slow Neutrons
by Carbon ', (hereafter to be referred to as 1) we described experiments on

(1) H. HaLBAN, I, JoL1or, and L. KOWARSKI, ¢ Nature s, I43, 470, 680 and 939 (1939).
11. L. ANDERSON, E. FERMI, and L. SZILARD, ¢ Phys, Rev.», 56, 284 (1539). [Paper N° 132.
(Editor note)].
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the slowing down of neutrons in graphite. In the present experiments we
required a more detailed analysis of this process as well as of the diffusion
of thermal neutrons taking place after the energy of the neutrons had been
reduced to thermal values. Accordingly, some technical improvements were
introduced to allow for a more accurate placement of the detectors; indium
instead of rhodium detectors were used to permit more precise measurcments,
especially of the weaker points; and a closer mathematical description along
the same general lines as in [ was used in analysing the slowing down process.
In addition, the measurements were extended to include the distribution of
thermal neutrons in the graphite column.

The neutrons from a Rn 4+ Be source were slowed down inside a column
of graphite bricks (density 1.63 gms/cm®). The base of the column was 3 X 3
feet and the height was 8§ feet. The Rn - Be source was placed inside the
column on its axis about 3 fect above the base. The detectors (indium foils
4% 6.4 cm* and of thickness 0.094 gms/em?®) were inserted in slots at various
heights above the source as shown in fig. 1. (The gap shown in the figure
was introduced only in experiments to be described later in sections I1 and
II1}. The activity of the 54-minute period of indium was measured with a
counter. The counting was started 3 minutes after the end of the irradiation
in order to allow the 13-second period to decay. Neo perturbation due to other
activities of indium could be detected.

The results of measurements made without the gap are tabulated in
Table I. Cofumn I gives a conventional notation for the position of the detector,
The position o is the place where, in later experiments, the dural frame shown
in fig. 1 was inserted. The spacing between two consecutive numbers in this
notation corresponds to a distance between detector positions of 4 inches.
The center of the source was placed on the axis of the column 14 inch below
the plane at —7. Column 2 gives the distance # in centimeters between the
horizontal plane of the source and the various detector positions. A small
correction of 0.6 em must be applied in the case of measurements of the reson-
ance neutrons to take into account the self~absorption of our indium detectors.
In Column 3 the effective values of 2 taking this correction into account are
tabulated. Two series of measurements were taken; in one (Cd In Cd) the
detector was covered on both sides with cadmium (thickness 6.9 gms/cm?)
to eliminate the thermal neutrons and in the second (Ni In Nij the detector
was covered with nickel foils having a negligible absorption for neutrons of
all energies. The measured activities are given in Colummns 4 and 6, respectively.
The usual procedure for obtaining the activity due to thermal neutrons would
be to subtract Column 4 from Column 6. This is not quite correct, however,
because the absorption by cadmium of the indium resonance neutrons is
neglected. For the cadmium thickness used this absorption was corrected
for ‘by multiplying Column 4 by 1.15 before subtracting it from Column 6.
A further small correction has been applied in order to take into account the
scattering of thermal neutrons by the walls of the room, This correction is
appreciable only for points far from the source where it amounts to 0.063.
The correction would be somewhat greater for points near the source. Since,
however, the correction is unimportant near the source we have not taken
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into account its variation and have subtracted 0.063 for all the points, In
Column 7 the experimental thermal neutron activity taking these corrections
into account is tabulated. Finally, Coluwmns 5 and 9 give the values of the
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resonance and the thermal activities, respectively, calculated as will be
discussed below.

The experimental and calculated data of Columns 4, §, 7 and 8 normalized
to give unity at # = o are shown in fig. 2. The property of a carbon column
to separate the thermal from the resonance neutrons is clearly revealed by
these curves.
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TABLE [.

The resonance and thermal neutron activities of indiwm in the grapkite
column without gap.

Cd InCd Ni In Ni Thermal Neutrons
L | -
pos z ! Z .. Expt Calc Expt Expt Cale
1| 2 3 4 5 6 7 8
— 7 0.6 o 10.50 16. 50 75.1 56 .06 54.7
— 5 20.9 20.3 i0.43 10.43 57.4 45.34 44.5
— 3 41.2 40.6 3.52 3.48 30.2 20.00 26.1
— 2 51.4 0.8 [:79 1.76 20,17 18.03 18.2
— 61.0 61.0 0.844 0.835 13.04 1z.01 12.2
o 71.7 F1.1 0.372 0.371 8.32 7.83 7.03
1 81.9 81.3 0.159 0.160 5.17 4.092 5.00
2 §2.0 0I.4 0.070 0.070 3.25 3.1I 3.18
3 102.2 101.6 o.028 .03z 2.046 1.95 1.6
5 122.5 121.9 0.0075 0.00068 0.797 0.725% 0.735
1.0 1
.8 \
6 i\
=
2
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=
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DISCUSSION OF THE RESULTS OF TABLE I.

In I we described measurements of the resonance activity of rhodium
taken under conditions analogous to the indium measurements given in
Column 4 of Table I. In that report we described a method for analyzing those
results on the assumption that the slowing down of neutrons is essentially
a diffusion process obeying the differential equation:

. 2g
(1 Ay = EYy

where the neutron age # {which is not a time) was given in I to be:

(2) t=2.233 f)‘ (E)@_

¥

and ¢ is the number of neutrons per unit volume which in unit time are slowed
down from above to below the energy E, corresponding to the age 7. A is
the mean free path taken to be 2.55 cm for slow neutrons in our graphite.
The quantity ¢ is related to = () d¢ the density of neutrons having an age
bhetween ¢ and ¢ 4 d# by the relation:

(2) ¢ @yt =0 n(t)dr.

If our assumptions were strictly correct we would expect that the reson-
ance activity of the indium detector given in Column 4 could be obtained
as a solution of (1) cotresponding to the boundary conditions imposed by
our particular geometry. For a point source of neutrons of unit intensity
this solution is:

o oo ] t(r: + bid )
XY FHT }’ MU . T
E T ‘?11’1751,17.
Fripinfiinel a a a

Hyls

CYES 2]
where a is the side of the column increased by 2z A/¥'3 and in our caseis 94.4 cm.
The positional coordinates in the horizontal plane x, ¥ and %, refer to the
detector and source, respectively. In our case 2 == » = &/2. The distribution
function (4) contains # in a Gaussian factor whose range is given by:

(s) ro =4t

as was already noticed in I.

The experimental data cannot be fitted with a single Gauss function.
In I a phenomenological description was obtained by assuming two groups
of neutrens diffusing with different ranges. To obtain a more accurate descrip-
tion in the present work we have analysed the experimental resonance activ-
ities of indium as follows:

Zres {2 Pres

(6) Aves — 6.44 g“(zz.e) 1942 e*(‘gy.—o)er 0.64 e—(sff.) _
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Values calculated using this formula are listed in Columin g of Tahle I; the
agreement with the experimental points is as good as the experimental
accuracy. This recipe may be obtained by taking a linear combination of
three terms of the type (4) corresponding to the assumption that there are
three groups of neutrons having different ranges and intensities as follows:

Range in cm for Indium Intensity in percent
Rescnance
22.8 14.0
37.0 65.8
57.0 20.2

To calculate the distribution of the thermal neutrons it is first necessary
to take into account the additional diffusion from the resonance energy of
indium (1 ev) to thermal energies (0.025 ev) by increasing the above ranges
by an amount which may be obtained from a formula given in I:

EIn
(n (7' — (7)) =206 % logmi:-
The thermal neutron ranges are, thus, 27.1, 39.8, and 58.9 cm, respectively.

The diffusion of thermal neutrons may be described by means of the
differential equation, (see I):

(8) An—FPont-2g=o0

where # is the density of thermal neutrons, A is the mean free path for thermal
neutrons in carbon, &V is the number of impacts by thermal neutrons before
being captured; its value was determined in I to be 1600, » is the neutron
velocity, and ¢ is the number of thermal neutrons produced per cm?® per
second. The quantity ¢ is given by a linear combination of terms of the type
(4) using the thermal neutron ranges and the percentages f: given above.
For our geometry the solution of (8) which gives the distribution of thermal
neutrons is:

o0 3’;2' : 2
& TN ;N T,
(9) n=F Cplt T freN |07 4 Tl
Jik=1 2 P=1,2,3 7y 2'5_111
peole— )
z F /
where
Cp— - sin 22 g i sin 2% si Ay
A a
I _ 3 T \ .
7, o T U A
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The values calculated with this formula are given in Column 8 of Table I.
One constant only, proportional to the sensitivity of the detector, has been
adjusted so as to fit in the best possible way the experimental data. The
agreement is seen to be within a few percent.

In order to convert the quantities ¢ and » used in the above formulas
to indium resonance and thermal neutron activities measured in our experi-
ments the following relations are useful:

(10) ’ A = 1253 ¢ (In) Kii
{i1) Am =I7.5nk’g2

where ¢ {In) is the value of ¢ calculated using the indium resonance ranges.

SECTION II: NEUTRON PRODUCTION BY URANIUM.

The neutrons produced when uranium captures thermal neutrons were
observed as follows. A dural frame was inserted in the graphite column as
shown in fig. 1. This frame left a gap of 1%, inches in which a layer of
uranium could be inserted. We used 74.2 kilograms of U,0; placed in nine
flat square iron hoxes of one foot side and about 1 inch thick. These boxes
could be easily placed in or removed from the gap and thereby permitted
frequent comparisons of the neutron intensities with and without uranium
in the gap. The results of measurements taken with and without uranium
using the indium detectors shielded with cadmium are given in Columns 2
and 3 of Table II. The first column gives the detector position with the same
notation as in Table I, except that the positions — o and 4- o refer to the
positions immediately below and immediately above the gap. The marked
increase in the indium resonance activity in the neighborhood of the uranium
layer is mainly due to the production of neutrons by uranium.

TaBLE II.

The resonance newtron activity of indiuwm in the graphite columsn,
with and without uranium in the gap.

Position | With uranium | Without uranium Difference
o 2 3 | 4

— 0 0.522 0.338 0,18

+ o o.489 0.341 0.15%
1 0.357 0.144 0.22
2 0.2554 0.0634 0.1920
3 0.1471 o.028¢ 0.1191
5 0.0412 0.0052 0.036
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Corrections are due to the resonance ahsorption of neutrons by the uranium
and to the escape of neutrons sidewise from the gap. In general, in analyz-
ing these and other results, we have introduced sources of neutrons having
appropriate energy and intensity, sometimes positive and sometimes negative,
in order to account for the various ways by which neutrons could be produced
or lost in our graphite column. Thus, the sources which are responsible for
producing the difference listed in Column 4 of Table II are the following:

1) A positive source of fast neutrons generated by the uranium. This
source is not distributed uniformly throughout the uranium layer since the
density of thermal neutrons, which after absorption by the uvranium give
rise to these fast neutrons, is greatest at the center and approaches zero near
the edge. It is sufficiently accurate to take the intensity proportional to

sin%sin%
with the same notations as used in Section I. In what follows a source having
such a distribution will be called a sine-sine source.

2) A negative sine-sine source of neutrons having an energy egual to
that of the uranium resonance {10 ev) representing the ahsorption of neutrons
by uranium at resonance.

3y A positive source representing the difference between the losses
by sidewise escape from the gap, with and without uranium, of neutrons
originating from the primary source.

4) A negative source representing the loss by sidewise escape from
the gap with uranium of neutrons originating from the secondary source.

8) A positive source representing the effect of the gap on the 10 ev
source mentioned above. '

TaprLE III.

Tndinm vesonance activities due to the various sowurces: This table was constructed

from Tables A and B of the Appendix by multiplving the numbers given theve by

the values of the sowrce stremgths I, the effective gap lemgths L, and the activities
A at the gap, indicated at the head of each column.

gap sources

pos fast source | 10 ey source primary | secondary | resonance |Calculated Experimental

Iy=o00218|1  =0.0013 L=gcm | L=5cm |L=c¢cm.

Ay =034 A, =029 | A] =01

1 2 |‘ 3 4 l\ 3 l 5 7 8

0 -+ 0.3196 ~—0.7130 | 4+ 0.01306 | —©0.0465 | -+ ©.0057 0.1794 [0.166 4 0.023
I -|- 0.2888 —o0.0572 | +o0.0058 | —o0.0305 | + 0.0014 0.2083 |0.216 4 o0.017
2 + 0.2123 —0.0062 + 0.0025 | —o0.0171 | -+ 0.0001 0.1916 |0.1020 - 0,008
3 -+ o. 1280 —0.0013 -- 0.0011 | -—0.0083 0.1165 |0.119]1 4 0.004
5 + 0.0383 -— 0.000T 4+ 0.0002 | —0.0014 0.0370 |0.036 - 0.004
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The activities due to all the sources which need be considered are calcu-
lated in the Appendix. There in Table A we have tabulated, for various positions
of the detector, the activities due to sources of unit intensity as defined in
Appendix A, The activitics due to the gap effects are calculated in Appendix B
and tabulated in Table B. We have considered that the gap is equivalent
to a layer of carbon of thickness L which differs from the geometrical thickness
of the gap as discussed there. We have taken for the empty gap, L. = 8 cm,
and for the gap with uranium, L. = 5 cm. These values have heen determined
in several different ways; by comparing the activities with and without
the gap, by analysing the activities obtained with the source placed closer
to the gap, and by comparing directly at the side of the column the neutrons
emerging from the gap with those from an equal thickness of carbon.
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An analysis giving the indium resonance activities due to each of the
above sources at various detector positions is given in Table TII. This table
was constructed by multiplying the numbers giver in Tables A and B by the
values of the source strengths I, the effective gap lengths L, and the activities A
at the gap, indicated at the head of each column. In order to obtain a good
fit with the experimental data we have taken as the intensity of the fast
uranium source ly = 0.0218®, and for the uranium resonance source I[..=—

(2) We have tacitly assumed that the secondary neutrons have the same encrgy distri-
bution as the primary neutrons. However, a mcasurement of the fast neutron source based
on measurements at positions 2 and 3 would be altered by about 2/, if the initial energy
differed by a factor of 10 from those of the primary source,

e o

g
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— 0.0013. The algebraic sum of the activities due to all the sources is given
in Column 7 and is to be compared with the observed increase in the resonance
activity due to uranium given in Column 8. The data of Column 7 was used
to construct the solid curve of fig. 3 while the plotted points are those of
Column 8. It is seen that the agreement is well within the experimental
accuracy. Itis to be pointed out that at positions 2 and 3, where measurements
were made with the most care, the perturbation due to the resonance absorp-
tion and the gap amounts to only 10 %, of the observed effect. The estimate
of the strength of the secondary source based on these measurements should
be, therefore, quite reliable @,

The experiment was repeated using the resonance neutrons of iodine.
The energy of these neutrons is presumably above the uranium resonance
and the results should not be perturbed by the resonance absorption of the
uranium. On the other hand, the activability of the iodine detectors is consid-
erably less than that of the indium detectors and hence the accuracy obtain-
able is not as good. The strength of the secondary source as obtained from the
iodine measurements was in quite good agreement with the value 0.0218
obtained from the indium measurements.

SECTION III: THE THERMAT NEUTRON ABSORPTION OF URANIUM.

The negative source representing the absorption of thermal neutrons
by uranium was obtained by taking measurements with and without uranium
in the gap with the indium detectors covered only with nickel. The results
of these measurements are given in Columns 2z and 3 of Table IV. The
corresponding thermal neutron activities were obtained as for Table I and
are listed in Columns 4 and 5. The difference between the thermal neutron
activities with and without uranium is tabulated in Column 6.

The analysis of this difference was carried out in a manner similar to that
used in Section IT by making use of the thermal activities due to the various
sources as given in Tables A and B of the Appendix. The details of the
analysis are given in Table V. This table was constructed by multiplying the
numbers given in Tables A and B by the appropriate values of the source
strengths I, the effective gap lengths I., and the activities A at the gap,
indicated at the head of the columns 2 to 6 of Table V. The sum of these
contributions and the observed difference in the thermal neutron activities
with and without uranium is given in Cofumn 8. The activities given in this
column are to be ascribed to a negative thermal neutron source. Its intensity
was obtained by dividing the activities of Column 8 by the activities A,
of a thermal source of intensity given in Table A. The results are listed in
Column g, and the average 0.0107 has been taken as the intensity of the
negative thermal neutron source. This source is made up in part by a positive
source due to the fact that the absorption of aluminum is greater without
than with uranium in the gap, by a negative source due to the absorption

(3) Much less accurate is the measured strength -— 0.0013 of the resonance absorption
source, since its effect is difficult to separate from that of the gap leakage.
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of the iron in the uranium containers, and by a positive source due to the
fact that fewer thermal neutrons escape sidewise out of the gap with uranium
than without. ‘The balance represents the absorption by uranium.

TaBrLE IV.
The thermal neutron activities in the graphite cobenn with and without wraninm
in the pap.
NiIn Ni thermal neutrons
pos
with UJ without U with U without U Difference
I 2 3 4 5 6
—o0 4.533 6.363 3.870 5.9II 2.041
o 3.853 6.050 3.227 5.595 2.308
1 2.800 3. 860 2.326 3.631 I.305
2 2.230 2.488 1.873 2.352 0.479
3 1.606 [.550 1.374 I.455 0,081

The absorption of the dural and of the iron was determined by means
of our graphite column. We removed the gap and inserted the dural plates at
the position o and observed a decrease in the thermal neutron activity which
varied exponentially with distance from the gap. At the gap the observed
activity was 7.74 and the decrease due to the dural 0.54. In Column 6 of
Table IV the difference at the position of thegap in the thermal neutron activity
with and without uranium is seen to have an average value of 2.204. With
this activity the decrease due to the dural would be 0.154. According to (23)
the thermal neutron source which would give this activity is obtained by
dividing this number by 302. Since in the experiment I.I times as much
dural was actually used in the gap frame we have taken for the intensity
of the thermal neutron source due to the dural o.coo56. In a similar way
we obtained for the intensity of the thetmal neutron source due to the absorp-
tion of the iron, 0.00079. The thermal source due to the loss of thermal neu-
trons from the gap was obtained with the help of A of Table B and equation
(23) to be 0.00206. The intensity of the thermal source which represents
the absorption of the uranium obtained by subtracting these from the total
thermal source is found to be 0.0126.

The decrease in the thermal neutron activity due to an ahsorbing layer
in the graphite column is a measure of the absorption cross-section of the
layer. TFor a layer containing v absorbing atoms per cm® the absorption
cross-section is given by the expression

21 AA
(r2) Y

where AAJA is the relative decrease in the activity due to the absorbing
layer at its position.




TABLE V.

Thermal neutron activities due to the various sources. This table was constructed froms Tables A and B of the Appendix by

multiplying the wuwmbers given there by the wvalues of the source stremgth 1, the effective gap length L, and the

gap A, indicated at the head of the columns.

activity at the

gap SOurces
fast source 10 ev source pri sec res .
. v - 1
pos Iy=o0.0218 | I  =o0.0013 | Log—Ly=3 L,= L;=3 obs. diff Total “‘
Ap=0.34 I, =o0.0218 I.,=0.0013
1 2 3 4 5 0 7 8 9
o 1.168 — 0.205 0.C41 —o0.z211 0.014 2.20% 3.012 0.0I00
I I.I11 —0.183 0.035 —0.192 0.0I2 1.365 I 2.088 0.0I14
2 0.904 —0.134 0.020 { —0.I5I 0.008 0.479 ‘ 1.192 0.0109
3 0.771 —0.086 0.0I7 ; —9.126 0.0006 0.0%1 1 0.68c 0.0103
{
0.0107 = average |
|

€9
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We have calculated the absorption cross-section of uranium for thermal
neutrons using in (12) the following values; A = 2.55 cm, 4 = 20.0 cm, v for8.8g
gmsfem® U0y is 1.90x 107, A, corresponding to a source of 0.0126 using (23)
is 3.81. A may be obtfained as the average of the measurements at | o and
—0o of Column 4 of Table IV. A correction of about 10°/. has to be applied
to take into account the fact that due to the absorption the neutron density
inside the layer is lower than that measured outside. We have taken A = 3.22,
In this way we have obtained ¢ = 5.3 x 1072 cm®. This result is in good
agreement with that reported in a previous communication, ** Fission and
Capture Cross-section of Uranium for Thermal Neutrons ' @, In that report
we measured the ratio of the uranium to the manganese absorption cross-
sections and found for this ratio 0.59. Taking 9.4x 10—* c¢m? for the cross-
section of manganese as recently measured by Rasetti this would give for
uranium a total alsorption cross-section of §.5X 10724 em™

The average number of neutrons produced per thermal neutron captured
by uranium may be obtained as the ratio of the fast neuteon source Iy = 0.0218
to the source due to the thermal neutron absorption of uranium [ = 0.0126.
The ratio is:

(13} M = 1.73,

The error in this result is partly due to accidental errors. From the
consistenicy of the experimental data this may be estimated to be less than
0°,. However, due to the uncertainties in the corrections which were made
the actual error might be appreciably larger.

APPENDIX A.

THE ACTIVITY DUE TO SQURCE OF UNIT INTENSITY.

In all our measurements we have always divided the observed activities
by the neutron intensity of the source it order to render the results indepen-
dent of oth the decay of the source and the changes of the source from week
to week. It is convenient to take as unit intensity of a point source of neutrons
the intensity 1 of our Rn -}- Be sources.

In the case of a source distributed on a horizontal plane with a sine-sine
distribution it is expedient to call intensity 1 that of a source having the local
intensity:

(14) 3. sin Z£ sin "2 du d.
- 74 i@ Z

This definition is convenient because if a point source of unit intensity located
on the axis of our column is analyzed in a twofold Fourler series in the hori-
zontal section of the column passing through the source (14} represents the
first harmonic component. In what follows we shall denote by the index
zero the value at the axis of the column of any sine-sine magnitude.

(*) We were not able to locate this paper. (Editors’ note).
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1) The resonance neutron activity due fo a fast sine-sine souyce:

If the distribution of the resonance neutrons could he represented by
one range only, the activity due to such a source would be proportional to
the term # = 1, m = 1, of the double sum (4}, with # = v = /2, i.e. for
the source on the axis; thus:

2 2 =z

zZES n rO
I 2z T za2 Ty
(15) g = — ¢ ° g sin = gin =L
2V¥Vr 7o @ a

Actually, we superimpose three neutron groups as was done in Section I,
using the indium resonance ranges and percentages given there. Making
use of (10) the final formula for the activity is found to be:

=z

(16) A, = 3.00 37(22-3)2-[- 9.02 e_(‘:'i?)z-|- 0.636 ei(%).

2) The thermal newtron activity due to « fast sine-sine source.

The density of thermal neutrons from such a source of unit intensity
isgiven by the terni z = I, m = I, of the equation (g). Using {11) the thermal
neutron activity is given by the expression:

{17y A, =22.3 ‘ {1 —(E)(Zf—I -+ 0.678)} 32:"’ + [1 + (E)(;I )J ei"’:" E
f111. 5, 1—O( g+ 0-995)'e2:'°+ 1+ 05— 0995)]

20.0

=0l o] [ ol — s

+ 302 |

3) The vesonance newtron activity dwe lo @ sine-sine I0 ev source:

This may be calculated using {13) assuming for the slowing down of
neutrons from the uranium resonance (10 ev) to indium resonance (I ev)
a range, calculated as in (7):

(18) (20.6 » log., %’u)”zz 11.6 e
Tn

Using (10) the expression for the indium resonance activity is:
(1) A, =86.6¢ (7) .

4y The thermal neutron activity due to a sine-sine 10 ev source:

Proceeding as for the fast sine-sine source but using only one range,
namely:

(20) yy == (20.6 2 logu, =
th

)I/2= 18.7 cm
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we obtain for the thermal neutron activity the expression:

o0 = ssss 0ot 1+ 0 —oass]

5) The thermal neutron activity due to a Sime-sine thermal newtron source:

The solution of (8) for our geometry is:

z
Obrs "3y . TE . 0T
=, ugin T gin 2.
hoa @ @

(22) 7 o=

Using (11) the thermal neutron activity at our detector positions is given
by the expression:

1

20.0

(23) Aj=302¢

For convenience, we have collected in Table A the values for these acti-
vities calculated for our detector positions.

TABLE A.

The resonance and thermal nentron activities of indium due fo various
sime-sine souvces of wunit intemsity al the position 0.

fast source 10 ev SOUICeE | thermal source
pos ;
res Aj ‘ therm A. res Ay ’ therm A, therm A
o 14.60 53.56 86.6 158.0 302
I 13.25 50.97 44.0 140.7 182
2 9.74 44.22 4.8 103.1 100
3 5. 8y 35.36 0.1 66.2 66
5 .76 18.48 — 24.4 24
APPENDIX B.

DECREASE IN ACTIVITY DUE TO LOS3 OF NEUTRONS FROM THE GAP.

We consider first that the gap is filled with carbon. The number of
neutrons which escape sidewise from the gap per unit time from an element
of area du dv is:

N W Zn

*n

)du v

Ip?

where L. is the length of the gap and n is the density of neutrons. In the region
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Thus, the effect of the gap may be repre-

- A T
of the gap # = 7, sin ——sin %

sented by a negative sine-sine source having an intensity:
(25) 1= —'—;—u o L,

in units as defined in Appendix A.

For thermal neutrons the above formula applies directly; for fast neutrons
we replace n, by #,(£) 4%, the density of neutrons in the age interval & on
the axis of our column. This is related to ¢, () by the relation (3) so that the
negative sine-sine source which represents the sidewise loss of fast and epi-
thermal neutrons from the gap is:

(26) a1 = Z L, (o) dt.

When the gap is either empty or filled with some other substance we
may apply similar formulas provided we take into account the different
scattering properties by introducing an effecfive length L. L will be greater
than the geometrical length of the gap if the mean free path of the substance
in the gap is greater than that of carbon.

v) Hffect of the Loss of Thermal Neutvons from the Gap:

We begin with a discussion of this case because it is the simplest. Introduc-
ing the sine-sine source whose intensity is given by (25) into the differential
equation (8) we obtain for the density of thermal neutrons due to this source
at a distance § from the gap.

|

T

I
w2 &

(7) w(@="2 dne

“|

where 4 is equal to 4,, as used in () and 7, is the actual density of thermal
neutrons at the gap. The thermal neutron activity due to the gap is thus:

sz

(28) A, —=o0022LAue

where Ay, is the observed thermal activity at the gap.

2) Effect of the Gap on the Fast Newtrons from the Primary Source:

he escape of fast neutrons from the gap during the slowing down process
perturbs both the indium resonance and the thermal neutron measurements
in the neighborhood of the gap. In order to calculate in a simple way the
effect on the indium resonance activity of the loss through the gap of neutrons
originated in the primary source, we note that over a wide region about the
gap the observed density of indium resonance neutrons varies {zee Table 2)

approximately as

(29) 2
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with / == 12 em. This suggests that for a limited age interval we may take
the solution of (1} to be:

(30) g=e¢ 'F(®

Thus, in the case of a sine-sine distribution we find from (1) at the position
of the gap the expression:

(2;;2 7L) (i—iln)

:12 [2

(1) 9 (1) = gr (In) ¢
From (26} the negative source which represents the effect of the gap has
the intensity:

2312 I
( p —;g) (7 —r10)

a

r® L.

(32) A1) =Ly, (In)e

It follows that the neutron intensity due to this gap source will be given by
the expressiomn:

r .

~ T iz

27 L T T Ll 77T

(333 g(In) :gf(ln)f%j zl-’]"T‘ e P T 4T = Tﬂg e gy (In)
-]

where T = #,—¢ and { is the distance from the gap. The indium resonance

activity is thus:
el

(34) A, —oor33LAne

where Ay, is the observed indium resonance activity at the gap.

In order to obtain the thermal neutron activity due to this source we
need the distribution of the nascent thermal neutrons. Proceeding as for (33)
we obtain:

|5
i A
(35) gty ="5"e ' g0k
which becomes, by making use of {31):
2 w2 1 ks
2 —_ —_—— (f 7 n) —
(36) g (thy = Tra,}z g-(In) ¢ ( a® "2) hem T

The solution of the differential equation (8) for this expression for ¢ is:
—( -5 —w [ _ T ol
_3wllg (e '@ ST

I 1 7e
Iva® (—é— — —F)

{37 7 7 )

From this equation the thermal neutron activity may be obtained by using
(10) and (11) and is:

_ sl ]
(38) Ay == 0.0602 LAj, (1.67 e M7 —e ) .

3) Effect of the Gap on the Neutrons Produced by the Uranium:

The simplification used above in 2) is not applicable in this case because
the neutron intensity due to the uranium source does not have an exponential
behavior in the neighborhood of the gap. The negative source which repre-
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sents this effect of the gap has the intensity given by the expression,

» Ja —2—’;2 ¢ — )
(39) A1) = ") Gos ().
The intensity of indium neutrons due to this gap source at a distance { from
the gap is:

I

I 7?3#2 I‘rIn E_ \_?I;) E d
The indium resonance activity is:
3= 5
I A, = o.01 LAy, / S d
@) = oot bhb | gy 4

-]

where Aj, is that part of the observed resonance activity at the gap which
is due to the uranium source. We have taken », = 32 cm as the best single
range which fits the experimental data.

We proceed now to calculate the effect on the thermal neutron activity,
At the position of the gap the intensity of neutrons of age # due to a uranium
source having an intensity Iy from (5) and (135} is:

2 a2y
. e & 4
2 o () = 21y
(4) gg() > Vb 2 Y

These neutrons give rise to a negative sine-sine source because some of them
are lost sidewise from the pap. The intensity of the nascent thermal neutrons
due to this source, using equation (26), may be found to be:

I

27 4, _ T2
2wl L - 2 fh € :
(43) g(thy = —— 2= sin ™ gjn @, - [iﬁd&

o

The density of thermal neutrons is the solution of (8) with this expression
for ¢, namely:

2 =]
; . ERIar AN :2 _E-to
(44) p == T 1 sin = sin Pl a® F o bdt
oo oat 2 a 44,
— oo

with

e . =z

2 i i_:,
F( e )_/ e g
44y JoViT—0

The corresponding thermal neutron activity may be written, taking as average
n = 309 cm®.

' ~ e itetel
(45) , A[o = 00,0272 LIU'[F (%036) £ o dtu-

— 00
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4) Effect of the Gap on the IT0 ev Source:

This calculation is identical to that in 3) except that we must replace 71,
by the quantity #y, — #., where £ is the age of the uranium resonance neu-
trons. Also, #, must be replaced by #n — #... The corresponding expressions
for the indium resonance and the thermazl neutron activities are, respectively:

I

6 A 61 LA] /"——"’_(IEGI)EJE
(46) o = 0.00363 LAL =
and
2 [ t—1Lo"
2 —5
(47) A= 00446 LTy | F (Tﬂ_t—])g bt

where A7, is that part of the indium resonance activity which is due to the
10 ev source.

TABLE B.

The effect of the gap on the indium resonance and the thermal newtvon activ-

tties due to the mewfroms originating [rom the various sources. 1o obtarn the

activities the numbers tabulated wmust be multiplicd by the guantities indicated
at the hkead of each column.

Thermal

source Fast source, primary | Fast source, secondary 10 ev source

pos therm As res As therm As res Ag therm Aio res A | therm A.,

LxAy Lxa, Lx A, LxAp LxIy Lx A7 LxI

3

0 0.0220 0.01330 ©.0403 0.0314 1.94 0.0114 2.14
I 0.0131 0,00571 0.0344 0.0210 1.76 0.0028 1.78
2 00,0078 0.00244 0.0253 0.0118 1.39 " 0.0002 I.21
3 0.0047 0.00104 0.0171 0.0057 0.99 0.76
5 0.0017 ©.00019 0.0041 0.0010 0.44 o.28

In Table B we have coliected of the indium resonance and thermal
neutron activities of the above gap sources. The activities given there are
all for unit length of gap. A, is given per unit of observed thermal neutron
activity at the gap, A; and Ag per unit of observed indium resonance activity
at the gap, A, per unit of indium resonance activity due to the uranium source,
A, per unit intensity of the uranium fast source, A,. per unit of indium reson-
ance activity due to the resonance absorption of the uranium, and A, per
unit of intensity of the 10 ev source.
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N 139.

It became important to have some more detailed information about the resonance ab-
sorption of uranium. The results obtained in my thesis could be used to calculate this ab-
sorption for thin layers of uranium but couldn’t be relied upon for massive amounts. The
idea of using the uranium in lunps, in order to reduce the resonance absorption, bad by now
taken hold. Fermi wanted to know how much resonance absorption tock place in spheres
of uranium oxide (immetal was not yet available) and in particular, when these spheres were
embedded in graphite. He was already beginning to plan a large scale experiment which
would test fairly directly the neutron reproduction capabilities of a lattice of uranium and
graphite. He wanted to know how big to make the uranium oxide lumps and how to space
them in the graphite.

The Uranium Committee had by this time come to be organized under the National
Defense Research Committee. A group at Princeton University, under Professor H. D. Smyth,
had been drawn into the widening program. Princeton physicists had been interested in
fission since the time Niels Bohr had brought them news of its discovery. They had carried
out experimental and theoretical work on the subject and would have liked to correlate their
research with that of Coluinbia. Misnanderstanding and security practices had a first prevent-
ed collaboration between the two universities. Then at a special conference in Washington,
in January 1941, E. P. Wigner and J. A. Wheeler learned frcm Fermi the results of scme
of the Columbia experiments. This fact and Wigner's independent study of the theoretical
aspects of the chain reaction made it possible for the Princeton physicists to plan further
work relevant to the uranium project.

InMarch it was decided that the experiment on resonance absorption of uranium would
be carried out at Princeton under the direction and the collzaboration of Fermi and myself.
There were at Princeton a working cyclotron and two capable young nuclear physicists,
R. R, Wilson and E, C. Creutz, and the jeint experiment would serve to introduce the Prince-
ton group to the techniques in slow neutron physics which had been developed at Columnbia.

I moved to Princeton during this period while Fermi came to participate in the work
at frequent intervals, The occasion brought us into close contact with E. P, Wigner, who
had taken an active interest in the work and gave our results his sharpest scrutiny.

The quantity measured in the experiment at Princeton was the ratio of the number
of resonance neutrons captured per second by a uranium sphere, divided by the slowing
down density, i.e., the number of neutrons per cmn? which per second pass across the resonance
levels of uraninm, This was called the resonance absorption volume of the sphere. The
following paper, which appeared as an appendix to a Princeton report to the National De-
fense Research Committee, describes the work and gives the result of the mmeasurement.

H.I.. ANDERSON.

139.

CAPTURE OF RESONANCE NEUTRONS BY A
URANIUM SPHERE IMBEDDED IN GRAPHITE

E. Fermi, H. L. ANDERSON, R, R. WILs0ON, and E.C. CrREUTZ
Appendix A of Report A-i12, to the National Defense Research Committee
by H.D. SMYTH, Princeton University (June 1, 1941).

For slowing down neutrons to thermal energies, graphite is a substance
which may be used effectively., When uranium is imbedded in the graphite
some of the neutrons are captured by resonance absorption hefore they reach
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thermal energies. The purpose of the present experiments was to obtain
a measure of the number of neutrons captured in this way when the uranium
is in the form of a sphere of U,Os.

It is convenient to express the property of a given uranium sphere of
capturing resonance neutrons in its neighborhood as a volume. Physically
speaking, this is the volume of graphite from which the uranium sucks reso-
nance nettrons. If we denote by v;; the number of resonance neutrons captured
per second by the uranium sphere and by ¢ (U) the slowing down density,
i.e., the number of neutrons per cm?® which per second pass from above to
below the resonance level (there may be more than one} of uranium, then the
ratio of these two quantities, which has the dimensions cm? is the volume
referred to. We shall call it resonance absorption volume of the given sphere.

NUMBER OF CAPTURES BY THE URANIUM SPHERE.

In the measurement of the number of captures of resonance neutrons
by the uranium sphere use was made of the fact @ that the resonance capture
process leads to the production of a radicactive isotope of uranium of 24
minutes half-life. If suitable cadmium protection is provided to eliminate
the thermal neutrons, the number of resonance captures per second taking
place in the sphere is equal to the number of B—disintegrations per second
of the 24-minute life at equilibrium. This number was obtained from a meas-
urement of the B-activity of a small representative sample of the U,0; which
had been purified from the fission products and from uranium X. For the
measurement the sample was spread as uniformly as possible over an area
of 4 % 6 cm® on an aluminum foil and covered with Scotch cellulose tape.
It was then wrapped inside a thin bakelite tube and slipped in a definite
position over a Geiger-Muller counter so as to cover most of the sensitive
area. We used a thin-walled silvered glass counter having a diameter of 2 cm
and a sensitive length of 5 cm filled with 9 cm of argon and 1 cm of alcohol.
The counter was used with a stabilized voltage supply and a scale of 16 recorder.
The activity which is observed is composed not only of the decaying 24—minute
activity but alsc of the rising activity due to the build-up of wranium X,
From an analysis of the activity measurements v, may be calculated from
the formula:

(1) v

where Ay is the saturation activity of the 24-minute life of the sample in
counts per minute; Ayx is the saturation activity of UX of the sample in counts
per minute; N = g.42 x 107 is the number of -disintegrations of UX taking
place per second in the uranium sphere (containing 9170 gm U.Og). The
factors w; and 7, take into account the absorption of the B-rays.

In order to take into account the absorption of the B-rays the thickness
of the counter wall was measured. With a second counter to detect the B-rays,

Ay gy

u Auy ux

(xy} L. MEITNER, O. HAHN, and F. STRASSMANN, «Zeit. f. Physiks, 106, 249 (1937).
These authors give 23 minutes as the half-life.
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the absorption of the counter for f—rays of radium E was compared with
that of an aluminum cylinder of known thickness under the same geometrical
conditions. It was found that our counter had a thickness equivalent to
0.029 gmsfem? of aluminum. The correction factor for the absorption of
the B-rays, on the assumption that the absorption follows an exponential
law, was found as follows: An aluminium tube of thickness 0.043 gms/fem?,
having an absorption equivalent to the counter wall, the Scotch tape, and
the average sample combined, was inserted hetween the sample and the
counter; 1 is equa! to the ratio of the measured activity without aluminum
to that with it.

THE SLOWING-DOWN DENSITY,

The slowing-down density ¢ may be measured by means of thin detectors
of resonance neutrons placed in the neighborhood of the uranium sphere
and covered with cadmium. The saturation activity A of such a detector
is proportional to the slowing-down density ¢ in graphite, for the resonance
energy of the detector:

(2) A = ug.

The proportionality factor x can be measured by the procedure indicated
in another report * by a comparison of the activity of the detector in graphite
with the activity of the same detector in a large water tank at a known
distance from a Rn - Be source of neutrons.

The quantity ¢ obtained in this way with a given detector may differ
appreciably from the quantity ¢ (U) which is required for the present experi-
ment since the spatial distribution of the neutrons is a function of the neutron
energy. In order to obtain ¢ (U) from ¢ the differential equation for slowing
down @ may be applied. This equation is:

(3) Ag =-L,

where for graphite
F,

. dE
= 2.233 j A’(E)—E -
E

SPATIAT, DISTRIBUTION OF INDIUM AND IODINE RESONANCE NEUTRONS.

Experiments were performed with a graphite block of face 61 x 61 cm?®
and of 81 cm length, constructed of praphite bricks 4" x 4" 12”. The
face of the block was some 36.5 ¢m distant from the target of the Princeton
cyclotron which was the source of the neutrons. The neutrons were those
produced by the bombardment of Be with 8 Mev protons. For the detectors,
weighed amounts of In,O, (about 25 mg) were spread on paper over an area

(2 H. L. ANDERSON and E. FErMI, «Standards in Slow Neutron Measurementsy,
[Paper N° 140. (Editors’ note)].

(3} H.L. ANDERSON and E. FERMI, « Production and Absorption of Slow Neutrons
in Carbon»s. [Paper N°136. (Editors’ note)l.
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of 1.0 X 3.8 cm® and covered with Scotch cellulose tape. lodine detectors
were made from about 6o mg of Pbl, prepared in the same way. Using 10
such detectors, a complete distribution curve could be made with one irradia-
tion In all the experiments the detectors were shielded with o.45 gms/cm?
of cadmium. In figure 1 the results of measurements made parallel to the
face at a distance of 30.5 cm from it on the median plane are plotted. If
the block were isolated in space, the activity would extrapolate to zero at
a distance /i3 from the side. The effect of the surroundings was to increase
the effective width to about 70 cm. The observed curve is quite closely a
cosine distribution for a width of this amount.
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Fig. 1.

In figures 2 and 3 are shown the distribution along the axis for both
iodine and indium neutrons. Making use of (3) and taking 70 cm for the effec-
tive width of the graphite parallelepiped, the indium curve can be obtained
from the iodine curve if the ratio of the energies ¥ is taken to be E{/Ep = to0.

EXPERIMENTS WITH THE URANIUM SPHERE.

The uranium sphere contained 9,170 grams of U,0; inside a thin copper
shell of 8.5 cm radius. The sphere was provided with a conical cavity in which
a cadmium cone containing ahout 4 grams of purified U,0; could be placed,
The graphite block was provided with a spherical cavity into which the uranium
sphere could be inserted. The center of the sphere was placed on the axis
at various distances from the front face of the block and oriented so that the
axis of the cadmium cone was parallel to this face. Iodine and indium detec-
tors shielded with cadmium were placed together near the surface of the

{(4) H. L. ANDERSON, « Resonance Capture of Neutrons by Uranium ». «Phys. Rev.»,
86, 499, T950. |
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sphere at the position of the cone, and also at various positions along the
axis. After the irradiation the U,0; from the cadmium cone was dissolved
in nitrie acid and purified from uranium X and the fission products by means
of an ether extraction. ¥ The results of these measurements are tabulated
in Table I; the saturation activities are given per milligram of detector.

In Table Il we have collected the essential results of the experiments.
Column 1 gives the distance of the center of the sphere from the front face
of the graphite block. Columns 2 and 3 give the slowing-down densities for
iodine and indium resonance neutrons respectively. Column 4 gives the total
number of resonance captures per second by the U,0; sphere. Columns g
and 6 are the ratios of the data of column 4 to those of columns 2 and 3
respectively. If the resonance energy of iodine and indium were equal to the
effective mean energy of the neutrons captured by the uranium sphere, we
would expect the data of columns § or 6 to be constant and equal to the
resonance absorption volume of the uranium sphere. It is seen that the
data of column 3 are constant within the accuracy of these measurements
whereas the data of column 6 show a definite decrease with distance. This
behavior indicates that the effective energy of the neutrons absorbed is not
very far from the iodine resonance energy and that it is larger than the
resonance energy of indium. This seems quite reasonable in the light of the
previous knowledge about the resonance bands.
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TasLy 1.
5 |Weights in mg Sphere at 20.2 cm Sphere at 61 cm )
g Dist. | Sat. Act, | Sat. Act. | Sat. Act,| Digt, | Sat. Act.|Sat. Act. |Sat.Act,
D | In.O4 | Pbla of TnO5 | of PblL. | of Uz0s of In0g | of Pbls |of Uz08
A per mg | per mg | per mg per mg { per mg | per mg
I} 33.5 | 63 1.7 6550 947 & 7100 g78
2 28.0 | 66.8 6.0 7820 1082 I3 7440 578
3| 2at.2 | 66.6 | 11.9 6040 975 24 50060 | G671
}
4| 25. 57.5 | 20.3 5250 718 46.4 | 33 3960 377
27.6 | 74.5 | 31 3810 442 42 2203 224
61 34.4 | 60,3 | 38 2800 208 51 1005 82.7 2.66
[ ;
29.3 | 80.3 | 45 2165 182 61 542 8.5
26.6 | 71.7 | 52 13605 105 71.3 325 24.5
9 32.8 | 60.7 | 59 780 57 75.5 213 22
ol 25.8 | 6g.2 | 06 522 39 70.5 172 15.1
At 30.5cm.
Detector Weights Sat. ACF' Detector Weights Sat. Act.
per mg per mg
U408 203.5 27 7308 147 23.8
Fbl. I15.1 368 Fbl. 112.3 292
In 285 2310 In 196 2500
Tasre II.
Totai Number of
Dist. g (Todine} | ¢ (Indium) Resonance Capt. \% v
by U;0Os per Second ! In
20.3 cm 7580 4910 33 % 108 4400 cm3 6700 cm3
30.5 3480 4300 18 % 10f 5200 4200
61.0 406 507 I.9 X 10% 4700 3700

As a result of the experiments we may take as the resonance absorption

volume the average of the data of column 5, namely, 4800 cm?.

The experi-

mental error is indicated by the discrepancies between the individual

measurements.
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N° 140.

Many of the measurements which were needed in the design of the chain reaction re-
quired knowledge of neutren source strengths and fluxes, Fermi felt quite strongly that it
was worth a special effort to set up standard methods for calibrating sources and detectors
50 that these could always be compared to onec another. Moreover, the response of the
detectors could then be expressed in absolute units. The paper “ Standards in Slow Neu-
tron Measurements *’ was our best effort in this direction and can really be taken as a sequel
to the earlier work with E. Amaldi, *“ On the Absorption and the Diffusien of Slow Ncutrons ™
{Paper N° 118). Standard procedures were introduced by which indium and rhedium foils
could be calibrated so that a measurement of their radioactivity could be used to pive either
the slow neutron density or the slowing down density in absolute units. The calibrations
depended on the knowledge of the number of neutrons emitted from the source of neutrons
used (here, radon plus beryllium) and this was in doubt by about 20°f,. Moreover, the
quantities themselves were somewhat conventionally defined since they depended on the na-
ture of the slowing down material (here paraffin) as well as on the special response of the
detector used. In spite of these uncertainties, Fermi was quite insistent that the calibrations
be established as well as the state of the art allowed. A certain amount of error was frequentiy
tolerable, but to think and measure in the same terms was essential. When, for example,
it was the slow neutron density that one needed to know, Fermi wanted to measure it as he
osed it in his formulas, in neutrons per cm® per second.

There were important applications of these calibrations. In the study of the resonance
absorption of uranium oxide spheres (see paper N° 139) the wvalue of the slowing down density
was needed. It became my job to make & continuing effort to improve the knowledge and
the technique of measuring these fundamental neutron quantities.

H. L. ANDERSON.

140.

STANDARDS
IN SLOW NEUTRON MEASUREMENTS

H.L. ANDERSOX and E. FERMI
Columbia University, New York
Report A—2 (June 5, 1941).

In the course of experiments on the chain reaction with uranium and
graphite the need for absolute neutron measurements became evident. Indeed,
it became increasingly important to have some basis for planning in a quanti-
tative way. To this end we have developed some methods which are described
in this report for making such absolute neutron measurements, This has
opened the possibility of evaluating certain experiments to obtain information
essential in the design of a chain reaction experiment. In particular, these
absolute determinations were necessary for evaluating the results of the
experiment performed in collaboration with the Princeton group, ‘‘ The
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Capture of Resonance Neutrons by a Uranium Sphere Embedded in
“ Graphite *’ &,

Measurements with slow neutrons are generally performed by observing
the radioactivity induced in certain suitable chemical elements. It is the
purpose of this paper to show that if such measurements are carried out
in a standard way the results may he expressed in abselute units. The stand-
ardizations have been carried out for neutrons which have been slowed
down by water, paraffin, or graphite, and include both the thermal and the
resonance neutrons.

The measurements involved primarily are a determination of the absolute
number of B—disintegrations from a thin detector {Section I) and a determi-
nation of the mass absorption coefficient for thermal neutrons of the detector
material (Section 2z). In Section 3 we use these results for determining the
density of thermal neutrons in water, paraffin and graphite. Once the densities
of thermal neutrons have been determined in a given arrangement of material,
thick detectors which are more conveniently handled may be calibrated.
In Section 4 we use the calibrated detectors in order to determine the total
number of neutrons emitted per second by a Rn -~ Be source. Measurements
were performed using neutrons slowed down in water, also in graphite. In
Section § we describe the measurements for the determination of the *‘ slow-
ing down density '". In Section 6 these results are applied to the determination
oi the Resonance Activability of a detector.

SECTION 1. ABSOLUTE NUMBER OF B-DISINTEGRATIONS OF A DETECTOR.

The measurement of the absolute number of B-disintegrations was
performed by the use of a counter calibrated by means of known uranium X
and radium-E sources. The sources were very thin deposits on an aluminum
foil 2x 2 cm® The amount of UX was determined both by weighing the U,Og
and by counting with a linear amplifier the alpha particles emitted by the
source. The amount of radium—E was determined by counting the alpha
particles of pelonium growing out of the disintegration of radium—E. These

»n

sources were covered with cellulose “ Scotch tape ™ and wrapped in contact
with the counter in a definite position and the ratio of the observed counts
to the known number of f-disintegrations was determined. The efficiency
of the counter was found to be ©.390 for the UX, Brays (mass absorption
coefficient in Al 5.4 cm?/gm @) The efficiency for the radium—E f-rays (mass
ahsorption coefficient in aluminum 17.8 cm®/gm) was found to be c.213.
From these data we have adopted the following practical formula for calculat-

ing the efficiency 7 of our counter for f-rays of mass absorption coefficient p:

7 = 0_5 p— o048

(*) Paper N° 139 (Editors’ Note).

{1} The mass absorption coefficients which are given in this paper are not corrected
for the geometry used in their measurement. In our geometry source and absorber were
cylindrical in shape and disposed concentrically with the counter.
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Tt is to be pointed out that this formula holds only for our particular
counter and our particular way of conditioning the samples. A considerable
error may be incuwrred if the f-—ray spectrum of a given radicactive emitter
does not have the typical shape. For this reason we have tried to use several
substances as detectors so as to have some sort of internal check among
the results.

TABLE .
Mass abs. coeff. of B-rays Obscryed number of thermal
cimn®/em neutron disintegrations per gram
Element Period per second (v}
Al Ay . Au Paraffin Graphite
|

Ag .. .. 22 5CC 2.7 5.8 3719 969
Ag .. . .} 2.3 min 7.4 12.0 13106 413
Au L., . 2.7 days 18.5 28.4 4500
In. . ... 13 sec 3.0 3.8 3100 {1020)
In. . . .. 54 1nin 17.1 23.1 10400 1360
Rh .. .. 44 sec 4.8 7.4 10400 3573
Rh .. . .| 4.2 min 4.8 7 1030 356

We have applied this formula for calculating the absolute number of
f-disintegrations in various thin neutron detectors applying a small correction
for the self-absorption of the 8-—rays in the detector material itself. The absorp-
tion coeificients used are listed in Table I. In calcuiating the small correction
due to the self-absorption of the B-rays we have used for Ag, In, and Rh
the mass absorption coefficients in silver since the atomic number of these
elements is nearly the same.

SECTION 2: ABSORPTION COEFFICIENTS FOR THERMAL NEUTRONS.

The mass absorption coefficients for thermal neutrons have been measured
for Ag, Au, In, Rh and B using the geometrical arrangement shown in figure 1.
A Ra + Besource of about 500 mc was used as a source of neutrons and indium
foils were used for detection of the thermal neutrons. The arrangement was
chosen so as to have a rather small obliquity correction (the correction amount-
ed to 2.3 %,). Furthermore, the effect of scattering was very much reduced
by placing the absorber quite close to the detector. In this arrangement
only 1/2 of the scattered neutrons do not reach the detector; the remaining
1/2 strike the detector with oblique incidence so that the efficiency of detection
is increased by a factor which is actually very close to 2, thereby cancelling
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almost completely the effect of the scattering. That this was indeed the case
was confirmed by a test of the apparent absorption of a graphite slab, which
came out zero within the experimental error. The results of these measure-
ments are summatized in Table I1. The mass absorption coefficients and the

Indiumn Detector
-

- «——Absorber
N B, C
Cd
Lo
Rermovable
Cd Filter ™
e Cd
\\_\ /

’ / Source/
S / /
/ /PAFAFEFN // ///
. v

err——
5cm

" Fig. 1

capture cross-sections as given in columns 2 and 3 refer to neutrons having
a velocity

/2 AT
(2) UT = |/ o

where T = 293 degrees is the room temperature, £ is Boltzmann's constant,
and 2 is the neutron’s mass. In the calculations which follow we have used
these values for the absorption coefficients although they seem to be somewhat
higher than the availahle published values.
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Tasre II.
| % o v/x = nog
_ |
Element cm—= sec—1
cm?fgm cm? X 1074
Paraffin Graphite
!
Ag . ..o 0.334 6o 13300 4230
Au ... 0oL ©.203 86 17100
Im . . . . ... 0.879 167 15400 5010
Rh .. . .. .. 0.819 140 14000 4800
B ...... .. 2.4 582 — —
Average. | . 14600 ! 4680

SECTION 3: THE DENSITY OF THERMAL NEUTRONS.

We were interested in calibrating the thick indium detectors which we
had employed in many of our measurements so as to be able to interpret
the resuits of those measurements in absolute units. The indium detectors
are of weight 2.42 grams and of dimensions 4x 6.5 cm® and are measured
by wrapping them inside a brass tube which was slipped over the counter.
For the calibration of these detectors in paraffin we set up geometry in which
the detector could be irradiated inside paraffin, with and without cadmium,
using neutrons from the Ra +- Be source. The average activity of the two
faces of the foil was 9400 counts per minute at saturation with cadmium and
115,400 counts per minute at saturation without cadmium. The difference,
106,000 counts per minute, is the activity of the detector due to thermal
neutrons. In the same position we irradiated also with and without cadmium
various very thin detectors of Ag, Au, In, and Rh and measured by the tech-
nique described in Section 1 the number of disintegrations per gram of
substance. These numbers are tabulated in column 6 of Table L.

The number v of disintegrations per gram and per sec for a thin detector
is given by the expression:

3) Y == HUp

where # i3 the density of thermal neutrons, % is the mass absorption coeffi-
cient for neutrons of velocity 2., given by (2). The ratio vjx should be a
constant and equal to #z,, for all these irradiations. This ratio is given in
column 4 of Table II. In compiling these ratios we have neglected to include
the contributions of the 22y—-day activity of silver and the 48-day activity
of indium. These contributions are presumably small and we plan to measure
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them in the near future. We have taken #o} to be equal to the average ratio,
namely:

nyp = 14,600 cm™ % sec” ',

The thermal neutron activity of cur standard indium detectors was 106,000
counts per minute. Since the activity is proportional to mz, we obtain the
relation:

ny, = 0.14 Ay (for water and paraffin).
4 T P

Ay being the saturation activity of the standard indium detectors due to
thermal neutrons measured by our counter in counts per minute.

Since the albedo of paraffin and water is practically the same we may
take this formula to be valid also in water. The albedo effect is, however,
different in graphite. The coefficient of (4) cannot be used for measurements
in graphite. By a procedure similar to that described we found for graphite:

nep = 4680 cm* secT .

at a place where our standard indium detectors had an activity due to thermal
neutrons Ay, = 46,300 counts per minute at saturation. We have, therefore,
for measurements in graphite:

{5) nv, = 0.101 Ay (for graphite)

SECTION 4: NUMBER OF NEUTRONS EMITTED BY A Rn 4 Be SOURCE.

The measurement of the number of neutrons emitted by a Rn 4 Be
source has been performed independently on neutrons slowed down in water
and on neutrons slowed down in graphite. For the measurements in water
we placed the source in the center of a large tank of water. The neutrons
are slowed down by collisions with hydrogen until they reach thermal energies
and arc ultimately captured by hydrogen. The number of captures per cubic
centimeter and per second is given by the reletion:

(&) V = A, R P

where ¢ = 1 is the density of water, # the density of thermal neutrons
and x#, the mass absorption coefficient of water for neutrons of velocity z.
The quantity x»,, has been obtained by combining the result of Frisch, Halban
and Koch @ who give 1940 as ratio of the capture cross-sections of boron
and hydrogen with our measurement of the mass absorption coefficient of
boron that has been reported in Table Il. We find in this way %, = 0.00201.
With these values of the constants we obtain from (4) and (6):

(7) v=2.81 X 10+ Ay.
The total number of neutrons emitted by the source is the volume integral

of v. The integral could be readily celculated by measuring Ay at various
distances from the source. We actually have measured Ay only at a few

(2} O. R. FriscH, H. HALBAN, and J. KocH, « K. Danske Vidensk. Selsk.s, 13, N° 10
(1938).
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distances and assumed the dependence on the distance as given by Amaldi
and Fermi and plotted in fig. 2.

For a 1 curie Rn | Be source the activity Ay at a distance » from the
source is obtained by multiplying the ordinate of the curve of fig. 2 by
8.2 x 10°. The total number of neutrons emitted by a 1 curie source per
second is given by:

~
{

(8 23.0><4n,fth(r)¢2a’r:23.o><4896: 11.3% 10%.

It is clear that the number of neutrons emitted by a Rn -+ De source of given
v-ray strength depends somewhat on the packing and size of the Be grains.
For this reason we have measured the neutron intensity of our sources in

T T 1 ¥

0 10 20 30 40
Distance from source in cm

Fig. 2.

a conventional way. The neutron unit which we have adopted corresponds
to about 228 millicuries and for this unit the wvalue of Q is:

C) Q = 2.57X 10"

An independent evaluation of ) may be had from measurements in
graphite. In Formula (11)® of our report * Production of Neutrons by
Uranium "'  hereafter to be referred to as II the density # of the thermal
neutrons is expressed taking the number Q) of neutrons which are emitted
per second by a source of unit strength. At the place in graphite where the
measurements described in Section 3 have been performed, we have measured
the intensity Ay of the indium detectors by the same procedures as were
specified in the above report, and found the intensity te be 127.6. From
the value sz, = 4,680 found above it follows that QQ =2.75x 10°sec—*. We
take:

(10) Q = 2.6x 10° neutrons per second

with an estimated error of about 20 °%,.

(3) It is to be noticed that 7 = »f/i.— v
B
{*) Paper N° 138 (Editors’ note).
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SECTION 5: THE SLOWING DOWN DENSITY.

In measurements which involve the epi-thermal neutrons, e.g., those
neutrons which activate the resonance levels, the quantity which is of im-
portance is what we have called the slowing down density. The slowing
down density ¢ (E) is defined as the number of neutrons per unit volume
which per unit time pass from above to below a given energy E. When a
source of fast nautrons is placed inside a slowing down material of very large
size, ¢ is a function of E and the distance » from the source. Assuming that
no captures of neutrens take place during the slowing down process, it follows

WOth(r)

Distance from source in cm

Fig. 3.

from the definition that in the steady state the volume integral of ¢ is equal
to the number () of neutrons emitted by the source per unit time. Namely,

oo
(11} , Q=4rlg@ E)yrdr.
@ .

When @ is known this formula enables us to determine ¢ in absolute
units. As an exampie let us consider the case of the neutron distribution due
to a Rn + Be source of neutron intensity 1 placed inside a very large tank
of water, Amaldi and Fermi® have determined for various detectors the
intensity of activation due to resonance as a function of the distance from
the source. In fig. 3 we have plotted the two curves f, (#) and f; (»)
giving the resonance activity of a rhodium and an iodine detector. The
two functions are normalized by taking their values at » = 0 equal to unity.

Since f{r) is proportional to ¢ (#) we may write from (11),

(12) g0y — D

/41‘:]"(?’)7’2(2’?‘ ‘

o

{4) E. AMaLDI and K. FERMI, ¢« Phys. Rev.», 50, 869 (1936) {Paper N° 118-4. Editors’
note),
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The volume integral has the value 2,600 cm?® for rhodium and 173c cm?® for
iodine. In order to determine ¢ for neutrons of resonance energy I it is
usually sufficiently accurate to use a logarithmic interpolation between the
rhodium and the iodine resonance energies which are approximately 1 and
100 ev, respectively.

It is to be noted that at a distance of 7.5 cm ¢ (1) = ¢ (Rh) and it is to
be expected that for the usual resonance detectors the value of ¢ at this distance
should be fairly independent of the resonance energy.

These considerations find useful application if the absolute wvalue of
7 is desired at some place inside water or parafin. The ratio of the resonance
activity of a detector at this place having a resonance energy E to its reso-
nance activity in a large tank of water at a distance of 7.5 cm from a
Rn + Be source is measured. Then
(13) g0 By =g61xT05Q =

’ Al (7.5 cm)

In order to measure the value of ¢ in graphite it is necessary to take
into account the different slowing down properties of this substance. The
quantity to which the resonance activity of a detector is proportional, inde-
pendent of the medium used for slowing down, is the density of neutrons in
a given cnergy interval and not the slowing down density.

For a given value of ¢ the ratio of the resonance activity in graphite
to that in water is given by:

. A __{graphite) Y I
(19 e~

s (Water) o ©.158

= 20.§

where X, = 2.55 cm (graphite of density 1.55 gm/cm?®) and X, = 0.75 cm are
the mean free paths for resonance neutrons in graphite and water, respec-
tively, and the factors 0.158 and 1 are the logarithmic averages of the energy
loss per collision in the slowing down in graphite and water, respectively.

The absolute value of ¢ can also be obtained from measurements in
graphite alone by making use of formula {10) of II. We have determined
the value of ¢ by both methods and found reasonably good agreement.

If ¢ in graphite is determined for a given energy by the methods described
above, the value of ¢ for some other energy may be calculated by the appli-
cation of the differential equation of slowing down which was extensively
applied in IL

N 3
(15) Ag =L

SECTION 6: APPLICATION TO THE MEASUREMENT
OF THE RESONANCE ACTIVABILITY.

The number of resonance activations per second of a thin detector in
water is given by the formula:

(16) v = g)\w_/"'c ()2

res
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where a (E) is the cross-section of the detector for neutrons of energy E.
The methods described above for the measurement of the number of f—disinte-
grations of a thin detector and for the determination of ¢ enable us to obtain
this integral which we shall call the resonance activability. We have measured
the resonance activability for rhodium, indium, silver, gold, iodine, and
uranium. The values obtained are given in column 2 of Table ITI. In obtaining
these results corrections were made for the self-absorption of both the neutrons
and the f-rays in the detectors; the detectors were thin enocugh so that thesc
corrections were fairly small.

TasLe II1.
., ZE
[U(L)T a (Ep) a (£T) Eq BW
II'ES .
10— ¢m? 10— % cm?® | 107 ™ cm® ew
I
Rh . . . . ... Q40 4100 140 0.85 0.95
2’225@’ e 786 7200 42.4 2.7 I.46
Ap
f2.3m . . .. o1 — 17.6
Im . . . . ... 3260 23000 167 1.0 1.33
I ... .. ... 124 2100 5.7 100 3.0
An oL 0L L 1280 26c00 86 3.3 0.93
u ... 239 10000 2.5 10 2.00

These results may be combined with the known data on the resonance
cross-sections, the resonance energy and the thermal neutron cross-sections
for the resonance levels in question to determine what we have called the
Breit-Wigner index for the level. This index is given by:

oo
(I’\ B.W _L(E)IH am
" U E VA e B e Ty

The BW index should have the value unity if the Breit-Wigner formula holds.
Values for this index are tabulated in column & of Table ITI. It is seen that
the Breit-Wigner formula holds quite well for the case of rhodium and gold
while in the case of uranium and iodine a marked deviation is not outside
of the experimental error. It should be mentioned that the measurements
on the resonance activability were made in the early days of this work and
since that time the procedures have been somewhat improved. We have
not had time to repeat the experiments with the present technique and for
this reason it is to be expected that the results might be subject to some
revisior.
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Ne 141.

Until the summer of 1941 greater emphasis was placed on the possible use of a chain
reaction for production of power than for explosion in a bomb. Accordingly, Fermi pre-
pared a report on the problems that would arise during the release of atomic energy, and pre-
sented it to the Uranium Committee on June 3o, 1947.

It is of interest to note that Fermi limited his discussion to a chain reaction occurring
in natural uranium, which was then the only form of uranium available. Fermi thus re-
mained within the boundaries of the practical problem as it was at the moment, although
both the separation of 1?25 and the productivn of plutonium were by then under study
and achieved on a very small scale,

H.L. ANDERSON,

IAL

SOME. REMARKS ON THE PRODUCTION OF
ENERGY BY A CHAIN REACTION IN URANIUM

Report A-14 (June 30, 1941)
Columbia University, New York, New York
(Presented at a meeting of the Committee on Uranium).

This report contains primarily a discussion of some general points of
view as to the methods that could be employed for the use of a chain reaction
in uranium as a source of energy. Even in the case that the chain reaction
were not used as a source of energy but, for example, either as a source of
radiations (neutrons and gamma rays) or as a source of large quantities of
radioactive elements or a method for producing elements 93 and 94, the
problem of dissipating the large amounts of energy released in the reaction
would be of paramount importance. Indeed the rate of the reaction most
probably would be limited by the amount of energy that could be dissipated.

Several methods have been proposed so far for producing a chain reaction,
and this report shall discuss mainly those in which uranium is used without
separation of the isotopes. In these methods the uranium may be assembled in
the form of lumps of metal or of oxide distributed in a lattice atray through-
out a mass of light element (carben, beryllium, heavy water) that is used
for slowing down the neutrons produced in the fission process and enabling
them thereby to react again with uranium reproducing new fission processes.
In order to make this discussion as definite as possible we shall consider the
case that carbon, in the form of graphite is used as slowing down material.
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The energy produced in the reaction is due to:
) The kinetic energy of the fission fragments.
4) The f-rays and v—rays of the various radio-elements formed in
the process.
&) The kinetic energy of the neutrons produced in the fission.
4} The nuclear affinity of the neutrons produced in the fission, which
emit gamma-rays when they are captured.

All these various forms of energy are ultimately transformed into heat
and it is important for our discussion to know at what places inside or outside
of the reacting mass this transformation occurs.

We do not have at present a detailed knowiedge of this distribution of
the thermal energy. We have attempted nevertheless to give in Table I
a plausible guess as to the distribution of the production of thermal energy.
It should be stressed that the data of the table are purely indicative. They
are furthermore affected to a considerable extent by the geometrical details
of the reacting mass.

TasLE L
. Amount in hillion joules Place where thermal energy
Energy source per gram of U-235 15 released
Kinetic energy fission {frag-
ments .. . .. ... 70 Uranium lumps
B-rays of radicactive ele-
ments . . . . . . . . . g Uranium lumps
(Gamma-rays of radicactive
elements 2 70 °/y Uraninm lumps
25 %/ Graphite
i 5°%a Outside
Kinetic energy of neutrons . 3 00 °/o Graphite
10 °/s Outside
Nuclear affinity of neutroms.
(gamma-rays) . . . . .. 3 60 °/o Uranium lumps
25 /o Graphite
15 %fs Outside

It follows from this table that for every gram of U=s that is trans-
formed 81.2 hillion joules thermal energy are produced in the uranium lumps;
5.2 billion joules are produced in the graphite and 1.6 outside. Although
these figures may be affected by very large uncertainties it appears that the
bulk of the energy (9o %, or more) is released in the uranium lumps, while
only zhout z°, is released outside of the reacting mass.

If the reaction is conditioned so as to produce the energy at a relatively
slow rate the thermal conductivity of the mass may be sufficient for transport-
ing outside the heat produced inside without having the temperature in
the central portion of the mass become dangerously high. It can be estimated
easily that even on fairly optimistic assumptions the maximum amount
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of heat that could be taken out of the mass in this way would be of a few
hundred large calories per second or about 1000 Kw of thermal energy.

At this rate of the reaction about one gram of U®* per day would undergo
fission. The rate of production of element g4 would also be of about one
gram per day so that it would take several years to accumuiate a sufficient
amount of this element for a ““ little ”’ chain reaction unit on the assumption
that the fission properties of element g4 are similar to those of U™,

A larger power and a faster rate of reaction could be obtained only by
increasing artificially the transport of heat from inside to outside the reacting
mass.

In discussing the devices that could be used for this purpose we must
bear in mind the fundamental fact that most chemical elements have such
a high absorption for neutrons that only very small amounts of them intro-
duced in any form inside the reacting mass would absorb so many neutrons
as to stop the reaction. It is difficult with our present knowledge to put
this statement in a much more precise form. Indeed the tolerance of the
various elements depends on how critical are the conditions of the reaction.
It is conceivable that some moderate amounts of substances like steel might
be used without preventing the reaction and it is possible that the conditions
might be much more critical so that only elements with very low neutron
absorption may be used. In the following discussion we shall assume this
latter case.

All the methods that have been considered for increasing the transport
of heat out of the reacting mass involve the use of a fluid that is passed across
the mass through suitable channels and takes away the heat. Such a fluid
could be a gas or a liquid; or the heat could he used for vaporizing a suitable
liquid, in which case the chain reacting mass could be at the same time the
boiler of a thermal engine. We shall discuss separately the three methods
indicated.

(rases. Convenient gases having a very low neutron zabsorption are
helium, carbon dioxide and oxygen. This last must be probably ruled out
on account of its chemical properties.

The amount of heat removed from the reacting mass is given by

s M (T, — T

where ¢; is the specific heat at constant pressure, M is the mass of gas passed
across the reacting unit and T, and T, are the temperatures of the gas before
and after the passage. If we assume T, = 400°C we find that 20 Kgs of
helium or carbon dioxide per second should be passed through a unit for
the production of 10,000 large calories per second or 42,000 Kw.

The quantities of gas indicated are very large {of the order of 100 cubic
meters at n.p.t.). The corresponding high velocities of flow could be appreciably
reduced by increasing the pressure. Even if it is not possible to lead the
cooling gases through pipes it would be probably feasible to enclose all the
reacting unit in a steel container and pass the gases through narrow channels
in the graphite having possibly ramifications in the uranium lumps where
most of the heat is primarily produced.
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The heated gases could be used either for heating a secondary boiler
of a thermal cngine or they could operate directly a gas engine or turbine.
In the former case there would be the obvious advantage to be able to use
directly well-known devices. The second method would presumably give
a hetter yield; it would, on the other hand, require some development of the
gas engine to adapt it to the new problem.

Liguids. There are not many liquids that are stable at high temperatures,
do not have a too high vapor pressure, and have a low neutron absorption.
Among themn some organic compounds in which hydrogen is substituted
with deuterium may be considered. Dr. Szilard has particularly stressed
the advantage of using liquid bismuth.

Due to the much larger thermal capacity per unit volume, liquids would
have over gases the advantage to require a considerably smaller velocity of
flow; the greater viscosity would, on the other hand, introduce additional
difficulties.

Liquids could be used only for transferring the heat from the chain reac-
tion unit to the boiler of a thermal engine for the transformation into
mechanical power.

Vapors. The usc of vaporizing liquids appears of some promise for the
production of mechanical energy. Here again the choice of suitable liguids is
rather limited. Heavy water, some organic deutero-compounds or, according
to the suggestion of Dr. Urey, some carbon fluorides could be conveniently
used. The chain reacting unit would be used as the boiler; the liquid would
be injected at one side and most of the heat would be absorbed as heat of
vaporization. The advantage would be to avoid the necessity of a secondary
boiler and to utilize the vaporization heat, which would enable to work in
good conditions at not too high temperatures.

In conclusion it should be borne in mind that what we have presented
here are only some general points of view. It is possible that the conditions
of the chain reaction may be such as to allow a considerably greater freedom
in the choice of the marerialg that can be used. Only after actual experimental
realization of the chain reaction it will be possible to discuss in a precise
way the best methods for its use. '

Control of the reaction. Any use of the chain reaction for the production
of power presupposes the possibility to control the rate of energy pro-
duction.

The chain reaction may reach a steady state only when the multiplication
factor of the neutrons (including neutron losses due to diffusion ocutside
of the reacting mass) is equal to 1. Any change of the conditions that makes
the multiplication factor greater than one will be followed by an exponential
mcrease of the rate of the reaction, whereas a change of the conditions in
the opposite sensc will be followed by an exponential decrease of the rate
of reaction.

If all the neutrons emitted after a fission were instantaneously emitted
the relaxation time for the reproduction of the neutrons would be of the
order of one thousandth of a second. Consequently, even very small differences
of the multiplication factor from 1 would produce very violent increases or
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decreases of the rate of reaction, so that the control of the reaction would
he very difficult.

As a matter of fact, the actual state of affairs is much more favorable
due to the existence of the delayed neutrons. It can be easily seen that when
the multiplication factor is very close to unity, the relaxation time is deter-
mined essentially by the period of the delayed neutrons which is of the order
of 10 seconds. This circumstance makes the adjustment of the rate of reaction
to a desired value easily ohtainabie.

[t appears also possible that the reaction may automatically reach a
stable rate. Indeed a rise in temperature reduces the absorption of neutrons
by both uranium and carbon and increases thereby the loss of neutrons due
to diffusion outside the mass. If this effect of self regulation actuzally takes
place a rise of the temperature to any desired level could he obtained by
adjusting the size of the reacting unit or the reflection properties for neutrons
of the materials surrounding the unit.

Protection from the radiations. A chain reaction unit that were operated
at the rate of 10,000 large calories per second would emit several hundreds
of kilowatts in the form of radiations (neutrons and gamma rays) that would
be exceedingly dangerous unless properly screened. Neutrons can be conven-
iently screened by large tanks of water which may also be used for protection
from the gamma radiations. The problem is similar to that of protection
from the radiations emitted by large cyclotrons.  Probably a thick ness of
water for a few feet wouid offer a very substantial protection.

Some very reduced production of energy would continue for some time
after the chain reaction has been shut off. This energy, due to the various
radioactive products accumulated during the reaction would represent a
few percent of the original energy and would be emitted for several hours
and ta a much lesser extent also for some weeks after the reaction has been
interrupted.
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142.

THE ABSORPTION OF THERMAL NEUTRONS BY
A URANIUM SPHERE IMBEDDED IN GRAPHITE

L. FErvT and G. L. WEIL
Columbia University
Report A—1 (July 3, 1941).

The planning of a chain reaction ¢xperiment in a uranjum-graphite
systern in which spheres of uranium (metal or oxide} are imbedded in a
graphite mass requires the knowledge of the number of thermal neutrons that
are absorbed by the uranium spheres. This number can be calculated by
a mathematical analysis of the absorption and scattering of the neutrons
inside the uranium sphere and in the surrounding graphite. Since, however,
there is considerable uncertainty as to the absorption and scattering pro-
perties of U and U,0; it appeared worth-while to determine the absorption
of thermal neutrons also by a more direct method.

We consider a sphere of radius R imbedded in a graphite mass. We
shall assume [or simplicity that neutrons are produced with spherical sym-
metry so that the thermal neutron density will be a function of the distance
r from the center of the sphere. In the graphite near the sphere the absorp-
tion of thermal neutrons by the sphere will manifest itself as a decrease of
the neuiron density close to the sphere. Inside the graphite the neutron density
obeys the differential equation [eq. (8) of the report *“ Production of neutrons
by uranium ”,® henceforth referred to as 1.]

(1) Ay —

3
s 1 = - i
2N o o 4 ©

At the surface of the sphere n obeys a boundary condition of the form
#(R)
(2) e

i |
(f.’t'/’ v m

— I
— i

L is a constant that depends on the scattering and absorbing properties
of the material as well as on the radius R of the sphere.

All the absorption properties of the sphere for thermal neutrons may
be expressed in terms of L. We shall therefore call L. the * absorption length ™
of the sphere for thermal neutrons. For instance the number of thermal neu-
trons absorbed by the sphere per unit time is given by

- Wy [ dn W 4mRE
(1) 7 g— 2 —_ ! N
{3) AN =47k 3 ( 2 R 3 T (R

(v Paper N® 138, . Iditors’ note:,
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provided ¢ and L are large compared to .. We may combine this result with
{(11} of I] and we obtain

(4) ot = ATRL 0 1283 X 1075 Ay (R)

where P10 is expressed in units of the number of neutrons emitted by the
primary source and Ay, (2) is the activity near the surface of the sphere
of a standard indium detector measured according to the prescriptions of
Report L.

If we want to have &U expressed in absolute units we may use instead
formula (5) of the Report “ Standards in slow neutron measurements’ ()
and we have in abseclute units
47 R®

L.

2 l 47 R?

= =3I % 0.096 Ay (R)
™

(5) o v w (@) =
where Ay (R) represents now the activity of our standard indium detectors
measured according to the prescriptions of that report. {(Counts per minute
at saturation on our counter No. 2)

Before describing the methods for the experimental determination of L
we report here gome formulae for its approximate theoretical calculation.
Since these formulae have already been the object of correspondence with
the theoretical members of the Uranium Committee they are given here
without proof.

We call v the albedo of the uranium sphere defined as the probability
that a thermal neutron entering the sphere re-emerges out of it without
being absorbed. I+ is known, L can be approximately calculated with the
Tormula
A oI+
fa t—v

(6) L=

If the scattering and absorption properties of the material in the sphere are
known, y can be calculated. By applying the diffusion theory to the interior
of the sphere one finds vy from the following approximate formula

) 1—y 1 Mg R A
/ Iy VI\T,; oG R V?TR

% is the mean free path of thermal neutrons inside the sphere. N; is the ratio
of the total to the capture cross-section for thermal neutrons inside the
sphere. 4 s the diffusion length inside the sphere:

4N
®) k=5t

oy

It follows from (6) and (7) that L is a function of Rp for spheres made
of the same material in states of different density ¢. In fig. 1 the values of
L calculated with (6) and (7} are plotted as funetions of Rp for spheres of
17,0 (upper curve) and of uraniwm metal (lower curve).

(*) Paper N° 140. ({Editors’ note).
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In these calculations we have assumed

h = mean free path in graphite = 2.55 cm

hi = zzp'g tor U-metal ; X = Iz—'q for U0y
N; = 3.3 for U-metal ; N:=35.3 for U0y
li = 2271 for U-metal ; L= 2';-*2 for UOs.
20r \
i5 -
[&8)
=
10
U3 0y
S
5 ‘\q
T e
0 i
0 50 100

R@IN GMS /M2

Fig. 1.

These theoretical results are affected by a considerable uncertainty
because the diffusion theory can be expected to give only a rather bad approx-
imation for our problem. Furthermore also the scattering and absorption
cross-sections used in the calculation may be appreciably in error.

It appeared worth-nile therefore to attempt an experimental determi-
nation of L. The measurements have been performed on two spheres, one
filled with U,0; and one with powdered uranium metal. We illustrate the
methods employed by describing in detail the measurements on the U0
sphere.
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A thin spherical shell of spun copper sheet with a radius R = 8.5 cm
was filled with g300 gr U,0; and placed in the center of a spherical cavity
inside a graphite block of 4x4x 5 feet. A tuhe rcaching to the center of
the U, sphere permitted the insertion of a Rn - Be source in the center
of the sphere.

Measurements of the activity of various indium detectors were taken
at several distances from the sphere. Since only data for points rather close
io the sphere were used, the activities observed depend practically only on
the distance » from the source at the center of the U;Osspherc.

Activity measurements were taken using three types of indium detectors

a) 2.42 gri4x 6.5 cm’
5y 0.376 gr/4x 6 cm?
£) 0.12 grjéxo.2z em®

The detectors z) were used also in the experiments of Report 1. They
have been used in the present experiments because our results of Report |
[formulae (10) {11)] permit to express the “ slowing down density ” ¢ and
the density » of thermal neutrons in termis of their activities Ag., (detectors
screened by Cd) and Ay, (activity due to thermal neutrons). Throughour
this report the units used shall be the same as in Report I.

The detectors (@) are rather wide and thick so that they introduce an
appreciable perturbation in the neutron distribution around them. To avoid
such perturbation at the positions where it would have affected our results
we have used the thinner detectors (#). The narrow detectors (¢) have becn
used for a direct measurement of the albedo to be described later.

If it were possible to measure the density of thermal neutrons with
infinite accuracy we could calculate L. directly with (2). Actually it is not
feasible to have the accuracy of the measurements better than 1°,. Conse-
quently the error in the derivative (dn/dr),_r would be very large.

We tried therefore to fit the observed # () to a solution of the diffe-
rential equation [(8) Rep. I
(9) A%~1—£}ﬁn+ig:o.

For this we must first determine ¢ (), namely the number of nascent thermal
neutrons per cm?® and second at a given distance from the source.

g (r) was obtained by measuring the activity Ag.. of our detectors (a)
screened by cadmium. Equation [(10} Rep. I] gives then the * slowing
down density " g, for neutrons of energy of 1 ev (resonance cnergy of

indium). From this we can determine easily ¢ by integrating the differential
equation [{1) Rep. I], and assuming an age difference £ = 30 cm?® [(2) Rep. I
between indium-resonance and thermal neutrons.

In fig. 2, the upper curve represents the ohbserved values of the function
rg,, (r) plotted against »; the lower curve represents the result of the numer-
ical integration and gives #¢, (») for the nascent thermal neutrons. It is
scen that 77 {#} may be represented in the interval from » = 8.5 to » = 35
within the limits of the experimental accuracy by the expression

(10) g (7)) = 4.73X 10 %sin {3°-8#).
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We substitute this expression of ¢ in (g) and introduce instead of # the ther-
mal activity Aw , related to # by [(11) Rep. I]. Since A,, is a function of
» only, we obtain finally the following differential equation:

(1) AR () e A () + 3687 sin (3°-87) = 0.

We take, according to the latest measurements con the carbon cross-section

(12) l:?\l/§:46.7cm.
The general integral of the differential equation is
(13) rAg (7)) = 780 8in (3°.8 ) | peracr L ge—rieT,
al ra LT
= ‘In
5.0 L7
/ ’/’_"‘\\
aol- - 7 o
/7 T
3.0 Y
zf:’ \
2.0 !
1.0 .

rINCM*
Fig. 2.

We determine the two integration costants p and ¢ so as to fit in the best
possible way the observed values of Ay, (7). For the reasons already explained,
however, we have used for this measurement the thinner detectors (8) instead
of the normal detectors (&) and multiplied the results by a transformation
factor 4.193 that we found experimentally to he the ratio between the intensi-
ties of the two types of detectors at positions in graphite where the thermal
neutron density iz rather uniform.

The best fit is obtained by taking p = 721; ¢ = — 1121. The com-
parison between calculated and observed activities is shown in Table L
The agreement is seen to be very good.

We now can calculate Ay and JA.jdr at » = 8.5 with a considerably
greater accuracy than would be possible by a direct measurement. We find

dAwh .
An(8.5) =333( 5], =418
Since A., is proportional to # we obtain from (2)
T Arh (85) _
{14 L_WQS.OCHL
!\ ar Jr=t.g
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An independent method for measuring L consists in determining first the
albedo v of the sphere. For this we observe that an indium detector that
is backed by cadmium on one side is sensitive only to the thermal neutrons
that arrive from the side not covered. The thermal neutron activity A, of
such a detector when placed on the surface of the U,O;—sphere with its
sensitive side facing outwards is proportional to the number N, of neutrons
entering the sphere from outside. If the detector is placed with its sensi-
tive side facing the sphere, its activity A, due to thermal neutrons is instead
proportional to the number N, of thermal neutrons coming out of the sphere.
The albedo v is therefore given by the ratio A /A, .

TABLE 1.
rAth
P expt calculated
10.2 475 469
12.7 648 659
15.2 837 813
17.8 - 984 400
20.3 1131 1128

In performing this measurement one should use detectors small enough
so that the perturbation of the thermal neutron distribution due te the detector
and to its cadmium protection should be negligible. We uscd therefore the
narrow detectors {¢) whose width is less than 1/10 of the mean free path of
the neutrons. The observed intensities in arbitrary units were as follows:

Activity
Uncovered face outside 3189
Uncovered face inside 2652
Both faces covered 1472

This gives A, = 1717, A, = 1200

(15) Y :—2{=0-70r

I

The correction due to the production of thermal neutrons inside the sphere
can be estimated to be about o.5 %/, and is therefore negligible.
With this value of ¥ we calculate from (6}, taking h = 2.55 cn.

(16) I. = 8.35 cm

in good agreement with the previous value {14).
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Similar measurements were performed also on a sphere of 5.63 cm radius
filled with 5.5 Kg of powdered uranium metal. The two methods already
described for the U, Oy-sphere were applied and they gave for L the following
results:

First method L =4.3 cm

Second method L = 3.7 cm.

In Table II we summarize the results of the measurements and we com-
pare them with the theoretical results:

TasLe II.
; L
Substance Radius Density -
- Brajes ot Second Theor
Method Method ¥
UeOs. e 8.5 36 8.0 8.35 8.0

The agreement is quite good for the UOgsphere; much worse for the
metal sphere. The discrepancy is partly due to the fact that the metal powder
used contained a very appreciable contamination by boron, as was shown
by a chemical analysis. The amount of boron actually found can account,
however, for only about one half of the observed discrepancy. The residual
difference, which is however not much larger than the experimental error,
seems to indicate a failure of the simple theory to represent quantitatively
the observed absorption.

This is not surprising in view of the fact that the radius of the sphere
is only twice the mean free path of the neutrons.
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N 143.

In ths spring of 1941, at the request of the National Defense Committee,*) the National
Academy of Sciences appointed a special committee to review the military importance of the
uraniwm work. Up to then, although some scientists like Szilard were convinced that atomic
bombs were feasible, several members of the Uranium Committee had mainly taken in con-
sideration a controlled chain reaction and doubted that atomic energy would come in time
to affect the current war. (%

The opinion of the National Academy committee cvolved rapidly, as information
froin the scientists in the fleld became available to them: in May the committee submitted a
first cauticus report which placed the emphasis on power and discussed the difficulties of
separating a sufficient amount of U"% for a bomb. The second report, in July, revealed the
results of work on plutonium and mentioned the possibility of a plutonium bomb. Shortly
afterwards the outlook for a U3 bomb brightened, owing both te progress in isotope separation
and to information received from the British,

The following September, Arthur H. Compton, the chairman of the National Academy
committee, sought first-hand information on the feasibility of a U®® bomb and went to see
Fermi at Columbia University. (¥ Compton writes that he had so far been very  cauticus ™
in his conversations with Fermi for security reasoms—clearly he could not bring himself to
trust “ a recently arrived émigré’*.  But then Samuel K. Allison had succeeded in allaying
Compton’s apprehension, at least to a certain extent. At Columbia Fermi stepped to the
blackbeard and worked out for Compton, according to Compton’s own account, ‘‘simply
and directly, the equation from which could be calculated the critical size of a chain reaction .
{Similar calculations had been made and discussed informally by others, according to Gregery
Breit, member of the Uranium Committee}. Compton learned that “ the amount of fis-
sionable metal needed to effect a nuclear explosion could hardly be greater than a hundred
pounds 7. On the train to Chicago he recalculated the critical size of a 1UU*3* bomb, and found
his results in agreement with those of Fermi, (When a year later members of the Du Pont
Company inquired on the trustworthiness of certain émigrés, Compton did not say directly
that Fermi was all right, but stated that he had gone through Fermi’s calculations himself
and found the same results. Fermi, however, had the {ull confidence of the Uranium Com-
mittee and was appoinied Chairman of the Subcommittee on Theory).

Gregory Breit asked Fermi to put his calculations in writing, but Fermi’s notes on fast
neutron reactions were brief, and in them he did not derive the formulas he used. Breit pre-
pared the ** Explanatory Remarks ™ that are here reproduced after Fermi’s paper for his own
as well as the Uranium Committee’s edification.

On November 6, 1941, the National Academy committee submitted its third and most
encouraging report. [t discussed, among other questions, the feasibility and critical size of
a U bomb. My guess is that the content of Paper N° 143 was the link between Compton’s
visit at Columbia and the third report of the Academy committee.

H. L. ANDERSON.

(1) H. D. SMYTH, Afomic Energy for Military Purposes, Princeton University Press,

1645.
{(2) A.H. COMPTON, A#omic Quest, Oxford University Press, 1956,
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143.
REMARKS ON FAST NEUTRON REACTIONS

Report A—46 {October 6, 1941).

Critical volume

'\.’T!: — 8. [(;;j]f”‘z’ R
(logé)i""2

Assuming for UJ=%

density = 18 gm/cm? fog k=10,

Follows the critical mass:
4 % 10°

M, =
(o, a7) 32

grams

s, and ¢, are the total and fission cross section in units of 1o~ cm®
Protecting with a scatterer of neutrons may reduce somewhat the critical

amount.
a; and a7 are not known for the energies of the secondary fission neutrons.
A possible guess may be 6, = 10 6y = 1. This would give

M, = 130,000 gr.

However the cross sections may be very different and consequently
M, may be quite different. One cannot, in my opinion, exclude the possibil-
ity that M. may be as low as 20,000 grams or as high as one or morc tons. ‘

Experiments on partially separated uranium isotopes seem to bear out
the assurnption that the fissions observed with neutrons of energy below 1 MeV
are due to U#5. Such data might give only upper estimates if (2} a small
percentage of higher energy neutrons is present in the source, or () the
threshold for U#3® fission is0.38 4+ 0.1 MeV as according to Haxby, Shoupp,
Stephens, and Wells . :

If a mass about twice the critical mass is assembled, the rate of multi-
plication of the neutrons will be about

1.4
each generation. Multiplication of the number of neutrons by e will then
take place in a time of the order
. 1 P
= Togi4 v o
*» = mean free path
v = neutron velocity =2 10° cm/sec.

(*y For definitions of symbels compare the «Explanatory remarks» by G. Breit,
following this paper. {Note of Editors).
(1) O. R. Haxsy, W. E. SHovPP, W. E. STEPHENS and W. H. WELLS, « Phys., Rev.»,

58, p- 199 (1940).
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For oy =1 it is
= 6% 108 sec.

If it were instead 6, = 3 we would have
t = 2% 10" sec.

The rate of the reaction increases by 10* in a time of the order of 10# and
the velocity of the flying fragments shall be of the order
RO
=
or about 107 cm/sec.

The estimate of this velocity and of the energy released in the reaction
is again made very uncertain by our lack of detailed knowledge of the cross-
sections of U™®,

The amount of energy released could be somewhat increased by surround-
ing the reacting unit with a very dense and thick layer of materials. This
would increase the time belore the reacting mass scatters and would also

reflect in part the neutrons thereby reducing the amount of U™ needed.

EXPLANATORY REMARKS

G. BrEIT

The above notes of Professor Fermi’s give a general picture of the process.
On account of their brevity a few explanatory remarks may be in order.
The formula for the mass can be understood as follows. Consider first an
infinite medium in which the neutrons diffuse without slowing down. The
diffusion is then described approximately bhy:

—_3 3¢ _
(1) An o T o O

where

# — neutron density

b = wm. f.p. for any kind of collision

X =um.f.p. for a collision leading to absorption

v = neutron velocity

g = number of neutrons produced per em?® per sec. Assume that
the only absorption is due to collisions leading to fission. Then:

N =
ds == . f.p. for fission collisions.
One has:
k4
7= 3,7
7 = number of neutrons emitted per fission.
Hence

An—}-%n:o.

(*) R is the separation distance between the fragments at which the reactivity falls
appreciably.
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At the boundary of the sphere containing the uranium one sets # = o,
This boundary condition would be exact if the radius of the sphere were
large compared with the mean free path and the distance within which a
neutron reproduces itself. On these assumptions the differential equation
for # gives the radius of the critical sphere R, as:
- ;\f)\f if2

2 R, == {—(}
@) R EICEY
and the mass:

: Oy

M, = 47 T 47 LA

(3) 3 PR 352 T gy 1)

where ¢ ig the density,
In the notation:

10— 2 g = cross section in cm’
one has for ¢ = 18:

AT = 21.4
and:

4) M, =

4.4% 10° o
- I)afz @, o YTAITS
1 OF

This formula is essentially the same as Fermi’s. His log £ is replaced here
by n—1. Ifn—1 <1 the two agree. For larger v the above discussion
is not applicable because the diffusion equation (1) with an approximate ¢
is then a poor approximation.

The replacement of m— 1 by log £ is familiar in the theory of chain
reactions with slowing down. Inside the medium one has [Report A — g,

Equus (1) to (4)]

A
r—

b Ag, 1 .77 ¢ 4T P
(5) 3 Aﬂ[ 3 + A‘U ‘ 7t (? ‘) 8<m)3,'2 d?’ =0
where
#, = density of thermal neutrons
A = m. f.p. for a collision of thermal neutrons either of the scattering

or absorption type

N =m. f.p. for a collision leading to absorption

My = f.p. for a collision leading to absorption in uranium which
leads to fission ‘

T = neutron age — /6.
From (5) one finds:
R g, I M — %
(5) ?‘%775“{_1’112 =0

7 == sin &rfr.

For » A2 € 3 i.e. for negligible diffusion after the neutrons have been siowed
down one has:

O P
£ 1 =log o
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so that:
6
) p=Llog k
where
,11’
(8) k= —;}J :

The quantity £ is the number of fission neutrons per absorbed neutron times
the chance that there is fission if the slowed down neutron is ahsorbed. Tt
is the number of neutrens produced in one generation of the process of slow-
ing down with consequent ahsorption leading to disappearance or to fission.
The approximate boundary condition leads then to:

AR, =T
so that:
Rcz_“.u(”__z)x'li_
67 (log £)™*
and:
(9 V, e 4T P g O
T a6 (log A" (log £)3/=

For small £ one has log £ =4 — 1. If all the absorption takes place by the
uranium one has then log # =7 -—1 and Eq. (4) is obtained. If the replace-
ment of log 4 by n— 1 is not made then one has:

(10) M, o a0’
{0,073 (log £)%"

Here #* == 2 A% has been used in accordance with An — (3/A, A m = o.
The use of log n instead of n — 1 in the last formula increases the estima-
ted M,. For the slow neutron chain reaction the use of log £ is qualitativeiy
correct. The difference between log £ and £— 1 takes into account in this
case the difference between a sinusoidal neutron density and its osculating

A%

parabola. On account of the presence of ¢ in (6) a large 9 cannot

lead to a very small R, because a small R, gives a large £ which decreases

the total number of fission neutrons represented by neﬁé%/?\i}. The effect of
a large n 1s thus not as pronounced as it might be for a slow neutron chain.

This type of estimate may be too pessimistic because in the fast neutron
case it may not be necessary for the neutrons to be slowed down by any
appreciable amount and also because formula (5} is not quantitatively appli-
cable in this case. One arrives in fact at a different result by considering the
neutrons as diffusing without slowing down. A caleculation carried out along
the lines of Wigner's absorption considerations [Report A—20] gives:

tan” ' {nh/R !
(11) R 14 (D) Ay

This calculation should be an improvement on considerations starting with
the approximate formula {1}. It is not accurate in the treatment of the hound-
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ary. For afAr = 0.1 and 9 = 2.718 the right side of (1) is 1/1.172. This
is sufficiently close to unity to use:

(’2‘:)2%3("4—1)1—;

as an approximate solution. This agrees with (2). The error in using this
approximation is not large. The approximation gives wh, /R, & V3xo.172 =
= 0.718. The solution of tan—* (= /R.)[(m\[R.) = 1/1.172 is /R, = 0.76.
If one uses (4) instead of (10} the value of M, comes out smalier by a factor
of about 2.2. It is of course, premature to try to fix the mass to within a
factor 2 on account of the lack of knowledge regarding cross sections.
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N° 144.

The need to understand more thoroughly the slowing down of neutrons in graphite
prompted Fermi to apply his earlier theory of the effect of chemical binding (paper N° 119 a, &)
to this case. The following paper records his elementary calculations. This paper was
probably written in October 194I.

H. L. ANDERSON.

144.

THE EFFECT OF CHEMICAL BINDING IN THE
SCATTERING AND MODERATION OF NEUTRONS
BY GRAPHITE

Report C-87.

The slowing down of neutrons by elastic collisions with atoms is deter-
mined by the simple laws of conservation of energy and momentum if the
energy of the colliding neutron is so large that the atoms may be considered
as free. Such an assumption is, however, not permissible when the energy
of the neutrons is somewhat smaller than 1 ev. In this case the energy of the
neutron becomes comparable to the quanta of elastic vibration of the atoms.
This fact produces several effects:

&) The slowing down power of the substance per collision decreases
below the normal value that would be observed in the case of free atoms.
&) The scattering cross-section for elastic collisions increascs.

¢y 'The angular distribution of the scattered neutrons is also affected.

An estimate of these effects can be obtained rather simpiy if we assume
that each atom is bound by elastic forces to a fixed equilibrium position.
In this case the theory can be carried through when graphite or any other
substance with atomic weight larger than 1 is used as a moderator by the
same method used in the case of slowing down by hydrogen ©. Indeed, the
discussion in the two cases is so similar that it is not worth while to repeat
it for moderation by atoms heavier than hydrogen. Only the results shall
be collected and discussed here for the case of moderation by carbon.

NOTATIONS AND FORMULAE.

We assume that each atom of the moderator is bound by elastic and
isotropic chemical forces to an equilibrium position. Let v be the frequency
of the vibration.

(1) E. FERMI, ¢ Ricerca Scientifica», 7, 2 (19365). [Paper N° 119-2 and ¢. (Editors’ nate;].
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Let p, and p be the momenta of the neutron before and after the collision.
We introduce in place of them two proportional dimensionless quantities

(1) P, = L2 ; P 2

° T Vadhv AT

where M is the mass of the neutron. P?is the ratio between the kinetic energy
of a neutron of momentum p and the vibrational quantum.

When a neutron collides against an atom that is initially in the vibrational
quantum state 0, the quantum state of the atom after the collision may
beoor I or2or 3, -- In the first case no energy is lost by the neutron in
the collision; in the second case the neutron loses the energy Av; in the third
case it loses the energy 2 4v, and so forth. We shall indicate by =, ,0,, 0., --
the cross-sections for these various processes. They are given by the following
expressions:

2 PZ—M + 2 Pg if‘Pz—u

A
a =A o e
3, — 4 . -ﬂ—’IE,”e“‘;fiq for n < P,
@) N
2 PZ —n—2P, II.""‘Pz —=
X e
Gp=0 for n > P

where A is the atomic weight of the moderator (more exactly the ratio between
the atomnic mass of the moderator and that of the neutron). & is a constant
with the dimensions of a length that represents the strength of the interaction
between the neutron and the atom. z is related to the limiting value of the
scattering cross-section when the effect of the chemical hinding becomes
negligible by the following equation:

2

) . P
(3) 6 =16 naz(%) for ﬁ > Av.

The angular distribution of the scattered neutrons may be expressed

in terms of a differential cross-section o_ , for processes in which the neutron

@
excites the moderator atom to the vibrational quantum state n and is scattered
inside the element of solid angle Ze. This differential cross-section is given
by the formula:

P —Py)°

LP . PPy — =
@ Tudo = 4@, O e

where the bold type mcans that the corresponding momenta have to be taken
as vectors. The value of the dimensionless momentum P after the collision
is given by the conservation of energy. With our notations this gives:
P> =P, —=u.

NUMERICAL RESULTS FOR CARBON,

The numerical results calculated with the above formulae for the case
of carbon, A = 12, are ¢oliccted in Table I.
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The top row of Table I represents the ratio W/Av between the energy
of the neutron before the collision and the vibrationa! quantum. The next
six rows give for each value of W/kv the percentage of collisions in which
the neutron loses an amount of energy equal to ©0,1,2,3,4, or § vibrational
quanta. The next row gives the average change 5 of the logarithm of the
energy. (This is the so-called slowing down power per collision; its limiting
value for collisions with carbon when the chemical binding becomes negli-
gible is 0.158). The last row gives the ratio between the scattering cross-section
for neutrons of the given energy and the cross-section for neutrons of energy
very large compared with the vibrational quantum.

TaBLE 1
W [ | 7 !"’ N o
S0 a o 1 1.5 2 2.5 | 3 3.3 4 | 4.5 5 5.5 6
Jiv i ‘ !
a8 o 100 {ooi rooi g1.2 85 |79.2 |73.8 |6B.0 6a.7 |00.4 |56.4 i53.5 7
4 !
§E‘ i | 8.8 15 '19.8 |23.3 [20.1 |28.4 |20.8 |31.3 (31.5 |[31.9
=5 ' !
_{JE z i 1.0 |20 (48 |64 |86 104 [12.0 .5
g o i i
85203 ' 0.2 | 0.3 I.1 1.8 | 2.7 .5
d
ééﬂ 4 ; 0.05 | o.¢ 0.3 4
= I 5 ! 0.000
5 H : . .03
| i
5 | o o] 0 0.097(0.104 | 0.117| 0,127 0.133| 0.133] 0.139[ 0.141| 0.143] 0.142
afo, 1.174 | 1.084 | 1.00c| 1.015| 1.009 | 1.003| T.006| T.006| T.001| 1.006| 1.012| 1.003] I1.001

One can see from the preceding table that the chemical binding effect on
the scattering cross-section is rather small. Tts maximum value, (A +1)¥/A?
corresponds to only 17 %, (instead of 300°, in the case of hydrogen) and the
difference is practically negligible for neutron energies in excess of one vibra-
tional quantum. The effect on the slowing down power s is somewhat greater
and the difference still amounts to about 10 %/, for neutron energies six times
the vibrational quantum.
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N° 145 and 146.

The intercst in the fission of uraniumn by fast neutrons, partly because of the possibility
of a fast ngutron reaction (see paper N° 143), but also because of 1ts contribution to the slow
neutren chain reaction, isd to the need for numbers, in this case for the cross sections involved.
The available neutron sources were radon-beryllivm, and radium-beryllium. Neutrons from
these do not have the same energy spectrum as the fission neutrons, but one could at least
come to know the order of magnitude, and there was reason to believe that the cross section
would not be greatly energy-dependent (paper N° 145).

A sequel fo this was a series of measurcments of absorption cross sections for a num-
ber of elements, also with the radon-beryllium neutron source. This was a rough experiment
made to have an idea of the magnitude of the cross sections, In particular, the cross section
for the production of U#*3% was yneasured with somewhat more care.

H. L. ANDERSON.

145.

FISSION CROSS SECTION OF UNSEPARATED
URANIUM FOR FAST Rn+ Be NEUTRONS

H. 1. ANDERSCON and E. FERMI
Report C-83.

Report on experiments performed at Celumbia University in November 1941 for the
detcrmination of the fission cross section of unseparated uranivm by fast Rn - Be and
Ra 4 Be neutroms.

The fissions were produced in a sample of 2.652 mg. of U,O; spread on
an area of about 10 sq. ¢m. This was placed inside an ionization chamber
connected to a linear amplifier. The Rn 4+ Be source was placed a few
centimeters away from the ionization chamber. Care was taken to avoid
the presence of substances that might have siowed down the neutrons. The
data on the measurements are collected in Table I.

As an average result of the preceding measurements we find the fission
cross section for fast radon plus beryllium and radium plus beryllium neutrons
of about 0.45> 10— cm® This result is dependent, of course, on the assumed
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number of neutrons emitted per second by the source. Later measurements
seem to indicate that this number might have been somewhat overestimated.
If this is the case, the cross section should be correspondingly increased.

TasLe L

Source ‘ Qo 1 v Fiss/min O, X 10%
Rn + Be 7.55 X 10° 7.13 1.87 0.46
Rn + Be 7.81 % 10° 10.1 0.83 0.43
Ra + Be 14.4 X 106 10. 1 1.78 0.46
Column 1 — indicates the source of neutrons used.
Column 2 — gives the number of neutrons emitted by the source per second that was

assumed In calculating the cross section.

Column 3 — gives the average distance between the source and the uranium samples.
Column 4 — gives the average noumber of fissions per minute.
Column 5 — gives the caleulated cross section.
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Ne 146.

For the introduction to this paper see N° 145,

146.

ABSORPTION CROSS SECTIONS
FOR Rn 4+ Be FAST NEUTRONS

H.1.. ANDERSON, E, FErMI, and G. L. WEIL
Report C—7z.

The experiments described below on some capture cross sections measured
for Rn 4- Be fast neutrons were carried out at Columbia University during
November, 1941. The cross sections were measured by observing with a
standardized Geiger-Muller counter the 8 activity induced in several sub-
stances by irradiation with the fast neutrons of a Rn 4+ Be source from
which the number of neutrons emitted per second was known.

In order to obtain adequate intensities, the substance to be irradiated
was compressed in the form of a cylindrical ring 1.0 ¢m high, with outside
diameter 1.16 cm and inside diameter 0.65 c¢m. The glass bulb containing
the radon-beryllium mixture was approximately cylindrical in shape. It
was about 0.65 cm diameter and 1 cm long. The compressed powder was
supported by means of a light metal holder in the center of a room, so as
to minimize the number of neutrons which might be slowed down and
scattered into it.

The irradiation was started hy inserting the Rn 4+ Be bulb in the center
of the cylindrical ring. After irradiation, the powder was thoroughly mixed,
spread in a thin layer of known weight on a piece of paper, covered with
Scotch tape, and wrapped snugly around our (eiger-Muller counter in the
manner described in report A-z, (N° 140) ““ Standards in Slow Neutron
Measurements. *

The results for Br, Au, In, I, Mn, and La are summarized in Table 1.
In the first line is given the substance irradiated and the half-life of the
f-radioactivity investigated. In the second line is given the weight W in milli-
grams of the sample whose activity was measured. The third line gives the
initial activity A; observed in counts per minute. On the fourth line, the
fraction of saturation activation achieved in the irradiation is given. In the
fifth line is given the efficiency of the counter as calculated from the formula:
Efficiency = 0.48 =251 where u is the absorption co-efficient of the f-rays
in gms per square cim. This formula is discussed in report A—2. In the sixth
line is given the factor ¢ by which the activity observed should be increased
in order to take into account the absorption of the fi—rays in the sample itself-




TABLE .

PhBr. PbBr. Au In Pbl. MnQ, & La.0y

(18 m.) (4.4 hr) f2.7 dJ {54 m.) {25 m.) (155 m. (a1 hr}
Weight 360 tg. 360 mpg. 6.4 mg 141 mg. 645 mg. 239 mg. 365 mg.
Init, Act. 333 64 21 172 748 41 82
Irr, fraction 0.993 0.321 0.143 0.654 0. 540 0.65 a.36%
Efficiency 0,370 0.37C o. 205 ! 0.21g ©.305 0.38 a.225
Abs. n sample . . 1.09 1.09 1.12 i 1,11 i 1.20 1.06 1,22
Q 3.38 x 10° 3.38 x 10° 3,12 X 100 2.86 x 10° 3.46 x 108 3.8 % 10° 2.55 % 10%
Geom. factor . ©.253 0.253 0.137 0.103 G.253 0.253 ©.253
Atomic weight 184 184 197 I1s 237 87 163
s 1.62 % 1070 0.96 x 107} 10.5 % 107 g.9x 107 5.36 x 107 0.1 x 167 23 x 107 ¢

o117
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The seventh line gives Q)

pee ]

the number of neutrons emitted per second by
the source at the time of irradiation. In the eighth line is given the geometrical
factor G for the irradiation. This is the ratio of the average path of neutrons
through the substance in ¢m, to the volume of the substance in cm?® In the
case of Au and In, we used thin foils instead of compressed powder and for
these substances, the geometrical factor was somewhat different. In the
ninth line is given the atomic weight IVl of the element in question. The tenth
line gives o, the atomic cross section in cm® for meutron capture yielding
the activity observed, as calculated by means of the formula given below.

A;aM

W/E 603 10% 6o QGo.

The above measurements were made only once, for it was our intention
te obtain only a semi-quantitative indication of the order of magnitude of
the cross section for these elements and an extensive investigation would
have required more time than it appeared worth while to use. A somewhat
more careful study was made in the case of uranium.

We were interested in determining the cross section for the forrmation
of the 24-minute activity of U**. This determination is made difficult by
the presence of activities arising from fission. 3Since for neutrons of high
energy the fission cross section is about 10 times larger than the capture
cross section, it is necessary to eliminate the fission activities very completely
in order to make the perturbation due to them reasonably small. In samples
in which no separation was performed, the fission activities were about 20
times as intensive as the activity under investigation. We carried out several
determinations and in all of themn we made use of an ether separation to remove
the fission activities. In two cases, we carried out in addition a phosphate
precipitation of uranium and in two other cases we carried out an acetate
precipitation in addition to the ether separation in order to remove more
completely the activities arising from the fissions. In all cases we determined
the number of atoms on the sample by observing the growth of uranium X.
In the case of the ether scparation only, we obtained for the cross section
13.0x 10> cm? When the phosphate precipitation was carried out in addi-
tion, we obtained instead 6.6 10-%° cm?® and 5.6x 1072 cm® With the
acetate precipitation we obtained 4.8 X 1072¢ cm® and 5.5 X 1072% cn’
This indicates that the ether separation alone was insufficient for a complete
purification and the successive phosphate or acetate precipitation further
removed some of the contaminating activities. Assuming that in these last
cases all the impurities had been removed we find thus a cross section of about

63 10—

for absorption of fast Rn 4 Be neutrons by uranium. This result is of the
same order of magnitude observed for the other elements for which a fairly
high level density is to be expected. From this point of view, the result ob-
tained for uranjium seems quite reasonable. However, in view of the fact
that our separation from the first activities may not have been complete,
we give this result as an upper limit.
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N° 147 and 150.

Recently, in a biography of Galileo, { read an account of his activitics immediately
following the completion of his first telescope. As he trained it on the heavenly bodies, he
recognized, immediately, that he had uncovered a new world of possible scientific exploration,
and he could not resist setting out at once to chart this world, Systematically, night after
night, he explored; he mapped the moon, discovered and labeled planetary satellites and
analyzed their motion and the implications of his discoveries — until, when he was finished
with his first fury of exploration, 2 map of the new world had been drawn. There were de-
tails to be filled in, the accuracy would be improved upon, better instruments would be made
and they would explore further; but the main and important outlines were charted and the
paths for further exploration marked.

What struck me most forcibly in this account is that, had the name Fermi been substi-
tuted for that of Galileo, it would have been completely in character. Here was Fermi im-
mediately following the extraction of the first thermal neutron beams from the Argonne
“ pile 7, or on any one of the other vccasions when be was confronted with a new instrument.

Not that Galileo ever submerged himself so completely in the detail that he lost sight
of the larger problem; he had always in mind, and periodically returned to, those systematic
investigations which eventually destroyed the earth-centered universe; but with frequent
cxcursions into new ficlds uncovered by reasoned extrapolation (i.e., theory) or improved
instrumentation. And so it was with Fermi. Neither he nor Galileo could any mnore resist
uwncovering and following a promising scientific lead than they could resist breathing. (Be-
fore, 1 had thought of Fermi as a unique genius; or, if he had any precedents, possibly follow-
ing in the tradition of Rayleigh. But it is clear that the genetic line runs straight from
Galileo to Fermi).

My collaboration with Fermi in research was confined to work at Columbia University
in 194142, during the formative stages of the * Plutonium Projcct ”. The two papers on
which our names appear together (N° 147 and 150), neither of them especially significant,
illustrate {in a rather minor key} the peints made above concerning Fermi’s style of research.
The more important one (N° 150) *‘ concerns some experiments performed to ascertain whether
a given lattice of uranium oxide iumps embedded in graphite could give a divergent chain
reaction if its dimensions werc made sufficiently large . Itis a report on the first of that long
series of tests, of different lattice dimensions, materials of various fabrications and forms,
which cventually led to the first successful chain reaction under the West Stands at the
University of Chicago.

The results of this first test were inconclusive. Neither the uranium nor the graphite
had the hoped-for purity; the density of the oxide was too low. All this was eventually to be
improved, as a result of many efforts, but there remains the vivid memory of the unique
excitement which accompanied those first attempts to see if the chain reaction was possible
with the material then rapidly becoming available; the working out of the details of construe-
tion for the * exponential pile ”, and of making measurements on it; with everyone jolning
in on all the details, from Fermi {face black from the dust of graphite-machining, now piling
bricks but more often manipulating that sliderule, that link between his hands and his brain,
from which he was inseparable), to the young graduate student borrowed from another group
to provide another pair of hands,

The other paper (N® 147) represents one of those excursions into a short byway. The
origin was an idea, advanced by Szilard, that it sheuld Le possible to find, in an appropriate
photoneutron source, an chergy spectrum resembling more closely that of the fission neutrons
than was the casc for the spectrum from the conventional mixture of radium and beryllium.
(Experiments on the cross sections, etc., of various materials for fission neutrons had then
to be performed, perforce, with artificial sources). The most rapid way of obtaining a com-
parison of fast neutron energies {rom different sources was to compare their * slowing-down
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lengths ** in some moderating material, say graphite, and Fermi suggested the of the use
g y 3aY grap g

“ axponential pile *” of pure graphite for this purpose. The theory had alrcady been worked
put in connection with the exponential cxperiment for measuring neutron reproduction {prob-
ably it had already been worked out in the Rome days) and the application was straight-
forward and uncomplicated. But, with the data In hand, only & small amcount more of
computation would yield a new and basic piece of information: the absolute neutron yield
from beryllium wiien bombarded in a standard geometry by the photons from radium. Why
not take the small extra trouble to extract this number too; who could know when it might
turn out to be uscful?

As a student, one learned from Fermi mainly by observation and emulation. In an
experiment, you did your assigned job, and more if you were able; but the pace was set by
Fermi, and it was always fast. You had to get up early in the morning to be ablc to bring,
to an enterprise in which Fermi was involved, some contribution which he had not alrcady

2}

worked out. I mean this statement literally. I learned Fermi’s secret quite by accident one
merning, in the dormitory of the old Argonne Laboratory (transportation was difficult in
those days, and we frequently stayed the night when we had an experiment going), when [
happened to awake at around § A.M.; there he was, sitting cress-legged on his bunk, an Italian
Buddha, slide rule on his lap, busily working cut in his notebook the day’s program. No
wonder, when you rushed in bright and early with a new idea, it was already all worked out;
vou were mever quite bright or quite early enough! In the classrcom the pace was slower
-—it was Fermi’s one concession—but, otherwise, it was not much different,

Paper N°® 147 was reissued by the Atomic Fnergy Commission, Technical Information
Branch, Oak Ridge, Tenn., as Report MDDC—1438, November 5, 1948.

B.T. FELD.

147.

NEUTRONS EMITTED
BY A RatBe PHOTOSOURCE

B.T, FELD and E. FERMI
Report CP-8g.

Tn this report an account is given of experiments performed at Columbia
University in November 1941 on certain properties of the photoneutrons
emitted by beryllium irradiated with gamma rays from radium,

The slowing down of the photoneutrons in graphite was investigated
by taking activity measurements of indium detectors inside a graphite pile
in which the source was included and the slowing down properties were
expressed in terms of a two-range formula. Also the number of neutrons
emitted by the photosource was measured by comparison with a Ra 4 Be
source of known intensity.

DESCRIPTION OT PHOTONEUTRON SOURCE.

The photosource used consisted of a beryllium cylinder of 8 cm diameter
and 8 ¢ height and a total weight of 608 grams. An axial cylindrical hole
of 3.2 cm diameter was bored through this cylinder and the radium two-gram



Ir4 147. — Newtrens Iwritted by a Ra + Be Photosource

source was inserted in this hole near the center of the beryllium block, Due
to a somewhat indefined construction of the radium source this centering
could be achieved only approximately.

MEASUREMENTS IN GRAPHITE CCOLUMN.

The photosource was inserted in a column of graphite bricks with a cross
section of 4 by 4 feet and a height of 7 feet. The source was placed on the
axis, 2 feet from the bottem face of the column, Indium detectors of the
standard Coluinbia type were inserted and measured at various pesitions
inside the pile. The result of these measurements is given in Table I; for
comparison also the results of a similar measurement with the source No. 1

(1.16 gr Ra 4 Be) is given.

TABLE [.
o S Photosource Ra 4+ Be Source
Position T _ Awwcalc - B
No Cd Cd Thermal (© d')l No Cd Cd Thermal
%

4,20 66417 17836 45884 17730 165200 34710 126200
8,2,0 50833 10595 38649 105690 140800 25040 112000
12,2,0 33874 4846 28303 48310 TOG200 4970 01970
16,2,0 21489 | 1773 19448 I7io 78600 7920 69530
20,2,0 13887 524 13283 507 54080 3954 49530
28,2,0 5412 30 5377 27 24360 770 23470
36,2,0 2340 2 2337 I 16730 149 10560
44,2,0 1026 1026 4683 23 4652
52,2,0 419 1788 7 1780

Iiv Table T the first column gives the coordinates of the position of the
detector in a system of coordinates having the source as origin and the =z
axis vertical along the axis of the column. The coordinates are expressed
in inches. The next three columns give the intensities of indium detectors
in counts per minute reduced to the normal counter ** Heffalump » without
cadmium (celumn 2}, with cadmium (column 3), and due to thermal neutrons
{column 4). This last is calculated by subtracting from column 2z the data
of column 3 multiplied by 1.15 in order to take into account the absorption
of the cadmium on the resonance neutrons. Column 5 gives the activity with
cadmium (as in column 3) calculated with a formula to be discussed later.
The last three columns give the activities without cadmium, with cadmium,
and due to thermal neutrons obtained when the photosource was substituted
with Ra 4 Be source No. 1.
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PMSCUSSION OF RESULTS.

A comparison of columns 3 and 7 of Table [ shows immediately that the
resonance activity of the indium detectors decreases as a function of the
distance from the source much more rapidly in the case of the photoneutron
source than it does with the Ra - Be source. This different behavior is due
to the fact that the photoneutrons have a mean energy much lower than the
neutrons emitted by the Ra - Be source.

The resonance activity of the indium detectors given in column 3 may
be represented rather accurately in terms of the following two-range formula:

5

(r A,. = Q000 e— (28 L 13000 g /2%,

The data of column g in Table I are calculated with this forrmula and
it can be seen that they agree very well with the experimental data given
in colurnn 3. From equation I we can calculate in the usual way the percen-
tages of neutrons belonging to the two ranges. The result is:

61.3 °/, have indium range 20 cm
Photoneutrons _
| 38.7 %, have indium range 22 cm.
As a mean indium range {calculated as square root of the mean square) we
find for the photoneutrons 26.5 cm.

This [ast value should be compared with the mean range calculated in
a similar way for the neutrons of a Ra 4 Be source which is 39.2 cm. The
large difference between these two mean ranges is due to the difference in
the energy of the ncutrons emitted by the two sources.

Quantitatively the difference in the mean squarc ranges is related to
the energies W, and W, of the neutrons emitted by the two sources by the
tellowing expression:

W,
W

(2} 7 —r; = 8.93 % log

where & is a suitable mean value of the mean free path in the energy interval
between W, and W,. We find:

If we assume the mean free path in the energy interval in question to be
about 6 cm, this formula gives a reasonable estimate of the ratio between the
energy of the neutrons emitted by the two sources.

The data of Table I give also the ratio between the number of ncutrons
emitted by the two sources. We find by a simple calculation: Intensity of
photosource = 0.231 X Intensity of Ra - Be source. Taking the intensity
of the Ra -}- Be source No. 1 to be 14 X 10° neutrons per second, we find
that the intensity of the photosource is 3.2 10° neutrons per second.

This result enables us to find that the number of photoneutrons emitted
by one gram of beryllium at a distance of 1 cm from one gram of radium is
30,000 per second.
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Ne 148,

An interesting application of the graphite column which we had crected at Columbia
was to use it as a source of thermal neutrons in a measurement of the cross section of boron.
Boron had hmportance in absolute neutron measurements because its neutron absorption
cross section was high and had a 1/ dependence. Previous measurements had given too
low values for this cross section because the neutrons used, generally from paraffin, were not
in thermal equilibrium. Neutrons from graphite were more likely to be thermal, and the meas-
urement described in the following paper gave indeed a much higher cross section. A little
too high, as it turned out because of an interesting property of crystalline graphite, which
we were to study later {see paper N° IgI), to produce neutrens somewhat colder than the
room temperature.

BE. L. ANDERSON.

148.

THE ABSORPTION CROSS SECTION OF BORON
FOR THERMAIL NEUTRONS

H.IL. ANDERSON and E. FERMI
Report C—74.

In previous experiments, the abscrption cross section of boron had
been measured, using neutrons which had been slowed down in paraffin.
It was generally assumed that neutrons emerging from a paraffin block which
were caplured by cadmium were practically identical to thermal neutrons.
Since, however, the cut-off of cadmium extends beyond the thermal energy
region, the energy distribution of ncutrons absorbed by cadmium will be
different from the Maxwell-Boltzmann distribution. The fact that the several
determinations of the boron cross section reported in the literature vary
widely between 500 and 650 is probably to be ascribed to this fact. Presuma-
bly, different amounts of parafiin were used around the source so that the
average energy of the neutrons absorbed by cadmium might be expected to
differ appreciably.

The importance of this fact has been demonstrated and stressed recently
by the experiments performed by Manley (Report C-1g) and by Bacher and
Baker (Report C-23).

When neutrons are slowed down by carben, it is possible to separate
completely neutrons which are in thermal equilibrium from those of higher
energy. This is due to the long diffusion path of thermal neutrons in carbon.
We have carried out a measurement & of the boron absorption cross section

{1} The measurements were performed at Columbia University in Janvary, 1942.
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with neutrons emerging from the top surface of a large graphite column
(cross section 4 feet hy 4 feet). The top surface of the column was 4 feet from
the source, so that virtually only thermal neutrons could emerge.

The experimental arrangement is shown in fig. 1. As an absorber we
used boron trifluoride gas in a fairly thin-walled (1 mm thick) dural cylindrical
container. As detector, two large boron trifluoride counters were used and
were placed somewhat above the top center of the cylindrical chamber. The

BF3 counters
B4C-protection

)Afa/

- BF; absorber

BaC shield — - },—Cd

GRAPHITE

c>F?a+ Be Source

Fig. 1.

top surface of the graphite column was completely covered with cadmium,
except for a circular opening 13 cm in diameter in its center. The absorption
chamber and the boron trifluoride counters were placed directly above this
opening. A circular disk of cadmium could be placed so as to cover the 13 cm
opening and measurements were taken with and without this cadmium cover.
Additionai B,C shields were used to protect the counters from stray neutrons.

The results arc tabulated in Table I. In the first column is given the
pressure of boron trifluoride in the chamber reduced to ¢°C; in the second
column is given the number of counts per minute ohserved without cadmium,;
the third column gives the number of counts per minute observed with cad-
mium, due to a large extent to radioactive contamination of the counters;
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the fourth column gives the difference between columns 2 and 3 and represents
the number of disintegrations observed due to thermal neutrons which were
transmitted by the absorber. In the fifth column the transmission of the
ahsorber is tabulated. In the sixth column is given the effective energy of the
neutrons traversing the ahsorber as taken from the curves given in Bethe.®

TARLE 1.

Boron absorption.

Pressure Observed Counts per Minute y o Effective
R Ditference | Transmission Neutron Ene
at o No Cd g Cd Nedtron Energy
|
\
O 195.4 4 1.0 46.1 + 0.5 149.3 100 —
70.5 143.0L 1.0 45.8 L 0.8 97.2 65.1 o 0335 &T
145.1 109.2 - 0.4 44.04 0.7 65 .2 43.7 ‘ 1.034 A1

The length of the absorber was 20.4 cm. However, the actual length
of path has te be increased slightly on account of two corrections, obliquity
of the path, which amounts to 3.2 per cent, and the effect of the scattering
of the walls of the container, which amounts to about 1 per cent. Thus we
have taken as effective length 21.3 cm.

From these data we calculate a cross section of boron trifluoride for
neutron energy equal to £T (T = 300° K) of 469 ¢m?® per mole, corresponding
to a cross section of 778 x 10—+ cm® per molecule. The scattering cross section
of the molecule may be estimated to be about 12 X 10— * ¢m? Due to our
particular geomeiry some of the scattered neutrons strike the detector, and
we may consider that the absorption cross section per atom of horon is
770X 10— % cm®, corresponding to a cross section of 464 ¢m® per gram atomn.

This result is the cross section for the boron trifluoride which we used.
It is probable that the impurities in this gas may have been of a few per cent,
although air components were eliminated by freezing the BF, with liquid
air and pumping away the non-condensable impurities. A determination
of the molecular weight of the gas used was made and it was found to corre-
spond guite closely to the theoretical value. This fact precludes the possibility
that more than one boron atom per molecule could have been present in
our gas.

A quantity of this gas was stored in a copper container so that it could
be used to fill boron trifluoride counters, the cross section of which it was
desired to know.

(2) H. BETHE, « Rev. Mod. Phys.», 9, 136 (1937).
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Ne¢ 149 and 150 {*).

Tt became clear from the measurements on uranium and graphite that the chain reaction
in a natural uranimin-graphite system might be possible, but only by exercising the greatest
care in guarding against undesirable losses of neutrons. In particular, the loss by leakage
of the neutrens from the confines of the structure could only be reduced sufficiently by mak-
ing a very large structure indeed. To test with a smaller structure whether a larger one would
work, Fermi invented the exponential experiment. The schemne was the same as that used
to measure the absorption in graphite. In a rectangular column, this time made up with
the uranium-~graphite lattice, a neutren source is placed near the base. The exponential
decreasc in the neutron density along the length of the column will be greater or less than
that expected due to leakage according to whether the reproducticn factor is less than or
greater than one,

The accuracy of the cxperiment increases with the size of the column, so that it was
necessary to wait until a fairly large amount of graphite and uranium oxide could be obtained.
A new grant of § 40,000 was obtained from the Uraniumn Committee and by the end of Sep-
tember 1941, enough material had arrived to permit a definitive test with a particular choice
of lattice, using a column of base 8 feet by 8 feet, and 17 feet high. The result of the meas-
urement gave for the reproduction factor £ = 0.87. This was appreciably under 1, but it
was possible to think of encugh improvements in purity, geometry, and density of uranium
so that the prospects for a £ greater than 1 looked fairly promising.

It had now become quite clear how to proceed. All the essential ideas were collected
and written in paper N® 149, which is the basic paper on the chain reaction, and makes clear
how the results of the ¢cxponential experiment were to be interpreted. The second, compan-
ion paper, describes and pives the result of the first exponential cxperiment.

H.L. ANDERSON.

149.

NEUTRON PRODUCTION IN A LATTICE
OF URANIUM AND GRAPHITE

Theoretical Part.
Report C-12 (March 17, 1042).

This report contains some general theoretical points of view for the
discussion of chain reaction experiments in which uranium (metal or oxide)
is used in the form of lumps imbedded in a mass of graphite and disposed
in a lattice structure.

Such an experiinent has been discussed already several times from the
theoretical point of view. Itseemed advisable, however, to collect the various
results in a systematic form. In pacticular, the theoretical questions that

(*) See also the introduction to N° 147 and 150 by B.T. Feld.
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have arisen in connection with the interpretation of the first * intermediate
experiment " with U0y and graphite shall he presented and discussed in
this report.

SUMMARY.
Section Reproduction factor in an infinite lattice.
Section Thermal neutron absorption in a cell.

I.
2.
Section 3. Comparison of a spherical with a cubical cell.
Section 4. Resonance absorption.
5. Behavior of 2 uranium graphite system of infinite size,
6.

Theory of the exponential experiment.

Section
Section

1. REPRODUCTION FACTOR IN AN INFINITE LATTICE.

We consider an array of uranium lumps disposed in a lattice of cell
side ¢ in a mass of graphite. Fast neutrons after being produced in the uranium
lumps are slowed down to thermal energies by collisions, primarily against
the carbon atoms and after reaching thermal energy keep on diffusing through
the mass until they are absorbed by either the uranium or the carbon atoms.
Some of the neutrons absorbed by the uranium atoms produce fission processes
in which new fast neutrons are emitted, and a new cycle of slowing down
and absorption hegins. A c¢ycle as described above shall be called a
“ generation. ”' Thus we may talk of primary neutrons, of neutrons produced
in the first generation, in the second generation, and so forth.

For the discussion of the chain reaction the fundamental magnitude
to be considered is the reproduction factor £ This is by definition the average

3

number of new [ast neutrons produced in an infinite lattice by one original
fast neutron in the first generation. For one primary neutron produced in
the lattice there will be in the average 1 neutron in the o generation; £ in
the first generation; £* in the second; etc. .. or altogether

o Y
neutrons. This series diverges for 22> 1, in which case the production of
neutrons is infinite, If Z<C1 the sum (1) converges to the limit 1/1 — £,

If the lattice is not infinite the reproduction factor will be reduced on
account of the loss of neutrons due to leakage outside. Besides 2 we shall,
therefore, have to consider also an effective reproduction factor 4.4 <7 4 for
lattices of finite dimensions.

We shall first consider the properties of an infinite lattice.

We consider 2 fast neutron emitted in one of the lumps. This neutron
diffuses through the mass and after about one hundred collisions against
the carbon atoms its energy is reduced to thermal energy. During this slowing
down process some of the neutrons will, however, he absorbed by uranium
in the resonance process. Let p be the fraction of the neutrons that is not
absorbed at resonance.

Once a neutron is reduced to thermal energy it may be absorbed finally
either by the uranium or by the carbon. Let 7 be the probability that a thermal
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neutron is absorbed by uranium. We indicate by % the average number
of fast neutrons produced when a thermal neutron is absorbed. We have
then the equation,

(2 & =npf.

The density of neutrons of the various energies throughout the lattice
1s a function of the position. If each uranium lump in an infinite cubic lattice
produces the same number of fast neutrons that are subsequently slowed
down and ultimately absorbed, the symmetry is such that the normal derivative
of the density at the boundary of each lattice cell having a uranium lump in
its center is zero. This boundary condition is clearly equivalent to surround-
ing the cell with a perfect reflector for neutrons of all energies so that we
may treat a cell as a separate unit.

2. THE THERMAL NEUTRON ABSORPTION IN A CELL.

We may simplify the mathematical problem without introducing a
large error by discussing the behavior of a spherical instead of a cubical
unit, We shall later discuss in some detail the differences between the spherical
and the cubical cell.

We shall discuss first the case of a spherical uranium lump of radius R,
imbhedded in the center of a graphite sphere of radius R,. The radii arc chosen
so that the volumes of the two spheres are equal to the volume of the uranium
lump and to that of the cubical cell.

The density # of the thermal neutrons in graphite oheys the differential
equation {eq. {13) of report A-21} ™ -

3 3
(3). A”—ﬁ%-F)\; =0

where ¢ is the rate of production of nascent thermal neutrons in the graphite.
In integrating (3) we shall assume ¢ to be constant in the graphite between
the two spheres R, and R,. This assumption is quite good for cells that are
not too large and sufficiently correct for cells of the sizes that have been actually
used.

The differential equation (3} must be integrated in the space between
the two spheres R, and R, with the following houndary conditions

(4) Tf; =0 for » = R,
B w{F) /_ 14y _
(z) &V Ty for » = R,.

ar

The second of these boundary conditions is obtained from equations (2}
and {6) of report A—1.**! v is the albedo of the uranium sphere given by
formula (7} of the same report. See alse Report A—40 by Creutz, Wilson and
Wigner.

(*; Paper No 136. (Editors’ note).
(*¥%) Paper N¢ 142. (Editors’ note).
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The integral of (3} satisfying the boundary conditions (4) and (5} is

12

/

4 LA e — (1)
F o [Aer+ Be ].

where we have used the following notations

- Je /N _ R _ R L iy
) F=23 =7 b= TR T
A 307 «(1+ B "
8 . L T SN Wkt St Y (M S i g L
L‘ g 30y o (1) P

Mooo(g s —as)y (1 - B B0 (—F 5 o) (1 —B) L0 .

The fraction / of the thermal neutrons absorbed by uranium is determined
as follows. Thermal neutrons are produced in the volume

TR RY =

TJE (03 4F
3 it )

3

between the two spheres at the rate of ¢ per cm? and per second. The rate
. . Tlig .

of production is thus E}—ﬂ (f* — a® per second. On the other hand the

number of neutrons absorbed per second by the carbon between the two

v

AN

The thermal neutrons ahsorbed by uranium are given by the difference be-

spheres is the integral/

At taken on the volume # between the spheres.

tween the number of thermal neutrons produced and the number of thermal
neutrons absorbed by carbon, i.e.:

“on

47
"3“!39(@3— 0‘3)—/ﬁ

ar.

The fraction / of the thermal neutrons absorbed by uranium is by defi-
nition the ratio of this number to the total number of nascent thermal neutrons.
This expression can be calculated easily by substituting for » expression (6)
and performing the integral. We find:

307 t—wa+8e Pt —ple
(9) f= i )

’ B gL s (1B e P (s a1 —p T

We shall also need the expression of the density of the thermal neutrons
at the edge of the carbon sphere. This is calculated by putting » = R, in (6}.
Its explicit expression is:

2 x?

o+ s—as) (1 +B) e (s (1 —B)eg_“

Y
(10)  m(Ry) ==-|1—

In the experiment described in the experimental part of this report
cubical boxes of 8’ side filled with 60 pounds of U,0g powder were imbedded
in a graphite mass and disposed in a cubic lattice of 16" cell side.

For the graphite used {density 1.63) we take

A = 2.55 cm =% ]’%Y = 45 cml.
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We have, furthermore,

B, =12.6cm R, =25.2cm
o ==0.23 B == 0.54 —;——j—__—;‘r’-:z,i.gz P = 0.141.

With these values we calculate from (g)

(11) J = 0.873
and from (10}
{12) @ == 32% cm.

Experimental verification of this result is discussed in the experimental
part. The number of nascent thermal neutrons produced per unit time in
the cell s

_4: (R:—Rig.
Of these

are absorbed by uranium and
Ve A5 (RI—-RD (1 —/)
are absorbed by carbon. From (11) and (12} we obtain for our special case

{ o= 150w (R)
[ v, = 23w (R,).

(13)

3. COMPARISON OF THE SFHERICAL WITH THE CUBICAL CELL.

We have also calculated for the cell used in the experiment the differences
introduced by substituting the actual cubical cell by a spherical cell.

In a cubical cell the density of the thermal ncutrons is different at various
points on the surface. It is a minimum at the center of the faces and a maxi-
mum at the corners. If we substitute a spherical cell in place of the cubical
cell the intensity » (R,) on the surface must be taken with a value intermediate
between the minimum and the maximum values on the surface of the cube.
A numerical calculation for the cell used in the experiment gives the following
ratios for the densities » at various points on the surface of the cubical cell
to the density 2 (R,) on the surface of the equivalent spherical cell

n (center of face) = 0.81 % (R,)
n (center of side} = 0.98 = (R.)

n (corner) = r1.10n (R.}.
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4. RESONANCE ABSORPTION.

The problem of determining p, the fraction of neutrons which escape
resonance capture by uranjium, has been studied quite extensively by the
Princeton group. From their results one can calculate the * resonance
volume "’ for a uranium lump. A simple formula for estimating the resonance

volume is the following

Ve =042M } 1.25

where M is the mass of the lump in grams and 5 its surface in em®, The coeffi-
cients in the preceeding formula have been calculated making use of data
obtained at Princeton and communicated by Wigner at the Chicago colloquium.
It was indicated that such data were still based on preliminary results and
could be still subject to revision.

For the lumps used in the Columbia experiment of 1941 the formula
glves

Vi = 14400 cnm®
from which it can be estimated

p=o0.79.

5. BEHAVIOR OF A URANIUM-GRAPHITE SYSTEM OF FINITE SIZE.

In the so-called “ intermediate experiments ' on  uranium-graphite
systems, measurements are performed on lattices containing a fairly large
number of cells; the dimensions, however, are considerably smaller than the
expected critical dimensions. Indeed the main purpose of such " intermediate
experiments '’ is to determine whether for the given lattice £ is larger or
smaller than 1, and to estimate the critical dimensions if £ proves to be ™ 1,
without using the large amounts of materials required to reach actually the
critical dimensions.

The behavior of a lattice containing a large number of cells can be de-
scribed in first approximation by neglecting the small scale periodic structure
and substituting for the actual inhomogencous system an equivalent homo-
geneous system, The densities of neutrons of various energics inside the lattice
are functions of the position. Such densitics, besides a more or less regular
variation from cell to cell, have local variations inside the cell reproducing
the periodicity of the lattice structure. The approximation introduced in
this section consists in averaging # over such local variations so as to represent
the various densities as smooth functions such as one would expect in a
homogeneous uranium-carbon mixture.

We may describe the diffusion of thermal neutrons in terms of an equation
similar to (3); we notice, however, that in a uranium-carbon system the absorp-
tion of thermal neutrons is much greater than in pure graphite on account
of the ahsorption of uranium. In actual cases uranium may absorb up to
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ten times more than graphite. The average number N of collisions of a thermal
neutron before being captured is, therefore, much less than it would he in
graphite. We call A the mean frce path for absorption (corresponding to
WN in (3)) and we write

. 3 3
(14) Appeeoon 5o g, = 0.

1t should he noticed that & in (3) and in (14) is not exactly the same, since
aiso the mean free path is affected, although to a much smaller extent, by
the presence of the uranium. If there were no resonance absorption, the
density ¢ of the production of nascent thermal neutrons could be calculated
with the following equation {eq. (1) of the report A-21)

(19) Ag =3
where

:
(16) (=

is the slowing down age for the nascent thermal neutrons and 7, the correspond-
ing range. Due to the resonance absorption a fraction (1 — p) of the neutrons
is absorbed during the slowing down process. We can take into account
this factor by taking at # = 0 in equation {13) ¢ equal to the density of pro-
duction of fast neutrons multiplied by . Assuming that we have a primary
source of fast neutrons of density Q) besides the production of fast neutrons

by uranium (density: nf% 72) we obtain taking into account (2):

(17) g(t=0)=pQ+4 krn

A solution of (14), (15) (17), may be obtained easily for the case that
depends on the space coordinates as a simple harmonic wave, 7. In this
case it is easily verified that the following solution fulfills our equations:

7= a

»

o =
(I%ﬂmz)e‘*w—ﬁ:
3

(18)
ApQJo

#2

R
(1 + —)\j—xmi’)e PRy

[

By superposing such harmonic wave solutions it is possible to obtain
solutions corresponding to more gencral problems.

Consider for instance the case of a cube of side @ having a point source
of intensity Q, at the center. If the cube is isolated and @ is very large compared
to the mean free paths we may take as boundary conditions on its surface
that all neutron densities must vanish. The point source at the center may
be developed as follows:

a3

8 Qs T2 ; 7
(19) 0 =29 3 cos T cos T cos T
i ~ Erit a & 4
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the sum being extended to odd values of the indices z, 7, /. Trom (18) we
now find:

/ AA Tix 7 wiz
LI + T -3) cos cos—2 cos
850 3 a a a
7= i E 2
i, R
2 R
I ——w sy £
(20) [ . .
™ix Ty wiz
cos co 08
" BAH Qo @ a a
- a3y E ~
LI \ ;U'mz?j H
2 S
' T+ ‘“a',.f',f) + £
where we have put
<2 1—) w2 — T -] ;2 7
i, FET Pl (Z JV_.] + )

6. THECRY OF THE EXPONENTIAL EXPERIMENT.

Besides this solution we shall use also in the interpretation of the exper-
iments one corresponding to the case when no primary source Q is present
in the domain in which measurements are performed. We write such a solution
for the case of a column having a squarc cross-section of side @ with the
boundary condition that all neutron densities vanish at the bhoundary. The
solution may be expanded in a double Fourier series in the cross-section:

™ wl N
(22) 3 cpeos T cos T F
ENi a [

where again the indices ;7 and / are odd numbers. &,/ is a constant that fulfills
the following equation

AT 2 o = P 2
(23) k:}l'—j—_?*—?b’ JFZ)Me try

The Iargest of all the 47 is 4,,, corresponding to the main Fourier component.
Consequently the solution for large values of ¢ reduces to this component
only. We have for it

(24) ko= : 1 — ﬁ%( 5,2 .__.?”.;5) ‘ ¢

It follows in particular from this equation that:

[23

(25) by & —
¥z n

according to whether £ 2 1. Consequently, a measurement of 4, offers directly
a criterion for deciding whether a chain reaction in a given lattice may or
may not be obtained by simply increasing its dimensions.
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The practical importance of the last result makes it desirable to discuss
how the result (235) is dependent upon the assumptions adopted in the theory
of the preceding section, and in particular on the substitution of the lattice
by a continuous medium. [t can be shown that (23) is almost independent
of such assumptions.

‘We consider a lattice structure having £ = 1. In an infinite lattice of
that structure a permanent solution shall exist in which neutrons are produced
in equal number by all uranium lumps and each cell alrsorbs as many neutrons
as it produces. In a cubic lattice each lump is surrounded by * shells ™" of
lumps. FEach shell is the ensemble of lumps having the same distance from
the lump in question. The absorption of neutrons by a lump depends on the
emission of neutrons by the swrounding cells and is clearly not affected by
changing the intensity of the emission of neutrons in a surrounding cell,
provided this is done in such a way as not to change the average intensity
of the lumps of the shell. ’

Consequently our infinite lattice shall be still in equilibrium provided
all lumps are surrounded by shells in which the average intensity of emission
is equal for each shell to the emission of the lump at the center. Such condition
is obviously verified if all the lumps emit neutrons with equal intensity,

A simple numerical calculation proves that such a condition is fulfilled
with a very good accuracy, alse for a distribution of the intensity of emission
of the various lumps given by the expression

2 ™ ™y
(26) I,e " cos —-cos —f-
f

@

where x, 4, x are the coordinates of the lump, 4 =- = and a is large compared
TF2

with the cell side.

This calculation has been carried cut for the case in which # is 6 times
the cell side correspending to the experiment and found to hoid quite accu-
rately. A more elaborate discussion of the approximations involved in this
exponential method has been carried out by E. Teller.
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N 130,

For the introduction to this paper see N° 147 and 149.

150.

NEUTRON PRODUCTION IN A LATTICE
OF URANIUM OXIDE AND GRAPHITE
(EXPONENTIAL EXPERIMENT)

H. L. AnpERsON, B, T. I'erLp, E, FerMI, G. L. WEIL, and W. H. ZiNw
Report C—20 (March 26, 1rg42),

This report concerns some experiments performed to ascertain whether
a given lattice of uranium oxide lumps embedded in graphite could give
a divergent chain reaction if its dimensions were made sufficiently large.
From this point of view the fundamental properties of a given lattice structure
may be described in terms of a reproduction coefficient £ which is defined
as the average number of neutrons produced in the first generation by a
primary neutron in a lattice of the given structure having infinite extension.

In the experiments to be described in this report we have investigated
the properties of a lattice of U0y lumps embedded in graphite. We used a
cubic lattice with a cell side of 16 inches. In the center of each cell there was
a cubical box of 8" x &’ x 8, containing about 60 pounds of uranium
oxide. The box was made of thin tinned iron sheet and weighed about 500 gms.
This structure was chosen especially because of its constructional simplicity
since it could be assembled without cutting our graphite bricks of
4" % 4" » 12”7, Although we did not expect that this structure would
approach too closely the optimum proportions, we thought it desirable to
obtain seme preliminary informaticn as soon as possible. It turned out that
for this particular structure £ is about 0.87.

Two series of experiments were performed:

@) An * exponential experiment’ having primarily the purpese to
determine £.

& With a view to investigate the detailed mechanism of the reproduc-
tion process measurements were also taken with the source in the center of
a large cubical block and the intensities of resonance and thermal neutrons
measured at various points and compared with the theoretical expectation
(This experiment will be described in the third part of this report) &,

(*) Paper N° 151, (Editors’ note).
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EXPONENTIAL EXPERIMENT.

The measurements to be described in this section were performed at
Columbia University beginning in August 1941. At the end of September,
1941, a new and taller exponential pile was set up and the accuracy was
further increased by using a 2 gram Ra 4 Be source instead of the original
source of about 600 mg. We describe here this second series of experiments.

1. Measurements.

The final structure on which the measurement was performed was a
column with square base 8" X 8" (6x 6 lattice periods). The column was 11
high (8 complete lattice periods) plus one 4’ layer of graphite bricks at the
hase.

The column rested ¢n a paraffin base 10" X 10, and about 1" thick.
The source (2 grams Ra mixed with Be) was placed directly under the center
of the lower base in a channel in the paraffin . For convenience we shall denote
the points in our system using Cartesian axes x , ¥, 7, having the origin in the
centre of the lower base with the w—axis vertical and the y-axis pointing to
the north.

A system of eleven horizontal slots (about 2'" % 3/8 and 3" long) was
provided for taking intensity measurements throughout the structure. Seven
of these slots (numbered 1, 2, 3, 4, 5, 6, 7 in fig. 1) enabled us to introduce
the detector on points close to the axis of the column. For practical reasons
these slots passed 2’ west of the axis so that the measurements could not
be taken exactly on the axis.

On the plane of slot 4 the additional slots 4 W, 4 WW, 4 E, 4 EE, were
introduced in such a way as to make it possible to map completely the intensity
in this plane for the determination of the correction due to higher harmonics.

Since the neutrons spontaneousiy produced by the uranium contribute
appreciably to the activation, measurements were taken with and without
source. We used as detectors indium foils with or without cadmium.

The result of the measurements is summarized in Tables I and II.

The measurements listed in Table I are all taken at the point of the slot
nearest to the center of the column. The first column indicates the slot as
in fig. 1. An eighth row has been added to indicate the position on top of
the colurnn. Columns 2 and 3 give the intensity measured with the source
without and with cadmium around the detector. Column 4 is the ratio of the
two preceding columns. It is seen that this ratio is fairly constant with the
exception of point 7 where the intensity with cadmium is too low to allow
any accuracy, and of point 1 where the perturbation due to the source close
by is still appreciable. This “ cadmium ratio ” offers a simple criterion for
deciding up to what distance the perturbation due to the source is consider-
able. It appears that in our case all the points except the first are only very
little perturbed by the source.

Column 5 gives the intensity measured without source (and without
cadmium) due to the spontaneous neutron emission.

10
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TaBLE I.
Measurements near axis.
Int. with source Int. without Net effect
Position Cd ratio source of source
no Cd Cd no Cd no Cd
1 234.8 44 .4 5.29 0.252 234.5
z 09.37 12.00 5.78 0. 320 6g.05
3 23.64 4.143 5.71 0.365 23.28
4 8.93 1.610 5.54 0.305 8.57
5 3.594 0.638 5.63 0.394 3.200
6 1.572 0.z86 5.50 0.324 1.248
7 o.684 0.112 6. 11 0.235 0.440
8 (top} 0.070
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Tasre II.

Measurements in plane 4.

. Intensity with source and without source {data in bracket)
Slot Distance
from center
4EE 4E 4 4W 4 WW
o 4.79 7.71 8.93 7.50 4.055
(0.365
16" 4.115 6.645 7.73 &.24 3.50
(o.248) {o.277)
32"’ 2.41 3.765 4.30 3.52 2.00
(0.1849) {0.2495) (0.22068)
46.5" 0.361 0.520 0.660 0.550 0.347
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Column 6 is the difference of columns 2 and 5, and gives the net effect
of the source.

In Table IT we have collected the results of the measurements taken in
the plane of slot 4. The slots are given in the top row of this table. For each
slot measurements have been taken in four points at distances from the point
of the slot nearest to the axis of the pile o', 16", 327", 46.3"" (see fig. 2).
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The figures in Table II give the results of the measurements with the source.
At some representative points also measurements without source have been
taken. The result is given in bracket below the other figure.

2, The karmonic correction.

The correction due to higher harmonics was obtained as follows: The
points on plane 4, at which measurements have been taken, are close to points
having x and v equal to integral multiples @/6, where @ is the effective side
of the column. A simple and rather safe interpolation from the data of Table 11,
taking into account also the symmetry of the arrangernent, enables us to
calculate the intensity due to the net effect of the source at points on plane 4
having as coordinates integral multiples of 4/6 (2 = 246.9 cm = side of
column increased by 23//3). The result is given im Table III. '

TasLE III.
xly 0 al6 2 af0 3a/6

o 8.57 7.30 4.01 o
(0.306) (0. 32} (0.24)

ald ... L. 6.09 .37 o
{0.28) (o.21)

2af6 .. L L. 1.3g o
(0.16)

3afo ... .. 0

The numbers in bracket represent the correction that has been applied to take into
account the effect of the spontaneous neutrons.

By taking the symmetry into account we can calculate from these data
the coefficients of the development of the intensity in a twofold Fourier series

T Ty bra 3w Imx Ty
£ COS—— COS —— 4+ ¢ COS— = €O8 = = ¥ + ¢, cos 4 o8 = -+
v T Y k0 Y wr
+ ¢33 00537“ cosz"Ty —+ o €08 —= COs STy + ¢4 COS Sa Cos TJr RN

The result is:
fy = 8.1Q

Oy =y = 0.19 €33 = 0.01
Crg = €g = 0.02.

It can be seen that the-harmonic correction is rather small. Its most impor-
tant term is the 1,3 and 3,1 harmonic component. Indeed ¢,, and ¢, = ¢,; are
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so small that the experimental accuracy is not large enough to determine
their sign, although, theoretically, all the harmonic coefficients must in our
case (point source) be positive.

From the observed values of the harmonic coefficients on the 4 plane,
it is possible to calculate the harmonic correction on the other planes by
making use of the relationship between the exponential “ relaxation length
for the various harmonic components:

T ' (74 B2y
o L B
éjk bu @

Taking the experimental value 4, = 45.5 (see later), it follows 4,, = 23.9,
b, = 18.04, 4,, — 15.03.

TABLE IV.

Position Harmonic Correction

[ %]
—~
[
-
[&]
o

~ Gy i W
e
=}
-~
w

Since the “step” in our measurement is equal to the cell side of
16" = 40.64 cm, we have the following Table IV, for the harmonic correction
in which we have taken inte account only the 1,3 and 3,1 harmonics.

This estimate of the harmonic correction is probably reliable for the
positions 3, 4, 5, 6, 7, where the harmonic correction is small. For the positions
closer to the source, the contribution of the harmonics is higher than 1,3
becomes appreciable and the measurements on the 4 plane allow only an exceed-
ingly rough estimate of their contribution. For this reason it would not be
advisable to use in the evaluation of the final result data taken from meas-
urements performed on the planes 1 and 2.

3. Room scatteving corrections.

If the scattering of the walls of the room were negligible, the ncutron
intensity curve extrapolated to the outside of the structure should vanish
at a distance A/{'3 from the surface.

The room scattering has the effect of increasing the ncutron density
near the surface of the structure, thereby increasing the “ effective side”
of the column.
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In order to estimate this effect, measurements have been taken of the
intensity on the outer surface of the column at various heights above the center
of the sides of the lower base. The heights were intermediate between those
of the measuring slots. The result of these measurements is summarized in

Table V.

TABLE V.

Position Intensity Intensity on axis | effective side
472 0.218 5.66 240.6
5% 0.170 2.36 254.5
6/ 0.129 1.03 262.5

Column 1 indicates the position intermediate between that of the slots.
Column 2 gives the observed intensity. For comparison the intensity at the
center of the slot obtained by interpolation from the data of Table I is given
in column 3.

The * effective side " given in column 4 is calculated with the formula:

Intensity at surface T e
(2) - —— = COS -
Intensity on axis 2 ay

where @, — 96" = 243.84 cm is the geometrical side of the column.

The room scattering has also been measured on the top surface where
the intensity at the center is 0.07 (sece Table I).

From this, and from the other data of Table I, one can calculate the
“effective top ™ of the column, namely, the height at which the intensity extra-
polated from the mside would vanish. One finds that the ' effective top ”
is about 10 cm above the true top.

This result is used in calculating the correction factor on the intensity
data due to the fact that the column has a finite height. This correction

factor is given by the formula:
1
&) T

where z,— £ is the distance from the *f effective top ” and 4, the exponential
relaxation distance. This correction factor is given in Table VI,

TABLE V1.

Position Correction Factor

1.003

o

T.02

1.13

-~
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4. Fvalutation of the chavacteristic length c.

@ =T A

We have shown in section 6 of the theoretical part **) that a simple relationship
(24) exists between the magnitude {4) and the reproduction factor £ We
shall try therefore to evaluate (4) from the preceding measurements.

In Table VII, the first column represents, as usual, the position. Both
integral and half integral positions have been included. Column 2z gives the
intensity corrected for the higher harmonics (column 5 of Table I minus
harmonic correction of Table IV). Column 3 gives the intensity of the har-
monic 1,1 corrected for the effect of the top (from Table VI).

TarLE VII.
P_osi- Intensity o_f COI;;;EI;:E%’M Ra‘;tio _ 40.64 2 I — r 27 c
tion | I,1 harmonic top effect 7 leg#» 2 5° ®
l

2 (47.85) (47.85)

2%/ (2.335) (48.0) | {240.9) (I.10X10—4)

3 20.49 20.49

3% 2.518 44.0 246.9 1.93%X 10—+ 72
4 8.14 8.14

4% 2,596 42.7 249.6 2, 3T X 104 64
5 3.127 3.136

5 2.486 44.7 254.5 1.06X 10—4 71
6 1.236 1,261

6% 2.497 44.5 262, 5 2. 18X 10—+ 68
7 0.447 0.505

Columnn 4 is the ratio between adjacent pairs of values of the intensities
given in column 3. At position 2 */, we have 2.335, e.g., the ratio 47.85/20.49
of the two intensity values at positions 2 and 3 and so forth. Column 5 gives
the exponential relaxation length calculated from each of the preceding ratios
with the formula:

b = length of step/log ratio

(length of step 16”7 = 40.64 cm).
Column 6 gives the “effective side” @. This is partly taken from
Table V; for the lower positions, where the room scattering becomes unim-

(*) Paper N© 149. (Editors’ note).
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portant, it is assumed:
a=a,+ 2xff3=1246.9.

Columnn 7 gives the values of (4) calculated from the data of columns
5 and 6.

We take the average of the data from this last column, excluding however,
the first term, which is unreliable on account of the large harmonic correction,
and we obtain:

© L 2 Gortoosx o
¢ = 69 cm.

We calculate now the reproduction factor with formula (24) of theoretical
part:

(6) é:(l—%%“e—T?
where we have assumed
AA s
&2 T-—3I5 7*340-
We obtain finally:
£ = 0.87.

The error of this result is due:

a) To error in the measurements which from the internal consistency
of the data may be estimated about 4+ o.o1.

4y To the uncertainty of the assumptions {7). In this respect it should
be noted, however, that any error in these assumed values would affect pro-
portionately the small difference of %4 from 1. For example, a 20 %, error
on (7} would result in an error of only 0.026.

¢) To the errors in the theory of the exponential experiment. Accord-
ing to the discussion in the theoretical part, and to the more complete calcu-
lation of E. Teller, this error appears to be quite small.

It should be pointed out that this result refers to the particular lattice
used.

It was found by auxiliary measurements that a 4, loss in the repro-
duction factor £ was due to the absorption in the iron cans containing the
oxide. Furthermore, the oxide used was rather impure and a gain in £ of
a few percent can be expected by using purer oxide. Further improvements
can be expected by the use of a better geometry, of compressed oxide, or of
uranium metal.

We thank Dr. H. B. Hanstein and Dr. H. C. Paxton, who contributed
to the early part of this experiment.
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N¢ 151 and 152,

The exponential experiments reported in these two papers were the last ones performed
at Columbia University. The results were cncouraging and demonstrated an understanding
of the effects being studied. More precise measurements were not made because of the dead-
line for shipping the material to Chicago.

The decision to move this work to Chicago was made early in January 1942, about a
week after Fermi had offered me the opportunity of joining his group. At that time the
physicists in his group werc Anderson, Feld, Marshall, Weil, and Zinn. Fermi sent some of
the group to Chicago almost immediately and made several trips there himself. The rest
of us remained in New York until April, with Zinn in charge of the experiments and getting
1hings ready for shipping.

During these three months, despite increasing pressurc for decisions and advice, Fermi
was intimately involved in the work and the measurements. When he came in, he wanted
to see not only the results, but also the original measurements of the counts taken on each foii.
In the tables of the reports one sces his desire te provide the data from which others could
also calculate the results for themselves,

A. WATTENBERG.

151.

PRELIMINARY REPORT ON THI EXPONENTIAL
EXPERIMENT AT COLUMBIA UNIVERSITY

Report CP—26 (March, April 1942).

Constants of the lattice cell, dimensions 8 x 8" % 8".
Cylindrical lumps of pressed U Os:

Diameter 4.52 cm
Height 7.51 cm
Average weight 1795 gr.

Particular care was taken to eliminate as much as possible the moisture.
The pressed uranium oxide bricks were preheated to about 250°C.  Afterwards
the structure was put together and covered with an iron sheet about 1/16”
thick and evaporated to a pressure of a few millimeters of mercury while the
temperature was raised to about 100°C. Subsequent tests proved that the
moisture content had been thereby reduced to 0.03 percent, whereas the
moisture contained before the treatment was about ten times as much.

The lattice contained 1y layers of 12x12 cells each. This structure
rested on a base of graphite 16” thick. The source was inserted at the center
of the lower base of the structure.
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MEASUREMENTS OF NEUTRON INTENSITIES.

A series of measurements was taken with indium detectors introduced
in a series of slots throughout the structure. The positions of such detectors
are indicated by a system of coordinates, as follows:

1. Origin of coordinates in the series:

x axis vertical

y and # axes horizontal and parallel to two bases of the structure.
For convenience, a unit of 8 is used for indicating the positions so as to
have them represented by integral numbers.

2. Two series of measurements were taken, one without source and
one with a source of about two grams of radium and beryllium. Measurements
with the source, also measurements with the detector screened by cadmium,
were taken. The measured intensities are given in Table I.

TABLE L.
s Source Source No Source

Position No Cd. Cd. No Cd.
100 189227 46405 27.8
105 9490

300 61120 88qg7 36.2
305 7204

500 20876 3003

502 16772

504 8029

505 3785

700 7933 1154 41.3
702 6750 4%.3
704 3533 27.9
705 1744 16.3
720 6013 41.6
722 5630 35.8
724 2951 23.1
725 142 12.7
740 3503 26.6
742 2953 26.5
744 1593 17.2
745 779 7:9
750 1702 12.2
752 1411 13.7
754 782 9.5
755 397 5.4
qo0 3213 453 43.3
g0z 2719

904 1484
1100 1311 193.4 39.4
1102 1111
1105 318

1200 823 117.1 32.3
1300 485 75.2 28.8
1302 417

1304 245

1305 1z
1400 232;,7 38.1 16.8
1500 (top) 22.4 3.5
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HARMONIC CORRECTION.

The correction due to higher harmonics in the Fourier development
of the intensity in a horizontal plane was calculated theoretically and compared
with experimental intensities observed on the planes » = 5 and » = 7.

The theoretical calculation of the amounts was made on the assumption
that far enough from the source the intensity of each harmonic is propor-
tional to

bj ¢t

where 4,; is the exponential relaxation distance for the harmonic component

in question. This is given by the formula:

LI A E—1 -
a2 a?
éjl bu

“ 4" was taken 93.8" (geometrical side 92') and &,, was taken 46 cm. Sub-
sequent measurements indicate that &, is more closely 46.13. The small
difference, however, is not significant for the present purpose of calculating
the harmonic correction. The relative intensity of the various harmonic
components calculated with this formula is given in Table II

TaeLE IL

x 1,1 I3 3.3 L3 3.5 ?:; dlg:aif)i?l

31 5t 53 7,1 harmonic
I 29.55 19,21 5.48 7.32 5.24 4.72 0.625
3 12.21 3.355 0.539 0.435 0,222 0. 104 0.723
5 5.05 0.586 0.0353 0.029 0.009 0,002 0.8318
7 2.08g 0,1023 0.0052 0,0017 0.0004 0.000I 0.950
o] 0.863 0.0179 0.000% 0.0001 - - 0.970
11 ©.357 0.003T 0.0001 - - - ©.931I
12 0,229 0.0013 - - - - ©.004
13 0.1474 0.00054 - - - - 0.0996
14 0.0940 0.00022 - - - - 0.998

The ahove theoretical representation of the harmonics would be cotrect
only on the assumption that the base of the lattice has a constant reflection
coefficient. Since it is questionable whether this assumption is correct, the
theoretical intensity of the harmonics has been compared with experiment.
The comparison gives for the points at x = 3 and the points at x — 7, harmonic
correction factors of 0.8812 and 0.9570, whereas the theory gives at the same
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positions 0.8818 and o.g50. Since the difference is not outside of experimental
error, it appears legitimate to use throughout the calculated harmonic correc-
tion factor.

TaeLE I11.

Harmonic Top Cd—ratio Total Corrected intensity
* Correction Correction Cotrection Correction 05151;&1; Sj‘éf;gmc
1 0.625 1 0.863 0.539 101978
3 0.723 1 I 0,723 44164
3 0.882 I I o.882 18376
7 0.950 1.001I I 0.951 7504
9 0.979 1.005 1 0.984 3125
11 0.98;% 1.028 1 1.008 1283
12 0.994 1.070 : I 1.064 841
13 0.996 1.188 I 1.184 540
14 0.998 1.617 I 1.613 359

In Table I11 the various correction factors are collected. The first column
gives the position. The second column gives the harmonic correction factor
from the preceding table. The third column gives the correction factor due
to the effect of the top of the column. This is calculated with the formula

oY
o DE_
%, is the abscissa of the effective top, which was taken 1.88 cm above the
actual top of the column. The fourth column gives a Cd-ratio correction due
to the fact that the Cd-ratio is anomalous for the point at x — 1 due to the
fact that the source is very close to this point. Consequently, the ratio between
the thermal neutron intensity and the indium activity at this point is different
from the similar ratio at the other points.

The fifth column gives the total correction factor (product of the three
preceding columns).

The sixth column gives the corrected intensity of the main harmonic.
(This is obtained by muliiplying the difference between the intensities at
the points (x, 0,0) with source and without source from Table I hy the
correction factor given in column 5 of Table III).

If the intensities from column 6 of Table IIT are plotted in a logarithmic
scale against the abscissae, the points lie very approximately on a straight
line.
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DETERMINATION OF THE EXPONENTIAL RELAXATION LENGTHS.

The exponential relaxation length was determined by the method of
least squares from the intensity data at positions 5, 7, 9, 11, 12, 13. The
first two and the last positions were discarded because the corrections at
these points are rather large and uncertain, However, these points also lie
quite close to the straight line determined by the others.

The intensity of the main harmonic can be represented bythe following

formula:
164900 g #/46.13

where x is now measured in centimeters. This gives a relaxation distance:

o = 46.13 cm.

CALCULATION OF THE REPRODUCTION FACTOR,

The reproduction factor is calculated with the formula

o [ 1 2 x2 X
k:[T(Tz—T) [1_ A ( L 2”‘)J.
3 \& a®

We can assume 2 = 237.74 cm constant throughout the length of the column.
This is perhaps not quite correct as there is some indication of a slight increase
of the effective side of the column with increasing height. Since the measure-
ments of the side of the column taken so far are not sufficiently accurate,
no attempt was made at present fo correct for this effect. From this value
of 2, and the previous value of &, follows:

1 1 27 -
F:bz" e :I.207XIO 4.

In order to calculate the reproduction factor, we have further assumed:

7
o= 324 cm?
and:
AL )
— = 372 cm’
3
This gives:

£ = 0.018.

INTERPRETATION OF Cd—RATIO.

In Table IV we have collected the ratios between the intensities at points
on the axis without and with Cd around the detectar.

We have excluded the first point, which is strongly perturbed by the
source, and the last point, where the intensity is too low for a reliable meas-
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urement. This Cd-ratio appears to be constant within the experimental
accuracy, and its mean value is

Cd-ratio = 6.86.

TaBLE IV.

x Cd-ratio

1 4.06

3 6.87

6 6.03
7 6.87

9 7.10
II 6.78
12 7.03
I3 6.45
14 6.29

The sensitivity of our detectors for thermal and resonance neutrons
has been standardized in a separate series of measurements, with the follow-
ing result

g =6.33 X 1077 QAcq
Mw = 1.216 X 1073 Q (A — 1.15 Aca)

where A and Agg are the observed intensities without and with Cd; Q is the
number of neutrons emitted per second by the source., From the previous
value of the Cd-ratio follows:

Ay 1097
TJ .

From this value we can calculate the fraction fr of thermal neutrons that
is absorbed by uranium. This is given by the formufa:

HAD

fomroosli— %)

where / is the diffusion length of therrnal neutrons in graphite (/ = 45 cm).
The factor 1.005 is a correction due to the fact that the thermal neutron
density is not constant throughout the ceil. Inserting the numerical values

in the preceding formula, we find:

jr = 0.824.
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ABSOLUTE VALUE OF INTENSITY.

If a source is placed on the axis of a square column of side a the intensity
of thermal neutrons at points far from the source is given by the formula

e — Q 67 2A 4 ) Pl
a 3 7’: ”2 I 22
4 M e—T('EE‘—T)

Since the conditions under which this formula is valid do not correspond
exactly to our experimental conditions, we cannot expect to find a too close
agreement between these results and the observed intensities.

Since our column is extended only in one direction from the source, we
expect the formula to give a too high estimate for the intensity. A comparison
with the intensity observed and calculated gives actually the intensity observed
equal to about 68 per cent of that calculated with the formula.

NATURAL NEUTRONS.

The intensity observed without source can be used for calculating the
number of neutrons emitted spontanecusly by uranium, or rather the ratio
of this number to the number of neutrons emitted by our source. The result
of the calculation is

Number of neutrons per kilogram uranium = 5.77x 1077

X number of neutrons emitted by the source

Taking this last number to be 24.6 X 106 neutrons per second, the number
of natural neutrons per kilogram of uranium per second results 14.2, in good
agreement with a similar result obtained from the intermediate experiment
performed in August, September, 1941, at Columbia University.
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N® 152,

For the introduction to this paper see N° 131,

152.

EFFECT OF ATMOSPHERIC NITROGEN
AND OF CHANGES OF TEMPERATURE
ON THE REPRODUCTION FACTOR

Report C-85 (May 19, 1942).

A. EFFECT OF NITROGEN,

In the exponential experiments performed at Celumbia University in
March and April of 1942, the exponential pile was conditioned in such a way
that it was possible to use different gases inside the pile. In the experiment
described in report C—26 %), carbon-dioxide was used in order to eliminate
the absorption due to atmospheric nitrogen. 1t appeared interesting however,
to test by a direct experiment the effect of atmospheric nitrogen. For this
the carbon-dioxide was pumped away and air was admitted inside the struc-
ture. The fraction of the total volume occupled by air was about 0.23 of the
total volume.

TABRLE 1.
= 1
Position { CO. ‘ Adr Ratio
5,3,0 20044 ‘ 20530 1.020
9,0,0 3218 3085 1.043
13,0,0 , 487 459 1.001

The intensity of activation of indium foils was measured at the positions
5, 9 and 13 along the axis of the structure. The results of the measurements
are summarized in Table I, together with the result of the measurement with
carbon-dioxide that are given for comparison.

(*y Paper N° 131, (Editors’ note).
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Column 1 indicates the position of the indium foil represented with the
same notations as in report C-26. Column 2 gives the intensity observed
when carbon-dioxide was admitted inside the structure. Column 3 repre-
sents the intensities at the same positions with air inside the structure.
Column 4 gives the ratio between the data with carbon-dioxide and with air.

It is apparent that the intensity decreases with increasing distance from
the source more rapidly when air is inside the structure than it does with
carbon-dioxide.

From the data of Table I, it is possible to calculate the change in relaxa-
tion distance 4, with much greater accuracy than it is possible to calculate
the length 4, itself. The reason is that all corrections due to higher harmonics
to the effect of the end and fo the uncertainty in the effective size of the pile
disappear in the comparison. The result is

(1) bco, — bur = 0.32 CIM1,

The relaxation distance 4, is reclated to the reproduction factor %, by
the approximate relationship.
I 27?
(2) é:I-__7OO(F—7¢T)

The observed change of 4, corresponds to the following change of £
in passing from carbon-dioxide to air.

(3) kco, — Rax = 0.0073.

2

This change amounts to about 0.8%,.

B. EFFECT OF CHANGES OF TEMPERATURE.

The same exponential pile was also used in order to obtain a preliminary
estimate of the effect of a temperature change on the reproduction factor.
Due to the extremely short iime at our disposal for such an experiment, the
test could not be conducted with all the care that would have been desirable.
In particular, the effect was investigated over a rather small change of tem-
perature from 3r0° K to 372" K. Furthermore, in the experiment with the
hot pile we had no time to achieve a uniform temperature inside the pile.
The tempcrature decreased {rom the bottom to the top by about 20°

In order to keep the temperature reasonably constant during the experi-
ment, it was found necessary to keep the pile covered with a sheet of thermal
insulator during the hot measurement. This made it necessary to compare
the hot experiment with a cold experiment in which a similar sheet of thermal
insulation was around the pile. The result of the measurement may be sum-
marized by saying that no appreciable difference in the exponential relaxation
distance could be detected between the hot and the cold pile.

From this result follows that the reproduction factor at high temperature
is smaller than at low ternperature. Indeed, the diffusion distance in the
hot pile is larger than in the cold pile due to the fact that all absorption
cross-sections for thermal neutrons are inversely proportional to the velocity

I1
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of the thermal neutrons and therefore, inversely proportional to the square
root of the absolute temperature. The diffusion term decreases, therefore,
as the square root of the absolute temperature. From this, one can easily
estimate that the reproduction factor in our hot pile was about 0.4 percent
smaller than in the cold pile. The difference is [urther increased if one
takes into account the fact that in our hot experiment the temmperature
was decreasing from bottom to top of the pile, A somewhat complicated
estimate of the correction due to this indicates that the decrease in the repro-
duction factor due to the increasing temperature is even larger possibly
by about a factor 2 than indicated. It must be emphasized finally, that for
the reasons already indicated, such a result must be considered as only very
preliminary and that the experimental error is of the same order of magnitude
as the effect itself.
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Ne 153,

The last two reports of the National Academy committee, as already mentioned, had
been encouraging. The cormittee saw in the chain rcaction not only its possibility for
producing power but also, more important for the immediate emergency, its application as
a producer of plutonium, a likely competitor to U?2% as a material from which atomic bombs
might be made (¥}, Tt was time to push the uranium work vigorously. On december 6, 1941,
the National Defense Research Committece announced an “ all-out ™ cffort. The next day
came thc attack on Pearl Harbor and immediately afterwards the United States entered the
war against Japan, Germany and Italy, It was deemed essential that if atomic weapons
were feasible the United States should have them before the Nazis. Since Italy and the
United States were at war, Fermni, still an Italian national, became an encmy alien.

It was under these circumstances that the Metallurgical Laboratory was organized.
It first operated under the Office of Scientific Research and Development and six months
later was placed under the United Statcs Army’s Corps of Engincers, Manhattan District,
together with the uranium 235 separation projects. The purpese of the Metallurgical Lab-
oratory was first to develap the chain reaction with natural uranium, using this to produce
plutonium. The choice of a place and leader for the Metallurgical Laboratory was subjected
to practical considerations. Fermi would have liked to pursue his uranium work at Co-
lumbia University. But Columbia, already engaged in two different uranium separation
projects headed one by IH.C. Urey, the other by J. R. Dunning, was hesitant to underwrite
a third project in the same general area.

As a leader, Ferml was not considered eligible to hold major responsibilities, being
an enemy alien. Instead, A. H. Compten, of the University of Chicago, was chosen as the
director, and decided to make Chicago the center of the work. TFermi, more than a little
unwillingly, could hardly do otherwise than take his little group to Chicago to continue what
he had started at Columbia.

The move to Chicago began in the early spring of 1942, The United States was now
heavily engaged in the war, the outcome of which appeared very uncertain, The work of
the Metallurgical Laboratory acquired a great sense of urgency, and was given a high priority
rating; it grew rapidly in size and number of personncl, and its work was classified secret,
Fermi’s little group of physicists was quickly outnumbered by the influx of many other
groups: chemists to work out the chemistry of the fission products and plutonium, engineers
to try to design the plants, metallurgists to fabricate nranium metal, even doctors and biol-
ogists to study the effects of massive amounts of radiation and recommend safeguards against
their possible damage. These groups were set within an organizational framework which
tried to administer the work and enforce the rules of military security.

In this complex, Fermi’s role was greatly changed. He was much sought after for
advice. There were a great many meetings organized to exchange information, to hear
criticism, and to decide policy. The engineers had to produce a design without a handbook
and with little knowledge in a field completely new to them. A large part of the burden of
giving them the unobtrusive guidance they needed fell upon Fermi. It was for them that he
invented the word * danger coefficient ** which first appeared in the following table, prepared
to emphasize the importance of impurities for the chain reaction. Note the use of the ferm
alloy, the word adopted as code for uranium.

The following notation developed for the reports. The Ccolumbia reports, written
before the organization of the Metallurgical Laboratory were prefixed with the letter A,
Chicago reports were prefixed with the letter C, to which a P was added for physics, T for
work involving fast neutrons, and E for engineering. The Columbia work which was written
up for the project at Chicage was nevertheless given the notation C.

H. L. ANDERSON.

(*) See introduction to paper N° 207.
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153.

A TABLE FOR CALCULATING THE PERCENTAGE
OF LOSS DUE TO THE PRESENCE
OF IMPURITIES IN ALLOY

Report C—§ (February 10, 1942}

The first column of the table is the name of the element present as
impurity.

In the second column the “ danger coefficient ”” of the element in question
is given. When alloy is used in a slow neutron experiment, the percentage
of neutrons absorbed by the impurity is obtained by multiplying the weight
percentage of the impurity present by the danger coefficient. If several
impurities are present, their contribution should be added.

A dash indicates very small danger coefficient. No danger coefficient
is given in cases where it is not known.

H 134+ Cr 2 Ag 24 Yb ~20
D — Mn 8 Ccd 1300 Cp 100
He — Fe 1.6 In 62 Hf

Li 280 Co 24 Sn 0.2 Ta 4
Be — Ni 4.3 Sb 1.7 W 3.5
B 2400 Cu 2.4 Te 2 Re 20
C — Zn a.6 1 2.3 Os 4
N 4 Ga Xe Ir 63
O — Ge 44 Cs Pt 4
F — As 3.7 Ba 0.4 Au 19
Ne <6 Se 6 Ia 25 Hg 81
Na 1 Br 4 Co 6 Tl <0.5§
Mg .5 Kr 14 Pr 6 b 0.1
Al 0.3 Rb Nd 6o Bi —
Si <1 Sr 0.6 Po

P 1.4 Y 250 Sm 1350

5 0.5 Zr 4 Eu 300 Em

ClI 34 Nb 4 Gd 8oo0

A <2 Mo 1 Tb ~250 Ra

K 1.5 Dy 200 Ac
Ca 0.4 Ru 2 Ho ~100 Th

Se Rh 58 Er 35 Pa
Ti 5 Pd 2 Tu  ~I100 19)
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One worry that arose as the prospect of making a chain reaction became more likely
was the question, would the chain reaction be stable? That is, if enough heat were developed
to produce an increase in temperature, would the pile become more or less reactive? Tt
was quite important for safety rcasons that the temperature coefficient should be negative,
Fermi looked into the problem at a fairly early date and in the following paper outlined the
principal ways by which the reactivity might have a temperature coeflicient. The tempera-
ture coefficicnt was always watched with care in the subsequent development. More detailed
calculations were carried out by others later. When the first pile was built one of the first
things that Fermi wanted to mecasure was the temperature coefficient.

H. L, ANDERSON,

154.

THE TEMPERATURE EFFECT ON A CHAIN
REACTING UNIT

EFFECT OF THE CHANGE OF LEAKAGE

Report C-8 (February 25, 1942).

INTRODUCTION.

When the temperature of a chain reacting unit is increased the effective
reproduction factor of the system is changed mostly for three reasons:

@. The resonance absorption increases on account of the doppler
broadening of the resonance levels.

4. The fraction of the thermal-neutrons lost by carbon absorption
decreases on account of the general decrease in the thermal cross-section of
both alloy and carbon. This has the effect that the thermal neutron density
shows less pronounced minima on the alloy lumps.

¢.  The decrease of the thermal cross-sections due to the rising tem-
perature has also the effect of increasing the diffusion length of thermal
neutrons, thereby producing an increase of the loss of neutrons due to
leakage outside of the mass.

While @ and 4 would act to change the reproduction factor even in a
structure of infinitely large dimensions, ¢ operates only on a structure of
finite size.

In this report a discussion of the effect of ¢ shall be given,




150 154, — The Temperature Effeci on a Chain Reacting Unit

CHANGE IN LEAKAGE.

We assume a chain reacting unit of spherical shape of radius R, and
we introduce the following notations:

¥, = slowing down range;
»% = mean free path of thermal neutrons;
N, = average number of collisions befere capture of a thermal neutron

at the temperature T,;
N, == average number of collisions before capture of a thermal neutron
at the temperature T,.
At the temperature T, the system will be chain reacting providing the
reproduction factor 4, is related to R by the following relationship:

n A*No e 7
(I) 'éD:(I +—3_ Rz)exp(—‘i_ Rz)‘
When the temperature changes to T, the only element in the left hand side
in the preceding formula that is affected appreciably is N,, which changes
to the new value N,. If the 1fv law is valid, and N, and N, are proportional
to the square roots of the temperatures 1, and T,, we have:

— N, 1/
(2) N, =N | T,
At the higher temperature T, a larger value £ of the reproduction factor

shall be needed in order to maintain the chain reaction. 4, is given by a
formula entirely analogous to (1}

5]

7 22N, n? 7,
® @:(W%"“RTJEXP({L )
From (1), (2), and (3) it follows that:

- 22 No w2 [/—'IT

f 3R® VT, _, ¥ No _,{1/T:
() /?o:—w_I'F?R‘*W(V'I_‘U_I)'
1 IR

In order to estimate the importance of the effect, we may assume that in a
practical case the term -

2 Ne w*
(s) FIRbT
may be of the order of magnitude

Ao —1
(6 :

2

If this is the case, the percentage loss in effective multiplication factor due
to the increase of the leakage is about

@) bt (T 1)
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If we assume, for example, £, = 1.1, a change from T, = 300°K to T, = 1000°K,
produces a change in the effect of the multiplication factor of about 4 °f.

It follows from the preceding discussion that the importance of this
temperature effect shall be particularly felt for structures having a large
reproduction factor. Since the effect under discussion has a tendency to
stabilize the systermn with respect to temperature changes, one might perhaps
expect that systems of very small reproduction factor, and consequently
of very large dimensions, may be unstable, whereas systems of somewhat
larger reproduction factor, and consequently smaller dimensions, may be
thermally stable. '

It should be further noted, as pointed out especially by Wigner, that
a change in the leakage is due also to the thermal dilatation of the system.
This produces a decrease of the effective reproduction factor by the amount

(8) 6y (T, —T,) (be—1)

where y is the coefficient of linear thermal dilatation of the system. If we
assume, as in the previous example, T, — T,=700, and we assume further
v =8 X 10—% we find that a change due to this reason amounts to about
0.3°,. This effect should be added to the one calculated previously.
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This report was the outcome of a discussion between the authors (Fermi and Breit)
during the first month or two of the Metallurgical Laboratory at Chicago. Fermi had been
thinking intensely about * piles ”’ and had made estimates regarding the possible uscfulness
of reflectors.  He showed these to the writer. They were in pencil and all the essentials
were contained in a few lines on one sheet of paper. The other author had made related
estimates suggested by the possibilities of a reactor system which was to contain a central
uranium core enriched with U?35.  Water around this “ seed ”” was to serve as a moderator.
The “ water boiler ”’ calculations were contained in a report of the A-series. The details
of preparation of Report C—11 {paper N° 155), which was based on the combined views of
the authors, were attended by the undersigned. Before the report was issued it was critically
inspected by Fermi. The order of names was alphabetical and no other implication was in-
volved. Fermi’s feel for cssentials of reactor design was, of course, superior by far to that
of the present writer,

G. BreiT,

155.

THE USE OF REFLECTORS
AND SEEDS IN A POWER PLANT

G. BREIT and E. FErRMI
Report C-11 (March o, 1942}

I. INTRODUCTION.

According to present data natural uranium graphite systems arc not
likely to give a multiplication factor £ very much greater than unity. If
these data are right, it will probably be necessary to use uranium metal and
graphite of high purity in order to achieve the desired result. In view of this
situation, it will be desirable to look for means of conserving the materials
of high purity and of increasing their effectiveness in producing a chain reaction
by using them together with materials of somewhat lower quality. This
purpose may be accomplished by concentrating the highest grade materials
in the core or seed of the arrangement. The core is to be surrounded by a
lattice or some other neutron regenerative structure made of less valuable
materials and having possibly a multiplication factor slightly less than unity.

Without any attempt at considering the practicability of using separated
isotopes, it is nevertheless possible to discuss the pros and cons of having
uranium enriched in the 235 isotope in the core. It turns cut that the use
of reflectors cuts down greatly the amount of enriched uranium needed for
establishing a chain reaction.
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The utilization of U®® for the production of Pu® will also be briefly
considered. It is found that it is possible to have greater numbers of neutrons
in the reflector than in the seed so that the main production of Pu*® would
take place in the reflector. This circumstance is likely to be of value in a power
plant intended for the production of Pu*®* hecause extraction of disintegration
products can take place mainly in the reflector. The inner seed need not be
disturbed as much as the outer envelope.

II. CALCULATION OF CRITICAL SIZE AND OF RELATIVE NUMBERS OF NEUTRONS.

The critical size for an arrangement of a seed surrounded by a reflector
is treated here somewhat schematically by means of the diffusion equation:

(1) A n (/}ﬁI)n:o.

Here &, A are respectively the mean free paths for collisions of any type and
for collisions leading to capture. A fission neutron has some chance of being
absorbed before it reaches thermal energies and it also has some chance of
being absorbed at thermal energics without
producing fission. Some of the fission neu-
trons survive premature death by absorption
and succeed in landing into a U®¥, which
then undergoes fission and produces new
neutrons. The average number of fission
neutrons produced by one fission necutron
during this life cycle is denoted by £ and
is referred to as the reproduction factor.
It can be described as the average number
of chiidren produced during the life of one
neutron. )
Fig. 1
The seed and reflector are supposed to

be spherical and to have respectively radii

R, , R, and repraduction factors £, , 4,. It will be supposed that £, < 1 and
that £ > 1. The diffusion lengths characteristic of the problem are

[_V‘Ei*

A
I 1= »

The solutions for # inside the seed and the reflector are respectively

1 7
(1.1) # = —-sin o,
3
I3 r—2R,
1, ’
_— 1 . R e ®—e 7
( ' ) y, = '?_‘Sln 7 —RI jp—
iy A
& —e

The solution #, is adjusted so as to be zero at » = R, and so as to be equal
ton, at # = R,. The constant arbitrary factor by which both #; and #, may
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be multiplied is omitted [or simplicity. In addition to having », (R,} = 7, (R,)
it is also necessary to require that A 8z, (R,)/OR, = &, 9%, (R))/OR, so as to
have continuity of neutron flow. This condition gives:

| Ri  Re R: R.—R;
(1.3) IﬁfcotTl—r(I + . cothT)

as the equation which determines R, in terms of R,. The following special
cases of this formula are worth noting:

{1.4) cot 13: -+ 5—: coth% =0 =2,
ey R: Iy e

(-5) (1 ot gt= (R, = oo)

(1.6) cot Nt =% O =% , R, — oo).

All of these equations can be readily solved by trial. This is especially easy
for the last equation, which gives for example R, = (3n/4) /2, if /, =17,. In
this case the radius is 3/4 of what it would be if the screen were not used.
Correspondingly, the mass of the seed is 27/64 = 0.42 of what it would have
to be without the reflector. If in Eq. (1.5) one makes &, = o, keeping /, at a
fixed value, this equation approaches 4, /R, — cot R, [/, = o with the solution
R,=o0. This condition corresponds to perfect reflection at the boundary and
is, of course, unattainable practically because it corresponds to A,=0 as well
as to an infinite number of collisions before capture. A somewhat easier
limit to come close to is that obtained by keeping Z/A, at a fixed value and
making X, —0. In this limit

A Ri ko (%), _
(1.7) b —cot fl—lhm(z), (a0 , R, = oo},
For £, = 1 one obtains, by setting /, = oo:
R, . R. MR B
(I.S) I—-?Cot—[l——')\r(—Rz'_—_R—I), (én——I).

The latter limit corresponds to using a reflector for which the condition of
having a self-sustaining chain reaction in an infinite mass is barely fulfilled.
By putting a seed with £, > 1, inside a finite mass of such a reflector, the
chain reaction can be produced with relatively small amounts of materials.
Finally, if &, = &, in the latter formula then:

{1.9) cot 1?: z—ﬁi (=1, h=1,).

The number of neutrons inside according to (1.1) is proportional to:
o R R R
(2) N: = / n(r)#*dr =1 !sin " ! -

=]

—_— 35

A AR

and on the same scale the number of neutrons cutside is

R R R.—R
Iz_2 . 2 I 2 I
(2.1) Np=[n@)rdr=0sinx|r 15 Tt
‘ ou Tl ST . R.—Rs
R, sinh 7
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The ratio of the number of neutrons inside to that outside is

R; R.—R;
(2.2) N: ke L+ eoth
’ N,_-m o e R; R.—R: R.
2 1+ ——coth —
!2 12 - R2 - R—I
fzsinh —————

s
For large R, this formula simplifies to
N; O oA k)

<23) N,u - 17 - A (/éx—"'l) <R2= OQ).

The ratio of the number of absorptions of all sorts inside and out is, according
to the model used,

(2.4) (N"/AI)KNM/AZ) = (I —"'é:!)/('él —1) (Rz = 00)

This simple formula shows that a large 4, — 1 and a small 1 — 4, are both
helpful in keeping the absorption of neutrons principally in the refiector
rather than in the seed. In particular, if 2, = 1 then the absorption of neutrons
in the seed is negligible in comparison with that of the reflector. For the
purpose of producing Pu® this is a rather ideal condition because the seed
need not be disturbed if Pu* is to be extracted out of the reflector. This
high efficiency of an arrangement with 4, — 1 is due to the slow decrease
of neutron density within the reflector and can be made use of only if large
amounts of material are used in the reflector. It is, therefore, possibly pre-
‘mature to claim too much for it because it involves chemical extraction out
of very large masses of material. The numerical results obtained by means
of the more elaborate formula (2.2} show, however, that a reasonable com-
promise between size and concentration of Pu® in the seed can be obtained.
For £, =1 it is found that (2.2) becomes

N‘- 6 Rz [?;\2
(2-5) Now ~ (Req 2 Re) (Ra Riyios |

III. NUMERICAL RESULTS.

The first example to be considered here is £, == 1.05 , £, = 0.95 , ,, = A,

I, =/,. In this case the equation connecting R, and R, is
cot = + coth X2 R g,
{ {

The values in Table I are obtained by means of this equation. They are
tabulated so as to apply for any case in which £ — 1 = 1 -—4, and , = A,.

In Table IT these values are put into a more practical but less certain
form by assuming that the effective number of collisions before capture is
200 so that:

200 200
ZI - 2-61 3—(&1—_'17) 1 lg == 2.6Vm .
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TABLE I.

Factors vepresenting saving for A ——1 =1 — &, ;3 = A,.

(Rafm)? {Rafm)3 — (Ra/m)?
R RomROE | Rt | SaPel e | 2 Roth ot vlams
volume of seed in | volume of seed in
absence of reflector | absence of reflector
3n/4 oo 0o 0.42 o0
(rm/2) + 0.8c 211 4.48 0.43 2,46
(m/2) - o 85 1.37 3.79 0.46 1.29
(mf2) + o0.90 1.08 3.55 .48 .90
(m/z) + 0.95 .00 3.42 0.52 2.76
(rf2) + 1.00 0.76 3.33 0.55 0.64
{m/2) - 1.05 0.65 3.27 0.58 .55
TasrLE II.
Masses for 2, = 1.03, k.= 0.05, I, = [, = 95 cm.
i Clont_enf; of 2;
(Ra— Ry} /i Oxide in Seed | Oxidein Screen Total Oxide Ellalselei)t(oli?g-
Mixture)
oo 13.8 tons oc [l 217 lbs
2.11 14.0 81 tons g5 tons 220
1.37 I5.0 42 57 236
1.08 15.8 31 47 250
0.60 10.9 25 42 265
0.76 17.9 21 39 280
0.65% 19.0 18 37 300
0 33.0 o 33 o

For £, =1.0%, £,=0.05 this gives /,;=/,=0¢ cm. The density of the graphite
is taken to be 1.6. The volume needed in order to have a chain reaction
in the material composing the seed without a reflector is (4 7/3) @/} = 1.12%

« 10 cm® and the mass is 1.99% 10° gm == 180 tons.
1000 kgs = 2200 Ibs].

conversion we take here 1 ton

[For simplicity of
in lattices used at
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present the 3'” cubes of oxide with a density of 5.5 and a spacing of 8"’ between
cubes the volume of the oxide divided by the volume of the graphite is 1/19
corresponding to a mass ratio 1/5.5. In order not to be too optimistic, the
saving in the amount of graphite due to the space occupied by the oxide will
be neglected and the mass of oxide will be assumed to be 180 tons/5.5 = 32.7
tons, which will be rounded off to 33 tons. One finds with these conventions
by means of Table I the masses listed in Tahle IT. It iz apparent that the
masses of valuable material-needed for the seed are decreased considerably
through the use of the reflector.

TABLE III.

Factors representing saving for £, =1 ,h, = A,.

s | B
TCZ]) o Neutrons inside
Rs/lx __i:u Re—Rs = volume of = volume of | Neytrons outside

£ seed divided refiector and
by critical secd divided «Eq. (2.5)»

. by critical
volume of seed volume of seed

o} 0.125 oo o
0.1 9.967 ‘ ©.151 50.9 0.047
0.2 4.933 0.179 ‘ 9.70 0. 161
0.3 3.233 0.212 4.29 0.333
0.4 2,368 0.240 2,62 0.56
0.5 1.830 o.286 1.91 0.87
0.6 1.462 0.330 1.54 1.28

The advantage of using the seed is more pronounced if 2, is increased.
For &, == 1 the saving in the material used for the core and the ratio of the
number of neutrons inside and out depends only on R,[{, and R.//,. Some
numerical values are given in Table III. The saving in the volume of the seed
is seen to be quite appreciable in this. In the table, from 1/8 to 1/3 of the
amount needed without a reflector is seen to suffice if a reflector is used.
The tahle shows also that for a seed mass of 1/6 of the critical only about
5 percent of the neutrons are inside the seed, the remaining neutrons being
in the reflector.

In Table IV the values listed in Table IIT are used for estimating the
masses involved on the supposition that £, = 1.10, 4, = A, and that the effec-
‘tive number of collisions is about 200. The diffusion length is then / = 2.6
(200/0.33"> = 67.1 cm. The critical radius is 67.1 w== 217 2 cm, the critical
volume is 4.0X 107 em? the critical mass of graphite with density 1.6 is
6.4 107 gm = 64 tons. The mass of oxide in the seed of critical size is
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then of the order 64 tons/s.5 = 11.6 tons, wich will be taken to be 12 tons

in round numbers. The amounts of oxide needed for the screened arrangement
of Table III are then as in Table IV.

TABLE IV.

Masses for £, = 1.10,k, = 1,4, = 67 cms. .

{Rx/lx)f% Oxide in Seed Oxide in Screen Total oxide
o 1.5 tons oG : oo
0.1 ‘1.8 610 tons 612 tons
0.2 .1 114 116
0.3 2.5 49 51
0.4 2.9 28.6 32
9.5 3.4 1.4 23
0.6 4.0 14.5 I8

The amounts of high grade oxide needed are here of the order of a few
tons, which is encouraging.
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N° 156, 157, and 160,

For the greatly increased stafl of physicists that had gathered at Chicago, Fermi insti-
tuted a series of lectures on the physics of neutrons and the chain reaction. These were
wonderful examples of his teaching abilities. He made the subject seem clear and shmple
so that cveryone could follow. Because of them the work on the project went forward with
an insight and an understanding on the part of a widened group of scientists, that would
have been hard to come by otherwise. The notes on the lectures are incomplete and were
written not by Fermi, but by one or another of the physicists who attended them. The
first series is not complete.

H. L. ANDERSON.

156.

SLOWING DOWN
AND DIFFUSION OF NEUTRONS

Report C—29 (Notcs on Lecture of March Io, 1942).

I. INDIVIDUAL COLLISION IN HYDROGEN.

The slowing down, or damping, of fast neutrons as they diffuse through
a damping medium is the result of the neutrons’ loss of energy as they collide
with atoms of the damping medium. This energy loss per collision depends
on two factors: (a} the relative masses of the neutron and the scattering
atom; and (b) the change in direction suffered by the neutron because of
the collision. It can be shown from the laws of conservation of momentum
and energy that the energy loss decreases as the damping atom becomes
heavier; for this reason hydrogen is the most effective damping medium.

The collision between a neutron moving with velocity » and a proton at
rest (at ‘‘rest” because its thermal velocity can be neglected compared
with the velocity of all bur thermal neutrons) can be described rnost conven-
iently in a coordinate system moving with uniform velocity #/2 with respect
to the stationary laboratory reference system so that its origin always coin-
cides with the center of mass of the two colliding particles. In this center of
mass (c.m.} system the relative velocities of the neutron and proton are
equal and oppositely directed vectors, v/2 and —wv/2 while the total momentum
is zero (fig. 1). Since the momentum after collision is also zero the only effect
relative to the c. m. system of the collision is a rotation of the velocity vectors
through sorne angle 0.
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We can translate these results from the ¢. m. to the laboratory system
by adding to each velocity a vector, V., represcnting the absolute velocity

of the ¢. m. (fig. 2).

neutron . .
. velocity relative to laboratory system
neutron roton . .
. £ velocity relative to c. m. system

2

2

Fig. 1.

The main results of this calculation may be summarized:
(1) The angle between U, and Up, the final velocities of neuwron and
proton, is go®. This implies that the new path of a neutron after each col-

Vin \_"p b

—_— 4_-———-—?'__—_ bd
Y %c.ﬂi"f"“
c.m. ’_:,f Qn

beforer collision after collision
c.m. system

Fig. =.

lision makes an acute angle with its old path. Thus, for collisions in hydrogen,
the neutron path after many collisions has a forward trend (fig. 3).

<

3

1 3
e

Fig. 3.

(2) Any final neutron energy between o (for head on collision) and
E, (for grazing collision) when E is the initial neutron kinetic encrgy, is

possible,

Eo
Final Energy, E
Fig. 4.

Probability
O

(3 If the scattering angles & are all equally probable (as is predicted, at
least for small velocities by quantumn mechanics) all values of the final neutron
energy between o and E, are equally probable. This is represented in fig. 4.
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II. INDIVIDUAL COLLISIONS IN HEAVY MEDIA.

The situation is slightly different if the scattering atoms are heavier
than neutrons. In this case:

(1"y The angle hetween U, and U, may be larger than go° and so

the forward trend of the neutrons tends to disappear as the scattering atom

becomes heavier. In the limit, for very heavy atoms, the neutron scattering

becomes isotropic in direction.
(2"y The smallest possible final neutron energy is «E,, where:

o = (—A —1I )2

At1/?
A being the atomic weight of the scattering atom. This expression for « can
readily be calculated by considering a head on collision. The maximum per-
centage loss in energy, I—o, may be taken as a measure of the slowing down
power of the medium. It is zero for a very heavy atom, 1 for Hydrogen.

Probability

™Eq Eo
Fig. 5.

(3") Under the same assumption as before, all values of the final
energy between aE, and E, are equally probable {fig. 5).

III. INTRODUCTION OF A LOGARITHMIC ENERGY SCALE.

Let us assume, for the moment, that all neutron-atom collisions result
in the maximum neutron energy loss, (1— &} E. Then after each such collision
the final energy represents a constant proportion of the initial cnergy, the

low energy high energy

[UWustrating energy loss per jump
arithmetic scale

Fig. 6.

constant of proportionality being «. If we should represent the ' jump ”
in encrgy for each collision on an arithmetic scale, a collision at high energy
would represent a very long jump, a collision at low energy a very short

one (fig. 6). For this reason 1t Is convenient to introeduce a logarithmic ener
g g gy

12
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scale—on this scale, the maximum loss per collision is log E;— log aF,=log 1/«,
which is independent of energy. Actually, since all final energies between
o and E are cqually probable, it is necessary to consider the average loga-
rithmic energy loss per collision, 7 = log (E,/IE). This can be shown by inte-
gration to be unity for hydrogen, 0.158 for carbon, and 2/A for an element
of large atomic weight. From the energy loss per collision it is very easy to
calculate the number of collisions required for a neutron to [ose any amount
of energy.

Ezxercise. — Calculate the number of collisions required for a neution to go from

%ev to 1 ev when the damping medium is (a) carbon; (b) hydregen.

10

IV. LIMITATIONS OF SIMPLE DAMPING THEORY.

It is clear that the above theory, since it 1s based on a picture of scatter-
ing atoms at rest, must break down at thermal energies (1/30 ev) where the
velocities of the neutrons and the scattering atoms are comparable. Two
further factors make the theory inaccurate at energics as high as 1 volt:

(1) Since the energy of, say, H atoms is quantized, the minimum
energy which may be imparted by a neutron to a damping H atom is Av,
where, since v is of the order of the spectral frequencies of the H atom, Av
is of the order of 1/3 ev. Consequently, the probability of neutron energy
loss hy collision changes as the energy of the neutron becomes comparable
with Av, and when this energy falls to about 1ev, the simple theory is inap-
plicable. Actually, because the hydrogen atom is not a simple oscillator,
the situation is rather more complicated.

(2) A hydrogen atom in chemical combination with another atom
does not behave like a free proton in a collision process, but, because of the
chemical binding energy, acts like a more or less stationary, massive particle.
This effect tends to increasc the effective reduced mass of the proton-neutron
colliding system; it manifests itself in an apparent increase of the collision
cross-section as the neutron energy decreases.

V. MEAN SQUARE DIFFUSION DISTANCE.

In slowing down from an initial energy E, to a final energy E, any given
neutron traverses a range or distance # from the source. The mean square
distance from the source can be roughly estimated as follows:

The neutron path is an open polygon of —;— log i:— sides (i.e., the number
of collisions to go from E; to E;), and each side has length 2, where 2 is the
mean free path. Then if we assume:

(1) That the collisions are incoherent so that the ranges for all the
neutrons constitute a probability aggregate.

(2) That the probability of an individual path of length x is given
by the usual kinetic theory expression:

"
e
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then the mean square range #* for energy loss E, to E, is given by:
Y 22
7= 7 ].Og (EO/EI) .

This formula must be modified if, as in the case of scattering hy H, there is
a forward tendency in the paths after collisions {thus increasing »*):
J— . 212
7= ——————log (E./E)
(\Ig 34 )¢

(note that this correction is small for heavy atoms in which this scattering
is isotropic).
Finaily, if A is a function of E:
7 o dE
e L Ok
(3l

The effect of the dependence of A on energy is not very great in graph-
ite, where there is perhaps a two-fold increase of & when the energy falls
from 10° to 10*ev. In water, however, A changes by a factor of § in this

i

long A short A

Fig. 7.

same energy range. This means that practically all of the neutron’s range
is coverced at high energy when the mean free path is long-—very little is trav-
ersed at low energy {fig. 7). The effect is particularly noticeable in experi-
ments on the spatial distribution of neutrons—in carbon this distribution
is practically Gaussian, in water it falls off much less rapidly than a Gaussian
curve,

VI. NEUTRON ENERGY DISTRIBUTION,

Suppose a steady source of neutrons is emitting a total of () neutrons
per second at a certain high energy E,(or ¢, = log E,). These neutrons will
pass through a continuum of energies until they reach thermal energy; how
many neutrons will be found in a logarithmic energy interval & and € - e
at any time?

To solve this problem we find it convenient to represent the flow of

M

neutrons through energy by dots ' drifting ”” on a logarithmic energy scale

(fig. 8). Each collision is represented in the diagram by a small arc; if, as
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we assume, the damping medium is hydrogen, the logarithmic energy lost
per collision is unity. The average * energy velocity ”’ of drift = energy

lost per jump X number of jumps per second = l% where #ig the ordinary

a
YN

High energy Low energy

Fig. 8.

average neutron velocity, and if g (g) %, is the density of ncutrors in the
range € and | &=, the total number of neutrons passing through this energy

range is:

JORE

This must be the same as the number of neutrons emitted at high energy
(conservation of matter), and so:

p (e de=Qds

A A ZE
p(s)da:;-Qde::;_QT.

Since #~E"?,

p (E) (zENl];%.

Exszrcise. -- What is the physical significance of the ratic o/
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Ne 157,

For the introdaction to this paper sec N°® 156,

DETERMINATION OF THE ALBEDO
AND THE MEASUREMENT OF SLOW
NEUTRON DENSITY

ReportC—31 (Notes on Lecture of March 17, 1942).

DETERMINATION OF THE ALBEDO.

Let us consider a thermal neutron which enters a large block of paraffin
or water and proceeds to diffuse inside the medium. The number of collisions
without absorption which the neutron will undergo s relativel y high in paraffin,
and so there will be an appreciable probability that the neutron will re-emerge.,
This probabiility is a measurc of the reflecting power or ““ albedo’ of the
absorhing medium; it is about 0.83 for thermal neutrons in H,O.

1

|
/ | Thermai defecror

|

|

|

|

Cd fail

!
| i

i
b
-

Experimentally, the albedo of H,O can be determined in the following
manner. The activity of a thermal neutron detector (Dy, or CdInCd-NiinNi)
is measured in a large tank of H,O—first with no other materials near it, and
second, with a Cd foil (which absorbs amos# all the thermals) covering one
face of the detector {fig. 1). If the measured activity in the first casc is A,
in the second case B, one should expect the ratio A/B = 2, for, since the Cd
foil absorbs all neutrons striking from one side, its presence halves the number
of neutrons crossing the thermal detector. Actually, the ratio is about 12,
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To explain this large ratio, let us consider the no Cd experiment. Ideally,
each neutron which crosses the detector and is absorbed ultimately is recorded
by the G. M. counter. If there is no Cd to absorb the neutrons, a neutron
which crosses the detector from right to left has a finite probabifity f{=albedo}
of recrassing the foil from left to right. Consequently, for every neutron
crossing once, 3 neutrons cross twice, 3 neutrons cross three times, etc.,
or, the total number of crossings per neutron is the geometric series:

(D) LB == g

Since no reflection can take place in the Cd experiment, a neutron can cross
the detector no more than once, and so the ratio of the activities in the two
cases must be:

(2 A_ 2
) B - I__B )
where the factor 2 is introduced because in one experiment the foil is bom-
barded from both sides, in the other experiment only from one side. For
the experimentally observed ratio A/B = 12, the albeds for water is 0.83.

RELATION BETWEEN ALBEDO AND NUMBER OF COLLISIONS BEFORE
CAPTURE OF THERMAL NEUTRONS.

Since the albedo is a measure of the probability that a neutron will
re-emerge once it enters a medium, and since this probability depends upon
N, the number of collisions which the neutron can make before it is captured,
thers must be some relation between § and N. To arrive at this relation we
shall consider the previous experiment with the detector now consisting of
a single atom of cross section ¢. The activity in the no Cd case, A, is pro-
portional to mee, the number of collisions with the detector per second
(# = neutron density per cm?®, v == velocity).

In the Cd experiment we must calculate the total number of thermal
neutrons reaching the Cd per sec. from a knowledge of:

(a) The number ¢ of neutrons becoming thermal per cm?® per second
(density of nascent thermals).
(by The probability P (x), of a nascent thermal neutron at distance
x from Cd reaching the Cd without a capture.
This latter probability may be shown to he very nearly:

(3) P (x) = ¢
where L, the diffusion length, is given by:
(4) L =23JN/s,

% being the mean free path. The total number of nascent thermals from a
region between » and x + dx which reach each cm® of Cd is:

() P (x) x [number born in dx] = gdxe*",
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and so the total number which strike the detector atom from all directions
and all distances in front of the atom is (for wniform g):

(6) ﬁfwﬁmmﬁ=ﬁwL:B

The factor '3 arises from the fact that each direction (fig. 2) must be weighted
by a factor cos 0, and the average value of this weighting is V3.

=
[ cm? kA
of Cd  |™“detector atom -
+ 0% =

Fig 2.
Since A = #nv 5, we have:
A rees
! = e
\7) B V3 l]L

To express this result in terms of N, we note that in the stationary state,
number of thermals born/secfem?

= number captured/sec/cm?
= Prohability of capturs/sec times
number of thermal neutrons/cm?
(8) = t=4
A o
() 5 =IN.
Comparing (9) and (2), we have:

(10) B—1—

2
VN

a result which is correct for large N and which gives N = 144 for f = 0.83
(water), and N=co for B =1 (perfect reflector), When N is small this formula
must be modified to:
FN—1
I1 R
() ? VN + 1
The albedo for graphite calculated by (10) is 0.04 if we take N~ 1000,
This means that a A/B in a graphite experiment should be > 12, whereas
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actually A/B in graphite is less than 12; in other words, in graphite the activity
with Cd backed foils is greater than it should be according to the simple
theory. This extra activity in the Cd case is attributed
to neutrons which actually curve around the Cd shield
and strike the detector * from behind 77 (fig. 3); this
effect is appreciable in graphite because A is so large
(3 cm compared with 0.3 c¢m in water). To prevent
this ““ corner turning ' a Cd backing, large compared
with the diffusion length in carbon (45 cm), and a very

Fig. 3. gmall detector, should be used.

Certain other complications which enter in the
interpretation of the experiments may also be mentioned:

(1) The theory outlined here assumes that the thermal neutron pro-
duction is uniform throughout a region which is large compared with L.
This can be realized with a point source in water (L = 2 cm) but is imprac-
tical in graphites (L = 45 cm).

graphite

(2) The neutron loss by leakage through the sides has been neglected;
this effect is diminished by increasing the size of the diffusing medium.

{3) The self absorption of the detector reduces the observed activity,
especially if the detector is thick. For this reason, the thinnest detector
cornpatible with the available sensitivity should be used in measuring neutron
density. A very narrow detector behaves like a thin detector in this respect
because the probability of a neutron hitting such a detector more than once
(and thus being absorbed) is very small.

MEASUREMENT OF NEUTRON DENSITY.

We shall now consider the problem of determining neutron density and
source intensity from measurements of neutron activity., Again consider
a single atom detector at a distance » from a source in an infinite medium.

Then:
number of collisions/scc == activity = ven () = A (),
or

(r2) n(r) =

Al
v

This gives us the density from the measured activity. We can get the source
strength thus:

If O = total neutrons produced by source/sec = total disappearing/sec,

and number disappearing fsec in volume element 4n#*dr = ﬁ%-v—x ATr®dr,
(13) Qz%;}ﬁfn(r)r“dr:-:NzJA(r)rza’r

and, if A (») is determined, Q is found by integration.
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FERMI'S THEORY OF SLOW NEUTRON CAPTURE BY HYDROGEN.

Capture of a neutron by H atoms is generally supposed to result in the
combination of a neutron {(#) and proton () to form a deuteron. To account
for the observed probability of capture the rate of energy dissipation must
be calculated; this can be done by considering the spins and magnetic moments
of two elementary particles. The proton has a spin and a magnetic moment
of about 3 (in nuclear magnetons); the neutron has a spin 1/2 and magnetic

Fig. 4.

moment of about -—2 (negative because it corresponds to a f-charge spinning).
When the # and # are sufficiently close together, the two spins are coupled
(as in atomic spectra) and each spin processes around its vector sum which
is invariant in space (fig. 4). The resultant magnetic moment vector,
M, — M., being off the resultant spin axis, also precesses; this precession
gives rise to electromagnctic radiation whose power dissipation determines
the probability of the formation of an #-— » combination.

JP——
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N° 158,

One of the first experiments to be done at Chicago was a2 measurement of the number
of neutrons from one of the Ra~Be neutron sources, making use of the graphite column and
the newly measured boron cross section. For Fermi this was a necessary part of getting or-
ganized in a new laboratory. 'We had to have neutron sources and detectors calibrated. I
went about this automatically; M. H., Whitaker and J. H., Roberts were brought in to be
indoctrinated into the Fermi way of doing things.

This paper was issued also as Report C—z21. It was reissued by the Atomic Encrgy
Commission, Technical Information Branch, Oak Ridge Tennessee as Document MDIDIC-880,
in January, 1947.

H. L. ANDERSON.

158.

THE NUMBER OF NEUTRONS EMITTED
BY A RA+BE SOURCE (SOURCE 1)

H. L. ANDERSON, E. FErMI, J. H. ROBERTS, and M. D. WHITAKER
Report CP-21 (March 21, 1942).

In order to simplify the design of experiments directed toward the pro-
duction of a chain reacticn involving uranium, it is desirable to know the
actual number of neutrons emitted by the primary sources used. A series
of experiments have been planned whose aim is to determine this number.
The measurements dascribed are a part of this series. Here, the number
of neutrons per cm® emerging (rom the top of a carbon parallelepiped is meas-
ured and calculated, and from a knowledge of the neutron distribution in
the carbon, with a given placement of source, this measurement is reduced
to the neutron emission from the source.

A radium—beryllium neutron source contzining about 1.16 grams of radium
was placed 28 inches from the bottom of a carbon parallelepiped five feet on a
side and of variable height (fig. 1). The source was placed on the vertical axis
of the pile, and the number of neutrons emerging from the top surface at the
center was determined for two different heights. These neutrons were detected
by a BF, proportional counter of 3.62 c¢cm inside diameter, which was filled
with BF, gas to a pressure of 12.1 cm of mercury at 0°C. A 10 cm section
of the counter was exposed to the neutron flux, the rest being shielded by
a close fitting cadmium wrapper, in which a semicylindrical window 10 cm
long had been cut. The glass walls of the counter tube and the metal cathode
(a nickel cylinder 0.010 inches thick) were found, experimentally, to have
an absorption factor of 1.13, This absorption factor was measured before
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the assembly of the counter by observing the decrease in the counting rate
of a smaller BF, counter placed near a graphite surface, when the glass tube
and nickel cylinder were slipped over it.

BF3 COUNTER

4
__“ _. = ‘” 382CM=D
f«WOCM-» T
¢d
26CM
e 17CM >
B4l
T ] [
CARBON L& 13CM »|
SURFACE

Fig. 1.

A boron carbide shield, containing a circular hole 13 cm in diameter,
was used to define the part of the upper carbon surface from which the counter
could receive C neutrons., The counter tube was mounted horizontally on
a vertical cadmium sheet cylinder, in such a manner, that the semicylindrical
opening in the cadmium wrapper around the counter was symmetrically
placed, with respect to the circular opening in the boron-carbide shield.
The axis of the counter was 26 cm above the carbon surface. Additional
cadmium shields were arranged so that it was impossible for the counter
tube to receive C neutrons, other than those originating in the carbon surface
defined by the boron carbide shield. The number of disintegrations produced
in the tube was counted with and without a cadmium shield over the 13 cm
opening. The difference between the number of counts per minute observed
with and without cadmium was taken with the carbon surface 40 inches
above the source, and again with the surface 44 inches above the source as a
check. These numbers were found to be go/min and 63/min. These numbers
must be reduced to the number of neutrons per second, J,, emerging from
unit area of the carben surface at its center by suitable geometrical consider-
ations, and by making use of the known angular distribution of the neutrons
coming from the carbon surface. After ], is known, the number of neutrons
emitted by the source can be calculated from a knowledge of the neutron
distribution in the carbon pile.

An approeximate calculation of the number of neutrons producing disin-
tegrations in the counter tube in terms of J, will be done, and the accuracy
will be improved by determining correction factors to take care of the approxi-
mations made.

The angular distributicn of the neutrons coming from the surface varies
with the angle 6, which any neutron makes with the normal to the surface
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as cosB | J3 cos?8. The fraction of the neutrons which come off at any
angle 0 is then:

cos 8+ '3 cos® §
2
I+
e )

where the denominator is the definite integral of the numerator between the
limits 0° and go”. For angles close to go° this becomes:

1-1-F

[ <
11:(1+ %\‘

£
and the number of disintegrations taking place per second in the counter

15 approximately:

T R* ] o a4y
D® ‘—,(IAI- i)
[E

where TR* is the area of the emitting carbon surface, I is the distance between
the surface and the counter, and o

ary 18 the cross section of the counter for
absorption of a neutron of energy £T. oy will be calculated later,

H. W. [bser has calculated this numerical factor accurately for the actual
geometry used and finds it equal to 0.9265 of the value.

We have assumed in the approximation that the neutron current is the
same for all parts of the carbon surface from which neutrons were counted
in the above experiment. Since the neutren flux falls off as cos (mx/a) %
X cos (myla,) it follows that the average neutron current would not be Jo,
which is the value at the center, but 0.9948 J, for the surface of 13 cm
diameter.

The approximation used does not take into account the fact that the
window, through which neutrons pass through the cadmium shield arcund
the counter tube, is in the form of a semicylinder., This means that the cad-
mium boundaries which define the length of the counter tube are at a lower
fevel than the level at which the width is defined, by an amount that has a
maximum value equal to the radius of the tube. This results in the fube
having an cffective length that is 1.07 times as great as the length of the
semicylindrical opening in the cadmium surrounding the tube.

Even before we calculate the cross section of the counter, which has

been designated as o we will caleulate the amount by which we must

correct this cross sectigll), in order to have it apply to the Maxwellian neutron
distribution which we actually have, instead of applying only to the neutrons
of ecnergy £T. Since the crass section of the boron used varies as 1/V, in order
to get a factor relating the cross section for neutrons of energy £T to the
average cross scction for the neutrons having a Maxwellian distribution
ahout the energy 4T, we must get the ratio of the velocity of a neutron of

energy AT to the average velocity of the neutron having the Maxwellian
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distribution. Or, if C=Y2 £T [, then the cross section will vary as the average
of C/V.

o
{ %Va VIS gy
— -
(%): G :L: — 0.8862 .

/. vie VIS av

o

Now, if we apply all these correction factors to the first numerical con-
stant 1.2679, we find that this becomes 1.1218 and the number of neutron
captures per sccond in the counter becomes;

RZ
1.108- % = 0.06925 J,o
where . has been changed to & by the inclusion of the last correction
factor.

If we neglect the attenuation of the neutron current by absorption in
the BF, of the counter, which we can do in this case with an error of less than
I%,, then we can say that tbe total cross section of the counter is the number
of boron atoms in the tube times the cross section of each, or, the number
of moles of the gas times the cross section per mole, which is 473 cm?® for
boron and neutrons of energy £T. Then

b f les 7
s counter (#T) = frnber DI :‘;0 ©s A 473

where 1.13 1s the absorption factor of the wall material of the counter tube.

; - D .
Volume of counter tube = TET* WI0= ; (3.62)% X 10 ==102.92 c’;

T I2.1
Pressure = & atmospheres at 0°C;
/
102 .92 I2.1
Number of moles = 92 2L s 31X 10— moles
22412 76

TATIX 104X 473
.13

a counter (AT = = 0.306 cm?.

With the top of the carbon 40 inches above the source, the number of
disintegrations per second due to C neutrons was observed to be 1.5. Therefore
1.5 = 0.06925 J, X 0.306

and

1
0.060925 X 0.306

neutrons
cm® sce

L.=r15" = 70.78

and for the case where the top of the carhon pile is 44 inches above the source

63 1 neutrons

Jo=Fr = 40.54

60 0.06925X0.306 cm?® sec

In the report A—21, Formula 15 gives the density »z of thermal neutrons
as a function of z. For a (Ra+4 Be) source, the neutrons may be represented

ey
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as a superposition of three groups having ranges for slowing down to thermal
energy and percentages as follows:

Per cent Range in graphite
15.0 27.1 cm
69.3 39.8
15.7 53.9

For large z and a 5 ft column the formula reduces to:

ANV
S = 0.008563 ¢~ #270r,

Q
Near the top of the column an additional term must be added to represent
the effect of the ncarby boundary. We have then:
ANV
Q
where Z, is the ordinate of the top. Since the diffusion coefficient is AV /3
we have

— 0.008565 [o #4776 — g+ slar6s g Geler S Tt WV

=L .

= 1.9636 X 10— 4¢ 5

= 4.95x 10 % at Z,= 40inches

78
,:70—7: 14.29X 10

4]

Jo
Q
% = 3.432X10~¢ at Z,= 44 inches
S0

4 meutrons

4.954 % 107 see

from the data taken at Z, = 40 inches and

49.54 5 neutrons

— —=14.42 410" ———
3.432 X 1077 +43 sec
from the data taken at Z, = 44 inches
coavg Q = 14.36x10°  for source No. I

For the three sources I, II, and ITI, we have the results given in the following
tabulation in which we combine the value of Q and the comparisons givenin
the report C-10.

Source No. Q Grams radium Q/gram
1. .. .| 1.44 X 107 1.1 1.24 X 107
II. .. .| 1.28 x 107 1.0308 1.24 X 107
IIT . . .| 1.05 X 107 0.84 1.25 X 107
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N° 159,

Waiting for the arrival of sufficient material for the first chain reactor, Fermi continued
to improve his knowledge of the pertinent constants, Ie liked to analyze the data himself,
because he preferred his knowledge te be first-hand. Looking over the data on the expo-
nential experiments, he wrote this paper.

H. L, ANDERSON.

150.

THE DETERMINATION
OF THE RATIO BETWEEN THE ABSORPTION
CROSS SECTIONS OF URANIUM AND CARBON
FOR THERMAL NEUTRONS

Report C-84 (May 15, 1942).

The so called * cadmium ratio "' observed in the exponential experiment
offers a simple and probably rather reliable method for the determination
of the ratio between the absorption cross sections of uranium and carbon for
thermal neutrons. We shall illustrate this method and its results on the data
obtained in the exponential experiment No. 3, in which uranium-oxide
D1 ® of fairly high purity was used.

From the observed value 6.68 of the cadmium ratio in this experiment,
it is possible to determine the magnitude & zofg by the same method descri-
bed in the sub-title * Interpretation of cadmium ratio ” of report C—26 (",
The result is:

(1) Anv 1.216X 107 0 6.68 — 1.15 — 1062,

IT 1

g 6.33 % 10

The fraction of thermal neutrons absorbed by uranium can be calculated
in terms of this magnitude, as in C~26 #*. The result is:

(2) Jr = 0.820.

This indicates that the number of neutrons absorbed by uranium and
by carbon in the cells are in the ratio 0.829 to 0.171. If the density of neutrons
within the cell of our lattice were constant the ratio between these two num-

(*) D 1 was the label of a particular grade of material. ({Editors’ note}.
{(**y Paper N° 150 (Editors’ note).
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bers should be equal to the ratio between the product of the thermal absorp-
tion cross section x the number of atoms in the cell for uranium and for
carbon respectively. A correction, however, must be applied to take into
account the fact that the density of thermal neutrons is, in average, larger
in carben than in uranium, because absorption takes place inside the uranium
lump. This correction is not very large and can be estimated by applying
the diffusion theory to the diffusion of thermal neutrons within the cell.
The result is that the density of thermal neutrons in carbon is in the average
1.2%3 times larger than in uranium. The number of gram atoms of uranium
in the cell is 6.70 and the number of gram atoms of carbon is 10g0. On account
of the preceding correction, this latter number must be increased by the factor
1.273. Consequently, the ratio between the effective number of atoms of
carbon and uranium is:

Atoms of C  1090%1.273
(3) Atoms of U~ 6.70

We have finally:

= 207.

207 o 0.171
@ oy 0829

From this we obtain the final resuit

() "0 - 1003.

Gc

It should be noted that this result is relative to the uranium and the
graphite used in the experiment.
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N° 160.

For the introduction to this paper see N° 1356,

160.

THE ABSORPTION OF GRAPHITE
FOR THERMAL NEUTRONS

Report C-154 (Notes on Lecture of June 30, 1042}

The recent measurements of the diffusion length of thermal neutrons
in graphites of various origins together with the results on the ‘ diffusion
mean path ' enable us now to caleulate the absorption cross section of
graphite with a somewhat greater accuracy than it had been possible so far.

In what follows all the data on diffusion length, mean free paths and
similar magnitudes are reduced to graphite of density 1.6.

The following data and definitions have been used:

Mean free path A calculated on the assumption of an atomic scattering
cross section of 4.8 10—*. A = 2.60 cm. Diffusion mean free path:

A

1 —cosf

)\0:

where cos 0 is the scattering angle of a single collision. We have taken from
the latest measurcments of Anderson: &, = 2.73 cm.

The absorption mean free path A and the diffusion length L are related
by the equation:

 heA R} o

L 3 3 Cu(T)

where o, is the scattering cross section and o, (7) is the absorption cross section
of graphite for neutrons having the mean velocity:

p: /zléT oz
Pl e

If the 1/w law holds, the absorption cross-section for neutrons of energy £T
is 2f{m times larger than o, (7). '
We find ultimately:

2 ke, 128x107 H
Ts (z'l_é’_[‘) — ]? 3Lz Lz :

13



178 160. — The Absorption of Graphite for Thermal Neutrons

The numerical results for our brands of graphite are as follows

Effective Cross-section oz (1)

Graphite (Carbon 4 Impurities)
Speer 9 5.4Q9 X 1027
AGX * 6.68 X 107
Us & 6.38 X 10727

The differences are presumably due to the different content of impurities.

(*y Name of a particular brand of graphite. (Editors’ note.)
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N© 161,

Eugene Wigner had asked me to leck into the question of how much the diffusion coef-
ficient for neutrons would be increased if the moderator were pierced by parallel, empty
cooling channels. After I had carried out the computation, Fermi happened to mention to
me that he too had calculated the increase in diffusion coefficient. I met with Fermi that
afternoon, and we compared our results. TFermi suggested that we write a joint report on
the calculation.

Fermi’s calculation consisted essentially of computing the mean square distance of
travel in directions parailel and perpendicular to the channels. His result could be
expressed as

2

A
Du="r+ot0.250q

A 3 a
pi=2lri o0 Lol
where Q is the ratio of mean square chord length in the channel to square of mean chord
length (= 4/3 for a circular cylinder). My calculation was dene as indicated in the paper,
However, I could not evaluate the triple integral of equation {13) directly; hence I evaluated
it by comparing the final result with Fermi’s calculation of Dy. This gave the value
N'¢rmo®if3 for the triple integral of equation (13).

I wrote the paper, and I never was certain whether Fermi read it through carefully.
I think he was content that the final result agreed with his result. The whole matter of
diffusion through channels has since been worked out in detail by D. F. Behrens, (¢« Proc,
Phys. Scc.», 52, 6o7 (1949)).

A M. WEINBERG.

161.

LONGITUDINAL DIFFUSION
IN CYLINDRICAL CHANNELS

E. FErRMI and A. M. WEINBERG
Report C—170 (July 7, 1942).

ABSTRACT.

The increase in leakage of the neutrons because of the presence of empty cylindrical
channels in a pile has been calculated. The overall diffusion cocfficient paraliel to the

duct is D = % A (I + ¢ (D-E;—) where ¢ = average velocity of neutrons, A= mean free

path in pile, « = diameter of channel, and @ = fractional volume of total pile occupied by

the channels, The longitudinal flow in a single channel is shown to be greatest at the center

of the channel, and the average flow per square centimeter per unit gradient inside a
24

channel is D, = r;ﬂ.c}\ (I -+ T) .
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i. INTRODUCTION.

The increased neutron leakage along cylindrical ducts inside the pile is
of considerable importance in estimating the overall dimensions required
for the pile to operate. Clearly, the diffusion of neutrons along empty
channels proceeds much more readily than diffusion through the lattice;
consequently the leakage through such a duct will be much greater than the
leakage from a similar solid channel, and so an operating pile containing
cooling ducts must be larger than one which is completely solid. In the present
note we shall compute the average longitudinal diffusion flow in a single
isolated channel and in a pile containing several such channels. The treatment
will follow rather closely the ordinary kinetic theory computation of diffusion;
however the results will be somewhat more reliable than in the kinetic theory
case because neutron-neutron collisions can be neglected.

Suppose a cylindrical channel is bored through an infinite pile in which
there was an originally constant neutron density gradient running parallel
to the axis of the channel. The density will have a (different) constant gradient
even after the channel has been bored through the medium; for if we assume
the density gradient is constant, the increase in diffusion flow to a peint P
in the channel due to contributions from any point at higher density is just
equal to the decrease in diffusion flow due to the symmetrical point at lower
density. Consequently a linear density distribution in the channel is self
consistent with the same linear distribution outside-the channel. It should
be pointed out that although .the density gradient inside and outside the
channel is the same, the diffusion foer is not constant but is highest on’ the
axis ‘of the cylinder and tapers off to its usual value inside the pile within
a mean free path or so of the edge of the cylinder.

2. DIFFUSION INTO AN EMPTY SPACE, GENERAL.

In this section we shall write down an expression for the number of
neutrons per sec per cm?® thrown across a surface clement &s in empty space
from a volume element &z inside a medium in which there is a linear distri-
bution of neutrons. Consider an element &s lying in the xy plane at the
point (x,0) (fig. 1). Let the overall distance from &S to the element 4o be
denoted by #; the distance from 4S to the point @ where » intersects the
wall of the medium by p. Then since the constant gradient is assumed to
lic aleng the z axis, the number of particles, Ndv, in & is:

(1) Ndy:(No+p_§)dv=(N+rN' cos 0) .

where prime denotes derivative with respect to 2z, and N, is the density in
the xy plane. Since each neutron makes ¢/A collisions per second, where ¢
15 the average velocity and A the mean free path in the medium, the number
of particles in dv starting new mean free paths per second is:

(2 N+ rN'cos ) do. -
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cos 0

2

Of these, only the fraction ds are directed towards a5, (assuming sphe-

r—e .
rically symmetric scattering), while only ¢ * of those properly directed
will survive the journey from v to &S without suffering a collision. Conse-
quently the number reaching &S per second from o is:

_r—e
(3) 4%@0 4+ 7N'cosB) e * cos0sinBdrdBdedS.
4 .
/ Ao
[
Z
w I
- : I
|
_;-"—-"‘"/J
. ) )
~ A 4s
Y
Fig. 1.

The total contribution from above and below the xy plane can be found
by integrating (3} over all space in which the neutrons make collisions.

3. CYLINDRICAL CHANNEL, INTERIOR POINT, UNIFORM TRANSVERSE
DISTRIBUTION,

We shall now apply the formula of the preceding section to calculate the
longitudinal flow in the interior of a long cylindrical channel of radius
@, whose axis coincides with the Z-axis. From geometry we have that
p, the distance cut off on the radius vector by the cylindrical wall, is:

ey p(x,8, ) = (—xcos - V@ -xsin® g)*".
The number per second striking &S in zll directions from above is, from (3),

ax ;2 o _r—e
“ij\[ f j (N, +#N" cosB) e Y ocosfsin 0 d0dy =
o 2

() Fpds—=<

<

4 4

where E (x/z) is the complete elliptic integral of the second kind. The number
striking from below is the same as (5) except that the last two terms are nega-
tive. Hence the total flow from all sides is:

© e ]

. Noe 45 + N(;C?\ 45 4 N’'edS a,E(%)
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and the interior diffusion coefficient is:
x

7 D () — gk =S 32 (2]

In fig. 2 the diffusion flow given by (6) has been plotted as a function of x/a,
the relative distance from the cylinder axis; the ratio @/A was taken to be 5.

f | HEER

g B=——] —
[

F(x)

Fig. 2.

The flow outside the cylinder was sketched in roughly by assuming that
the flow reduces to its ordinary value:

N'ch
) Foo =

exponentially with a relaxation length of about A

The average flow over the cylinder F, is found by integrating (6) with
respect to x and interchanging the order of integration in the elliptic integral.
The result is

2rcfo(x)dx
© Fe—f =20 424,

k174

and the average longitudinal interior diffusion coefficient is

(10) B:%[H 24] .
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The forms of the expressions for F (or D) are not altogether unexpected;
for the mean free path of a particle inside the channel is of the order of the
diameter of the channel, and so I. 2 is of the order of the overall mean
free path of a particle which passes through the channel. From this point
of view we may write:

D = 1/3 x average velocity x overal! mean free path

which is identical with the ordinary kinetic theory formula for the diffusion
coefficient.

The flows at the center and at the cylinder surface can be computed
from (6). The results for these two points compared with the average flow
are:

N'e

F(a)= 3

po2s

—N’

3‘ (A + 2a)

N'e
3

F (o) ==X (A + 3 a)

For @ = 5§ &, the flows are in the ratio:

F(@):F:F(o)=1:1.3:1.8.

4. CYLINDRICAL CHANNEL, INTERIOR PQINT, COSINE
TRANSVERSE DISTRIBUTION.

The transverse distribution in the actual pile is given by:
2 ;
N rans = N, cos ax cos ay & N, 1—% (x* |- yz)J

where o Ay %, w being the width of the pile. The diffusion flow through a

channel oriented perpendicularly to such a distribution can be calculated
exactly as before, except that the distribution to be inserted in (3) is:

N = (N, + N’ cos 0) (1 —* 2 sin® ﬁ)-
2

The result of the integration in this case is

N'¢
3

() F = [7\+2a(1—a”;%a2—|—%7\a+%)\2+i£

20 a

.
-
/

For a pile 6 meters in width, and a channel of 1ocm radius, the term in the
brackets is less than 0.003; hence a transverse cdsine distribution of such

large wave length can be neglected in considering the diffusion flow through
the channels.
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5. CYLINDRICAL CHANNEL, EXTERIOR FLOW, UNIFORM TRANSVERSE
DISTRIBUTION,

In order to compute the overall increase in diffusion flow caused by a
large number of parallel channels, it is first necessary to compute the in-
creased flow owutside each channel considered in isolation. In this case the
net flow per square centimeter at a point x centimeters from the center
of the cylinder is given by

arc sin — [
N N'e F :E"‘L,f _ o xCDSq)‘—‘Vaz—IZSinzq)
{12) F(x) = 3 +—= f j Va*—x* sin @” ¢ A cscd cos*1d0de.
s o

The first term is the ordinary unperturbed diffusion flow which would exist
in the absence of a channel, while the second term represents the added
flow due to the presence of the channel. The contribution of this term is
indicated very roughly by the dotted part of fig. 2.

The total excess external flow due to a single channel is found by integrat-
ing the excess flow density over a plane outside the cylinder:

arcsin 2. e ,
N’¢ = i . EZ] cp;]" a’—z?sin%
(13)  Fexeess = 2T — [ ]x}"a:z———x”" sin®g e Tosc d cos*840 dyp dx
P ° o
— N’ Ta® A
3

6. MANY PARALLEL CYLINDRICAL CHANNELS.

We can now compute the total diffusion flow parallel to a set of identi-
cal parallel cylinders embedded in the pile. If ® is the fractional volume
occupied by the cylinders and S the total area of the face of the pile normal
to thecylinders, we have:

Total cross-sectional area of cylinders — @S

Total number of cylinders = T(ED jr

Total area not occupied by cylinders = (1 — D) S,

The total flow is the sum the flow through the cylinders 4 the total
excess external flow due to each of the cylinders 4 the total unperturbed
flow through the surface between the cylinders:

N’ ma® ) oS

N'ex
5o oy G hS=

(4 Fow= 21 1 3208 4 N

— N';l S(1+(D+(D3‘ii).
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The average flow per square centimeter is

o Frowm N’ 24
(15> F:T—4*3 (I—I»(D+(Dl)
and the average longitudinal diffusion coefficient is
¥ 73 2
(16) Dy = 1 =%(1+(D+CD_;—)-

These expressions for F and Dy are required for estimating the net
leakage due to the presence of channels in the pile.
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No 162,

The following paper is interesting in that it reflects the change in the way of working
which was enforced on Fermi in the large and powerful organization, which in just a few
months the Mctallurgical Laboratory had become. He no longer had the time to participate
directly in the experimental work. Instead, he could order an experiment done and a skilled
group would carry it through forthwith and deliver all the data to him for analysis. He
could even have the analysis done for him by a member of the theoretical physics group.
It is doubtful how much he enjoyed it. He commented to Segré in a visit that he was making
physics by the tclephone.

As an exercise of his powers, Fermi decided to repeat an earlier work (see paper N° 138)
with a larger graphite column and better accuracy., Assigned to Group II under the leader-
ship of M. D. Whitaker and W. H. Zinn, it was promptly exccuted. The analysis of the data,
however, Fermi refused to delegate. Itis given in some detail in his report. The new value
of = 1.29 was appreciably smaller than that found before and underscored the wisdom
of repeating the experiment.

H. L. ANDERSON.

162.

THE NUMBER OIF NEUTRONS EMITTED BY
URANIUM PER THERMAL NEUTRON ABSORBED

Report C-190 (July 16, 1g42).

SUMMARY. — The experiments on the emission and absorption of neutrons described
in the report for the week ending July 3rd, 1942, C-164, ® are interpreted with the result
that the absorption cross-section of uranium for neutrons of energy £T is 6.77 X300 *f and
the ratio is 1.20.

In report A6 by Anderson and Fermi (%), a method was applied for the determination
of the number of neutrons emitted when a thermal neutron is absorbed by uranium. Since
the amcunt of carbon that was available at the time was rather limited, it appeared worth-
while to repeat now the same experiment under improved conditions, The main improve-
ments are:

a. Use of a graphite column of a larger side {(about 150 cm. instead of go.),

5. Use of compressed uraniurn oxide, which makes it possible to keep the gap into
which the uranium layer can be introduced considerably narrower, so as to make the gap
correction much smaller.

¢. Use of uranium of considerably higher purity.

The details of the experiment and the results of the various intensity measurements
are given in report C—164. The present report is concerned with the interpretation of the
data given there.

In discussing this interpretation we shall use essentially the same notation as in re-
port A-6. In particular we shall express the slowing down density and the density of neutrons

{*) C~164 is not one of the reports prepared by Fermi, (Edifors’ note).
(**) See paper N° 138, (Editors’ note).
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by taking as unity the number of neutrons emitted by the Ra + Be source used in the
experiment,

The experiment as described in the weekly report C-164 consisted essentially of a series
of measurements of neutron intensities in a graphite column having 2 Ra-+Be source on
the axis. A gap situated at about 100 cm from the source was cmpty in some of the measure-
ments and, in a second scries of measurements, it was filled with a layer of pressed uranium
oxide of a thickness of 3.82 gmfem?®. More details as to the experimental arrangement are
given in the weekly report., The measurements with the empty gap are used for the stan-
dardization of the indium detectors employed for the measurements, whereas the difference
between the measurements with uranium and without uranium in the gap which is due pri-
marily to the opposing effects of the neutrons produced by uranium and of the neutrons
absorbed by uranium, is used for a calculation of these effects.

We shall divide the analysis into the following sections:

1. Standardization of detectors.
Determination of the number of ncutrons produced by uranium.
Determination of the number of thermal neutrons absorbed by uranium.

B

Conclusions.

I. STANDARDIZATION OF THE DETECTOR.

The measurements without uranium in the gap have been taken with
and without Cd around the indium foils. The measurements with Cd give
an intensity proportional to the slowing down density ¢ for the indium reson-
ance neutrons. From a comparison between the observed intensity and the
slowing down densities calculated in the usual way, we can find the coefficient
by which the observed activity has to be multiplied in order to obtain the
slowing down densities. Such a comparison is carried out in Table I.

TapLE L
Position Ay 16% 4 10™ gfAny
3 30143 1.780 5.04
5 8z56 0.4893 5.63
7 1716 0.1022 5.96
9 127 0.01916 5.86 |
10— 143 0.008037 6.04 [ 393
gap— 10 + 147 0,008613 5.86
11 64 0.004013 6.27
12 — 0.001881 —
13 10 0.000836 5.23
14 - 10 0.000365 3.65

The first column gives the position of the Cd covered indium detector
from the source. The number indicating the position is very closely equal
to the distance of the detector from the source in units of 10 ¢m. Column
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two, taken from the weekly report C-164, gives the activity Acyq observed
without uranium in the gap; column three is calculated on the assumption
that the neutrons emitted by the source are divided into three groups, having
indium ranges 22.8, 37 and 57 cm, and having a relative number of neutrons
0.150, 0.693, and 0.157. The formula used is:

(1) 10°g, = 2.274 ¢~ 018 2,455 ¢~ 130" 4 0,152 ¢~ (157,

Column four gives the ratio between ¢ and the observed resonance activity,
It is seen that the ratio is reasonably constant except for the last points where
the large fluctuations are probably due to experimental inaccuracy in the
reading of very low intensities. As a mean value of the ratio we have taken
5.03 X 10—, We have thus the standardization of the resonance neutrons
expressed by the following formula:

(2) g = 5.93X 10" Agqg.

As we have already stated, this is not an absolute standardization, since the
number of neutrons emitted by the source has been taken to equal 1. For
the source actually used, the number of neutrons emitted is probably about
25 10° per second.

The data on which the standardization of thermal neutrons has been
carried cut are collected in Table II,

TarLE II.
2
Top o 10% 772/ A
S Gap | Activity A
. - A o - 3 6 h
Pas Ay od Ay Correction | Produc Effect | Corrected 10° 2 b t
Factor corrected

7 50480 1714 | 57500 1.0001 57515 140 57655 636 1.138
9 27673 327 | 27297 1.0003 27305 294 27599 316 1.145
1I0—| IGO20 143 | 18836 1.0005 18865 4206 19291 219 1.135
10 + | 10008 147 1+ 1883y 1.0005 18848 426 19274 219 1.136

II 13062 64 | 12088 T.00I1 13002 204 13266 151 1.136
12 Q9173 (32) 9136 1.0024 9158 203 0361 104 1111
13 6207 16 6189 1.0050 6220 140 6360 71.6 1.126
14 {4226) 10 | {(4214) 10105 (4258) 97 {4355) 40.3 1.132

The values in parentheses are calculated for the purpose of interpo-
lation.

The first column gives again the position of the detector as in Table I,
the second and third columns give the activities without Cd(Ax) and with
Cd({Acq) around the detector. These data are taken from the weekly report
C-164. The fourth cotumn gives the activity Ay due to thermal neutrons.
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This has been calculated by the formula:
(3) Ath =ANi_ I-ISACd-

The fifth column represents the correction due to the effect of the top. The
sixth column represents the therma! intensity corrected for the effect of the
top. The seventh column is a srnall correction to take inte account the Jeakage
of neutrons through the gap. In the present experiment this correction is
much less important than it was in the experiment described in A-6, because
the side of the column is greater and the gap is shallower. The correction has
been calculated by using the formula 27 of report A-6:

_ie
@ w(@="LLne °

In calculating this formula we have taken @ = 153.45 cm ; é = 26.99, cor-
responding to a diffusing length of 43.25 cm as was found recently for the
AGX graphite. L is the effective thickness of the gap. L has to be taken
somewhat larger than the geometrical thickess {1.1 ¢m) because the trans-
versal diffusion across the gap is greater than it would be if the gap were
filled with graphite. For the empty gap we have actually taken L = 2.
The eighth column gives the activity corrected for everything. The ninth
column gives inw calculated by the same formula as in the weekly report
C—92, using, however, the value for the diffusion length and for the size of
the column corresponding to the brand of graphite and to the size used in
the present experiment. The tenth column gives the ratio of the two last
columns. This ratio is constant within the experimental error and we have
taken as mean value for it, 1.132 x 109 We obtain finally the standardi-
zation of our detectors for the determination of thermal neutron densities
given by the following formula:

(53 Amv = 1.132 X 1078 [Aj — 1.15 Acd]-

As before the standardization corresponds to taking as unit the number of
neutrons emitted by the source.

2. DETERMINATION OF THE NUMBER OF NEUTRONS PrRODUCED BY U,

A comparison between columns 6 and 4 of Table I, of report C-164,
shows that the resonance activity of indium near the gap is much greater
with uranium in the gap than without uranium in the gap. This diffe-
rence is due to the fact that fast neutrons are emitted by uranium and are
slowed down to indium resonance energy in the vicinity of the gap, adding
thereby to the intensity of indium resonance neutrons emitted directly by
the source. Although the source emits a number of neutrons much greater
than the uranium layer, only a few of them reach the environment of the
gap before being slowed down to thermal energies, so that the resonance
activity at and beyond the gap is very low without uranium,
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In Table ITI, we give in the first column the position of the detector; in
the second and third columns the resonance activity with and without uranium
in the gap; in the fourth column the difference; in the fifth column the same
difference multiplied by the factor 5.93 X 1077 to give §ee, namely the
excess of the slowing down density due to the effect of the U0y layer. From
these values of g.x. we can calculate the number of neutrons emitted by the
uranium in the gap.

TaBLE III.
Cd
Pos. Diff. Ty X 1070
u noU
9 950 327 623 369
10— 804 -143 661
388
10 793 147 646
11 728 64 664 304
12 559.3 (32) 527.5 313
13 363.9 16 347.9 206
14 201.5 10 150.5 Iig

We call Iy the source of fast neutrons at the gap. This is defined as in
Appendix A of Report A-6.*  The slowing down density of neutrons due
to this source on the axis of the column is given by formula 15 in A-6:

a 2
J'['o ERY

(6) g, =1 A1 [:F‘(To)z

F a2 ]s’.,::" o

where 7, is the range of the neutrons emitted by U.

From the data of Table III we take #, = 35 ecm. From {6) follows by
integration
(7) IF:TEQaZ/ngx:7612ngx.
The integfa.l in this last formula can be obtained by numerical integration
of the last column of Table III. Some corrections must be applied, however,
to the result in order to take into account the effect of the resonance neutrons
absorbed by uranium, of the ncutrons lost through the gap and of the natural
neutrons emitted by uranium. The numerical integration of the last column
of Table III gives

o

(8) | Goxe dx = 2,618 K 107°.

— o0

(*y No 138 (Editors’ note).
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The experimental data of the table have been extrapolated beyond the range
of measurement by assuming 7, = 35 cm. It has been further assumed that
Jexe 18 symmetrical with respect to the gap. The resonance corrcction has
been calculated by using the data on the resonance absorption as measured
in Princeton. It has been found in this way that the correction of 0.118x 169
must be added to the previous integral for this reason. The gap correction
has been calculated by integrating the formula (40) of No. 138. The correction
to the integral assuming as effective length of the gap 1.3 cm is 0.026 X 1074
The correction due to the natural neutrons is even smaller and amounts
to only o003 10% In conclusion, we find:

() [ngx = (2.618 + 0.118 4 0.026 — 0.003) X 107% = 2.78¢ X 105,

It follows from formula (g):

(10) Ip = 7612 X 2.750 X 107 ¢ = 0.0210
3. DETERMINATION OF THE NUMBER OF THERMAL NEUTRONS ABSORBED
By UraNIUM.

In Table IV we have collected the data needed for the calculation of
the number of thermal neutrons absorbed by the uranium layer in the gap.

TaBLE IV.

Pos, with U Nomx 105 (U) lwz>.<105 ApH X105 | Apn X 109 | Apn X 108

U S W (Air) | (Excess) | (Abs) |(Abs)gap
7 Goozz (2066) 57046 65.255 65.100 | 3.923 3.76g 11.45
9 27045 950 25952 29.378 30.900 | 5.170 6.692 9.069
10— 14809 8o4 13884 15.717 21.345 5.304 10.9G2 10.99
10— | 14108 793 13166 14.938 21.326 5.364 I1.752 I1.75
II 11651 728 10814 12.241 14.702 5.170 7.631 iI.0j5
12 9137 559.5 8494 g.615 10.342 4.664 5.39% I1.371
13 0947 363.9 | 6528 7.390 7.006 | 3.923 3-539 11.75
14 5031 201.5 4800 5.434 4.77¢ | 3.10% 2.441 10.74

The first column gives the position; the second and third columns give
the intensities observed without and with Cd around the detector when
uranium is inside the gap; the fourth column is the fraction of the activity
due to thermal neutrons calculated with formula (3); the fifth column is
obtained by multiplying the fourth column by the factor 1.132%107% in
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order to obtain the expression A #¢ when uranium is in the gap. The sixth
column, which is obtained by multiplying by the same factor the data of
column four of Table II, gives hnw when air instead of uranium is in the gap.
The difference between the sixth and fifth column is partly due to the absorp-
tion of thermal neutrons by' the uranium layer; since, however, uranium pro-
duces also fast neutrons which are subsequently slowed down and ultimately
reduced to thermal energies, we must calculate their contribution in order
to obtain the effect due to the uranium abserption of thermal neutrons only.
The number of thermal neutrons due to the guees 15 given in column seven
and has been calculated by the method described below ), Column eight is
obtained by subtracting column five from the sum of columns six and seven.
This column represents the decrease of dxv due to the fact that the uranium
layer absorbs some thermal neutrons, It follows from formula (22) of report
A6
5

66 7

aze

(11) hon =

{1) Columnn seven of Table IV is calculated as follows: (In this note we systematically
omit the subscript ¢ excess ” which is always meant to be there). A we for a sin-sin distri-
bution of neutrons obeys the differential equation:

I

dﬂ
?(Mw)—u o Ao+ 3g=o0.
From this follows:
co la—1% 1
& R
=20 . ar
%

In calculating column seven, we have put in the integral the value for the density of nascent
thermal neutrons that can be obtained from the measured value of ¢, . - for indium reson-
ance by integrating the slowing down differential equation:

A
Ag = b4

[iF4

for an age difference between indium resonance and nascent thermal neutrons of 60 cm®.
The values of the density of nascent thermal neutrons obtained in this way as a function of
the distance from the gap are as follows:

Distance from the gap 71 (excessy < 107
o 375
10 333
20 285
30 203
40 125
50 65
60 30
70 12
8o 4
90 2

100 @

The numerical integration of formula (@) gives the »ox {excess} of Table LV,
(*) See paper N° 138. (Editors’ note).
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that the intensity due to a negative sin-sin thermal source as the one represent-
ing the absorption of our oxide decreases exponentially with the distance
from the absorbing layer and with a relaxation distance b, which in our
case is equal to 26.99 cm. The data of column eight multiplied by the expo-
nential factor:

22— 2o

e

where |2 —g,| is the distance of the place on the axis where the measurement
is taken from the gap, should give a constant. The products of the data of
column eight by the exponential are given in column nine. Besides fluctua-
tions presumably due to experimental error, there is an indication that the
mean value of the data of column nine corresponding to points below the
gap is slightly lower than the same mean value for points above the gap.
This is due to the fact that the uranium laver, hesides ahsorbing the neutrons,
also scatters them. The difference between the mean values above and below
the gap can be well interpreted both in sign and order of magnitude in terms
of this explanation. Taking the mean value of the mean values of the data
of column nine above and below the gap, we find at the gap A #w X 10° (absorp-
tion) = 10.91. This decrease of the intensity at the gap is essentially due
the absorption of thermal neutrons by the material in the gap. A small
correction must, however, be applied to take into account the fact that the
number of thermal neutrons lesking outside of the gap without and with
uranium is different. This, like all other gap corrections, is in the present
experiment quite small and can be calculated by the methods explained in
report A—6. This value of kuw corrected for this reason is:

(12) hno(Abs) = 11.17 X 10 75,

Formula (11) gives the intensity due to a unit source absorption. Dividing
(12} by 6&/a* = 0.006877, we find the intensity of the negative thermal
absorption source. A very small correction should be applied to this to take
into account the absorption due to the 0.002"" aluminum layer on which the
uranium was resting and of some small pieces of scotch tape used for keeping
the pressed uranium oxide blocks in place. The two corrections together
amount to less than 0.1 %,. We obtain finaily the thermal source due to the
absorption by U,0;.

(13) Iy = 0.01623.

4. CONCLUSIONS.

The number % of neutrons produced per thermal neutron absorbed is
given by the ratio beiween the intensity Iy of the fast neutron source given
by {10) and the intensity I, representing the thermal absorption source.

We have thus:

. p oo 00210
( 4) "= 0.01633 9-

14
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From (13) we may also find the cross section for the absorption of thermal
neutrons by uranium. Taking into account the definition of unit source as
given in Appendix A of Report A-6, we find that the absorption cross section
for neutrons of energy 4T is given by the following formula:

2 x I

4
(15) oy (1) = s Ve nw N

where N is the number of uranium atoms per cm? in the gap, and for A nv
we must take the value at the gap when uranium is inside the gap, which is
given by the mean of the two values at positions 10+ and 10— in column
five of Table IV, namely Ane=15.327X 105, In calculating this cross section
we have further assumed A = 2.6 cm. N is calculated from the density 3.82
grams/cm® of uranium oxide in the gap as N = 8.18 X 10", We find in this
way:

(16) oy (A1) = 6.77x 10724

It should be noted that this value of the absorption cross-section of
uranium corresponds to neutrons of thermal energy and not to the so-called
C neutrons emerging from paraffin which have a considerably higher mean
energy.

The experimental error on the data (14) and (i6) may be of the order
of 5 or 10%,.
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Ne 163.

This paper was written by Christy; 1 performed some of the computations. Fermi
had analyzed the Columbia measurcments on temperature effects in exponential experiments,
At that time we used to hold a thcorctical seminar under Wigner’s general guidance, Fermi
spoke to the seminar on his analysis of the temperature effect, and the present paper was
written shortly after the seminar. T remember that at this seminar Fermi raised his dissatis-
faction at the state of our understanding of the behavior of thermal neutrons in a moderator.
T might add that even now, sixteen years later, our understanding is still imperfect.

A.M. WEINBERG.

163.

EFFECT OF TEMPERATURE CHANGES
ON THE REPRODUCTION FACTOR

R. F. CurisTY, E, FERMI, and A.M. WEINBERG
Report CP-254 (Septemnber 14, 1942).

ABSTRACT.

The experimental data on the heated Columbia and Chicago piles give the following
results:

Expt. AT Ak
Columbia 62°C 08% £+ 1.0%
Chicago 1098 C 030% +04%

The experimental error in each case is larger than the observed effect and the interpre-
tation is further complicated by thec presence of thermal gradients in the graphite, The
smallness of the observed effects suggests that the ¢ thermal” neutrons in a lattice may
have a temperature considerably higher than the temperature of the pile.

The éffect of temperature change on 4 has becn measured in two expo-
nential piles (Columbia Pile No. 2a and Chicago Pile No. 2), and a preliminary
report on the Columbia pile has already appeared (CP-85) . Roughly, the

(*) See paper N° 151 (Editors’ note)
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rise in temperature causes a Doppler widening of the resonance lines, and
a decrease in thermal absorption cross sections. The first effect would decrease
£, because of the increased resonance absorption, by an amount which cannot,
as yet, be estimated with certainty. Because of the decreased self absorption
and increased neutron density in the uranium, the second effect would in-

crease £ by about 3 (I — ]frll:i) percent: where T, 1s the initial and T the final

* therrnal ’ neutron temperature. The preliminary results on the Columbia
pile indicated a net decrease of £ with temperature, but the size of the effect
was less than the experimental error.

The interpretation of both the Chicago and Columbia experiments is
somewhat complicated by the fact that in both cases the temperature was
not uniform through the pile. In the experiment at Columbia there was an
appreciable longitudinal gradient of temperature giving rise to a rather large
correction. In the Chicago experiment, the lengitudinal gradient was prac-
tically absent; the temperature on the axis was, however, a few degrees higher
than on the sides. This transversal thermal gradient introduces a very small
correction.

(1) COLUMBIA LEXPERIMENT — LONGITUDINAL GRADIENT,

In the Columbia experiment there was a longitudinal temperature
gradient of 20°C in the height of the pile {142 cm), the top of the pile being
at 360" K, the botiom at 380° K. Because of this gradient, the mean free
path for capture A, the neutron velocity z, and £ will all vary from the top
to the bottom of the pile. For simplicity we shall assume that the temperature
T wvaries exponentially:

(I) T s g

where € is very small compared with f = —;-, and 4 = relaxation length.

Although it is true that such an assumption does not make T harmouie, the
error involved is quite small because the temperature gradient is so gradual,
With this assumption it {ollows that:

I I
— &2 —— 2

(2) A~TP e = p~T e @
and we may assume, without loss of generality:
) T e

3

where W is a small positive number. The procedure now is to solve the slow-
ing down equation (¥ = age of ncutrons):

37
(4) Ag =
subject to the initial condition:

feut
(s g0)=—n
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where n, the density of thermal neutrons is given by:

©) ";“ A (o) —no - Ag () =0,

and xA/3 is the square of the diffusion length.

The expressions for ¢ obtained from (&) and {4), when equated, yield
a characteristic equation which is the expression for A

The first harmonic sclution of (6) is:

(7) 7 o~ COS %X COs oy ¢ P

henee, from (6):

#Y A <2 N
(8) 9(z>=f[l— F E(B+?)—a!J
and, by (5)
() ‘ g (0} ~ cos ax cos oy g~ B—pe=,

For this spatial variation of ¢, we can write the solution of {g) as

10 A = o (o) /10— pe® —a® :ﬁmﬂ(ﬁ—wﬁ—aﬂ_
g g A

Equating the two expressions (8) and (10), we have:

gt — o] _ﬂ[ 0 . =V 2”
(1) k=¢ ‘1 S (p+,2} o
or
1 A . A
(12) AR 1 — - _z.‘ -+ F ‘ - (2 IF ?7)55.

. A . " . .
The correction terrm (2 [TE né—) arises because of the non-uniformity of the

temperature field.
Equation (12) together with

enables us to compute £ at any temperature T, and ., from two measurcments
at T and T,. The Columbia data is summarized in the following table:

T Fa % a % =p?—a” s 7 £ °fe change in &
310° K 350 3600 | 1/46 1.2} 10—+ o 0.044 | 0.915 o
372° K 350 | 394 | 1/40 | I.2x10—4 | 3.9XI0—4 |0.044| 09077 | 0.8% 4 1%

The value of £ from the first two terms alone {uniform temperature) is 0.9107,
while its value from, all three terms is 0.9077; hence the temperature gradient
accournts for almost half of the calculated change in 4.
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(2) CHICAGO EXPERIMENT — TRANSVERSE GRADIENT.

In the Chicago experiment the heating was from the sides, and the tem-
perature on the axis of the pile was 395" K while the temperature at the
edge was 388°K. The longitudinal gradient was only 1° in the height of
the pile and may therefore be neglected. In this case, we assume for the
temperature:

(13) T =T,[1 4 =(cos 2 oex + cos 2 ay)].

This distribution has the proper symmetry and is not too far wrong if ¢ is
small.

The transverse variation of T introduces higher harmonics in the thermal
neutron distribution. For this reason, we assume:

vrn = [cos ax cos &y + v (cos 3 ¢x cos ay + cos xx cos 3 ay) e P

where v is a small parameter; also, as before:

A=A 1 + e(cos2axr 4 cos 2my)],

b=/t [1 —2eu(cos 2ax | cos2ay)f,

rfom A % [(1 —e&{2w+ 1)] [cos ex cos ay e~ P | higher harmonics],

%A—A N %(BQ — &%) A, (1 -} €) (cos aux cos ey ¢ 7 + higher harmonics) ,

Ag (&) m b, [1—e(2p} 1)) [1+ €] (cos ax cos ay ¢—B* + higher harmonics).

Substituting these expressions into (7), and neglecting higher harmonics
(which are important only for determining v), we find

(14) Ay=[1+celzp+1]e @ 1—e— ’ﬁg} A I~—%(}f+i’;\i)+2y£;

from (3) and (14} £ and p may be computed as in the previous case.

In the Chicago experiment the porous graphite was filled with atmos-
pheric N, whose density decreased with rise in temperature. At ordinary
temperatures there is sufficient N, in the pile to decrease £ by 0.8 2/ ; this
figure is proportional to the density of the N, in the graphite pores. The
density would be proportional either to the temperature if the diameter
of the pores is large compared with the mean free path of N,, or to the square
root of the temperature if the diameter of the pores is small compared with
the mean free path. In the first case, the effect of the N, would be 5 0.22 %,
Increase in 4, in the second case, a 0.11 %, increase in 2. The effect of tempera-
ture alone on £ must, therefore, be increased by this amount; that is, to
0.39°%, or 0.28°,. In both cases the effect is still less than the experimental
error,
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The Chicago data is summarized in the following table:

A 1 :
To ¢ —3— F g 1L 2 Ak(with Nab A.‘BNZ AéVamum
207° K| 350/ 350 o o 0.0005 | 1.0000 ‘o o

388°K | 350| 403| 2.4x10—¢ |0.00450.0065 | 0.9982 (0.17 °/o40.4%/, ©0.22°% | 0.39 %fs
or or + 0.45
0.I1 %/ | 0.28 %/,

In this case the value of £ without the non-uniformity correction term is
0.99819, while its value including the correction is 0.9g822. The non-uniformity
correction is therefore negligible.

(3) CONCLUSION.

The magnitude of the temperaturc effect is less than the experimental
error in both the Chicago and the Columbia experiments, although in both
cases the direction of the effect was toward smaller £ The actually observed
experimental effects were null in the Columbia experiment

( I I
28 farg® |\ % Jaga®

and almost null in the Chicago experiment

1 I’ = 2.4% 10—6
£% Jagr® 2 J372° 4 :

The following question may, therefore, be legitimately raised: Droes a tempera-
ture change at low temperatures have much effect on the velocity or thermal
absorption of the neutrons? The answer to this question would be negative
if the “ thermal '’ neutrons in a lattice are not really in thermal equilibrium
with the carbon, but are at considerably higher temperatures. Indeed, there
is other evidence to suggest that this is actually the case.

If the change in the diffusion length is smaller than would be expected
for truly thermal neutrons, the discrepancy between the Chicago and the
Columbia experiments would be decreased. For in the Columbia experiment
the entire decrease in # was attributed to a theoretically calculated increase
in diffusion length; if this increase were less than the calculated amount
because the neutrons are not truly thermal, the calculated change in & would
be less, thus tending to iron out the difference between the Chicago and
Columbia results,
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N? 164 and 165.

In the beginning, reports of progress in the Metallurgical Project were written weekly.
An early example of one of these reports is paper N® 164. Fermi, as the hecad of the Experi-
mental Nuclear Physics Division, wrote a summary of the work completed, current, and
under consideration. There followed more detailed reports by the leaders of the groups
working under Fermi’s general direction. The Chicago cyclotron had been pressed into
service for some of the experiments under the leadership of A. C. G. Mitchell.  J. H. Manley
was in charge of the experiments donc with the D-D source. M. D. Whitaker and W, H. Zinn
jointly carried out the exponential experiments; 1 did the experiments with Ra-Be sources.
V.C, Wilson was in charge of the group assigned to manufacture electronic circuits and
controls.

Theoretical Physics was under E. P. Wigner. His report noted that the exponential
pile experiments were being systematically analyzed by R. F. Christy and J. Williamson,
while a detailed theoretical study of this type of experiment had been prepared by E. Teller.
Wigner’s interest in water cooling for the large scale producing piles was apparent in this
report and marked the heginuning of a leng struggle with competitive schemes, notable among
which was the helium cooled proposal favored by the engineering group headed by T. V. Moore.
Finally, N. Hilberry reported the progress in the procurement of materials. Paper N° 164
is Fermi’s part of the report.

Paper N° 163 is another example of thesc reports, which provide an interesting record
of the progress of the work leading to the first chain reaction.

H.L. ANDERSON,

164.

STATUS OF RESEARCII PROBLEMS
IN EXPERIMENTAL NUCLEAR PHYSICS

Excerpt from Report C-133 for Week Ending June 2o, 1942.

PROBLEMS COMPLETED.

Since the last report®™ on the status of research problems in experi-
mental nuclear physics the results on pile no. 6 have been worked out
with the result that the optimum size of the U;0p lumps appears to be
intermediate between the size originally used (2,200 grams) and that used
in experiment no. 6 {18,000 grams). The optimum would be to use lumps
of about 3,000 grams. The advantage to be ¢xpected by such a change of
size, however, is only a small fraction of a percent.

Work has also been completed on the comparison between various brands
of graphite: AGX, used in the carly work at Chicago, US, used in the early
work at Columbia, and the new Speer graphite. The result indicates that

(*y By M.D. Whitaker and W.H. Zinn, (Editors’ note).
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the Speer graphite has an absorption considerably lower than the two other
brands. A gain in the reproduction factor of the order of 2.5 to 3 percent
may be expected by substituting in our present piles this better graphite
in place of the other brands. Consequently, the problem of sccuring large
amounts of very pure graphite seems to be of paramount importance.
Measurements on the absorption of U,0g have heen performed by observ-
ing the intensity of thermal neutrons inside a U,Oy sphere embedded in a
graphite mass placed near the cyclotron. The result seems to indicate that
the absorption is somewhat greater than according to the previous estimates.
The considerable discrepancy in the measurcments of the number of
neutrons emitted by the radium beryllium sources have heen eliminated to
a large extent by the use of MnO, dectectors. Apparently the indium detectors
used in the previous measurements had the resonance band so close to the
thermal region as to produce a sizeable deviation from the 1/v law.

PROBLEMS CURRENT.

Measurements on the absorption of beryliium are Leing performed and
it is hoped that a reliable value for the diffusion length may Dbe available
next week. The study of the anisotropic diffusion of neutrons in carbon is
still being carried on in the attempt to get a reliable value for the * diffusion
mean frece path’ for graphite. There are some indications that an even
greater difference between the *‘ diffusion mean free path™ and ordinary
mean free path would be found in bherylium.

Exponential pile No. 7 has just been set up. Its structurc is similar to
that of pile No. 3 {3 inch oxide cubes in a cell of 8 inches side) except that
about 120 grams of parafin have been placed on the side of the uranium lumps.
I't is hoped to get from the measurements some information as to the effect
of hydrogenated systems inside a carbon uranium pile.

A 5" x5 carbon column with a gap for introducing a layer of pressed
U.O;s has been set up for the measurement of the ahsorption cross section
of uranium for thermal neutrons and of the number of neutrons emitted
when a thermal neutron is absorbed.

PROBLEMS UNDER SERIOUS CONSIDERATION.

After completion of the exponcntial experiment No. 7, a similar experi-
ment will be carried out using about the same geometry of carbon and
uramum as in no. 7 and placing beryllium blocks near the U, (Jg cubes instcad
of paraffin. It is hoped to get in this way some information on the effect of
beryllium on the reproduction factor. The first batches of ether purified U,Oy
from Mallinckrodt are expected to arrive at the end of the week or early next
weelt and work will be started immediately to test the effect of the further
purification on the reproduction factor. After this experiment, a comparison
test between U,0g and UO, will be carried out.
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Plans for the development of a portable detector of radiations suited
for large scale production are under consideration.

Determination of the possible existence of resonance absorption in
carbon.

Measurement of the number of neutrons produced in the fission of uranium
by fast Rn+Be neutrons.

Investigation of the resonance absorption in cells of various dimensions
and various materials in view of obtaining information on the various possi-
bilities of cooling.
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Ne 165.

For the introduction to this paper see N° 164.

165.

STATUS OF RESEARCH PROBLEMS
IN EXPERIMENTAL NUCLEAR PHYSICS

Excerpt from Report C—207 for Week Ending July 25, 1942.

Since the last report on the status of research problems in experimental
nuclear physics the following work has been completed.

The exponential piles Nos. 7, 8 and ¢ have been set up and measured.

No. 7 is a pile made of oxide cubes of 3” side imbedded in a cubic lattice
of AGX ) graphite of 87 cell side. Two slabs of paraffin of the total weight
of 127 gms were added near each uranium lump in order to test the loss
in reproduction factor due to the presence of hydrogenated materials. Other-
wise, materials and geometry were identical with those used in pile No. 3 a
and 4. The result indicated an appreciable decrease in the reproduction
factor due to the presence of paraffin. This decrease corresponds to a ** danger
coefficient ”’ for paraffin, slightly larger than 1.

Exponential experiment No. 8 is similar to experiment No. 7, except
that beryllium instead of paraffin was placed near the uranium lumps. The
result indicates an exceedingly small difference between the experiment
with beryllium, and the control experiment without beryllium. Indeed
the difference in reproduction factor between the two is a small fraction
of the experimental error. This result indicates that no appreciable advan-
tage from the neutron point of view can be expected with the use of beryllium.
This material might, however, be of considerable interest as a possible tech-
nological material to be used inside the reacting piles.

Exponential experiment No. g is a test of the reproduction factor that
can be obtained at present with the use of very pure U,Og from Mallinckrodst.
It is believed that no significant amounts of impurities are left in this product
so that no further advantage on the result of this experiment can be expected
due to a further purification of the oxide. This experiment was carried out
with the same geometry as used in experiment Neo. 5. (Cylindrical lumps
of pressed oxide in an 8" cell side cubic lattice). The graphite used was the
same UJ. 5.9 graphite used in experiment No. 3, so that the only difference

(*) This is the name of a particular brand of material. {Editors’ note).
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between the two tests was the change from D-1% to Mallinckrodt®™ oxide.
The new experiment indicated an increase in the reproduction factor of about
1.2 percent. The result of the measurement gave a reproduction factor
slightly in cxcess of 1 (£= 1.007 or #= [.004, according to the method
of calculation). Some further increase in the reproduction factor in graphite
uranium oxide systems may be expected by:

@) Use of pure graphite. A change from the US graphitc to Speer ™
graphite may be expected to yield an increase in £ from 2 to 2.5 percent.

&) Removal of nitrogen may give an increase in £ by somewhat
less than 1 percent.

¢y Change from U0z to UO,.

The following experiments in pure nuclear physics have been completed:

Ay A measurement of the * diffusion mean free path ” in graphite
of density 1.6, gave Ap= 2.73 cm. This result is slightly higher than the
mean free path calculated from the scattering cross section 4.8 > 107t of
carbon. The difference is presumably due to some smazll amount of angular
coherence in the scattering of thermal neutrons by graphite. This new value
of the mean free path should be used in the diffusion equation for thermal
neutrons in graphite.

B) A new measurement of the number 7 of neutrons emitted when
a thermal neutron is absorbed by uranium and of the total absorption cross-
section of uranium for thermal neutrons was performed. The results are
7 = 1.2¢9 end O'U(éz‘): 6.77 X 10~2, both data with a probable error of 5 to
10 percent.

€ The diffusion of thermal neutrons in beryllium of average density
1.735 was investigated using a considerable larger amount of this metal than
had been available in previcus experiments. The diffusion length and the
“ diffusion mean frec path " were found to be 26 and 2.56 cm. This corres-
ponds to an absorption cross scction of about 0.011X 107,

D) Experiments were performed by the cyclotron group on the nuclear
distribution inside and in the neighborhood of uranium lumps imbedded in
a graphite for various geometries. In particular, the difference between a
sphere with or without a gap surrounding it was investigated and cylindrical
units with a paraffin core were studied in order to obtain some information
to be used in the discussion of the water cooled plant.

Routine tests on various batches of Mallinckrodt oxide have heen con-
ducted by the neutron absorption method. The results have indicated so far
2 loss of absarption of the order of less than o.1r percent. Two new Ra to Be
sources of 200 mg each have been procured. These sources have been designed
so as to keep their size as small as possible. TFor this a very small Ra+-Be
proportion has been used and the Ra+Be mixture has been pressed in a
suitable die. These sources are very convenient when very definite geometrical
conditions are desirable, although, their vield is somewhat smaller than for the
usual sources. Some technological work has been completed in view of col-
lecting data needed for the design and construction of the experimental plant.

(*) This is the: name of ‘a particular brand of material. (Editors’ note).
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In particular, an investigation has been conducted in order to determine
the behavior of lumps of pressed urantum oxide imbedded in graphite when
energy is produced inside the lump at the rate of about 100 watts per lump.
{Also the cooling of graphite by means of a water circulation in copper pipes
in good thermal contact with the graphite has been investigated).

Work has also been conducted in order to test various methods for the
removal of the uranium out of the experimental pile after operation.

The tedious but exccedingly useful woerk of developing and producing
measuring instruments has been carried con as usual.

The most important problems that are in consideration by the physics
division In the near future are concerned with an investigation of the prop-
erties of UO, to be substituted for U,0 in the exponential piles. It is also
planned to set up, as soon as possible, an exponential pile with a volume
about twice as large as the exponential piles investigated so far, in order
to ascertain whether the reproduction factor as measured in a larger unit
turns out to be the same as that obtained from a smaller unit. This experiment
is intended to be a check on the exponential method for measuring repro-
duction factors, which is very desirable in view of the important decisions
that are based on the results of such measurements. '

General nuclear physics experiments and measurements will go on;
however, it is planned to shift a considerable fraction of the activity of the
physics division (rom experiments on pure nuclear physics to research in
connection with the technology of the experimental pile.
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N° 166 and 167.

Worth noting in paper N° 165 is the result, with the very pure uranium oxide delivered
by the Mallinckrodt Chemical Company, of a reproduction factor greater than r for the
first time. The earlier deliveries of uraniumn oxide, guaranteed to be “ chemically pure”
by the previous supplier, had been, in Fermi’s own privately cxpressed words, * filthy with
dirt.” e had been © swindled by a slick sales talk ” and it had taken one year and a move
to Chicago to prove it.

In the following monthly review (paper N° 166) Fermi could show that the reproduction
factor which could be obtained in a graphite-uranium oxide system was as much as 1.04.
With a 4 °/a excess available, the chain reacting structure could have a reasonable size and
there was still some margin left over for a limited amount of impurity.

Exponential Pile N° 11 (paper N° 167) was considerably larger than its predecessor
and served to check the reliability of the theoretical interpretation. Thc experiment was
carried out by Zinn, but the results were given by Fermi.

H. L, ANDERSON.

166.

STATUS OF RESEARCH PROBLEMS
OF THE PHYSICS DIVISION

Excerpt from Report CP-z35 for Month Ending August I35, Ig4z.

This is a review of the main problems on which work had been per-
formed by the physics division in the past month. The details of the methods
and of the results are to be found in the reports of the various group leaders
under whose supervision the work has been conducted.

EXPONENTIAL EXPERIMENTS.

Two exponential piles No. ¢ and 10 have been set up and measured.
They are both geometrically similar to pile No. § (cylinders of 3" diameter
and 3'° height of pressed oxide in a cubic graphite lattice of 8" side).

In No. g9, U,0y from Mallinckrodt was used. The analysis indicates
that this oxide is free from appreciable amounts of impuritics. The repro-
duction factor found in pile No. 9 was £ = 1.007 or &= 1.004 according
to the method of calculation. The second value is probably more nearly
correct. This experiment indicates an increase in: reproduction factor somewhat
more than 1°/, due to the change from the D1® oxide to the purified Mal-
linckrodt® oxide.

{*} This is the name of a particular brand of material. (Editors’ note).
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In experiment No. 10, when UQO, was used instead of U,Os, a further
increase of about 1 9/, was found in the reproduction factor. This increase
bears out the theoretical expectation that an appreciable loss of repraduction
factor is due to the presence of oxygen in the oxide lumps.

Some further increase in the reproduction factor of graphite uranium
oxide systems may be expected by:

@) Use of pure graphite. A change from the US® graphite to Speer &
graphite may bz cxpected to yield an increase in £ from 2 to 2.5 %.

£ Removal of nitrogen may give an increase by somewhat less
than 1°%,.

It appears probable therefore that the best reproduction factor for
graphite-oxide systems will be close to 1.04.

Since important decisions are based on the resuits of the measurements
of reproduction factors by the experimental method, it appeared worthwhile
to check on the reliability of the method by setting up a larger pile of the
same internal structure as pile No. 10 in order to verify whether the repro-
duction factor obtained in the larger structure is the same as that of the
smaller pile. Tor this purpose, a new experimental pile No. 11 having about
twice the volume of pile No. to has heen set up and is going to be measured
in the next few days.

NUCLEAR PROPERTIES OF VARIOUS MATERIALS.

A number of tests of neutron absorption of various materials have
been performed.

(@) The routine tests on the absorption of the Mallinckrodt oxide have
been carried out regularly on the various batches. The absorption found so
far are below the experimental accuracy of about 0.05%,. It is planned in
the near future to carry out control measurements in order to check on the
reliability of this test by adding known amounts of various neutron absor-
bers to batches of oxide in order to determine whether the neutron absorption
‘method carried out according to the present routine gives a correct indication
of their amount.

(6) A measurement of the absorption cross section of beryllium by
the method of the diffusion length has been carried out using a considerably
larger amount of this metal than had been available in previous experiments.
The diffusion length and the diffusion mean-free path were found to be 26
and 2.56 cm for beryllium of average density to 1.735. This corresponds
to an absorption cross section of about c.or1xio—2.

(¢) A measurement of the diffusion length in the carbon brick ** Ken-
proof "’ has been carried out in order to explore the possibility of using this
material as a reflecting shield for neutrons. The diffusion length of this ma-
terial is about 22 cm.

(d) A graphite pile of about 3 x5 feet cross section has been set up
for measurements of fairly small absorption cross sections of various materials.

{*) This is the name of a particular brand of material. (Editors’ note).
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A layer of the material is introduced in a suitable gap and the absorption
cross section is calculated from the decrease in neutron density near by.
This method has been applied so far to the determination of a brand of pure
commercial lead. A cross-section of 0.15 % 10— was found for this material.

Provisions are made to measure the absorption of the new batches of
Speer graphite as soon as they shall be available.

MISCELLANEOUS EXPERIMENTS IN NUCLEAR PHYSICS.

{«) Determination of the number of neutrons produced in the fission
by tast Ra-}Be neutrons has been carried out by determining the total
number of resonance neutrons produced by a source imbedded or not in
a uranium metal sphere covercd with cadmium. The experiment indicated
an increase of about 16°%, in the number of neutrons observed with the
metal sphere. This increase is of the same order of magnitude as expected
according to the caleulations of Szilard and Feld. It is hoped to increase
the accuracy of this resalt by using a stronger source of small geometrical
dimensions.

(4) Experiments were performed with neutrons emitted by the cyclo-
tron on the neutron distribution inside and near uranium lumps imbedded
in graphite with various geometrical dispositions. Cylindrical units with
a paraffin core were investigated in order to obtain some information to be
used in the discussion of the water cooled plant. Also the neutron distribution
inside a large metal sphere has been studied. The result scems to indicate
a hardening of the neutrons that pcnetrate near the center of the sphere
5o as to give an effective absorption lower than the absorption for thermal
neutrons. Further work is being done on this problem.

(¢ The admission of photo-neutrons by beryllium irradiated with
hard gamma rays from long living fission products has been ohserved. The
yield is of the same order of magnitude as that found for the gamma rays
of radium C. :

(d) A test designed to deterrnine whether there is any appreciable
absorption of neutrons during the slowing down process in carbon has been
in progress for some time and it is hoped that the results will be available
soon.

(¢) A counter has been constructed specially designed for an absolute
determination of the beta ray activity.

PREPARATORY WORK FOR THE EXPERIMENTAL PILE.

Congiderable activity has been devoted by the Physics Division to
preliminary design and testing of various devices to be used in the experi-
mental plant. ,

Work has Dbeen done in particular on the controlling devices. A material
that presents interesting fecatures for the controlling rods is iron containing
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a small percentage of boron. Various possible mechanisms and electric
devices for the operation of the controlling rods have been investigated.

Ways of connecting graphite bricks to form a stringer that could be
pulled out of the pile after operation have heen designed and tested for
strength.

The heating transmission between pressed oxide lumps and graphite,
between adjoining graphite bricks, and between the graphite and water
cooled copper pipes has been determined. An interesting result is the strong
dependence of such heat transmission coefficients upon the gas in which
the system is imbedded. The heat transmission in a helium atmosphere
is about three times higher than in air. Since the air shall have to be sub-
stituted by helium in the operating pile, it is expected to get thereby a consi-
derable improvement in the heat transmission.

Some preparatory work has been done for testing the properties of
vacuum tight coverings of metal sheet and of balloon cloth.

INSTRUMENTS.

Somewhat more than 30 counting sets are at present operating in the
various divisions of the laboratory. An organization has been set up for
keeping such sets in shape and it is hoped that this may help to improve
the quality of the measurements. The Instruments Section has also been
working on the production of a reliable fast neutron detector and of electric
devices for the operation of the controls.

15
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For the introduction to this paper see N° 166,

167.

EXPONENTIAL PILE No. 11

Excerpt from Report CA-247 for Week Ending August 29, 1942.

The measurements of the reproduction factor in graphite oxide systems
have been performed so far by measurements of intensity in the exponential
piles. Up to now the sizes of the exponential piles on which experiments
have been performed have not been varied between wide limits. Indeed,
the sides of the columns have ranged from go to 96°. As a check on the
reliability of the theoretical interpretation of the exponential experiment,
it appeared worthwhile to perform a measurement at least once using the
same internal lattice geometry on two columns of rather widely different
side. This provides a check on whether the reproduction factor measured
with the two arrangements is the same. '

The two exponential piles compared in this way are No. 10 and No. 11.
The lattice is the same in both piles, namely a cubic lattice of 87 cell side
with cylindrical lumps of pressed UO, having a diameter and height cf about
3""and a total mass of about 2070 grams. The side of the pile used in experi-
ment No. 10 was g2'’. Pile No. 11 has the same internal structure but its
side is 132", A complete description of experiment No. 10 has been given
by Whitaker and Zinn in the weekly report C-223. The most probable value
for the reproduction factor in experiment No. 10 was 2= 1.014.

The value for the reproduction factor obtained for experiment No. 11
is slightly lower, namely, between 1.012 and 1.013. The difference between
the results of the two experiments appears, therefore, to be within the limits
of accuracy of measurement, although there is some indication that experi-
ments on small size piles might give a somewhat high value for the repro-
duction factor, probably due to an underestimate of the effects of room
scattering.

Table I gives a comparison of the essential features of the two experi-
ments. The geometric side and the effective side @ are given in the first and
second row. The third row gives the relaxation distance @/ J'2 that would be
expected in the two cases for the reproduction factor £#=1. The fourth
row gives the relaxation distance 4 actually observed. In both cases 4 is
larger than a/r} 2, indicating that the reproduction factor is >1. The fifth
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row gives the magnitude 5—12 = z:-z ——%
in the two experiments if there were no errors either in the experiment or
in the theoretical interpretation. The sixth row gives the reproduction factor.
The seventh row gives the number of counts obtained in the two cascs from
the natural neutrons at the center of the pile. The difference between the
two values is quite consistent with the difference expected theoretically

due to the change of dimensions.

This magnitude should be equal

TasLe 1.
No. 10 No. 11
Side 92" =233.7cm | 132" = 335.3cm
a 240 340.6
74
= 54.1 76.7
V2
& 55.82 81.32
I 2 1 s 6
= T Tk 22X 10 19 X IO
£ 1.014 1.0125
Natural neutrons &7 116

A few features of the exponéntial pile No. 11, which is the largest so far
constructed, may be of interest. The effective reproduction factor defined
as the reproduction factor obtained when the losses due to leakage outside
of the pile of finite dimensions are included, was about

keﬂ‘ = 083

From this follows that a neutron originally produced by an external source
in the geometrical distribution corresponding to the main harmonic would
be reproduced in the average about six times, if all the generations are included.

The critical dimensions for a cubical pile of the same internal structure
as No. 11 would be about 13 m side. For a pile of the same structure of spheri-
cal shape the critical radius would be somewhat more than 7 m, corresponding
to a critical mass of graphite of about 2500 tons.
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In the suminer of 1942 the United States Army was assigned an active partin the uranium
project, and in August it organized a special district of the Corps of Engineers, the Manhattan
District, In Septcmber, Brigadier General L. R. Groves was placed in charge of all Army
activities concerning the uranium project, a post that he held throughout the war years and
until the civilian Atomic Energy Commission was established.  Although for scveral months
the project remained under the joint control of Army and Office of Scientific Rescarch and
Development, from the summer of 1942 its whole effert was increasingly directed toward
military objectives ('),

Even before the Army took over, it had become evident that the physical facilities
of the project needed to be greatly expanded and a search for a suitable tract of land had
begun. A site at Argonne Forest, near Palos Park, was purchased in June, and plans were
made te move the project there, But the demand for buildings and special facilities was
so preat that a larger site was located at Oak Ridge, Tennessce (the Manhattan District
purchased it later in the summer), leaving the first one freed from all purposes other than the
construction of the first chain reacting pile.  The plans for building the first reactor could now
go forward unimpeded by the myriad needs of the chemists, metallurgists, biologists, and en-
gineers who had many urgent problems to solve before the large scale production of plutonium
could become a reality. Eventually, however, the pians had to be changed, and the pile
was built on the campus of the University of Chicago (see paper N° 178).

Meanwhiic, at the Metallurgical Laboratory in Chicago the exponential experiments
were continued under the direction of Zinn. Fermi’s report for September, 1942 showed
considerable improvement in the purity of the latest deliveries of Speer Graphite. Tt also
revealed the plan to encase the pile in a rubberized balloen cloth housing, so as to make pos-
sible a gain of about I °/s in the reproduction factor through the removal of air,

Report CP-257, of which this paper is an excerpt, was issucd also as A-287.

H.1.. ANDERSON,

168,

STATUS OF RESEARCH PROBLEMS
OF THE PHYSICS DIVISION

Excerpt from Report CP—257 for Month Ending September 15, 194z,

This is a review of the main problems on which work has been performed
by the physics division in the past month. The details of the methods and
of the results are to be found in the reports of the various group leaders under
whose supervision the work has been conducted.

(1) H.D. SMYTH, Atomic Energy for Military Purposes, Princeton University DPress
(1945).
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EXPONENTIAL EXPERIMENTS.

During the past month a test on the validity of the methods used for
caleulating the reproduction factor from the measurements in the exponential
experiments has been performed by setting up an exponential pile having
the same internal structure but appreciably larger size than any of the piles
previously constructed. The two experiments that are so compared are
No. 10 and No. 11. In both cases UQO, lumps of about 2070 grams are
embedded in a cubic graphite lattice of 8”7 cell side. The side of the expo-
nential column in the two cases was, however, different (92" for Pile No. 10
and 132" for Pile No. 11). The volumes of the two piles were approximately
in the ratio of 1 to 2. The value of the reproduction factor for experiment
No. 10—# =1.014—~has already been reported. The value found in experi-
ment No. 11 was £ = 1.012. The difference between the two results is of
the order of magnitude of the cxperimental error. It was also checked that
the density of the natural ncutrons in the piles 10 and 11 was in the ratio
expected from the theory. (For details, see the report of Group III -
Zinn).

A new attompt was made to determine the dependence of the repro-
duction factor on the temperature. For this an exponential pile was set
up and provided with a set of heaters and with thermal insulation and was
measured first at room temperature and then at a temperature of about
120°C. Only a very small decrease of the order of the experimental crror
was observed in the relaxation distance. The interpretation of this experiment
is discussed in Report CP-254® by Fermi, Christy, and Weinberg, and the
result indicates a decrease in the reproduction factor of 0.4 %, per 100° with
an cxperimental error of the order of magnitude of the effect itself. The
conclusion is obviously somewhat doubtful and more work shall have to be
done on the sensitivity to temperature changes.

A considerable amount of uranium metal in the form of sintered blocks
has been received from the Alexander factory and this material is at present
being used in an exponential pile in order to test its properties. The amount
of material available so far is not sufficient to make up a complete pile but
only three or four layers. It is hoped, nevertheless, to be able to get in this
way some useful indication as to the properties of metal. It should be noticed
that the metal in question contains a considerable amount of impurities and
has pyroforic properties which make its handling even in the sintered form
unpleasant and dangerous.

The following exponential experiments are also being considered:

I. An exponential pile with Speer graphite and UQ, in order to check
whether a better brand of graphite will give the expected advantage.

2. An exponential experiment in which a large amount of bismuth
will be placed near the uranium lumps in order to test the cffect of a pure
commercial brand of bismuth on the reproduction factor.

{*) See paper N° 163 (Editors’ note).
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3. An exponential experiment in which a rod of paraffin will be
inserted in a hole drilled through each uranium lump in order to obtain a
geometry as close as possible to that which it is proposed to use in the
water cooled plant.

NUCLEAR PROPERTIES OF VARIOQUS MATERIALS,

The tests of the Mallinckrodt production of UO, have been conducted
regularly. Except for one single case in which the absorption found was
0.3 %, all the rest of the samples gave indication of a quite negligible
absorption. (See report of Group IV-Anderson).

Measurements of the diffusion length of a batch of 50 tons of Speer
graphite have been performed. Two samples have been tested, one of bricks
taken from the ends of the furnace and one of bricks taken primarily from
the central portion. The diffusion length reduced in both cases to the nortmal
density 1.6 was 47.93 cm for the first sample and 48.63 cm for the second
sample. From the value of the diffusion length one can calculate the absorp-
tion cross sections for neutrons of energy £T for the various brands of
graphite. Such cross sections are recorded in Table L

TABLE 1.
- : ppm-B

Brand of Graphite STy 1077 equivalent
U.s. ..o R 6.4 1.8
AGX . .00 6.7 2.1
Speer {7 toms) . . . . . .. . 5.5 0.7
Speer (Ist 50 ton lot end of

furnace) . . . . . . - 5.0 0.9
Speer (1st 50 ton lot center of

furnaee) . . . .. . .. 5.4 0.6

The last column of this table represents the ppm of Boren required to give
the observed cross section on the assumption that boron is the only impurity
present and that the cross section of pure carbon is 4.9X 1077, (Sce report
of Group IIT-Zinn),

There are still some elements that may be present as impurities in our
materials for which the neutron absorption is not yet known. FExperiments
are in progress in order to determine the absorption cross section of some
of these elements, particularly in the group of the rare earth.

MISCELLANEOUS EXPERIMENTS IN NUCLEAR PHYSICS.

The tests on the neutron distribution inside small samples of a lattice
structure placed near the cyclotron have been continued during the past
month. The results seem to indicate that the absorption coefficient of
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cadmium absorbable neutrons in the lattice is less than that of thermal
neutrons. The simplest interpretation seems to be that due to the strong
absorption of neutrons in a lattice, the number of collisions is not sufficient
to reduce the neutrons to thermal energy. (See report of Group I-Snell).

The previous results, as well as the rather obscure results obtained in
the thermal experiment on the exponential pile, make it appear worthwhile
to investigate in a somewhat more systematic way the conditions under
which neutrons are or are not slowed down to thermal energies by collisions
in graphite. A graphite column has been set up by Mr. Anderson’s group
with facilities for heating in order to perform such experiments. (See report
of Group IV-Anderson). '

New measurements of the absorption cross section of uranium [or thermal
neutrons have been taken. (See reports of Anderson and Snell). Although
the method used in the two measurcments is quite different, both experi-
ments seem to indicate that the value of the total thermal cross section is
somewhat higher than indicated by previous measurements. The reason
for such a discrepancy is not yet cleared up. Preliminary results obtained
by Mr. Anderson’s group give the values 4.6x 1072 and 3.2 10=% for
the cross sections of uranium for thermal neutrons leading to fission and to
formation of U*. Assuming these values and assuming that the number
of neutrons emitted when a thermal neutron is absorbed is for natural uranium
M = 1.3, it would follow that the number of neutrons emitted is 2.2 per fission.

Some more work has been performed by Mr. Anderson’s group on the
standardization of ahsolute measurement of $—ray intensities giving particular
attention to the error introduced in such measurements by the use of different
foils backing the samples.

PREPARATORY WORK FOR THE EXPERIMENTAL PILE.

A number of tests have been made to investigate the possibility of using
a sheet of rubberized balloon cloth for evacuating the first chain reacting
pile that is at present being planned. This material appears to have several
very convenient features. In a test a number of graphite blocks were
wrapped in balloon cloth, cemented with ordinary rubber cement, and evacu-
ated to about 1 mm of mercury. {See report of Group IV-Anderson).

A test has becn performed on the conduction and dissipation of heat
in a graphite pile cooled with a water current in a system of copper pipes
embedded in the outer portions of the graphite. The system was embedded
in balloon cloth and first evacuated and then filled with helium. The energy
dissipated per unit area was of the same order of magnitude as expected
in the experimental pile in order to provide a test under conditions as close
as possible to those expected in the operating pile. (See report of Group
I'V-Anderson).

Work is in progress on the construction of four control rods with mecha-
nisms for operation to be used in the first chain reacting pile. (See report
of Group V-Wilson).
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Fermi organized a second series of lectures in September. He had quite clear ideas
about how he was going to carry cut the chain reaction experiment. The lectures to the
young people of the Metallurgical Laboratory gave him an opportunity to review these ideas
and check, in his own mind, the soundness of his plans.

All the bases, both theoretical and experimental, of the chain reaction, he collected
together and recast in the simplest possible form which could yet give adequately accurate
quantitative results. Anyone with a reasonably good training in physics could follow the
argument and learn how the lattice constants and the size of the pile were arrived at, what
the behavior would be during the approach to criticality, how the controls worked, including
an estimate of their effectivencss, and what the time response of the reactivity of the pile
would be. Doubts could be settled, questions answered, and the physicists who were engaged
in various phases of the work could have an understanding, in some detail, of the whole. The
lectures were fresh, clear, and convincing; they showed Fermi’s wisdom, his knowledge, his
complete suitability for the job at hand. It was a privilege and a thrilling experience to be
assoclated with him in those days.

The notes, taken by one or another of his listeners, have not been revised: they are
still 1nostly in concise mathematicai language, but here and there they have recorded Fermi’s
use of slang, which he was picking up from his younger associates and of which he was very
fond.

Several subsequent hooks on the chain reaction by various authors were based on these
lectures, though often without reference to them.

H. L. ANDERSON.

160,

PURPOSE OF THE EXPERIMENT
AT THE ARGONNE FOREST.
MEANING OF THE REPRODUCTION FACTOR “£2”

Report CP—283 (Notes on Lecture of September 23, 1942).

PURPOSE OF EXPERIMENT AT ARGONNE FOREST.

1. To determine if a self sustaining chain reaction is possible.
2. To demonstrate whether or not power may be obtained from such
a reaction.

MEANING OF REPRODUCTION FACTOR ““£7.
‘£ is the number by which one multiplies the number of neutrons

of one generation to find the number of neutrons in the next generation.
For instance, if there are N, neutrons in a given generation, there will be
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#N, daughter neutrons and there will be £°N, in the second generation, or
£ N, in the #th generation. Thus, if £ <1, #*N, >0, and the reaction is
not self-sustaining. If %2 =1, the reaction is sell sustaining, while if A1,
“run quick-like behind a big hill many miles away. ”

In a self sustaining chain reaction, the initial neutrons are provided
by spontaneous fissions in the pile. These are reduced to an energy suitable
for producing fissions before they come in contact with special materials
in which neutrons are born very readily. A fraction of this new generation
then repeats the life history of their parents.

The structure which will be built at the Experimental Plant will consist
of carbon blocks and uranium units. The pile will be a cube whose edge

e
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will be 6.4 meters. The structure is indicated in fig. ¥. The unit which is
repeated throughout alternate horizontal layers in the pile is shown in A of
fig. 1. The unit which is repeated through the vertical is shown in B, fig. 1.
In each case, U denotes the region in which neutrons are produced most
copiously and C the region in which they are moderated.

A neutron may terminate its existence in the pile by:

I. Escaping from the pile.

2. A sterile encounter with an atom (parasitic capture). In this,
the neutron is captured, when its energy is not such that a fission results or
the neutron is captured in a material in which fissions do not result.

3. Producing a fission which in turn releases daughter ncutrons.

The materials and geometry are selected so as to reduce No. 2 and
increase No. 3. No. 1 is decreased by making the pile larger.
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The number of neutrons in the pile at any time is
N+ N, &£+ N A2+ N #»
or
N1k & ook B,
a geometric series hence

_ Lim (1—&) Ng :
S= e N = Gf &< 1)

Hence, the total number of neutrons in a pile is a means of measuring 4.
This will enable us to define the effective production factor £,. If the
production factor is £ and the fraction of neutrons escaping from the pile
is £,
k=1 —f) k.

Thus if the production factor is 1.05 and § per cent of these escape

£ = (0.95) (1.05).

A boron counter measures neutron density because the probability of
a neutron producing an ion in such a counter is preportional to 1fv and the
number of ions passing through a region is proportional to sw, where # is
the neutron density, hence the total number of pulses is proportional to:

I
— RV — .
v

This indicates a method of building the pile. Counters will be placed
in the pile and 5 determined as the size of the pile increases. When £—1,
S will rise very rapidly, and before the pile can be made larger the parasitic
capture of neutrons must be increased. This can be done by inserting some
material, which readily absorbs thermal neutrons, into the pile. The plan
is to have four rods which may be moved in or out of horizontal slots near
the center of the pile. These rods will be inserted and if “ £ is lowered
according to predictions the construction work will continue.

When the pile is completed it will be sealed in an air tight tent made
of rubberized halloon cloth and the whole will be evacuated. The removal
of the air will reduce parasitic capture and enhance the value of 4.

The control rods, each of which will kill about 1/2 of one per cent of the
neutrons, will then be pulied out until “ £ approaches 1. Then it will be
determined whether “ 27" can be sufficiently regulated hy the movement
of the rods both manually and automatically. When it has been shown that
a self-sustaining rcaction can be established and controlled, the laboratory
and territory will be evacuated and the pile will be operated for a short while
from the “ dug out '’ in no man’s land to determine if power may be obtained
from such a plant.
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N® 170.

For the introduction to this paper see N° 169.

170.

THE CRITICAL SIZE—MEASUREMENT OF “2"
IN THE EXPONENTIAL PILE

Report CP-289 (Notes on Lecture of September 30, 1942).

In the actual carbon piles in which £ has been measured there are two
neutron sources placed near the bottom of the pile as indicated in fig. 1 and
the piles are in a room in which walls may scatter neutrons.

In order to treat of the problem of pro-
duction of neutrons in this pile the following

simplifying assumptions are made: |
I. The entire medium is homogeneocus: |

A. Actually the medium is a lattice I

work made up of carbon throughout which I
are placed uranium metal or uranium oxide |

units. {See Fermi's first lecture)®); /]""“: ‘‘‘‘ I

B. This assumption also means the |~~~ = N S~
source is distributed uniformly throughout the j—- SR
region. e

2. The neutrons are monoenergetic.
3. There is no back scattering by the Fig. 1.
walls.
This means that the neutron density #» (x, %, ) is a function of position
only. '
The neutron density at any point may vary with time by
1. Diffusion,
2. Absorption,
3. Production.

EQUATION OF NEUTRON DENSITY FOR STEADY STATE,
A —_nZ =
DA » 4 (4 I) " +g=0

is the equation for steady state under preceding assumptions. D is the diffusion
cocfficient, that number by which the neutron density gradient is multiplied

{*) See paper N° 169.

TP vy
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to give the number of neutrons crossing unit area in unit time. # is the number
of neutrons per cm® # is the velocity of neutrons, assumed uniform. A is
the mean free path of neutrons, the mean distance a thermal neutron travels
before capture. Zis the reproduction fac-
tor for neutrons. ¢ is the number of

neutrons per unit time per unit volume

which the source sends into pile.

Let the neutron density at the cen-
A B ter of the elemental cube dv=dxdyde
+—0dZ  be # and the respective rates of change

of neutron density in the x, # and z

directions at this point be »/dx, 3rf2y,

/ dx dy and énféz {fig. 2). The rate of change

on

of neutron density at face A is

Fig. 2 dx
P n dx .2
— ~9xf' -zi and that at face B is % +
22 . . .
‘é?;— TX . Thus the respective rates of influx through faces A and
{ d7z é*n dx Bz P n dr
B are D (?ﬂ? — Txg T) a’y 0,72 and D (W + 4‘3—.’;,’;"7 “2—') dy Liz. Hence, the coen-

tribution to the number of neutrons within the cube due to diffusion along

. a . . _
the x axis is D-af—dx dvdz.  Likewise, the contributions to the number of

neutrons within this element due to diffusion along the z and y axis are

S dx dy de.

dz®

respectively D %dx dydz and D

Hence the total contribution of diffusion to the ncutron density with
the element 47 is:

2% p 2% P\ drdyds A
D(’o‘xz + 292 + 822)_ dv =Dan

THE CHANGE IN NEUTRON DENSITY DUE TO ABSORPTION AND REPRODUCTION.

If A is the mean distance a thermal neutron travels before absorption,
the probability of ahsorption in a distance &s traveled in a time d¢ is ds/A
and the number absorbed per unit volume is:

. ds 1 mw
"a AT X
The change in density due to reproduction is:
Hny
é &7 1
since by definition for each neutron absorbed £ neutrons are produced.

Now, g neutrons per unit volume per second are supplied by the source,
and the total contribution to the density by diffusion, reproduction and the
source is:

DAz &2 1
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and the loss by absorption is #w/A. In the steady state, the net contribution
of all factors is zero and: T

DAn—{—(é—ﬁl) +q—o
“h

It is shown in kinetic theory that D = — where A is the mean distance a

thermal neutron travels between successive collisions. Substituting this
value and multiplying through by 3/¢h we have:

(1) Am 4 (b—1) 50 + 2L

SOLUTION OF EQUATION (1).

We consider a cube of side 2 and assume the source diffused throughout
the cube. )

Since # is a function of x, ¥ and # and a Fourier series may represent
the solution for any distribution of sources, the leading term of this Fourier
series is assumed as a solution. Thus let

wx Ty Tz
# = 7, CO5 — €O —— COS ——
a a a

where the origin is taken at the center of the pile.

3 7 3%z 5% 7z 3 n* =3 T g 3 =?
An = —_— e _ — _—] == — A
7 + = 4 e 5 M| COS —— €OS —— CO8 — prakcl

Substituting these values in cquation (1) we have:

3 w2 (/E:——I
— 3y |

which gives: )
3g 7 (F—1)h |
/545 — 25,

== z f T A

n increases as @ increases provided Z—z >”'{)';:\I The variation of #
with z is indicated in fig. 3;
@, is given by
i Ao—1 TAA
P Vel ekl & =

At 2 = 4, the pile is unstable and the theory does not hold beyond this peint
as equilibrium was assumed. Also for a, to be real 4 > 1. It should also be
noted that as 4 increases a4, decreases.

If one does not assume monoenergetic neutrons, the formula becomes:

= ]/ QAL TS
o = l é—I T
7o 1s the mean distance a high cnergy neutron diffuses before becoming a
thermal neutron. For example:

2

ﬂ -+ —c = 700 cm”.
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Let 2= 1.035. Then:

]/M = 700 cm.

0.05

This is the size of side of the pile required for 4 to be equal to r.05. The
experimental pile will be a cube of approximately this size.

k=105

]
|
]
}
|
k=1.02_-T |
|
|
|
|
|
|

as for k =105
Fig. 3.

MEASUREMENT OF 4 IN THE EXPONENTIAL PILE,

In measuring £ in the exponential pile, neutron density measurements
with counters are taken starting at a distance from the localized source,
such that ¢ may be assumed to be zero. The differential equation then becomes

If one measures the neutron density along a vertical line the solution is of
the form

T Ty
n =7 (z) cos -~ cos ——

y -

Ap =f" (5 cos%xcos =

Substituting these values in the equation we get the following differential
equation for f {z)

@ — A3 S @ =o

whose general solution is of the form:

/z:ﬂ 3(&-—1) ]/m
— V= aA +B€+” 2 kA

/() =

. . . + ) . . .

For an infinite pile, the term e V" cannot be a solution, since it becomes
infinite as 2z —+o0. Therefore B = o.

The relaxation distance is the distance required to reduce the neutron

intensity by a factor of 1fe. In a pile the neutron density follows the law
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5

¢ % and thus

1 2 n® 3(k—1)
7 @ 2

If we do not assume monoenergetic neutrons the formula becomes

1 2 7* A—1
= —— oI,

WM 7h

3 4
A 7a\/2n? 1
e :(.TJVT)(—FMT*)

£—1 = 700(2—?-——1—)-

& &
Therefore:
£ ‘ =1 ‘ < ¥ ‘ 1
5 a . a a
s — | < = ——
m¥z n¥z xVz

Numerical example:

a =233 cm. If the length of the side is corrected for the mean free
path @ becomes about 238 cm.

Thus:

— — §3.8 = 4.

The relaxation distance in the present pile is about 55 cm.

COMMENTS AFTER LECTURE.

A 2500 X285 2000, for carbon. The reason Af3 issmallis due

3 3
to uranium absorption. Of the total absorption of neutrons about one part

is duc to carbon and seven to uranium. This reduced A by a factor of
about eight, hence,

Effective Aj— = 350.

To determine &, neutron densities are measured as a function of z and

kS

are found to fit the curve # = #n,¢ ! Thus:
log n = log nou—g

and if # is plotted against z on semi-log paper, the slope = —j&— . Knowing
a and &, £ can be found.

To compute #,, a source is placed in a column of graphite. The density
of 1 volt electrons is measured as a function of the distance from a source.
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This intensity is found to follow the Gaussian law and

P =Py € ©

where 7, is the mean value of x. The graph is shown below (fig. 4)

o xF
_ re
Mo n=nge o
f
Mo
e
[
o X —
Fig. 4.

7, is the mean distance from the source at which a high energy neutron is
reduced to thermal, which is the distance for the intensity of these neutrons
to be reduced by a factor of 1fe. Since the above is for one volt neutrons cor-
rections are made for neutrons of thermal energy.

DISTINCTION BETWEEN A AND |/ %
v o _ :
I;f3— is roughly equal to the air linc distance between the birthplace S
and the site of capture P of a thermal neutron. This is represented by the
S

Fig. 5.
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straight line SP in fig. 5. A is the total distance a thermal neutron travels
during its life time. This is represented by the broken line SRP.

LIFE HISTORY CF 100 NEUTRONS.

Life histery of 100 neutrons

100 nascent neutrons

Resonance capture

by uranium 10

190

Thermal neutrons

Resonance capture

! 5 escape from pile
in carbon

40
Produce fission. { Each fission
Absorbed gives 2.5 neufrons ; hence

in carbon 100 daughter neutrons born.)

16
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No 171,

In paper number 171 Fermi gives a simplified derivation of the time dependence
of a reactor. The procedure that Fermi followed in starting up the fist pile was based
on the formulae in this lecture combined with the method (see paper number 169} for esti-
mating criticality from a series of suberitical measurements. The same procedure was
followed in starting up subsequent reactors.

This lecture is of higtorical interest. It cleariy illustrates that there was a good under-
standing of pile kinctics despite implications to the contrary in some melodramatic accounts
of the events of December 2", 1942 given in the press. See also the iniroduction to N° 16¢.

A, WATTENBERG.

171.

PROBLEM OF TIME DEPENDENCE
OF THE REACTION RATE:
EFFECT OF DELAYED NEUTRONS EMISSION

Report CP—291 (Notes on Lecture of October 7, 1942)

A. SIMPLE THECRY NEGLECTING DELAYED EMISSION OF NEUTRONS.

Assume £ = 1 + &, where £ is a small positive number, 4 is the repro-
duction factor for a pile of finite size. A fast neutron becomes thermal in
about 100 collisions, then after about 1000 more collisions it is absorbed.
It moves much more slowly in iis thermal stage, therefore the thermal life
is long compared with the early ‘ fast’' life.
absorption by uranium
absorption by carbon
of uranium and carbon is about 1/10 of the lifetime in pure graphite. If
the lifetime in graphite is 1/100 sec, then the lifetime of a neutron or time
of one generation in the lattice is 1/1000 sec.

If £#= 1.001, the nth generation of descendents from one neutron is
(1.001)*. To multiply the initial number of neutrons by e there must be 1/e
generations as shown below

Because

= %, the lifetime of a neutron in a lattice

log (1 4 &) = ¢ approximately
g =1+4c¢
e= (1 + e)e.

The time for 1/e generations, if € = 0.001 and the time of one generation is
I
1000

= I second.

. 1
1/1000 seconds, is equal to - X
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After 10 minutes there have been 6X10° generations since:

I
— se¢ = 600 seconds, n = 6X10°

and the number of neutrons produced from one neutron is (1 4 £)* = ¢
— pBX1adxTo 3 .

The contro! rods will probably change £ by about 1°/, if moved from
all out to all in the pile.

If the rods are 6 meters long, and 42 = 1.001 for the rods completely
out, then £ = 0.991 for the rods completely in. Since 600 cm of rod change
&by 1°,, 6 cm of rod charge £ by 0.01 °/, or by 0.0001 units of 2.

If the control rod is moved out 6 cm, & changes from 1.000g to 1.0010.
The relaxation time, or time to change the number of neutrons by the factor
¢, is given by:

1 i I

1
— % = pe = 1 second.
[ 1000 0,001 1000

This theory however is not correct because there is a time delay in the emis-
sion of seme of the neutrons.

B. SIMPLE THEORY INCLUDING DELAYED EMISSION OF NEUTRONS.

Upon fission, 99 %/, of neutrons are emitted right away. 1°/, is emitted
after an appreciable time lag described by a complicated law which depends
on about 3 lifetimes. The mean lifetime is about 10 scconds.

(a) If £= 1.20, without delayed neutrons £ = 1.19. The reaction rate
is not changed appreciably by removal of delayed neutrons. (b) If 2 = 1.003,
their elimination reduces £ to 0.995 and the delayed neutrons are needed
to sustain the chain reaction. The reaction can not explode in less than
10 seconds—not until the needed neutrons are supplied. The lifetime of the
delayed neutrons controls the relaxation time in case (b) but not in (a).

I
1000
T = 10 sec = time of one generation of delayved neutrons

Lett=1

sec = normal time of one generation

# = number of neutrons present in the reacting mass

¢ = number of existing radioactive atoms which wiil decay to give
delayed neutrons {¢ stands for ‘‘ credits ').

dn

d?

# = I °, = fraction of neutrons which produce delayed ncutrons.

= rate of change of number of neutrons

¢ atoms decay with lifetime T to give ¢/T new neutrons per second.

All neutrons are absorbed after an average lifetime 7 (tau) at the rate
#{T neutrons per second.

Each absorbed neutron forms £ new neutrons. # includes emission of
both credit neutrons and instantaneous neutrons. These statements may
be expressed by the equations (1) and (2)

® e —Zikt—pT
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where £ (1 — p) neutrons produce instantaneous neutrons.
dr n ¢
@ h—tpZ—i

where ép% = new credits formed per secoend

£ = credits lost per second from radioactive decay.

?
These equations have exact solutions of the form:
(3) = ¢, e%
{4) n = 71, ™.

They may be differentiated to obtain
de

B et
di T e e
dn

— = 7, %™
4t °

and these substituted with (3) and (4} in equations (1) and (2). After dividing
the equations by ¥, there is obtained:

nné—p—co(a+%)=o.

T
The condition that these equations for #, and ¢, have solutions is that the
determinant of their coefficients be zero.
These equations may be solved approximately however by neglectmg
appropriate terms containing T, because 7 is very small compared with T.

7 number of neutrons
Tet N= " =+ - -
lifetime for absorption

= neutrons absorbed per second.

The equations may be rewritten

| de c
| @ =#N-—1
[ =98 = & —N{1—20—8)}

T is very small. Terms which contain it may be neglected, and one thus
obtains

F=wN—T

[

L =N{1—kG—p)
This approximation is good below £ = 1.01 where T is the determining factor
of the relaxation time, is no good if 7 is the determining factor

c=TN {1 —%£(—p}}

A B k(1)) = kPN N{1—E(1— )}
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After simple algebra, the equation becomes:

¢N N A—1 3}
& T Tl1—ka—p 1
The solution is
Qx —-x? E—
e 1 !

where Q =

N = T ra—a

f, the relaxation time, or time for the number of neutrons to change by a
factor ¢, is given by:

s T _qpii—ki—p

QL A1
(I — p) = fraction of neutrons producing instantaneous neutrons,
# = fraction of neutrons producing delayed neutrons,
k(1 — p) = reproduction factor if there were only instantanecus neutrons.
The relaxation time is thus clearly the product of the lifetime for delayed
neutrons and the ratio of the amounts by which the two reproduction factors
differ from one.

If p=1°,, £ = 1.003, and T = 10, then the relaxation time # is given by

[1 —1.003 (1 —0.01)]

Z = 10 sec ro0i 1 = 23 seconds

& relaxation time

1.0000

1.0001 gl10 seconds

1.001 go

1.002 40

1.003 23

1.004 S

1.005 10

1.009 I

1.010I. .. 0

Note that although the relaxation time becomes zero for £ = l.0IoI, this
has no significance because the approximation used is ne longer valid. The
relaxation time for &= 1.001 from this theory is go seconds, while if the

delayed neutrons are neglected, simple theory gives the quite different value
of 1 second.
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N° 172, 173 and 174.

The lectures In papers 172, 173 and 174 were the application of pile theory to the
reactor we were building. In these lectures instead of dealing with general theoretical
cases (see later lectures at Los Alamos), Fermi simplified the situation by taking the appro-
prizte geometrical case and he put in the numerical values for the lattice that would

be used.

These lectures were for the groups that werc building the reactor, and they demnon-
strated Fermis strong desire that those working with him comprehend the measurements
they were making and the plans for the future. See also the introduction to N® 169,

A. WATTENBERG.

172.
A SIMPLIFIED CONTROL.

OPTIMUM DISTRIBUTION OF MATERIALS
IN THE PILE

Report CP-314 {Notes on Lecture of October 20, 1942).

The 4 of metal is lower than that expected. Since critical size @ v —
Fe—1

it follows that volume Nﬁbecause volume is proportional to 2 To
:—1 -

better utilize the material available, the new pile is to be spherical. For the

same critical size,
vol sphere

vol cube I.24.

The sphere has a volume of 24 °, more than does the cube.

A SIMPLIFIED CONTROL.

Consider a small control sphere at the center of the spherical pile.
How is £ affected by this control? The equation which describes the density
of neutrons in the pile is

L'An+ (A -1)n—o0 where Lz:_}-

. . , . 1 3 (.03
If #=n(r) as it does in a spherical pile and A = 2‘5(” ﬁ) then the

P
equation reduces to
1" 2 ] £—1
w )+ -n () + S n=o.
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Let n=%:p(r). This is valid for a spherical pile. The equation then

becomes:
r” é_
o' () + e () =0
and if 2> 1, which is true in this case,

_ U
o () :Asin]//é%—k B cosﬁL—I—r

Now # becomes:

Ve—1 » VE—1 )
Ti-{»Bcos T r;-

— ?Asin

I
¥

Consider two cases:
(1) spherical pile no control,
(2) spherical pile, small concentric spherical control pile.

Case (1).

To determine the constants A and B, the boundary conditions must
be considered.
(a) nw=1 at r=o0.
Therefore
B=o and A=1.

Actually » has some value different from 1. However, we shall neglect this
factor of proportionality for simplicity.

{b) =0 at r=R

where R is the critical dimension.

1 . VE—1
RS0 —1 R=o
. " . VE—1 . . .
This condition requires —5—— R to be either zero or m. Since R is not
zero, it follows that:
VE—1
p R=m
zL.
R = VE—1
2L2
,é —_— 1 = ki -
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Case (2).

The boundary conditions now differ; =0 at R, and at R,

n—% A sin éLI }BCOSE-L—I ,’c":

. £ —1 ]
};I%Asm}—;R + B cos lkLI ngzo
Py VTl
Rg(Asan T 2iﬁo_

For these equations to have a golutlon, the determinant of their coefficients
must vanish:

—= 0 where a= Ve—r
sin aR, cosaR, ‘r L

sin a R, cos akR, l

sin aR; cosaR, —cos aR, sinaR, = o= sin a (R, —R.). The condition is
Vé — 1 (R R )
Such a shell of thickness R,—R, acts as a sphere of radius =(R,—R,)

A control of cylindrical shape or even a slab is roughly similar in effect.

To improve the chances of achievement of a chain reaction, a core of
metal lattice will be at the center of the sphere. £ of the metal lattice is a
few percent higher than £ of the oxide lattice. To use a core is more effective
than to scatter the metal throughout the pile, because the neutron density is
higher at the center. The pile will consist of

(1) a core of good graphite 4 metal,
(2) a shell of good graphite 4 oxide,
(33 a shell of inferior graphite + oxide,

(4 a shell of poor graphite (no lattice),
(5) a shell of wood.

The poorer grades of graphite must be used because unhappily there is not
enough of the best grade.
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Amount of metal in each lattice hole, plotted vs, £

kT

T T

6 12

%/ may go down past a concentration of 12 unts
per lattice hole.

There must be some compromise in this first pile between optimum core
size and amount of metal in each lattice hole, because the supply of
metal is limited.

Letk,=Foxide , £=Fimetal , V_..—=—volume of core.

(/£ —— £o) Veore ust be made a maximum for the material available.
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Ne 173,

For the introductions to this paper see N° 169 and N° 172,

173.

DESIGN OF THE GRAPHITE-URANIUM LATTICE:
EXPERIMENTAIL DETERMINATION
OF f, FROM THE Cd RATIO

Report CP-337 (Notes on Lectures of October 27 and November 3, 1942).

PROPER DIMENSIONS OF A GRAPHITE-URANIUM LATTICE.

A lattice is defined by the size of the lattice cell and hy the size of
the uranium lump within the cell.
Tet the effect of too little or too much metal within the cell be considered:

Case
of Too Little Metal

Case
of Optimum Amounts of Metal

Case
of Too Much Metal

uranium

resonance  thermal N AN

capture / AN e \

7 N s N

s 75 8 8o 20 75

carbon thermal neutrons

resonance left to carry on

capture the chain reaction

In these simple pictures, all neutrons {both thermal and fast) lost by
resonance absorption of uranium are lumped in the single figures 20, 12, 5.

Most thermal neutrons will die in the uranium, but some will die in the
carbon and be lost to the cbain reaction. If there is too little metal, morc
neutrons will die by carbon resonance absorption; if too much metal, more
neutrons will die by uranium resonance absorption. If the number of neutrons
lost by carbon and uranjum resonance absorption is minimized by proper
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choice of relative amounts of metal and carbon, more neutrons are left for
the chain reaction.

Let g, = cross section of 1 gram of carbon for neutrons.

Let 6, — cross section of 1 gram of metal for neutrons.

If for every gram of carbon there are x grams of metal, the probability that
a neutron will be absorbed by metal and not by carbon is preportional to

X
Oy + XSy,

Howoever, this statement is not strictly true., The metal acts as a sink
for neutrons, and the neutron density in and near the metal is lower than
elsewhere. Therefore probability of absorption by the metal is somewhat
less than this quantity, but by an amount which will be neglected in this
treatment.

The expression may be rewritten

I
I = - — g,
=g T =g = where =
G: T

¢ * is the fraction of neutrons reaching thermal energies which are used
in the chain reaction.

Let £~ = fraction of neutrons which become thermal.
A
e ¢ * = fraction of thermal neutrons (necessarily therefore below the

uranium resonance energiesy which are absorbed by uranium and which cause

amount of metal in cell

Fig. 1. — z = experimental points. There is as yet no experimental
verification for decrease in the curve after the maximum,

B

. . .y — + =
fission. Then fraction of total neutrons utilized = ¢ (M "). 2 and B are
approximately constants. The coefficient och,——i— must be minimized to

make this fraction a maximum. This can be done by setting its derivative
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equal to zero:
m—iz =0 =P x = VE max. fraction — 2~ 7P
2 o - o
The maximum fraction for the chain reaction is obtained when the
fractions absorbed by uranium and the fraction reaching thermal energies

are approximately equal. See fig. 1.

product of the 2 curves

vol, of core

Size of lumps
Fig. 2.

- At the last lecture Fermi indicated that lack of sufficient metal for the
entire lattice made it desirable that the size of the metal core of the lattice
and the size of the metal lumps be such that [Zoxide — #meta1] Vol of motal core 15
a maximum. See fg. 2.

DESIGN OF A LATTICE CELL.

Consider an infinite lattice. At the boundary between 2 cells of the
lattice, the normal derivative of the neutron density is zero, because the
density is symmetrical with respect to the boundary.

Let ¢ = number of thermal neutrons produced per cm3/sec,
g7 = average value of ¢,
T = lifetime of thermal neutrons,
V = volume of carbon,

# = neutron density.

The equation for diffusion of thermal neutrons is

A
ThAn— =0

Let f — thermal utilization of the metal

__ net number of thermal meutrons which diffuse into the metal
total number of thermal neutrons produced in the cell
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Then

Py (Sﬂ) o

-— 4 Tz
f: 3 37‘ r=a
?Vcarbon

. . v [ dn P
a is the radius of the metal lump. Y W) 47®a® gives the net
_jr=a

number of neutrons which flow into the metal Tump per unit surface area
of the lump.

The cells are of such a size in this case that ¢ is approximately constant
over the cell. Here it will be considered so for simplicity. This approximation
is good if the cell ditnensions are small. compared with the slowing down
range of the neutron. -

BoOUNDARY CONDITIONS.

on

(1) At boundary of cell, o~ =o0. If the metal surface absorbed all

neutrons which strike it, the boundary condition at » = 2 would be # = o.
However, about 40 °, of the neutrons are reflected into the carbon. The
mean free path is not small compared with the dimensions of the sphere,
consequently the boundary condition is more complicated.

It is
N S e '
duy W3
d?’,r=a

where v is the reflection coefficient known as the albedo of the sphere.

#

For vy=04 and k=27 s - = 3.6 cm.

an
.
To simplify the problem, the boundary of the cell shall be assumed spher-
ical, fig. 3 an error not greater than other errors introduced by the inaccurate

value of the albedo, and errors in theory caused by the lack of thermal equili-
brium among the ncutrons and by the iarge mean free path.

243 R N A 2
e Aﬂ_zz_,_lyg_o = ;- — soan’.
1 3 I :

Boundary conditions: (1) # :(T})r:cﬁ
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I
Let n=7rp(r)

a0 o 3 3
= “F+559:0 Wg:constant.

The solution is ¢ = %gig + A¢ 4+ Be—?" where A and B are determined

by the boundary conditions. The thermal utilization becomes

_)£ fered 2
=3 (W)m‘“‘“ _ 3 (1= (14 P79 — G a1 —py et G0
! gv T o) | (apr—) (11 B) BTl B e (1—p) e T B
where a=afl, =4[], s = % 8 +3 . Yisgiven by theory but may be
3 —

inaccurate by 1 percent.

‘l ____________________

fi
0
4 —
Fig. 4.

When ¢ is small the absorption of the metal is proportional to its own
volume, . When g = &, all neutrons are absorbed by the metal of course.
The optimum value for # is about 0.87. See fig. 4.

EXPERIMENTAL DETERMINATION OF f; FROM THE Cd RATIO.

The activity of an indium detector with and without Cd is measured in
the lattice. Activity when shielded with Cd is activity not caused by thermal
neutrons. The unshielded activity is caused by both thermal and resonance
neutrons. '

I
ACd = Ares ——

11§
A :Ath +Ares
A i (Ath +Ares) o Ath
A—cd=6 or 7 =1.1§ X _(A

1es

+I)I.I5

TES

A =ACd =A-th + 0.13 Arcs
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A;, = K;n The activity caused by thermal neutrons ~ density of thermal
neutrons.
A, =K,7 The activity caused by resonance energy neutrons =~ production
of thermal neutrons.
The K's are constants of proportionality.

7 Vecarbon /: = number of thermal neutrons absorbed in metal. Therefore
(1 —f2} §Veubon 18 the number of thermal neutrons absorbed by graphite

a3 Fi . .
:.Tnvmm, whereT = average rate which neutrons die per em?,

i_ Ath. o # )
Acd*(I—I—A )1_1571_15 K},——I—I}

res

(I _;ft) ?Vcarbon — '%‘ vcarhnn (I —ff) = ?LT

but
wT 2
2= ~cocm® T— 3%,
3 P/l
Therefore -
Fi=1— FAY 1 by I A . .L
£ Y 382 115 Aoy K’

A, v, I* are known. is measured, K is determined and then /; can
3 ) Cd 3 .

be calculated.
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N° 174, '

For the introductions to this paper see N 169 and N° 172,

174.
CALCULATION OF THE REPRODUCTION FACTOR

Report CP--358 (Notes on Lecture of November 10, 1942}

CALCULATION OF THE REPRODUCTION FACTOR.

A neutron is born in the lump with KE = 2 MeV. During its travels,
before it escapes the lump, the fast neutron may:

(a) Collide elastically with a metal nucleus, transferring a small
part of its KE to the translational motion of the nucleus but leaving the state
of the nucleus unchanged. The neutron of course travels on with smaller KE,

(b) It may collide inelastically with a metal nucleus, itself escaping
but giving a large part of its KE to excite the nucleus to another state, The
excited nucleus may then for instance emit a y—ray. Szilard and Zinn found
the cross section for this process in the metal to be 2.8(10 2 cm?® per atom
in the metal.

(c) It may collide with the nucleus and cause fission. The neutron
in this case is captured. Szilard found the cross section for this process
= 0.5 X 107 * cm® per atom in the natural metal.

Fission in 235 is caused by both very fast and very slow neutrons. To
produce fission in 238 the neutron must have energy => 1 MeV. For neutrons

of energy above 2 MeV the probability that a neutron born deep within the
5 5.
' ) 28405 33
If fission occurs the neutron disappears and somewhat less than 2.6
neutrons appear. The net gain of neutrons is (2.6 — 1) = 1.6 = average

multiplication factor per neutron for the process of fast fission in natural

metal lump will produce a fast fission =

metal. The average multiplication factor for a neutron produced deep within
the metal lump = % X 1.6 = 0.24 contribution to £ from fast fAssion if all

neutrons were born at center of lump.
Actually conditions are much less favorable for increase of £ by the process
of fast fission:
(1) Most neutrons escape the metal lump because they are born near
the surface; more neutrons are born near the surface because they are created
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by fission induced by thermal neutrons which come in from the graphite
and die near the surface. Thermal neutrons have high probability to be
absorbed in the surface of the lump.
(2) The lumps of the Argonne pile are small. The probability of fast
fission is proportional to the radius of the lump if the lump is small.
For metal of density 18.0 the increase in reproduction factor due to
fast fission is given in the following table and diagram:

Radius of lump £ 4
icm 4.0,
2 7.6
10.6
4 13.0

radius —s
Fig. 1,

A reaches saturation as the radius of the lump increases because most neutrons
are produced near the surface. The experimental crrors in determination
of constants are probably in such a direction as to increase the apparent
size of 2 If » = 3 cm, 0.11 °/, of neutrons cause fast fission.

Quantitatively the neutron resonance absorption spectrum of U™ is not
accurately known. Qualitatively it is like the scheme in fig. 2.

absorption
coefficient

energy of neufron
Fig, 2.

As a neutron slows it may be caught in one of the resonance bonds of
the metal. The fraction of neutrons lost by resonance absorption may be
calculated. If ¢ neutrons per second are produced in a metal lump, the [ump
absorbs in the resonance process an amount of neutrons V, ¢. V. is a constant
dependent on the size of the lump. It is the volume from which neutrons are
drained by the lump and it is called the resonance volume,

V. = A (mass of lump in grams) + B (surface in cm®). A and B are
empirical constants. If a neutron has the energy of a resonance absorption
peak it is absorbed almost as soon as it hits the metal lump. Hence the number
of neutrons absorbed by the lump is proportional to the surface of the lump.
A neutron of energy corresponding to a low absorption coefficient may travel
some distance into the lump before being absorbed. Consequently the number

17
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of neutrons ahsorbed by the lump is also proportional to the mass of the
metal lump.

For the metal which is now used, V, == 0.358 (mass in grams) 4 1.06
(surface in cm?®). The metal lump for the Argonne pile = 2720 grams, its
surface, 153 cm?® V, = 1136 cm®

Neutrons come from a volume of more than 1 liter to be caught in the

metal by the resonance absorption, but the actual volume of the metal is:
2720 gm

— 3
18.0 gm/jcm3 L350 em

. V, V.
The fraction of neutrons absorbed by the resonance process = V'gg =<
where V is the volume of the metal graphite cell. The fraction of neutrons
v
. . v, v, oz
. =1— T — = v
escaping resonance absorption by the metal = 1 v - ! v =

is a valid approximation if V., € V.
Vr

V for the Argonne pile = 9200 cm® ¢ V¥ = 0.887 fraction of neutrons
escaping resonance absorption in the Argonne pile = fraction of neutrons
which reach thermal cnergies.

The thermal utilization coefficient is 0.868. For every thermal neutron
produced, only 0.868 thermal neutrons are reabsorbed by the metal. It is
thought that for every thermal neutron absorbed, 1.2¢ neutrons are produced.

0.868 x 0.887 = fraction neutrons which reach thermal energies and are
reabsorbed by metal for every original fast neutron.

0.868 X 0.887 X 1.29 = fraction of new neutrons from slow fission per
original fast neutron.

This result must be corrected for the increase in £ by fast fission. If
¥ = 3 cm, increase in & = 106 .

(1 4 0.106) X 0.868 X 0.887 X 1.2g = # = average number of neutrons
produced by one neutron. £ —= 1.086.

1.29 — number of neutrons produced when a thermal neutron is absorbed
by metal.

2.6 = average no. of neutrons produced when a thermal neutron causes
fission.

Probability of fission X 2.6 =1.29.

Ca38

Probability of fission = ratio of abundancesx -
235
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N° 175,

During October the tempo of the preparations for the chain reaction experiment in-
creased. Anderson’s group was joined to Zinn's so that nine exponential experiments were
carried out. The first tests of the uranium metal arriving from Metal Hydrides and Westing-
house were carried out and some changes in the plan of the structure were made in the light
of these results. -

Report CP-297, of which this paper is an excerpt, was issued also as A-318.

H. L. ANDERSON.

175.

THE PROJECTED EXPERIMENT AT ARGONNE
FOREST AND THE REPRODUCTION FACTOR
IN METAL PILES

Excerpt from Report CP-297 for Month Ending October 15, 194z,

The main problem facing the physics division during the past month
has been the organization of the cxperiment at Argonne Forest. In connec-
tion with this experiment, it has been necessary to organize in the West
Stands the work of pressing about 5o tons of uranium oxide and of machining
about oo tons of graphite. The organization of this work, which is now
about halfway completed, is discussed in the report of Zinn and Anderson.
Besides this work, nine exponential experiments have been performed in
the past month in order to try to get information as to the behavior of metal
lumps.

The construction of the building at Argonne Forest has been progressing
during the month of October, and it is expected that the pile room will be
ready for occupation early in November. Mr. Stearns has taken charge of
keeping the contacts with the Army and with Stone and Webster to arrange
for the details of the work carried out there. Mr. Wilson and his group, to-
gether with Mr. Froman, are in charge of developing the controls and the
various instruments that will be used in connection with the Argonne pile.

This exceptional amount of work has required a considerable expansion
of the personnel, both laberers and physicists. In order to make available
a sufficient number of physicists, the two groups III and IV have been tem-
porarily fused into one unit and the work on standardization has been prac-
tically discontinued.
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EXPONENTIAL. EXPERIMENTS.

Of the nine exponential experiments numbered 13 to 21 performed
in the last month, one, namely No. 18, was designed in view of determining
the reproduction factor for a lattice of pressed UO, and Speer graphite as
closely as possible similar to the lattice that will be used in part of the
structure to be erected at Argonne Forest. The details of this experiment
are given in the report of Zinn and Anderson. The reproduction factor was
found to be 1.032 and is, thercfore, about 0.5 °, below the expectation.
This reproduction factor can be increased to some extent by evacuating
the structure. A further small increase may be expected by substituting
in at least part of the mass AGOT graphite in place of Speer, since the
measurements seem to indicate that the AGOT graphite absorbs slightly
less than Speer.

Eight exponential experiments, Nos. 13-17 and 1g9-21, have been per-
formed in order to get some preliminary information as to the behavior of
metal lumps. Two brands of metal, sintered blocks from Metal Hydrides
{experiments No. 13-17) and fused blocks from Westinghouse {(experiments
No. 19-21) have been used. In both cases, the amount of metal available
was not sufficient to set up a complete exponential pile and therefore the
sandwich method was used by interposing a few metal bearing layers in an
exponential pile of U,Oys. The geometry of these experiments and the results
of the measurements arc described in detail in the report of Zinn and Anderson.

Experiments of this type are not as reliable as the conventional tvpe
of exponential experiment. This is particularly the case when the metal
lattice has a cell different from that of the oxide Tattice. In this case it is
very difficult to aveoid transition effects which may vitiate the result to a
congiderable extent. A tentative interpretation of this set of experiments
is given in what follows. In Table I is given a summary of the results of the
eight experiments. Column 1 gives the number of the experiment. Column 2
indicates the type of uranium used. Pile 13 with U.0, is used for comparison;
MH stands for Metal Hydrides metal and West for Westinghouse metal.
The third column gives the volume of the cell in liters. The experiments
in which the cell volume is 8.4 liters have the usual cubic cell structure of
8" side. The experiments in which the cell volume is 28.3 liters have a cubic
cell of 12”" side. Experiment No. 17, in which the cell volume is 4.2 liters,
corresponds to a body centered lattice. The graphite used in all these
experiments has been U. 5. graphite.

Column 4 gives the number of lattice layers bearing metal in the various
experiments. Column 3 gives the mass of metal lump in grams. The lumps

’r

wete assembled out of small blocks 17X 17" ¥ on the side in the case of

Metal Hydrides metal and 1" on the side in the case of Westinghouse
metal in a disposition as compact as possible. Such biocks were placed in
a cylindrical hole 3’7 in diameter and 3" deep, drilled in the carbon block.
The hole was appreciably wider than the metal lump and left, therefore, a
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considerable clearance around the lump. Colums 6 and 7 give the intensity
observed on the axis of the pile at position 4 below the metal bearing layer
and at position 10 above the layer. Inspection of the data of column 4 indi-
cates that the intensity helow the layer is faicly constant in all experiments.
Somewhat greater variations from the mean are found for expceriments 15,
16 and 17 and are probably due to transition effects rather complicated to
interpret and due primarily to the fact that the metal lattice used is for
these cases widely different from the oxide lattice in which it is embedded.

TasLe I
Cell | No. Mass * .
pile | U™ |volume| of | of lump |Pos 4 |Posto| & |10577| L2 | M
TIUIm p ratio
(liters) | Jayers | {(grams) (=)
13 Uy0s 8.4 — 1800 | 31132 3335 | 54.25 3 700 | 1.002 6.88

14 M.H. 8.4 4 2022 | 30043 | 3444 | 55.45| 18 682 | 1.012 6.60
I3 MH. | 283 2 6826 | 30573 | 3237 | 52.87 |— 147 | 835 | 0.0BB? | 8.3

16 M.H. 28,3 2 8848 | 30752 | 3271 | 53.34 |-~ 87| 744 | 0.9947 | 7.57
17 M.H. 4.2 6 885 | 297641 3445 | 55.87| =237 | 034 | Loig? | 6.7
19 West 8.4 4 2121 | 31219 | 3644 | 57.68| 42 677 | 1.028 6.53
20 West 8.4 4 1818 | 310201 3520 | 56.26| 27 707 | 1.019 7.00
21 West 8.4 4 2424 | 31436 3737 | 5872 53 660 | 1.035 6,26

* In the Project the symbol V2 {nabla®) becamc identified with the numerical value
obtained from applying this operator tn neutron distributions for pilessef specific sizes and
shapes. In other reports we have used A to indicate thc differential operator, (Editors’
note).,

The intensities observed at position 10 above the layer show relatively much
larger variations. These are due primarily to the fact that the reproduction
factor inside the layer and consequently of the exponential relaxation distance
inside the layer are different from the same magnitudes in the surrounding
oxide lattice: as the relaxation distance in the layer is longer than in the
oxide, the intensity above the layer will be higher in the expcriment with
metal than it is in the control experiment No. 13 with oxide. If we indicate
by &, the exponential relaxation distance for the control experiment No. 13,
and with A the thickness of the metal hearing layer, with &y the relaxation
distance in the layer, and with I, and Iy the intensities in the oxide pile
and in the metal bearing pile at some point above the layer, we have the follow-
ing relation:

Inm A_QA
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The values of & given in column & are calculated with this formula. From
the usual type of analysis of the data of Pile No. 13, we have used for &,
the value

b, = 54.25.

It should be noticed that these results are not quite free from ambiguity
since the intensities measured at position 10 may be appreciably perturbed
by transition effects especially in experiments 13, 16 and 17. For this reason
the results for these three experiments are given as tentative. In column g
we have caleulated the values of the magnitude

v =

It should be noticed that it is this magnitude (nabla® and not the reproduc-
tion factor that determines essentially the critical dimensions of a pile of
the proposed structure. Indeced, the critical radius for a spherical shape is

We have also calculated the reproduction factor “ £ for the various experi-
ments. £—11sgiven by the product of nabla® times the square of the migration
length L* for which the values given in column 10 have been assumed. The
values of the reproduction factor are given in column 11. IFor the discussion
of this result we have also listed in column 12 the Cd ratio observed inside
the metal layer in the various experiments.

The four experiments Nos. 14-1% in which Metal Hydrides metal has
heen used had as primary purpose the determination of the optimum cell
side. Due to the rather limited amount of metal available, it proved impos-
sible to carry out such a determination in a really conclusive way. Indeed,
by examining the reproduction factor as listed in column 11 of the table,
we would be led to the conclusion that the cell used in Experiments 15 and
16 was too large and that the optimum lies somewhere between the cell sides
used in Experiments 14 and 17. It should be noticed, however, that the Cd
ratio in Experiments 15 and 16 is far too high due to lack of metal so that
it would appear that the reproduction factor for the large cell side ought
to be taken appreciably latger than indicated by the measurement. On the
other hand, in Experiment 17, where a small cell was used, the reproduction
factor was somewhat closer to the optimum value than in Experiment 14
so that the increase in reproduction factor observed in this last case is prob-
ably unreal. It would appear that a cell side of 8" as used in Experiment 14

is not far from the optimum. This conclusion, however, is given only
tentatively and more work shall have to be done on this problem as soon as
larger amounts of metal become available,
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Itis known that the Metal Hydrides metal contains a fairly large amount
of dangerous impurities so that all the values of the reproduction factor
are appreciably lower than with pure metal.

Experiments Nos. 19, 20 and 21 have been performed with Westinghouse
metal and their primary purpose is to determine the reproduction factor
to be expected by using a purer brand of uranium and also to determine
the hest amount of metal to be used with a cell of 8" side. The values of the
reproduction factor observed in these three experiments indicate an increase
of the reproduction factor with the mass of the metal lump. Such an increase
is in agreement with the estimates made by Wigner. Further experimentation
with larger masses of the lump will be carried out as soon as more Westing-
house metal becomes available so that a slight increase of the best value
of the reproduction factor observed in Experiment No. 2I may be expected.
The value of the reproduction factor 1.035 found in this case could be increased
probably by about 2.5 %/, by using pure graphite and by removing the air
from the structure. Some small amount of impurity is still present in the
Westinghouse metal accounting probably for a loss of about 0.5 °, in the
reproduction factor.

GENERAL FEATURES OF THE PILE PLANNED AT ARCGONNE FOREST.

In view of the expectation that the final values of the reproduction factor
obtainable with metal will fall somewhat lower than the previous estimates,
the plans for the structure to be set up at Argonne Forest have been somewhat
revised and it is planned at present to use all the materials that will be available
and processed by about the end of November in the form of a spherical struc-
ture having a diameter of about 26 feet. All the metal that will be available
to that date will be put in the central portion of the lattice in lumps of about
6 lbs. each. The outer portions of this sphere will consist of dead layers
of graphite for a thickness of about 1 ft. The present estimates indicate that
the size of this structure will probably be somewhat below the critical dimen-
sions although it cannot be excluded that the critical dimensions may be
reached already at this stage. If this should not be the case, more material
shall have to be added before the critical dimensions are reached.
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N° 176 and 177.

In the Metallurgical Project a considerable amount of effort went into the design of a
suitable plant for the production of plutonium even before the chain reaction had been
demonstrated experimentally, The principal problem was the choice of an adequate cooling
system with sufficiently low neutron absorption. The most obvious choices were to cool
hy gas, preferably helium, or by water. An ingenious proposal by Szilard was to use liquid
hismuth, but this found few supporters because of the lack of engineering experience with
this material. Other possibilities included circulating the uranium itself, either asliquid UFs
or as oxide in a slurry. Once the coolant was chosen, it had to be demonstrated that the
plant was practical and that it could be built in the short time allowed. To provide useful
amounts of plutonium the plant (or plants) needed to dissipate some hundreds of megawatts
of heat, carefully controlled, with a minimum of corrosicen, with means for extracting and
replacing the uranium, and with adequate safeguards against the dangerous effects of the
radiations, including the effects on the chemical and mechanical properties of the materials
used. These were mighty engineering problemns, but somewhat outside the purview of even
the best of engineers, whoe could hardly have heard of the neutron before they had been per-
suaded to join the Project. Nevertheless, an Engineering Group had been set up and given
the directive to design a production plant. An able theorstical physicist, John Wheeler
took up the task of guiding them. In due course the engineers T. V. Moore and M. Levyerett,
subrnitted their design for a helium cooled plant. Fermi was asked to serve as chairman
of the review commitiee which included the three physicists, Allison, Wigner and Szilard
and an able engineer from the Du Pont Company, C. M. Cooper.

This was not a role of Fermi’s liking. He did not like to sit in judgment of others and
he did not like committees. He served on them mainly out of a sense of duty.

IFermi took these responsibilities seriously, however, and put his best efforts into them.
He was an ideal man in an organization. He always did somewhat more than what could be
consldered his part and rarely made any demands on the others. His way of preparing for
his role as reviewer was to try to work out his own solution to the problem. He considered
several ways to cool the pile. Two of these are given in paper N° 176.

For Szilard, whose intcrest was in the liquid bismuth cooled plant, Fermi had a measure-
ment on the neutron absorption of this substance carried out.” The resulis were favorable,
as he reported in a memorandum te Szilard (paper N° 177).

H.L. ANDERSON.

176.

METHODS OF COOLING CHAIN
REACTING PILES

(CPyMeme 10 (October 5, 1942).

Memorandum to: S. K. ALLIson {October 5, 1942)
From: E, FERMI

I am collecting here some estimates concerning the heat transfer prop-
erties and the neutron properties of some possible types of chain reacting
piles. Similar estimates for a different type of pile are being prepared at
the same time by Mr. Wigner. Mr. Moore has undertaken a preliminary study
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of the external equipment that should be provided in connection with the
types of reacting units discussed here.

In the present memorandum two types of construction are discussed
primarily. The first involves essentially a cooling of the graphite by means
of a system of water pipes passing through it. The cooling of the uranium
lumps is by conduction into the graphite. The second proposal discussed in
this report follows a suggestion by Mr. Cooper to use the uranium metal in
the form of shot. In this scheme, the uranium is disposed in cylindrical units
located inside suitable channels through the graphite and cooled by a water
pipe placed on the axis of each channel.

The properties of these two types of plant are discussed in Sections I
and 2. A comparison of the relative advantages of the two methods and also

of a plant with external cooling only is given in Scction 3.

SECTION 1.

10* ke Plant with Grapiite Cooled v Water Pipes.—The internal
structure proposed for this plant is represented in fig. 1. The praphite is

I
|
| —
1
- T
I
}
| \\
o] [a]
I
I o °
|
'
!
a__ o o -
—

oo

f y

'

¢

1

I
B EBE B B A H
e} o) o] e}
B BB B @68 @

|
2 BAHE B BB B L
o. _¢_|Z__o,,__o__ == |
Eﬂl@ % |
2Rz 7/
) ¢ [s] [a]
7% 7

Fig. 1.

disposed in the form of a cube of about 6 meters side and the uranium metal
is in the form of lumps of spherical or cylindrical shape disposed in a cubical
lattice of 20 cm side. Such a geometry can be easily obtained starting with
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graphite in the form of 4" 1/4X 4""1/4 bars as ordered. The graphite is cooled
by a set of 97 pipes which could be disposed as indicated in fig. T with a greater
concentration near the center of the pile where the heat development is larger.,
In the central portion, the pipes are disposed in a square pattern of 40 cm
side. The density with which the pipes are distributed in the outlying portions
of the pile decreases in such a way as to have approximately the same amount
of energy dissipated in each pipe. Indeed, for a total energy production
of 10,000 kw, the heat dissipated by each pipe is about 25,000 cal/sec. The
heat dissipated per unit length of the pipe is, of course, greater near the center
of the pile than at the ends. Near the center of the pile it amounts to about
65 calfsec cm. Since the central portion of the pile is the one where the tem-
perature rises are the greatest, all the following estimates refer to this position.

If we allow for a temperature rise of 25°C of the cooling water, the water
flow in each pipe must be 1,000 ccfsec. The pressure of the water required
to drive the water at this rate through the pipe is given by:

8.
Pressure = —2 atmospheres

T24/3

where D is the internal diameter of the pipe. The pressure drop of the pipe
calculated with the formula is 8.3 atmospheres for one c¢m internal diameter;
1.2 atmospheres for 1.5 em diameter; and

0.3 atmospheres for 2 cm diameter. To

2./ \ this pressure drop, of course, the pressure
3 drop in the water system outside of the
. gap pile should be added.

In fig. 2 a schematical presentation
of the main thermal resistances inside the
4 C pile is given. The numbers from o to 7
indicate positions at which we have to
know the temperature in the operating
pile. The main heat resistances are:
o-1 Heat resistance inside the

5
6 gap
water pipe from the water to the internal
sutface of the pile. The temperature drop
due to this heat resistance is 30°C for 1 cm
internal diameter; 22°C for .5 cm; and
17°C for 2 cm.

1-2 The temperature drop across
the thickness of the pipe wall is negligible
in case of copper or aluminum pipes. For
a lead pipe it amounts to about 20°C.

2—-3 The heat resistance in the
contact between the pipe and the graphite

is very hard to estimate in a reliable way
as it depends very closely on the clearance
between the pipe and the graphite. For
a 1.5 cm pipe in a helium atmosphere, the temperature drop is about
115°C X the clearance in thousandth’s inch. [t is seen that this temperature

1 pipe wall

Fig. 2.
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drop may constitute a very serious objection to this method and requires an
exceedingly accurate mechanical fitting of pipes, which could perhaps be
achieved by using a pipe of elliptical section pressed against the graphite by
an internal pressure as discussed by Newson.

3—4 The temperature drop from the surface of the graphite near
the pipe to the bulk of the graphite may be calculated with the practical
formula:

T,—T,= sxcalfem

and it amounts, therefore, to about 325°C.

4-5 The temperature drop from the bulk of the graphite to the
surface of the graphite near the metal lump is 88°C by assuming a practical
graphite conductivity of o.1.

56 The heat resistance between the surfaces of the graphite and
the lump depends again on the clearance and is given by about 25° X the
clearance in thousandth’s inch. The conduction byr adiation is a small
fraction of the gas conduction at the temperature under consideration.

6—7 . The temperature drop from the center of the metal lump to
its surface is 86°C for lumps located near the center of the pile.

These data are summarized in Table I where the temperatures at the
various places have been estimated for a production of 10,000 and of 5,000 kw.
In estimating these temperatures, clearances of 0.002 inches have been
assurned.

TasLE I.
0% kw g 108 kw
Te Water . . . . . . . . . .. .. 40°C 40°C
T: Internal surface of pipe . . . . . 62 51
T. FExternal surface of pipe . . . . . 82 61
T; Graphite near pipe . . . . . . . 312 176
T, Bulk of graphite . . . . . . .. 637 339
Ts Graphite near lump . . . . . .. 725 . 383
Ts Surface of lump. . . . . . . . . 775 408
T; Center of lump . . . . . . . .. 861 451

It appears from these figures that a pile of this construction could
perhaps operate at 10,000 kw only if the clearances could bhe safely kept
at a limit of 0.002 inches as indicated. It would probably be difficult to
get out of the pile more than 5,000 kw without increasing the number
of pipes.
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The loss of reproduction factor in the proposed systemn is estimated for
a pipe of 1.5 cm diameter, as follows:

Loss due to water 0.6 °/,
Loss due to material of pipe o.1°/, for lead pipes
0.2 %, for aluminum pipes

3.9 °/, for copper pipes

[t would scem that copper pipes, which certainly would be the best from
the structural point of view, have to be excluded on account of the large
loss of reproduction factor, whereas aluminum or lead pipes probably would
be satisfactory.

SECTION 2.

Use of Metal in the Form of Shot.—DMr. Cooper has pointed out the
advantage of using metal in the form of shot. The main advantage is the
ease with which the metal could be removed if this plan should be adopted.
The main drawback of the use of shot, besides its relatively low density com-
pared with that of the metal, is the fact that internal conduction of the shot
is considerably lower than that of the compact metal. For this reason, it
would appear difficult to use shot in a pile for very high energy production.
It is not impossible, however, that shot may be used in piles with power
outputs of a few thousand kw.

In the absence of experimental evidence on the subject, 1 have tried to
estimate what would be the heat conduction of shot embedded in helium,
My estimate gives a conduction coefiicient of 0.003 (cal, cm, °C). Mr. Cooper
has also made an estimate of the same magnitude and found about twice
as much. The following calculations are on the assumption of a conductivity
of 0.003.

[ have calculated a pile of the following internal structure-—an equila-
teral triangular pattern of uranium rods with a side of 20 cm as suggested
in the plans for the water cooled pile designed by Wigner’s group. Each rod
is located in a cylindrical hole in the graphite with a diameter of 3.5 em.
On the axis of this hole, there is an aluminum pipe of an external diameter
of 1.05 cm, through which the cocling water is circulated. The uranium shot
is dumped between the outer surface of the aluminum pipe and the internal
cylindrical surface of the hole in the graphite. In fig. 3, a sketch of the cross
section of one of such rods is given. The live part of the pile is a2 cylinder
of 6 meters diameter, § meters long. The amount of metal used for these
dimensions would be about 38,000 kg of metal disposed in 820 rods. The
figures given in what follows are for a power of 10,000 kw. It will be found,
however, that a pile of this construction may be able to operate only at a
considerably lower powecr.

It is easily seen that by far the greatest heat resistance in a pile of this
construction is across the uranium shot. On the assumption, that is only
slightly pessimistic, that most of the energy is produced near the outer portions
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of the uranium rod, one can calculate the temperature drop (3T) by the
formula:
2wk 3T

£
log 7—1

where w is the energy dissipated per ¢cm of pipe length, £ is the thermal
conductivity of the uranium shot and #, and #», are the radii of the rod and
of the cooling pipe. With this formula, assuming £ = 0.003, one can calcu-
late this temperature drop for an energy output of 10,000 kw and for the
central portion of the pile. This ternperature drop is 1500°C. Such a high
temperature drop would evidently be too high. The pile would probably

Graphite

pipe wall

Fig. 3.

be run at about 3,000 kw, in which case the maximum temperature of the
uranium would bhe between 500 and 600°C.

The reproduction factor loss in this pile is somewhat greater than in the
one previously discussed on account of the greater number of pipes that is
necessary. The loss due ta the water and aluminum of the pipes may be
estimated as about 1.3°,. Some additional loss would be due to the fact
of using rods instead of lumps and to the lower density of the shot compared
with the compact metal. It would seem probable that the total loss would
be between 1 and 2 1/2 7.

SECTION 3.

Conclusions.

1. Cooling of Graphite by Water Pipes.

Advantages:
1. Necutron properties very similar to those adopted so far.
2. Small number of cooling pipes and consequently small loss in
~eproduction factor.
3. Mechanisma for taking apart the structurc not too dissimilar to
what has been already planned for a pile with external cooling only.
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Disadvantages:

1. Necessity of exceedingly small clearances between the graphite
and the pipes and the lumps. To keep such low clearances would be partic-
ularly difficult in view of the thermal distortions in the operating pile.

2. Difficulty of taking apart the structure after end of the operation.
In addition to the difficulties already considered for taking apart a pile
with external cooling only, additional facilities should be provided for
cutting the pipes.

11. Skot Method.

Advantages:

I. Very convenient method for removing the uranium after end of
the operation in a form that makes it directly suitable for further chemical
handling.

2. Simple mechanical construction. No necessity of great accuracy
in the machining of the mechanical parts and only minor risks involved
in possible breakage due to thermal distortions.

Disadvantages:

I. A fairlylarge loss in the reproduction factor. Itishard to estimate
how serious such a loss may be before we know what loss of reproduction
Tactor is allowable,

2. Necessity of developing a technique for the production of uranium
shot.

In view of the difficulties connected with both schemes, it appears worth-
while to consider also the possibility of going back to the scheme for the cool-
ing of the external surface only. Such a method would, of course, allow an
energy output of about one tenth of that expected with the previous methods,
but would on the other hand involve less uncertainty as to the neutron
operation,
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N° 177,

For the introduction to this paper see N° 176.

177.

THE EFFECT OF BISMUTH
ON THE REPRODUCTION FACTOR

Excerpt from Report CA—-320, Bulletin for Week Ending October 31, 1942.

(Letter)

To: L. SZILARD October 31, 1942.
From: E. FErRMI

Two exponential experiments, No, 25 and No. 26, have been performed
recently in order to determine what reduction in the reproduction factor
is found when large amounts of bismuth are introduced in a carbon-uranium
pile. In the exponential experiment No. 25 the amount of hismuth introduced
was about equal to the amount of uranium present. Experiment No. 26
was in all respects similar to experiment No. 25 except that the bismuth
had been removed. The comparison of these two experiments indicated that
the reproduction factor with bismuth was slightly lower than the one without
bismuth. The difference of reproduction factor calculated from the experi-
mental data was about 0.009.

It should be noticed that a certain amount of asymmetry had to be intro-
duced in the cell to accomodate the bismuth. The diffusion coefficient of the
neutrons in the vertical direction is consequently slightly different from the
diffusion coefficient in a horizontal direction. This produces a slight error
in the exponential method of calculating the reproduction factor, which
would be rather hard to calculate but may be estimated to be probably a
relatively small fraction of the observed difference.

Assuming for bismuth a cross section of 0.016X 1072 as measured by
Wilkinson and Levinger, one would calculate for bismuth a danger coefficient
of about 0.0035 and, consequently, a loss of reproduction factor of 0.0035.
Taking into account the effect of asymmetry previously mentioned, it appears
that the actual danger coefficient is about twice as large as the calculated
value.
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The amount of bismuth that would be needed in a bismuth cooled plant
is appreciably less than the amount of bismuth used in the present experiment.
It appears likely that 1/3 of the amount that has been used could be adequate

for cooling purposes. Consequently, the loss of reproduction factor would
be only 0.2 or 0.3 °/,.

cc to: A, H. CoMpTON
W. H, ZIyN
S. K. ALLISON
E. P. WIGNER
C. CoopPER
T. W. MOORE
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N° 178.

By November the rate of arrival of materials had mounted sufficiently sc that it be-
came apparent that there would be encugh for the chain reaction by the end of the month.
A strike of labor unions, however, had held up the preparatien of the building at the Argonne
Forest site, originally scheduled for completion on October zo. Fermi went to Compton
with the proposal that the chain reactor be built in the West Stands of the stadium on the
University campus instead. The inherent danger associated with the possible release of a
large amount of radioactivity in the middle of a large city in case something went wrong,
made this a difficult suggestion to accept. In war, brave men, even those who feel their
responsibility keenly, take risks. Compton told Fermi to go ahcad, nor was his order rescinded
by General Groves when he was told. The final decision to build the pile in the West Stands
was made on November 14. Report CP—34r, of which this paper is an excerpt, was issued
also as A—308,

H, L. ANDERSON.

178.

THE EXPERIMENTAL CHAIN REACTING PILE
AND REPRODUCTION FACTOR
IN SOME EXPONENTIAL PILES

Excerpt from Report CP-341 for Month Ending November 15, 1042.

ORGANIZATION OF THE EXPERIMENT FOR THE FRODUCTION
OF A CHAIN REACTION.

In the past month, as in the previous month, most of the attention
of the Physics division has been devoted to the organization of the experi-
mental production of a chain reaction. It had been planned originally to
perform the experiment at the new laboratory at the Argonne Forest. A
considerable delay in the date of delivery of the building has made it nececs-
sary to change this plan and to organize the experiment in the large hand-
ball court in the West Stands. It will be impossible to operate the pile in
the West Stands at more than a nominal power. It is hoped, however, to
be able to achieve most of the results expected from this experiment in the
West Stands. In case that it should be desirable to operate the pile at 2
somewhat higher energy, the structure should have to be transported to
the Argonne laboratory that will be completed in the meanwhile.

The details of the present state of the work on this experiment are given
in the report of Zinn and Anderson and in that of Wilson,
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EXPONENTIAL EXPERIMENTS IN THE PAST MONTH.

In the past month, seven exponential experiments have been completed,
(Nos. 22-28). The structural details of these exponential piles are given in
the report of Zinn and Anderson. The interpretation of the experiments
shall be given here.

Hxponential Experiments with Mefal —Experiments 22 and 23 are a
continuation of the series of FExperiments 19, 20 and 21, already discussed
in the last monthly report. Their purpose is to determine the reproduction
factor, using a variahle amount of Westinghouse metal imbedded in &2 U. 5.
graphite lattice of 8" cell side. In Experiment 22, a sandwich geometry,
as described in Experiments 1g, 20 and 21 discussed in the last monthly
report, was used. Each lump consisted of an aggregate of nine Westing-
house metal cubes of a total weight of 2727 gm. The metal-bearing sand-
wich consisted of four lattice layers. In LExperiment 23, the geometry was
similar, except for the fact that each lump consisted of 12 cubes of a total
weight of 3636 gm and the sandwich had three instead of four lattice layers.

Table T is similar to Table I of the monthly report CP-2¢7 (of which
No. 175 is a part) and summarizes the esscntial data derived from these two
experiments. For convenience, the corresponding data of Experiments
19, 20 and 21 are collected in the same table.

TaBLE I.

Experiments 22 and 23.

E N ¢ Mass of P I~
P O Lump | Pos. 4 [Pos. 10| & |'© v L % | Cdratic
No. Layers (e ?)
(gm)
20 4 1818 3102G | 3520 56.26 27 707 1.01g 7.00
19 4 2121 31219 3644 57.68 42 677 1.028 6.53
21 4 2424 31430 3737 58.72 53 660 1.035 6.26
22 4 2727 31622 | 3803 56.47 60 647 1.039 6.00
23 3 3636 31546 | 3765 | Gooz 65 597 | 1.039 5.27
]

From an inspection of the data of Column ¢, giving the reproduction
factor £ for the v