
THE UNIVERSITY OF CHICAGO 
CHICAGO 37 • ILLINOIS 

THE ENRICO FERMI INSTITUTE 

FOR NUCL E AR STUDIES 

Professor Harold C. Urey 
Schoo l of Science and ng i neering 
University of Ca liforn ia 
La Jolla, California . 

Dear Harold : 

~ary- -2-, 1960 . 
J7 ..-L (f. ~ 

If was v a ry k ind of you to v.rri te me and even more so to try 

to schedule a visit . I don ' t think my do c tors would ag ree that my 

case is i n curable e ven though they may be willing to admit that 

they themselve s canno t cure it. I am comparatively we ll at the 

moment and rat he r busy finishing up a major paper . I shou l d be 

t nrough within a we ek1 or t en days at t he mos t 1 with putting my af f airs 

in order , and t h is I find very comforting . 

I s:pend my n i ghts i n New York Hospital but I mi e;ht c he ck out 

befor e you pass t hrough ~ev-1 York . These days t he eas iest way to 

reach me i s b y t e l ep honing room 2334 of the Hote l Bt . Horitz ( PLa za 

5- 5800). You mi ght also ~y extension 206 which is the of f ice of the 
~---cC <:> /-- P- ""1;4 7>'--4 . 
~ry~n/ he 'notel . 

I am so difficult t o catch
1
that I woul d not suggest your making 

any s eri ous effort to find me on January 9th when you pas s through 

Ne w York . In any case I am not changed i n any vvay/ ~ am not much 

more of a sight than before , and t he r e is no p oi nt in maldng too 

much fuss about dying . 

~ · oweve r , since it i s alv1ays a gr eat p leasure to see y ou , i f 

on your arrival in New York y our time permits I should be grat e fu l 

i f you we re to inves t a dime and c a ll me at t he Hote l St . l':ori t z . 

Wi th k i ndest regards , 

Sir.c ere l y , 

/-/~ 
Leo Szi lard 
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Professor The ore T" Puck 
Unh"eraity of Colorado 
Department of Biophysics 
Denver 20~ Colorado 

Dear Professor Puck: 

January a, 1960 

Siooe he has b en tJ:Ae:y from the campus so nru.ch 
racentlys Dre Urey has asked me to aekno1-rledge your 
lette:t• o.f December lhth al'ld to apologize for the 
d!alayed rep y, 

e ind s iously checking into 
tha Leo :!ilard tter a: finda that he is net in 
need e financial aid, at 1 ast at present . How-
ever, Dr. Ul"e't plans to c ck further with Dr. Szilard ' s 
friends to learn mo det ils o 

V~ sine rely, 

S c:retary to Dr.. Urey 
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DE P AR TI-1EtJ T OF 0 L t 'HYS ICS 
COLORA DO G E N ER AL HOSPITAL 

C OLORAOO PSYCHOPATHIC HOSPITAL 

SCHOOL OF MEDICI NE 

Dr . Harold C. Urey 
Department of Chemistry 
University of Chicago 
Chicago 37, Illinois 

Dear Dr . Urey : 

UNIVERSITY OF COLORADO 

MEDICAL CENTER 

4200 EAST NINTH AVENUE 

DENVER 20, COLORADO 

December 14, 1959 

Leo Szilard is in the hospital gravely ill \-lith cancer and the 

intelligence ;-rhich reaches me is that his time vill be very short indeed . 

The probabilities are being estimated vri thin matters of months . I also 

have private reasons to believe that his inancial resources are desperately 

inadequate to meet this catastrophic situation . 

I am sure you agree vri th me that Leo Szilard has been one of the most 

scientifically productive men in our generation and also one of the most 

unsuitably reco ·nized . Hot only have his contributions illuminated an 

exceedingly diverse number of scienti ic ields but he has had extensive 

impact on younger men vrbose enthusiasm for the very best in science he has 

intensified and vhose training he has in informal -vrays advanced to an 

astonishing degree . Produc tive scientists all over the world admit their 

debt to this man . I am vri ting you novr to determine -vrhether you can be of 

assistance in securing for him some kind of recognition which may be accom-

panied by a financial contribution -vrhich \VOUld be so sorely needed at this 

time . Leo has never sought recognition or avrard but surely his contributions 

to science and society are deserving of the highest gratitude of this country . 

~incerel-y, j 
~ (.-(~ 

e T . ~Puck, Ph .D. 
Professor and Head 
Department O.L Biophysics 

TTP :mh 
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Cut>.::d.derable n.ation"'t~fdf~ iute!r-,~st hen bc•a1:\ i:i2:0ti.£ed by tl:.~ Gp€e~b. 

e'i'td p.:opo elG ~d:.a by D-'t.'. Szils::ri i.x-. the m-'~~"''-SC<d'sJt which is .... .......__ ... 
0..ncloaed Hith this letter. A ::1·_::~.2h.er. of our caJ lesgces feel that 
tbe '!:~per of the time~ is EoUC:.1 th<ll" the&<- ?n:op·:;sale ''~at·:~:ant e ~ 

least: aerioun conslderetion~ a::t.cl t-Je hcve the::e f,:Jrc take~!. l.:.ho 
liberty of di.atributi;,g the ::l!'Xnu:c::ipt to ir.:.dividuale o~ the f~.1c·,. 

ulty~ wculd you please pass t~e ma~trecript on to ycu~ ?eB~a~Ch 
p~rso::mel anc ascociate:s aftc:r- ;:'\Ill 1Ul\7e. :r::-.$1 it'£' 

'Xhe<.~e hq..s been inte::-est e];:j??ea.:;crl in h.ax·it::-6 an in:Eormzl cH2t!us ier ... 
of thes-e propC$-cls ru:td ~mat to do <ibouc t i.cm. In t"ll.z n.ea-r £utu!"e 
an .oh&nc•..?.ncement o£ the date .;;.n.l pl:l~e for t'!'.e dia<:us~ior;. will he 
r.a3de. 

J~ Singer 

Joyc.ta. r&uiu 

Sheldon Sdml.l;;ll: 



From: Leo Szilard 

To: Roger Revelle 
John Isaacs 
George Backus 
Keith Bruckner 
Harry Suhl 
Bernd Matthias 
Clay Perry 

,Aarold Urey 
Jim Arnold 
Joe Mayer 
Walter Munk 
John Singer 
Herbert York 

MEMORANDUM 

30 April, 1964 

The enclosed paper, which will appear in the June issue of the 

National Academy of Sciences, might perhaps interest you. It is just 

possible that I havE succeeded in guessing right the processes involved 

in the recording and the recall of a sensory experience. 

If you find time to read this paper and if thereafter you think you 

might like to participate in a discussion of it, please call me at 

The Salk Institute, 453-4100. I propose to set aside a Saturday morning, 

10 - 12.30 or Saturday afternoon 2.30 - 5, for discussing this paper in a 

small group of those who have read it. If you call me and I am not in, 

you might talk to Jean Mangan, my secretary, and tell her whether it would 

be convenient for you to participate in such a discussion. Also if you 

have a strong preference either for Saturday morning or Saturday afternoon, 

would you be good enough to indicate this on that occasion? 

Leo Szilard 
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~: 0 ~:~ 1: Excit atory Leuro s are represented by circles and inhibitory neurons are 
r8p~cse ted by double circles. Excitatory synaps es are represented by simple arrows, 
except if they belong to neuro s which are capable of transprinting, in \vhich case 
t ey are represented by double arrovlS. Inhibitory synapses are represented by arrows 
with a crossbar. The transprintable neuron E is represented by a dotted circle. 
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reprint 
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~ at ional 

of an article sc t ulo..: o appear i 
issue of the Pr l:C 11 s of the 
Academy of Sci ces . 

Ou 1ie ory and Recall* - Part I 

by Leo Sz ilard 

The J lk Ins itute for Biological Studies 
La Jollat California 

· ot for iteleat:Je 

April 23 , 1964 

The subject matt r of his paper is a hypothet ical biological process on whict 

he capab ility of the Central lervous System to record and to recall a sensory 

experience might conceivably be based. It may be open o doubt whether one knows 

enough about the livin cell to be able to say anything with reasonab le assurance 

about the molecular processes that the brain employs o Still, with luck, one might 

perhaps guess correc tly the general nature of these processes, To what extent we 

may have succeeded in doing so , remains to be seen . 

The Eff icacy of a Synapse Bri ging '.i.'wo ~.eurons: The neural network models which we 

shall be using here are based on excitatory neurons, as well as inhibitory neurons 

of one particular kind, the kind having post-synaptic inhibitory action . 

Let us consider an excitatory neuron which contacts through a synapse another 

neuron. If such an excitatory neuron sends a volley of nerve impulses to this 

synap se, then a certain quanti ty of an excitatory "transmitter substance" is released 

in the vicinity of the pre-synaptic membrane which diffuses across a gap --the 

synaptic cleft --into the post-synaptic neuron and raises the level of excitation of 

that neuron by a certain amount . We shall designate this excitatory transmitter 

sub s tance as "acetylcholine" --in quotes. The "acetylcholine" which diffuses into 

the post -synaptic neuron is destroyed , in the vicinity of the post- synaptic membrane, 

by an enzyme which we shall designate as "choline esterase" --in quotes . 

The rate at which "acetylcholine" is released in the vicinity of the pre-

synapti c membrane is a function of the frequency of the nerve impulses which reach 

the synapse and we shall de signa te this rate as the "signal intensity" . For the sake 

*This work was supported by a research grant, administered by The University of Chicago, 

of the Division of General Medical Sciences of the National Institutes of Health, 



,,L ,lici....y , we slall dSS e '- al tw 11 f,i ' L'-' ' i ·lLensity" 1. s for all synapses tlte 

w--~ fw C iOL of t e fr uency of t nerve impulses vihich are f ed into the synapse . 

hich 'wc~L. h:l t li 1e" is LJ.estroyec in the post-synaptic neuron is 

; roport i al to the pro uct of t h concen r ion of " acetylcholine" and the 

c..oncentration of the enzyme "choli 1e este as 11 in the v i c i n i t y of the post-synaptic 

.• 1c 1brane. Ther efore , if, at a iven oi t in t i me, ne rve impulses of a certain 

frequency begin to ar ive a a :; 1 p SI:!, t e 11 acetylcho line" concentration \dll begin 

t.._ L J • au 1 will a Yl·l cot:i ill y a prouc t a l iwil ... ill tue vicini ty of t he post-

•) .. .... il... ,,,e nur- .1 , •.: ,.~ c..: i lJL v ul iu 1a co 1, 11 Si Ltl-ll iutensi t y" and i nversely 

, t o,.or tional to til concentration of "c.w line esterase" , pr eva iling in the vicinity 

ot '- 1.:! pos -synap ic embrane. The "ace ylcholine" concentration which is asympto t ic-

•d ly .. pproacheu t: the post-syn p t i c e ra co stitutes the "excitatory i nput", whi ch 

i s ~0ceiveu fro the synapse by ch · est -synaptic neuron. On this basis ~e way tJen 

s y · t, t or any i ven "sigral inten i t y11
, the excitatory i nput received from a 

r,i l3n syu"'ps c uy the post- syta.p ic neuron i s i nV'-!rsely proportional to t he "choline 

c st<.! r ase" concent atio 1 pr vailing in ttte vici nir;y of the post-synaptic membrane of 

tlu. synapse. 

wu as sume t1a t the enzyme "choline esterase" is i nac tivated at the post-

iffer..,n synaps es · 1.. u.iffere.lt rates and that this rate of 

inactivation is uete rud ea by tne c emica l speci f icit ies of the two neurons which are 

..,r i ugeJ by t he synapse. \e s ha l a e , fo r t e sake of simplicity, however, that 

t:ll~;: enzyme 11 «..:hul i ne esterast:! 11 is produce a at t e sa.ue r a te in all excitatory neurons. 

we ae signate as the "effie cy" of the s yu~p .>e r; he "excitatory input" ·Hhich a 

pos -synaptic neuron r ece i ves from that syuaps <! per unit of "signal intensity". On 

~.. .. ~ (>a Si~ of t he abov ass · · pt i o s e may ttt 1 uy that the efficacy of the synapse 

is itl?J91i'filll l.y pr opor tional to the rate at whi c "choline esterase" is inactivated at 

the post-synap t ic membrane which, i tu , is uele rminea by the chemical specificities 

oi tn~ two teurons vhich a e 
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The Ra t e of Inactivation of "Choline esterase": We assume t hat neurons which differ 

from each other in t heir r espons e - specificity contain a different set of certain 

specif i c prote i ns in the i r cell memb r ane . We shall refer hereafter to these proteins 

as the "specific membrane proteins" . 

We postulate that to each "specific memb r ane protein", there exists a comple-

mentary specific membrane prote i n and that a speci i c membrane protein molecule can 

combine with its complementary counterpart, just as an a n t ibody molecule can combine 

wi th a molecule of its antigen . Accordingly, two comp ementary specific membrane 

proteins may behave as if they were, so to speak , each ot her ' s antibodies, as well 

as each other's antigens . 

When an antibody molecule combines with an ant i gen molecule it undergoes an 

al l osteric transition and an antibody molecule, when it i s thus "dimerized", can bind 

complement. We assume that quite simi larly a·· molecule of a "specific membrane protein", 

when it combines with its complemen t ar y ·· counterpart ·, undergoes an allosteric trans-

ition and, when it is thus "dimerized'', it can bind - -and not only bind but also in-

activate - -the enzyme "choline esterase". 

The gap (synaptic cleft) between the pre~synapt i c membrane and the post-synaptic 

0 

memb r ane is estimated to be about 200 A wide. Accor ding to t~e notions here adopted, 

ther e must be, however, a number · of · places within the active zones of the two synaptic 

membranes at which this gap is narrowed down, so that the pre-synaptic membrane and 

the post-synaptic membrane are in physical contact. We assume that at such a point 

of contact, a molecule of a "specific · membrane · protein", located in the post-synaptic 

membrane, can "dimerize" across the · synaptic gap, with its comp~,e~entary counterpart, 

located in the pre-synaptic membrane ·~ ·The number of such "dimers", contained within 

the active zone of the synaptic ·membranesz · would then determine the rate at which the 
I 

enzyme "choline ester ase " is inactivated at the post-synaptic ,membrane. 

Let us now consider two neurons; A and B, which are bridged by a synapse. 

Neuron A is characterized -by a set1 (a) 1 of · specific · membrane proteins, which are present 
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in its cell membrane · and -neuron B is · characterized -by another set, (b) ·. We shall 

designate · as the ''overlap · number''· of · these two ·neurons -the number · of specific 

membrane proteins r contained within, the· set (a} · which · have · their -complementary 

counterpart contained ·with!n · the set (b) [or v ice · versa ]. 

From this overlap number we may compute t he 11effi cacy 11 : of the .. synapse which 

bridges these · two · neurons . In order to simplify this · computation· we shall assume 

that the area · of the active zone o the synaptic · membrane · is · the · same for all 

synapses, and also · assume·, tha · the ·· concentration · of each 11specific membrane · protein" 

in the cell membrane · i.s the same for any given neuron . On the ·basis of these 

simplifying assumptions; ·we may · then say that the number · of ''dimers" contained 

within the active zone · of· the · membrane · of · a · synapse; ·which · bridges neuron A and 

neuron 
I/ /, 

B, is determined·· either · by · the rat io · of · the overlap number · to the total number 

of specific ·membrane ·proteins 
// ~, 

of neuron · A, or by · the · ratio · of the · overlap · number to 

the total number of · specific · membrane · proteins · of · neuron B · -~hichever ratio is 

smaller . We shall designate · the · smaller one of · these · two ratios as the "overlap 

fraction" of the neurons A and B. Accordingly, we may then say · that the "efficacy" 

of a · synapse bridging · two neurons is proportional- to the · overlap · fraction · of the two 

neurons . · This is the first · fundamental · postulate · of cur· model. 

We assume that · the same holds true also for the · synapses · of our · inhibitory 

neurons, except that · in this case t he · "transmitter · substance" ·which diffuses across 

the synaptic · gap · into · the · post~synaptic · neuron · lowers; rather than raises, the level 

of excitation of the post-synapti c · neuron . 

The Transprinting· of Neurons : We divide neurons of the · Central · Nervous System into 

two broad classes: · the 11congeni tal l y- determined 1
' neurons · and the "memory" neurons. 

We designate the neurons which · attain · their · full chemical · specificity of their cell 

membrane during the development · of the individual (mostly during embryonal life and 

at the latest during theearly post --natal period) as "congenitally-determined" 

neurons ~ If all the : neurons · of the Central Nervous System· were · of this sort then 
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the individual would not be able · to l earn· and ·· his •behavi or · wonld be · wholly gov-

erned by the inborn · refle~es". · "According to · the · not i ons her e ' adopted; · an adult 

can learn, and r e call what he ha s · iear ned, because hi s Centrai ·Nervous System 

contains 'memory · neurons" and -each · of these can; once in a l i fetime;. acquire an 

additional set of specific membrane pr oteins ;. · hrough· a . process ., which we designate 

as "transprinting" . 

We as sume that there i s a class of "congenitaHy- de t ermined"· neurons which 

ar e capable of participat ing in · t he transprinting of · a memor y neuron and that if a 

"congenita lly- de termined 11neuron of t his class fires ; then · those parts · of its cell 

membrane (covering · t he boutons of the branch fib res of its · axon), which form the 

ac tive zones of the · pre• synap t ic·membranes · become· permeab l e · for · the specific membrane 

proteins . Similarly, we · assume · t hat · when a · memory neur on· f i res ·, then those parts of 

the ce ll membr ane ; ·· (covering· i ts cell body and its dendri tes) ·-which consti tote the 

· active zones of the post~synaptic · membranes ; · become · p ermeable for · the specific 

·· membr ane proteins ~ · Accordingly; · if · a "congenita lly .... de~ ermined 11 · neuron · of this class 

cont act s a memory · neoron· throogh · a synaps e and· if · both -- neurons · fire "simultaneously" 

so · that for · a period of ttme · bot h -- t he · pre-synapt ic · and · t he ·post-synaptic mexpbrane 

is pe rmeab l e for · the · specific · membrane · proteins ~ · t hen · the -- specific · membrane · proteins 

of the pre- synaptic ''congenitally---dete.rmin;e.d '' neuron wil l · diffuse thro-ugh the pre-

synap tic and t he post - synap ti.c ·membrane · i nto the · post-synaptic · memoryneoron . We 

postul a t e that if · a specific · membrane · protein · penetr ates · in · this · fashion into a 

memor y neur on it i nduces · in · the · memory neuron · the·• comp l eme@.tary- specific · membrane 

prot ein - -- jus t as an antigen · induce s its · anti body, · i f it · penetrates into certain . 

]-ymphatic cells · of · the · rabbit ·. If s everal soch -- pre-... synapt i c ·· neurons fire simultaneously 

with the memory · neuron•, · t hen " the · memory neur on ·will ; sn · such · an -- occasion· acquire the· 

sets of specific membrane · prote i ns · wh ich· are compi ementary · to the · sets of all of 

' ( 1 ) . 
these pre - synap tic · neurons . · · Thi s · is the ' pr ocess ,.. of transprinting ·. Its · occurrence 

as an "all or none " pr ocess , · cons titutes · oor second · fundamental · postolate . 
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We shall refer to ·memory · neurons - before · they are transprinted, · as "trans-

printable" neurons · and; thereaf ter, we shall refer · to · them as 11transprinted" 

neurons . "Transprinted" · neurons · resemble · "congenitally-determined" neurons, in 

that they may transprint "transprintabl e '' neurons . 

If a neuron · participates in the transpr int i ng of a 11transprintable" neuron 

then we may expect this neuron and t he "transpri n te:d " neuron to ·have · a large over-

lap fraction and, accordingly, we may expect synaps es · bri dging · these two neurons to 

have a high efficacy . 

The Conditioned Response: In or der · to illustrate how transprinting may · take place, 

we shall use as an example, the classical (Pavlovi an) condi tioning of the salivary 

reflex of the dog . (2) We shall indicate · on this occas i on, however, only rather 

sketchily what takes place during · conditioning . 

When "food" · is introduced into the mou th of a dog, the dog responds with saliv-

ation . This is the inborn, or unconditioned, response . Let us now expose the dog 

to a compound stimulus which has an auditory, as well as a visual, component and let 

us --before the compound stimulus is turned off --place "food" into the mouth of the 

dog. If, after severa l such "conditioning exposures'' , the dog is then presented for 

the first time with the compound stimulus ·, unreinforced on · this occasion by the 

introduction · of "food'' into its mouth, the dog may · be · expected · to salivate. This is 

the conditioned - response . 

We assume that · there is a ·neuron Fin the · Central · Nervous ·System, characterized 

by the set (f), which · preferentially r esponds to the - stimulus of "food in the mouth". 

Moreover, we shall assume , in -particular, that the · signal to which · the neuron F 

responds is the · 1'onse t 11
· of · this stimulus . 

As shown in Figure 1, the neuron F is · connected · through a synapse to an Effector 

neuron, which innervates the salivary · gland. This Effector · neuron is characterized 

-------------------------------------------------------------------------------------
(l)No neuron may, however, incorporate into its cell membrane the complementary 
counterpart of a specific membrane prote in ·which its cell membrane already contains. 

(2)I.P. Pavlov, Conditioned · Reflexes, Oxford · University Press, 1927. 
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by the set (f}, where · (f) denotes · a set of - specific · membrane ' proteins · which is 

complementary to the · set · (f) . Because the · overlap · fraction · of the · neuron A and the 

Effector neuron is · ~, the -synapses which bridge · these · two ·neurons have a high 

efficacy. Therefore '; · placing "food ... into the dog's ·mouth may · be · expected to cause 

the dog to salivate. 

In order · to account for the • conditioned - response ; · we• postulate the existence 

of a number of groups of transprintable • neurons E·. ·· Each · of · these · groups may · consist 

of several hundred ·neurons · E, all of which · have the followi ng · in· conunon. The neuron F 

contacts through a synapse each · of · the · neurons · E and • in · turn each- neuronE contacts, 

through a synapse; an · inter-neur~n Fl [characterized·· by the · set (f) + (f)] which in 

turn contacts; through · a synapse, the · Effector · neuron. 

Until something · happens · which · is · "significant"· from the ·point of view of the 

salivary reflex, all the transprintabie · neurons · E are · repressed·:, because they are 

inhibited by signals · which · are continuously being · sent ·oot by · the · inhibitory neuronE* 

(characterized -by the set (e)]. This · inhibition· is · assumed · to be · strong enough to 

prevent a transprintable neuron · E to · fire; even if · it should receive · a · substantial 

aggregate "excitatory · input", because the overlap fraction · of the inhibitory neuronE* 

and of the · transprintable neoron · E· is one. It shoold · be' noted; however, that · after 

the neuronE is transprinted · and · acquires · a set of specific ·membrane · proteins which 

is · composed of · a large number · of such proteins; then · its overlap · fraction with the 

inhibitory neuron -E* is reduced by a substantial factor and · the ·efficacy of the synapse 

bridging the two · neurons is also reduced by the · same · factor. Accordingly, such a 

"transprinted" neuronE may be caused to fire in spite · of receiving inhibitory signals 

from the neuron E*. 

The transprintable · neurons · E get · de•repressed · if the inhibitory neuronE* is 

inhibited by signals emanating from .. a · neural network designated as the "Derepressor". 

This wi 11 happen · if the Derepress or- sends out · signals which are · sufficiently strong 

to excite the inhibitory inter-neuron E**, which in · turn will inhibit the inhibitory 



neuronE* . The · Derepr essor ne t work may receive ,· an input signal from ·the · neuron·· F and 

it may also receive an i nput signal, v ia the inter-neuron · FI , from neurons E. These 

two input signals · counterac t e ach -o t her wi thin the Derepressor; however, and they 

cancel out if the · intensity of both input - s i gnals · is about the same-. Accordingly, 

the Derepressor will send out strong ·· signals on ly i f t he intensities -of these two 

input signals differ from each · other r substantia~. In our second paper we shall 

describe a very simple "neural network" which would f unction- in · this · fashion. 

As will be seen. late r , the Derepressor · networ k may be expected · to send out 

strong signals -if "food" i s i n t r oduced · into the mouth of an unconditioned dog and to 

send out strong · signals a l s o when a dog ; ·whose · salivary reflex · has · been fully 

conditioned to a · certai n · st imulus, is presented with that · s t imulus; without having, 

on this occasion, "food ' ' placed i nto its mouth . The Derepressor network will not 

send out signals; however, i f the f ully conditioned dog · is · presented · with the correct 

stimulus and "food" ·is placed into i ts mouth. Accordingly, no additional neurons E 

would be transprinted -as the r esult of such "rout i ne exposures". 

It is probably gene r ally t r ue that · a sensory experience · is recorded only if 

there i s "significance" · attached · to that -- experience o · I n our · model of the conditioned 

salivary reflex there · is · "s i gni f cance 11
· attached· to the stimulus · "food in the mouth" 

for an unconditioned (or not fu l ly conditioned) dog, while for a fully conditioned 

dog, there is "significance'' attached · to · the · conditi oned · stimulus, but only if that 

stimulus is not accompani ed ·by the signal "food in the · mouth". 

We s hall try to indi cate next in what manner · a conditioned · salivary response 

may be established to · a compound · s t i mulus which has a vi sual and an auditory compon­

ent . To this end we assume t ha t · i n the Central Nervous System· there is a neuron AE 

which responds preferentia l ly t o t he ·· auditory component · of the compound stimulus, and 

another neuron · VE wh i ch r sponds pr e f eren tially to the v i sual component. These two 

neur ons are characterized by the sets (a) + (e) and (v) + (e) respectively. We 

assume that the numbe r of differ en t specific membrane · proteins contained in the 

neurons AE and VE1
whi ch we designate by n(AE) and n(VE), respectively, are large 
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compared t o t he number · of different · s peci fi c ··membr ane proteins contained in the 

transpri nt able neuron E, which we de s i gnate · by · n (E) . Accordingly, we have: 

n(AE) > n(E) , and n (VE)>n(E) . 

We assume tha t, out of a group · of · several hundr ed neurons E, a certain 

fraction is contacted - t hr ough a· synapse by t he · neur on AE, a certain fraction is 

contacted through a synaps e by t he neur on VE and a · certain fraction is contacted 

by both the neuron AE , as we l l · as the ' neur on VE. Because •t he neuron- AE, as well 

~~~" ~~,/an apprec i able ·· --even t hough small --over lap f raction with the trans-

printable neurons · E, we may assume · that · i f either · of these · two neurons · fires, or if 

both of them fire ; a t · a time when the · transprintabie · neur ons · E are de-repressed, 

then one or more · transp r i n t ab le neu ron~~ill fi r e al so and ·will on that occasion be 

t r ansprinted by the neurons AE or · VE or both. If, a t · t he same · time, the neuron F 

fires also, then · the~e same ·neur ons · E wi l l be transprinted also by the neuron F. 

The f i ring of neuron F alone woul d ; however , not cause the neurons E to fire, even 

when the neurons E happen to be · de - repressedjbe cause t he -neurons F and the trans-

printable neurons E have zero overlap . 

If the unconditioned dog is fo r the first t i me exposed to the compound stimulus/ 

and at the same time · "food " is i n t roduced into i ts mouth , the · Derepressor network 

will send out a strong · s i gnal and one , · or several , of the transprintable neurons E 

will be caused to f i re . These neurons E wil l then be transprinted, on this occas-

ion, with the sets (f), (a) and (v) . If thi s dog is exposed1 for the second time1 to 

the compound stimul us and at t he same time · "food" is i ntroduced into its mouth, then 

the signal sent out by the Der epres s or network will be somewhat weaker than the first 

time. This is so because the neur ons E which have been t ransprinted, at the time of 

the first condit i oning- exposure, and which will be excited · at the time of the · second 

exposure, have a large ove r lap fraction with the inter-neuron FI and will, therefore, 

send a signal to the Derepressor · network which counteracts the signal received by 

this network from t he neuron F. As the conditioning process is continued and the 

~ // 
subjectea · t~~onditioning · exposures, the neurons E which are trans-dog is repeatedly 
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printed with the sets (f), (a) and (v) will -increase in number~ Finally, the 

Derepressor network, will no longer send · out a signal when · the · dog · ts · exposed "to the 

compound stimulus and · at the - same · time "food" is introduced · tnto ·- tts·mouth, Such a 

dog is then fully conditioned · and .. continuing · the· conditioning exposures ·would not 

make the conditioning · any deeper. 

Let us now expose · such a fully conditioned dog · to · the · compound · stimulus, 

unreinforced on this occasion- by the · introduction · ot "food" into its mouth. The 

neurons E which have been transprinted during the · pr vious conditioning exposures, 

with the set (f), as well as the sets (a) and (v) will now be caused to fire. 

Because of the substantial · overlap of the transprinted ·neurons E; which contain the 

set (f), with the · inter-neuron FI, the firing · of the neurons · E will lead to the 

firing of the inter-neuron FI and · this in · turn will le~~ 

Effector neuron ·. Accordingly, on the occasion· of thi~exposure .. of the dog to the 

compound stimulus, the dog · will · salivate. This is the conditioned - response. 

. -Incidentally, on this occasion when · the" inter-neuron · FI fires, it will cause 

the Derepressor ·network · to send out a strong· signal · because this -network does not 

receive on this occasion · a signal · from · the · neuron F . Accordingly, on this occasion, 

one or · more · neurons · E will get transprinted · with · the - sets · (a), or (v) · or both, but 

none of them will be · transprinted ·with the s~t (f) o Therefore; if the dog is 

repeatedly exposed · to · the compound · stimulus in such a fashion, i.e. without rein-

forcement, then the -number of .. neurons E which are · transprinted with the sets (a) or 

(v) or both, but not · with the - set (f), will increase · on · each · such occasion. The 

overlap fraction · of · these t ransprinted · neurons · E·with the · inter-neurons FI is zero 

and, therefore, the · excitation · of these transprinted · neurons · E·would not contribute 

to the · excitation · of the -Effector neuron. Their · activation would, however, 

contribute to the excitation · of the · inhibitory neurons IE*, with which the neurons E 

have an appreciable overlap. · This is the reason why the accumulation of neurons E 

which are transprinted · with (a) · or (v) or both, but not with (f), will extinguish 
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the previously es tablisned cond-itioned·· r esponse" to the - compound · stimulus. 
'Note to the tlrst ·· Model: 

one more thing · needs ·· to · be · said at t his · point: It seems · to · be · a fact that if 

we · establish · a · conditioned · salivary response · in the · dog to · a · compound·stimulus, which 

has an audi tory as well as · a visual component , and · if , we -subseqoently extinguish the 

response ; say to tne1visual ·· component, we thereby automatically extinguish the 

conditioned response · to the · auditory · component - also. It can be · shown that, in order 
~~~,..../ 

to account for this · fact, we must · assuml(that · the · Central Nervous System contains, 

in addition to a number of neurons E which are · characteri zed by the set (e),~t 
._equal number of · neurons E which are characterized · by · the · complementary set (e), 

and that the neurons ' E, characterized by one · of these two sets; must ·contact through 

synapses the neuronSE, · characterized-by the · complementary · set (and ·vice versa). 

Presumably, this ·would mean that =quite generally neurons characterized- by complement-

ary sets of · specific · membrane ,· pro teins · must · be present • in about · equal numbers in the 

Central Nervous System of each individual. 

The Second · Model: We · may escape t his complication · (if a complication- it is},~ 

assuming that · every specific . membrane ·protein · is complementary · to itself . According 

to this second1 alternativeimodel, any set - of specific · membrane proteins is then 

identical with t he complementary set · of specific · memb r ane ·proteins. Thus we may write 

(e) in place of (e) and (f) in · place of (f), etc . Accordingly, in our second model, 

the overlap numbe r of two sets is then defined · as the number · of specific membrane 

proteins which the two sets · have · in common and when · transprinting takes place, the 

"transprinted" neuron incorporates the sets · of specific · membrane ·proteins of the 

· transprinting · neurons. Whatever functions neural networks, of the kind represented 

in Figure 1, would be cap~ble · of fulfilli ng on the basis · of our first ·model, they 

would fulfill on the basis of our second model also, and the remainder of our dis-

cussion wil l be couched · in terms of this · second · model,rather than the first one. 

The Orderliness ' of the · Inborn Neural Code: According to the notions here adopted, 

we assume that two neurons in the Central Nervous System, which -preferentially 

respond to two different · sensory·· stimuli that · "resemble u each other, · mast have a 
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large overlap number . · We as sume that · in · the · code . <lf the · ''congenitally-determined" 

neurons there · is an orderly transi t i on · to smal l er and smaller · overlap numbers, as 

·we go from · one neuron· t o othe r neurons which di ffe r from "it more · and .. more in their 

response-specificity . If it were otherwise , our model could not account for the 

phenomenon of the ''gener al i za tion of sti muli
1
'i n t he conditioned · salivary reflex of 

the dog, fi r st descri bed · by Pavlov . 

Postcript: If our two · fundamental · postulates a re ·cor r ect, then · it ought to be 

possible to devise a neural network wh ich would fully account for the phenomena 

exhibited by the · condi tioned · r esponses of the aut onomous nervous · system. (The 

network described · by Figure 1 represents - a · first attempt·· in this · direction). If one 

wanted to see, · however , whether hi ghe r menta l func~ions could be explained on the 

basis of our t wo fundamenta l postu lates, t hen one would first · have to invent 

adequate neural ·networ ks . · Thus, if one wanted to see ·whether one · could explain on 

this basis the mental f unct i ons ·whi ch man · is · capab le · of performing; · but the primates 

are not, one would pe r haps have t o · i nvent the very same networks ··· which are contained 

in the brain · of · man, but not i n t he brain of · the · p rimates ~ Clearly, this would be 

no mean task. 

The "mental capacity " of suil ble · neural nen.;rotlc models, operating on the basis 

of our two fundamental pos t ul a t es, might · be very· hi gh • For · instance, the recording 

of information such · as may be · contained · i n a "s i mple · sentence'' · would have to tie 

down only one "transprintab e" ne uron . Thus , i f one were to expose an individual to 

a simple sent ence ·every four seconds , t wenty - four hours · a day, and if, on each such 

occasion, one would tie down one " t ransprintable " ·neuron, then one would tie down just 

9 about 10 neurons over · a pe ri od of one hundred years . · This is about one tenth of the 

number of ne urons be lieved to be contai ned in the · human brain . 

THE END 
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Flo. I. MlcrophotomHric record of the ~ I line X45 7 3A . 

Wagner' (0.030A). My supposition is that Parker took a 

microphotometric record of a fringe of too low an order in 

the interference pattern where the distri buti on of intensity 

in a single fringe is deform.ed by the very rapid falling of 

the intenaity in the direction t o the middle of the pattern . 

In view ol the results of my experiments and of the work 

of Ballard, Anderson a nd Whi te' on the Be II I spectrum 

the conclusion is tha t if the bery llium nucleus has a 

magnetic moment different from zero, it must be very 

small, much smaller tha n it was supposed by Parker. The 

weak: component of the Be II line 4673A found by Kruger 
and Wagner is probabl y d ue t o a foreign line . 

Inotitute of Theoretical Phyoics. 
Joeeph Pilsudski University, 

Wanaw, Poland . 
Octo~r 4 . 1938. 

S. MROZO WSKI 

1 P . G. Kruser aDd R . C . W a gner , Phy• . Rev . 41 . 3 73 ( 1932). 
I A. E . Parker, Phyo. Rev . 43. 1035 ( 1933) . 
I R . Rit8chl , Zeits . f. Physik 79. I (1 932 ) . 
'S. S . Ballard, 0 . E . Anderson a nd H . E . White , Pbyo. Rev. 47, 256 

(1935) . 

Inatantaneoua Emission of Faat Neutrons in the Inter­
action of Slow Neutrons with Uranium• 

Recently it became known' that ura nium can be split 

by neutron s into two cle-ment~ of about equa l atomic 

weight. In this fissio n of uranium the two elements pro­

duced have a large neutron excess; moreover they are 

probably produced in an excited nuclear state . One might 

therefore expect that these excited fragments instanta­

n~usly emit neutrons and that perhaps the number 

emitted is even larger than one per fission . 
One might also expe-ct a delayed emission of neutrons­

• wu first pointed out by Fermi-if some of the frag­

lllellbiiO through one or more beta-transformations before 

they emit a neutron . Dela yed emiSI!ion of ne utrons caused 

by the action of both slow and fast neutrons on ura nium 

haa recently heen report ed by Roberts , Meyer, anrl Wa ng,' 

who find a period of a bo ut 12 second s . 
In order to see if there is an in stantan eous emission of 

neutrons from th e fi ssion of uranium we ha ve perform ed 

the follow ing ex periment. We exposed ura niu m oxid e to 

ne utrons which were slowed down by pa ra ffin wax, using 

j!S a source of neutrons a block of beryll ium from which 

photoneutrons were liberated by th e ga mma-rays of 

radium . A helium -fill ed i oniza ~ion chamber conn ected to 

a linear amplifier served as a de tector fo r fast neutrons. 

The ioniza tion pulses of t he c ha mber were observed 

visuall y by mean s of a ca thode- ray osc illog raph a nd were 

recorded by th e usua l counting a rra ngement. 
Figure I shows a diagra m of th e experimenta l arra nge­

ment. The ionization chamber is covered by a cad mium 

sheet cap G which prevents th e thermal neutron s from 

penetrating to the helium ionization chamber. A cadmium 

sheet shield H, 0.5 mm thick , is used to cover t he cylin­

drical box E whic h contains 2300 g of ura nium oxid e . 

The uranium oxide is screened from th e thermal neutron s 

by this shield and ca n be exposed to them simpl y by 

removing th e shield . 
We observed about 50 pulses per minut e from the 

helium chamber when we exposed th e ura nium oxide to 

th e th erma l neutron s in th e absence of th e cadmium shield 

H , but obtained onl y 5 pul ses per minut e wh en th e uranium 

was screened from th e th erma l neutrons by the cadmium 

shield . The difference ~ f about 45 pulses per minut e we 

have to attribut e to fa st neutrons emitt!'d from uranium 

under the ac tion of thermal neutrons . It is reasonable to 

assume that th is emission of fast neutrons is connect ed 

with the fi ss ion of uranium . 
Control experiment s were carri!'d out in which uranium 

wa s replaced by leacl . The effect of th e presence and a b­

sence of th e cadmium sh ie ld 1l a nd the cadmium cap G 
was tested . 

In order to estimate th e number of fast neutrons emitted 

per fi ssion under the action of th ermal neutrons we used 

an ionization chamber lined with a thick la yer of uranium 

oxide having an area of 25 em'. This ura nium chamber 

was put in place of the helium chamber without otherwise 

materially changing the experimental a rrangement . Under 

these conclit ions the uranium chamber gave about 45 

fission s per minut e. Assuming the range of the fission 

fragment s to be about 0 .005 g per em' in uranium oxide, 

the observed 45 fi ssions per minut e shoulcl occur in a 

surface layf' r . weighing 0 .13 g. of th e thick ura nium oxide 

lining. Accordingl y , abo ut 800 ,000 fi ssion s per minute 

should occur in the 2300 g of uranium oxide which was 

used in our experiment. By taking into account the solid 

angle, the size of the helium chamber and the pressure 

used , and by assuming that th e " fission neutrons" have 
an average collision cross section in helium of 3.5 X w-u em' 

we find the number of neutrons emitted per fission to be 

about two . 
This number is of course onl y a · rough estimate ; the 

main cause of uncertainty is the considerable variation of 

the cross section of helium with th e neutron energy in 

F IG. t. Arrangement for the ob9rrvation of the erraissio n of fas t 
ne utrons from ura nium . A . Radium . B . Beryll1um bloc k. C. Pa raffin 
wax . /J , Le ad bloc k. /i. , Box filled wi t h ura nium oxide. F . Ionizatio n 
cha mber. G. Cadmium sheet cap . II , Cad mi um • hee t shield . 
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the re~io n around one million volts .3 A hyd rogen-filled 
io ni za tio n cha mber is now being used in order to obtain a 
more accurate estimate. It seems to be established, how­
ever, that th e order of magnit ude is one neutron per 
fission. 

Anderso n, Fermi and Hanst ein have independently, 
ami by a differPnt method, carr ied out ex periments on 
th e ne utron r mi,,ion connect ed with the fi ssion of uranium . 
Our obst·rvations a re cons istent with their results. a nd we 
w i~h to tha nk them for comm unicat ing their result s to us 
bdorc publication. 

\\.hil e from our obsNvat ion s we can only say that the 
time clclay in volvrcl in this " instantaneous" neutron 
emission appears to be less than one second , we shou ld 
expect, for theoretical reasons, this emission to take place 
within less than 10- u second . 

We have also looked for a delayed emission of fa.st 
neutrons by performing the following experiment. The 
uranium oxide was irradiated for some length of time in 
the arra ngement shown in Fig. l. Then the radium was 
quickly remon·d fr om the berylli um block a nd t he cat hode­
ray oscillograph scree n was watched for a period of 15 
second s for an indica tion of a delayed emission of fast 
neutrons . After the rad ium is removed there is no gamma­
ray backgroun cl to set a lower limit for the observable 
helium recoil energy; the only slight bac kground remaining 
is d ue to electrical fluctuations of the amplifier. In 50 

experi mrnt,; , corresponding to a t ot.tl o bsl'rvat ion time of 
more than 12 minut f's, we observed onl y two pulses which 
may or may not ha ve been clue to a rlelayPd Pnti,_.,ion of 
fast neutrons. Th is is to be co mpared with the emi ssion 
of 45 fast neutrons per minute , the number observed 
wh ile thP radium is insid e th e bery llium block. We conclude 
tha t, if slow neutrons falling on uranium cause a delayed 
emission of neut rons whic h arc suffici ently fast for us to 
obs<•rvf', th eir number mu st be very muc h smaller than the 
number of neutrons whic h we ha \'e observed in the instan­
tan eous emission . 

\\'e a rc ind ebted to Dr. S . Seel y for his assistance in 
ca rryi ng out some of th ese experiments. We wish t o thank 
the Department of Physics of Columbia U niversi ty for the 
hospitaiity and the facilities extended to us , and aleo wish 
to thank the Association for Scientific Collaboration for 
enabling us to use one gram of radium in these experiment.. 

Pupin Physico Laborat ories, 
Columbia U ni...,raity , 

New York , New York , 
March 16, 1939. 

LF.o SziLAII.D 

WALTER H . ZnfM 

• Publication asoioted by the Ernest Kempton Ado.ma Fund few 
Phywkal Reoearch of Columbia Unive rsity . 

'0. l! ahn and F . Struoman n. Nat urwiM . 27, II ( 1939); L. Weltner 
and R. Frioch. Nature (F ebruary , 1939). 

• R . B. Roberto , R . C. Meyer, and P . Wan11. Phyo. Rno. 51, 510 
( 1939). 

• H . S taub and W . E . Stephen•. Phys. Rev . 55, 131 (11139). 
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Neutron Production and Absorption in Uranium* 
H . L. ANO E RSOS, E . rER!>!I A SI> LEO S z ti..-IRD 

Col umbia L"11ivasity, .VI'u• l"ork , ,Y,•u · l 'or.l: 
(RecC'ived Jul y 3. 1939 ) 

I T has been founct 1
-

3 tha t there is an abund a nt 
emission of neutrons from uranium under the 

action of slow neutrons , a nd it is of interest t o as­
certain ,,·het her and to what extent the number of 
neutrons emitted excC'eds the number absorbed . 

This f!Uestion can be investiga ted by placing a 
photo-neutron source in the center nf a large 
water tank and comparing, with and with ou t 
uraniu m in the wa ter, the number of thermal 
neutrons present in the water. In the previous 
experiments of this type 1 • 3 it was attempt ed to 
have as closely as possible a spherically sym­
metrical distribution of neutrons. The number of 
thermal neutrons present in the water was de­
termined by measuring along one radius the 
neutron density pas a function of the distance r 
from the center, and then calculating fr 2pdr. 
A difference in favor of uranium of about five 
percent was reported by von Halban , J oliot and 
K ovarski .4 

Since one has to measure a small difference, 
slight deviations from a spherically symmetrical 
distribution might give mislead ing results. The 
present 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 in­
duced in manganese is proporti ona l to the numbe r 
of thermal neutrons present . A physical aver­
aging was per fo rmed by stirring the solution 
before measuring the activity of a sample with an 
ionization chamber. To obtai n an effec t of suffi ­
cient magnitude , about 200 kg of l IJR was used. 

Th <' exrerimental arrangement is shown in 
Fig . 1. A photo-neutron source, c0nsis ting of 
about 2 g of radium a nd 250 g of beryllium was 

• Publ ica tion assis ted by the Ernest K empton Adam s Fund fo r Ph ysical Rese.Hch of Colum bia l ' nivers it y . 
I v. Ha lba n, J oliot a nd Kovarski, Nature 143, 470 

( 1939 ) . 
2 L. Szilard and\-\'. H. Zinn, Ph ys . Rev. 55 , 799 (1939). • Anderson, Fer111i a nd Hanst ein , Ph ys. Rev. 55 , 797 (1939). 
• v. Halban , J oliot a nd Kovarski, Nature 143, 680 (1939). 

placC'd in the cent er o f the tank. The geometry 
was such that prac tica lly all neutrons emitted 
bv th e source a nrl by t he uranium oxirle were 
s l-owed dm,·n a nd abs(•rbed within the tank . Each 
i rrad ia t ion ext emlecl on' r seve ral half -life periods 
of rad ioma nga nC'se a nd the observed activ ity of 
the soluti on was a bout four ti mes the back­
ground of the ionization chamber. Alternating 
measuremen t s were take n with the cans filled 
with uranium oxid e, and \\·ith empty cans of the 
same dimensions. The activity proved to be 
about ten perce nt 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 
neutrons emitted by uranium for each thermal 
neutron absorbed by uranium , we have to de­
termine what fraction of the total number of 
neutrons emitted by the photo-neutron source is, 
in our experiment, absorbed in the thermal region 
by urani um . The number of photo-neutrons 
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FI<~ . I. Hori zon tal sectio n through center of cylindrical tan k wh ich is filled with 540 liters of 10-percent MnSO, solution . A, Photo-neutron !IOurce composed of 2.3 grams of radium and 250 grams of beryllium . B, One of 52 cylin­d rical cans 5 e m in diameter and 60 em in height, which are either empt y or filled with uranium oxide . 
284 
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emitted by the source is indicated by the activity 
of the eolution in the tank when the irradiatiun 
ia carried out with empty cans surrounding the 
eource. We obtained a measure of this number by 
taking into account that in our solution about 
20 percent of the neutrons are capt ured by 
aanganese and the rest by hydrogen. In order to 
obtain , in the same units, a measure of the num­
ber of neutrons absorbed by uranium we pro­
ceeded in the foll owing way : A mixt ure of sand 
and manganese powder, having the same thermal 
neutron absorption as ura nium oxide replaced 
the uranium oxide in t 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 MnS04 solu­
tion was prepared from a sample, and its activity 
was measured with our ionization chamber. 

In tbi~ way we found that about SO percent of 
the neutrons emitted by the source are absorbed 
u thermal neutrons by uranium in our arrange­
ment . It follows that, if uranium absorbed only 
thermal neutrons, the ob~erved ten-percent in­
crease in activity obtained with uranium present 
would correspond ·to an average emission of 
about 1.2 neutrons per t hermal neutron absorbed 
by u~anium. This number should be increased , 
to perhaps 1.5 , by taking into account the 
neutrons which , in our particular arrangement, 
are absorbed at resonance in the nonthermal 
region by uranium , without causing neutron 
em1ss1on. 

From this result we may conclude that a 
nuclear chain reaction could be maintained in a 
.yatem in which neutrons are slowed down with­
out much absorption until they reach thermal 
energies and are then most ly absorbed by ura­
nium rather than by another element . I t remains 
an open question, however, wh ether t his holds 
for a system in which hydrogen is used for 
slo·wing 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 hydro­
gen and uranium , a nd they a re also absorbed by 
uranium at resonance before they are slowed 
down to thermal energies. Our result is inde­
pendent of the ratio of the concentrations of 
hydrogen and uraniu m, insofar as it shows that, 
for thermal neutrons, the ratio of the cross 

section for neutron production and neutron ab­
sorption in uranium is greater than one, and 
probably about 1.5 . What fraction of the neu­
trons 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 t he resonance band, 
it foll ows that the fract ion of neu trons absorbed 
by uranium at resonance will increase with de­
creasing hydrogen concentration . This has to be 
taken into account in discussing the possibility 
of a nuclear chain reac.tion in a syste m composed 
essentially of uraniu m and hydrogen . A chain 
reaction would require that more neutrons be 
produced by uranium t han absorbed by uranium 
and hydrogen together. In our experi ment the 
ratio of the average concent ration of hydrogen 
to uranium atoms was 17 to 1, a nd in the experi­
ment of von Halban, J oliot and K ovarski this 
ratio was 70 to 1. At such concentrations the 
absorption of hydrogen in the thermal region will 
prevent a chain reaction . By reducing tht; con­
centration of hydrogen one would obtain the 
following effect : On the one ha nd a larger fraction 
of those neutrons which reach thermal energies 
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 counteract ing factors the first is 
more important for high hydrogen concentra­
tions and the second is more important for low 
hydrogen concentrations. Starting with high 
hydrogen concentrat ions, 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, there­
a fter decrease. \Ve at tempted to esti ma te t he 
f!Uanti ties involved from the information avail­
able about resonance absorpt ion in uraniumb- 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 

' Meitner, Hahn and Strassman, Zeits. f. Physi k 106, 
249 (1937 ). 

'v. Halban, Kovarski a nd Savitch , Comptes rend us 
208, 1396 (1939). 

1 H . L. Anderson and E . Fermi, Ph ys. Rev. 55, 1106 
(1939). 
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large that ew·n at the optimum concentration of 
hyrl rngen it is at present quite uncertain whether 
neutron prod uc tion will exceed the to t a 1 neut ron 
absorption. \l ore information concPrning the 
resonance absorption of uranium as ''-eli as more 
accura te measurement of some of thP values 
,,·hic·h enter into our calculation are requirerl 
hefnn· \\"l' ca n conclude whet her a chain react ion 
i,- pos,-ihle in mixtures of uranium and \\·a ter. 

A t\ [) S Z I L .-\ R D 

\Ve wish to thank Dr. D. W. Stewart , of the 
Depart ment of Chemistry, a nd l\1 r. S. E. Krewer , 
for adYice and assistance in carrying out some of 
these exp<>riments. \\·e a re much indebted to the 
Eldorado Radium Corporation for enabling us to 
\\·ork with large f1Uantiti es of ura nium oxide in 
our expNi ments. and to the Association for 
Sci<>ntilic Collahnra tinn for the use of the photo­
neutron source and o ther facil ities. 
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Dear Fenni: 

Hotel King's Crown 
420 West 116th Street 
New York City 

July 5th, 1939 

I think the letter I wrote you on July 3rd contains a 

mistake insofar as the ratio of the thermal neutron density at 

the center of the sphere and at the surface of the sphere is not 

75 to 100, but 95 to 100 for the values given in that letter. 

The thermal neutron· density within the sphere obeys the equation ).._ 

~' 1 ·-,. ' ./ ) .4- · r {' -== o , - it 7, ·l-- I I I 

with 
J-t/ l r ·• 

·'/ -
(. 
~ I :-i·.:. / \_-.. " . 

? -it is: - a. .,.. r--:. J: -r .. d.- /..? 
I ) ,) -

where ?"--
'/; ~ ;/ r.- I 

a , .J •..- ' - -
I '\._ ,·<-

,. ~ . ' .) (-

a..~ r 2- ) For SJ18.ll have / ' 
,· ar we 

.) Y-) 2 I t-L..- f:. ~ 

and the ratio of the densities on the surface and in the ce&ter 

is given by ~;.v-r - (P"y-

v p ~ .--------..,... ) 
i -

f' 2 .. :t. -r- I 
(.. ) 

' For r- 20 em, v<. . - 2 - cm, and - ·' = 1 we have ',· .......-. 1000 ' ' ' 
./ . :. J .......... ..__ 1/ I J ,-, 

' ) 

As you see, the method is beginning to get somewhat awkward in 

the case of carbon for smaller capture cross-sections than 0.005. 

It seems that it will be possible to get suffi ciently pure carbon 

at a reasonable price. Carbon would also have an advantage over 

hydrogen insofar as there i s no change i n the scattering cross-
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section in the transition from the resonance region to the thermal 

region. Consequently, if layers of uranium oxide of finite thickness 

are used, the diffusion of the thermal neutrons produced in the carbon 

to the uranium layer is not adversely affected as in the case of 

hydrogen by such a change. Whether this point is of any importance 

depends of course on the absolute value of the carbon cross-section. 

Pending reliable information about carbon we ought perhaps to consider 

heavy water as the "favorite", and I shall let you know as soon as I 

can how many tons could be obtained within reasonable time. 

With kind regards to all, 

Yours, 

(Leo Szilard) 
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Be\el Xlac'• cr ... 
•20 eat l l 4th Street 
Jrew York Cit7 

J\&17 8th, 1~39 

Sor17 to b a~ 7011 w1 tb M ...,. let tera ala out eanoa. 

'1':: i a i a Jut t o tel l 7 a Ulat I 

that it would. be ~e wiaeat ,.11•7 to at&H a 1 rse aoale a-

pertoaot wi th c boa rl~t ~ wlt 

o ~ t he abaorpti ~.Ju which •u 41• ••M ia rq lan 

1'l • f ollniq oao b e aa i • la t Tel' of Ulla prooed.urea 

Ghain r otioa w i~h oarb~D 1• ao .ueb mor e ooaYea1eat 

t 1 ona t.baD a ln reaeti.m with h ·~ water or hel iua tbat 
' 

we r.IUa t kncnr 1a the ahorleat poe ible t.ille whether we caD ma1te 

i t go. ?hla oaa be 4ec1aea wi tb oertaint7 1D a r el ntlYelT ahort 

t im by a larse aoal erperu..tt, an4 therefore t h is experlJDeDt 

-.L&ht te b e pertona.&. I t we waltK f or t he abaorptloa •a.ure-

nt we woulcl loae three JMDth8, .... ln oue the r eeult 1• po-

1t 1Te we woul atill not. know with a 1~ c erta i nty the .a ... r 

1J1 t epeot te t he oueet.ion or tbe obaia reaet1oa. 

I t b ht that erhaJ)a 50 t one or oarboa ancl ~ooa ot 

T 

urMD u. ahuulcl be uae4 aa a a tart. The Y&lue of tb oarbOil woul4 

only b• bout 10 .000 .- Siaoe the oarbon an4 the uran11111 ex14e 
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would not b~ mixed but built u, 1n l ayero , or in any oa•e u•e4 

tn aame o&nne4 form, there will be no wa•\e of material or waa\e 

of labor inTolTe4 in unmixinc after the experiment 1• oTer. 

tnoe he UNntum 1 -rera -.y be separated. by carbon lqen ot 

20 to ~ 0 11 t '11okneea, or nen more, ,. hue to d~al with a 

o~M~ ratiYely ~1~le atwuoture. • oh ·~~ler ~ woul4 \e the 

caee for altemati.Dc water and. l&rall1WI lqen. 

I told Prore6nor Pegra. 7eater4a7 bow I felt about \be 

e1tu&t1on, and he aeeued to be not uaw1111DI to take the .. ._ 

eaaarJ aotton. I won4er whether you thlllk it w1ee to prooee4 

ae outline4 in thia lG\ter. 

'J1 th lcltld. at reaarta, 

your•• 

(lAo Sai~) 
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UJIIVmSITY OF MICHIGAN 

D~. A1TI£NT CF PHYSICS 

Jull 9, 1939 

Dear Szilard, 

Thank you tor your letter. I · waa also conaidarln& the poaaibUity of 

-.~si:.s carbon !or elowin& down the oautronaJ in the obrloua}J' optia1.atic 
. 

h;, !•-• thesis that carbon ahould haTe no absorptioo at &11 tor neutrona, al¥1 

. ,,.in:: for the reeonanoa absorption band o! uraniua the uwal data (which 

~' n.J I rather wapect to be optiaietic) one !i.lx11 !rom an ele•nt&ry e&lculation 

h'\t the ratio ot the ooncent.ratioaa (ratio ot the nullbera ot atoaa) ot 

uruniwa and oa.rbon lbo\ll.d M &boat one thou.aandth in order to &Yoid too JDaCb 

re eonanee abeorpU.Oft. Aooordi.Dc to rq e ati.Mtea a poaeible recipe ~t tla 

bou t J900J Kg. ot oarbon Jd.xed with 600 ~. ot urani\.a. It it wre real.l7 

Sinee boweTer t.be a.Nnt ot UNI1ium that can be UHCl, eapeo1.&l.l7 1n a 

hrmop;e neoua :aixtw-. ia exc.ed1Nl7 811&111 even a veey Sll&ll abaorpt.ion by 

carbon either at ther.al eoaJ'17 or eYen before might be autticient tor Jr•-
v n+:. · n~ the chain reactionJ perb&pe the uee ot thick a,.ra ot oa.rbon aapar-

a. • .. ' by l!.yere ot uraniua mi3ht al.l..ow to u!M a e0111vhat lar&er percentage ot 

I haTe beea thinking about tba axperilllll!tnt that you propoee tor ••aurin& 
I 

t,he small absorption erose .eection in carbon. It ..... to • that rou haw 

rr,,bubly over ea~i.aatad tba ditterenca between rand &M canter aotirlty in 

t he c~ aphereJ .oreonr I don't ••• how you can ta.k8 into account the 

contribut.ion ot tho• neutrona tbat become thermal due to iJip&eta &&&i.net 

carbon. Their DUIIIber abould prob&bl.J' not be Ter'J l.&rae, but llight disturb 

I 

ver-y considerablT the .... ~at ot a IIMl1 ditterenoe. 
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I had <li•oardecl ileaY7 tel' •• too upen81wJ but. 1~ 70'1 can e&IIUT pt. 

eeYeral ton• of 1t l\ ldcbt. wrk T•P7 nicel.7. 

The OJOl,otron 

able to pt reliable lator.at.ion an the eo . oall.S ·Nec~Wl abeorpt.ioa ot 

ur~ nium. I ab&l.l i.Dtora 70'1 ot the result•. 

Enrico Perld. 

k 
· P .s. I haTe reeeiYecS -,aur •etond let ter. It be&~ vater1E'Oo expenein, a• I 

believe, it would be Saport.aDt. to ti.nl! ~ vay of lmow1.n« ..,_thing ot the 
• 

carbon abeorpUoa. It. ..... t.o • that the u" ot Wr'J thick laTer• or C. 

might do the trick. 

Ywn 

larioo Petwi 

.. 

.. 
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Hotel King 1 e Cr(nffl 
420 Weet ll6th Str eet 
New York City 

Jul.7 11th, 1939 

: ettr Fenda 

Many t hanke tor JOV let.\er ot Jul7 9th. It obrl.ouel.7 croeeed with rq third 

letter a bout carboa wbioh JII"'bab1T ~aebed 70\l on NancS&7• Tod&7, beina in a llurry, 

I confine JrT•lt to .U..U• aae poiDt wioh 1'N •nt.ion~cl. You write with rete"nce 

to t he carbon 1phaft ~ \bat it lli&bt be c11tt1cnalt to taa int.o account the 

dis t r i butioa ot tllo• D!*atNDI ldd.ob bee~ th..-1 d\w to iJipaot• &&&1n•t carbon, 

~::d I wish to say the tollCJwtfta 1ft t.h1• oort.neotion. 

1M !Uiher of 

;t rge , but theii- DllillbU 11 tu. ~ into aooaaat b7 t.M propo.S •thocl. 
I 

n. d.,elt7 tJie ta-.1 DMatron• within tbe IQ"baQ obql tn. equation . 

]) . ., '). - /t(-rr) +- ltrJ ... o . 
w. ro /f;.t&D.t• tor~. DUIIber. ot t.bii"Ml neut.I"'Ol• produo.d 1D UDit tiM W unit 

volume at azq po~t, w1t.b1D tbe oarban 1pbeN ot the Nd..iu1. 

Let f, tr;) be ~ eolutS.O. of tbt. equatioG tt~r the bouad:&r7 oondition f1~) 11::. ( 

whe J/. • tM u..&l DIG~Wa c:l•l1t7 at t.be b0\8l&r7 turt.C. ot the oarboa e}ilere 

water UD:ier t.b8 ocadi\laaa ot tbl e.xpez-1.-nt. 

/-.. fr-) a ~ ot the .._ eqation tor U. bowld&:r7 condition 

7vtdoh 11 ...UHCl bJ' .,.rille tbl wrtaoe ot the Ml"boD epbe.-. td t.h a 

then:~&! neutrca a~;.) N equation 

.]) ~ -/l(,.,..f) == 0 
wi 1 then be obe,-.1 b7 ! • j'- r~· and j will aatilt'y the bourr:iary eontition 

f(r) ._ ,/, Thereto w haw I 

J!!j_ - i! fr-J- f '\.1.,.. l -
7fiij - f,(o)- f..lo) - 2 G."('" 

.:;- ch !or the "theory". Pract 1oa1 Jirie-1lties are or course pre :Jent. 

~ rr..a.y write you · in in the next few d ys al'¥1 wi ah today only to add tni&: 
.\nderaon did not t. an ncknowl ~nt f Ph7eical Review about our no te 
J Fe, today to •muir. about 1 t . I t turrwd out that the note wa e too 
r •L U,ttel" to the Editor and thut it ·..1, 1 ap1••r as a short paper in tl';e 
r usu• t. l •t.. 

lc:IUI"8, 

(lAo SsU ard) 
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.Q. Q ~! 

Albert E1n8te1n 
014 Orme Roed 
lfuaeu Point 
Peccm1c, Leos I eland 

AUSWtt 2nd, 1939 

F. D. Roosevelt 
President of the United Statea 
White Houee 
W eahington 1 D. C. 

Sir: 

Some recent work b7 I. fermi aDil L. Sr.U.ard, which hu been CCIIIIImiceted to 
YE in manuscript, leeds ~ to expect that the element uranium JUQ" be tuined into 
a new end important aource at eDelV 1n the 11Dtd1ate tu11lre. Certain upect. 
of the si tuetion which haa arisen aeem to cell tor ntchtulneaa and, 11 neceeaar;y, 
quick action oo the . part ot tbl Adm1n1atret1oo. I believe therefore that it ia 
rq d.ut,y to brills to 70J11Z attenticm tbe fol.l.owiJas tecta alll4 recC~~~~Dendationa: 

In the course at the lut tour JIIOil'tba it hu been made probable • through 
the work at Joliot in P'nmce· ea veil aa P'erm1 end Szilard 1n Aar1ca • thet it 
rMY bee~ po~aible to aet up a nuclear chain reect10D in • la:rge mua ot urenium 
by which vest amounts ot paver en4 large quant1t1ea ot zww re41um-l1ke elements 
would ~ generated. Nov 1t appeel'll elmoet certain th8t th1a coul4 be achieved 
in the 1DmHUete tuture. 

This De¥ phenaa.non w0\.ll4 alao lead to the coutruct10D ot ~, and it 1• 
conceivable - though Dllch leaa certain • that extre•J.T pcwrtul bombe of a nev 
type may thua be ccmatructed. A ainsle bOIIb at th1e tJ'pt, carJ1,e4 b7 boat end 
exploded 1n e port, llight va17 well deatro7 the vbole port tceeiher with •a. ot 
the aurroundins terr1to1"7. llolfever, auch bombe Jld&bt ftl'7 ,.u proYe to be too 
heevy for tranaportetiCD 'b7 air. 

The United State• bu onl1 ve17 poor orea ot Ul'8D1ua 1D m4erete quant1t1ee. 
There ia eoa good ore 1n Cenada and. the tOIWir Cr.ecboelont:la; Vh1le the moat 
important aource ot u.renilmt 18 Belsian coaso. 

In vtev ot thu a1tuat1ao 70U 111,1 th1nk it t.a1n'ble to hlrft acme pei'DII!Ulent 
contact maintained between tba M.Sntatret101\ aD4 tba SI'QlP ot phtaiciate working 
on chain reectiona 1n ~rica. ~ poea1'ble vrq ot ecbl,YinS thia 1118ht be tor 
you to entruat Vi th th1a tMk a Jel'IOD vbo hM 70v ocattclence 8D4 vho could per­
hepa aerve 1n en 1natt1c1al oapec1t;r. H1a teak Jdabt c~ae the tollOIIing: 

e) to approech Govenu.nt DepertmBnta, keep them intoi'IMtd ot the further de­
velolXD8nt1 end put tonrerd reccam.n4at1ou tor Oonm.nt eot10D, giving partic­
ular attenticm to the probln ot Hcur1.ns a aupp}T ~ anni\111 ore tor the United 
States. 

b) to a-peed up the exper1-.ntal vork, which 1a at pnaent being carried 011 

v1th1n the l1Ddta ot tha ~- ot Un1ven1t,r labontonea, 'b7 prortdins hnda, 
it auch t\mda be requ1ntc11 throQsb h1a cODtacta v1th private pezwou who are 
"'1ll1ne to make contr1but10b8 taz th11•ceuae, and. pe~ elao b7 obtain1n8 the 
cooperetic:u ot 1ndu.atr1al. laboratonea which heft the •oe••B17 equipent. 

r · ·ti."'lderat.end that Ge!'!BV' baa actual.l1' atopped the aale ot ureniwa from the 
'- -"' lovald.en minaa vh1oh ahe hie t&·en o'flr. That lhe aboulcl han talatn 1uch 

action might perhape 'be u:adenl't~Jd em the gTQUD4 that the ac:m ot tbe Oe:naan 
Secret.!~ ~ St ~te 1 vco Ve:lzaack•r, 1a ~ttaahed to the l'.a:tHr-W1lbel.e-
~t 1D krlln ¥tit ac. til! ~ J! "!ri~=.:;. .:._ '!"'.J!: , .. • aiml ia DDfl beiDS re-

. ' 

I ' 



COPY OF l-£K>RANWM OF lEO SZILARD, DA'IED AmJST 1,5, 1~9, BUBMI'l'D!:D TO THE PRESillENT 
OCTOBER 1939 

Aueust l5, 1939 

1 1c'1 experimentation on atomic d111ntegretioo vu done dur1ng the past five 
-. • but up to t."lis year the problem or 11berat1ng nuclee.r energr could not be 

:~t t t-t.t·· d vit.h any reee~able hope ror success. Ee.rl.7 thie year it became knovn thet 
t!:! d.c~nt urBil1um can be split by neutrons. It appeared cooce1veble that in this 
r uc Jc er process uranium itself may emit neutrons, and e rev or us envisaged the 
.v~s.!bility of liberating nuclear energy by meen.a or a chein reaction of neutrons in 
• l ' rl.!""l !.u.'U. 

2.xperirr..enta were thereupon perto~d, which led to atriking resulte. One has to 
• 0' x ~ •.<de that a nuclear chain reaction could be meintained under certein ve 11 definec 

L r~ 1t :!.-. nn in a large mess of uranium. It still remains to prove this conclusion by 
'1 •.t.u.: Ly setting up such a chain reaction in it large-scale experiment. 

TL1s new development in physics means thet e new source of po~~er 1a now being 
: r <::' L 'L Large amounts or energy would be liberated, 8Dd larse quent1t1es or nev 
~P.~iveetive elements vould ~ produced 1n euch a chain reaction. 

I~ ~dicel applications or radium ve have to deal with quantities of gr8lll8; the 
-- 1 nd. ioacti ve e lementa could be produced 1n the chain reaction 1n quanti ties cor-

-'-·' .~-.-l. lr;0 to tons of radium equivalents. While the practical application vould in-
c uu.E: +.:ni redicel field, it vould not be 11m1ted to it. 

A radioactive element g1vea a continuous release ot energy tor a certain period 
t. t"!. >Ue. The amount of energy which is released per un1t weight of materiel mey be 

y lor3e, end therefore such elements might be used -· if available 1n large quan­
ti ~ e '' -- es fuel for driving boats or airpleruut. It should be pointed out, however, 

.t t he physiological action of the radiations emitted by these nev radioactive 
· .: nt.s ma!<:es it necessary to protect those who heve to stay cloee to a large quan­

tiL..J -,f such en element, for instance the driver at the airplane. It may therefore 
re ~esea~ to carry l8rge quantities of lead, end thia necesai~ might i~dc e 

<:. ~ l opment along this line 1 or et least limit the field ot application. 

- r ~e quantities of energy vould be liberated in a chain reaction, vhich mi'3}1t 
b~ t•til1zed for purposes or power production in the torm or a stationery power plant. 

;n v1ev of this development it may be a question or national importance to 
ue~ .re en adequate supply of uranium. The Uhited Statea has only very poor oree of 
• ... ,j !l. in MOde rete quanti ties; there ia ,e gbod ore ot uranium in Cenada vhere the 
c~ .L c!.epoait is estimBted to be about 3000 tons; there ~Y be about 1500 tons of 

urnn1 u.-n in Czechoslovilie, vhich 1e nov centro lied by Ge~; there ia en unknOIIIl 
t of uranium in Russia, but the most important aource at uranium, consisting ~ 

r-.r unimovn but probebly very lerge amount of good ore 1 1e Bel.gten Congo. 

l. t is suggested therefore to explore the poeeibillty of bringing over fran 
~·jw'l or Belgian Congo a lerge stock or pitchblend, which ia the ore or both radium 

· • t~ an!U!ll, ani to keep this stock here for possible future uae. Perhaps e le.rge 
;.~. .r.tity of this ore might be obtdned as a token reparation payment from the Belgian 

In taking action along this line it would not be necessary cfficielly to 
::. , o lo9e that the uranium content at the ore is the point or interest; ection mlg.H 

~o~en on the ground thet it is or Talue to secure 8 stock of the ore on account 
of 1 ta radium. content for possible future extraction ot the radium for ~dical pur-

t' S . 

:t: " it is W111-kel.y that an earnest ~ttempt to eecure e suppl,y of uranium w:111 
~fore the poaeibil1t7 ot a chain ;reaction hae been visibly demonstrated, 1t 
:cess&: to do tJ11e 88 quickly ~~ -poea1ble b7 pertonn1ng 8 large-scele ex·· 

The previous e:::perimenta have _r ·l"'!!J.ll'l~d -i.:J'!-~. e,-:'C;m;i to the extent th8t 1 t 
.riblc (;:i, ..,.r].s 'tt) define the c~.1t1one tmder llhich such e lerge-acel<: ex­
OU:ld have to be carried out. Stiil. nro or thz'ee different setuper msy have 

.-red out, or alternatively pnlimint!%7 experimente have to be carried out v1th 
1 tons of mBterial 1f ve vant to deqide in aciTence 1n favor or one setup or· 

'-' .t,er. These experiments cannot be carried out within the limited bud.eet vhich w~s 
p..-~ : 1d::d fo~ laborato17 experiments 1n the pest, Mid it hea nov become necessary 
~ .. ·~r to atrengthen--r1nancially and o~c.herwise--the ·orsanizetions which concerned 

t·~·:r~s·~ _lves with this work up to now, Qr to create BCIIII!t new orgen1~ation for the pur­
-;_-,o e. Public-spirited private peraoua vho ere 1.1kel,J to be intereated in aupportin,g 
~r-Hl erterprisesltould be epproecbed ·vithout dele;r, or eltemet1Yel,J tbe colloboret1on 
cf h:.. che!Uicsl or the electrical 1 .. t~.cl\.\Mtry ahould be •.ought. 

• 
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The 1nveatieet1ona were hitherto 11rn1 ted to chain reactions based on the ection 
;;f -'~-~.:?:: neutrons. The neutrons emitted from the spll tting uranium ere feet, but they 
U't: • .:·:....,ed down in a mixture at uranium end e light element. Feat neutrons looe 

1 ..... 1 r ene rr;y in collidinG with etoma ot e light element 1n much the seme way ee a 
~::_i erd bell loses velocity 1n a collision v1th another bell. At present it is en 
0tt·r:. ·.:.e stion whether such a chain reaction ctln elao be made to10rk vith feat neutrc-m~ 

;.;!:icL are not slowed dowt.l. -

'r"lere ia reason to believe that, it teat neutrons could be ueed, it would be 

, '='JY t,o construct extremely dangerous bba. The destructive power of these bombs 

:en o:1l..7 be roughly e'ati.m.eted, but there 1e no doubt that it vould go far beyonc. ell 

.::H 'JT/ conceptions. It eppeere likely thet such bcnbs would be too heavy to be 

. a:·.spvrted by airplane 1 but still theJ could be trenaported b,r boat end exploded 1n 

'r ..... w~th disastrous reaulta • 

• < lbough at present it ia uncertein whether a teat neutron reaction can be made 

'nl!:, fro;n nov an this poea1b1lity will have to be oonstently kept 1n mind ~ u v1ev 

t . .:1 far-reaching m:ilitar,y CO!lSequences. Exper1amts have been devised for s. 'ttlir.:c 

t• ~ 1~rortent point, ~1d it is solely e question of organization to ensure th8t suer 
r :r ll' L i~·nte shell be ectuelly Carried out. 

0h:~u:.d the experiments show that e chain reaction will vork v1th faot neutrcna, 
f • •• ?1: ld then be highly advisaltle to errenge emons scientists for vithhold:!.ne pt;bl1-

,; - ... c.:1s on ~his subject. An attempt to errenge tor withholding pUblicetione on t :11s 

. ...~· \ec t haa el.reedy been mede early 1n March but vee abandoned in spite of fC.\'Oreble 

.· -=·n..:ltJ !n this coun t.ry and 1n England on eccount ot the negetive etti tude of c er­

. ~. "-~· ·H.: laboru"tor1ee. The experience geined 1n March would me.ke it possible to 

• ,. 1 ·e this attempt whenever it should be neceeeer,y. 

Leo Szilard 
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J ry 31, 19.56 

is a COPJ o! a paper which I eent to 

in Febru&J7, 1940. Thia paper e ace pt.ed tar plblie&-

ot the nature ot 1ubject. 

Leo Ssilarc! 
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U' on a l &rp a' ot ratb 

in a aua ot era , .. 
bex&&'Oil&l ... • 1&, 1•• 1a alu 

• ber ot tut neut oaa 1 tta4 b7 \U' 1ua tor 

1 urantua 1• o&loul.atecl troa moa uper1 .. n t&l 4at 

• In our •J•tem ooD41t1ona !or ob&1n r a.ot.1on bao 

l &a the t pera~ure 1nore aea it 1a abo 

ro ot1on to be . eelt- a erat1A5 111 .uob a •1•t .. at a u' 9000 C. eYeD it tbe 

oro ea-aeotion ot oarbon were aa b1~ aa 0.01, 1t• pre•ent expert ental pper 

l i cit. ~· the intana1~1 ot the ob&1n r action 1Doreaaea w1 

erature the ej·et a 1a th erll&.ll7 wustable. 1 i oan be oontroll a.rUtto1&1.11. 

The tlme within which tb oon\rol would h Ye to reapon4 1a toun4 to be lo I' 

thnn one second. ._ cb aa 100 tou ot cr ... pb1te aD4 10 tone ot vu1ua a16bt 

perhaps be re <:u1rcd in orller to 1·eaob the poi.At ot diYal' 

tranacutatlon will iO aa w1tb AD 1nt.a.lt7 11a1t onlJ b7 \he neoeaa1t7 of 

aYo1~1ng over heatinG. t in oo ta.r aa the oa~ture oroaa-aeot1o of oar 

1a l1l:e1~ to be i.lelow o.ol the &DOWlt ilt :.:lteriu.l re(!ulr cl will pro abl.J be 

ma.ller. 
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et lear oroea- aeottooa ct• n in thh 
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1• ' e •attuoe 0 ... tion of oarboa tor 'heral neutrons · • 

1• t • aoatter1ac or ...... aeotion of carbon tor t ~,r~nl neutro08. 

1• t • rat1e ot t er ot theraal n utrone aDd the nu~ er 

of re•ooanoe ·Diutr D8 absorbed by a einl~ urRniu"'l sphere ... ~ 

under the tollowtaa oircuaatanoea: • ein le ura ntua sphere 

1a e 4e4 in aa infinite apac rtlled with rhon. ::~u· r· na 

an paerate 1n t e carbon and the nurabf'MI or '"her"'lrll nf'utron.o 

aD4 reao DOe M treu produced per oc and eeo re equal n nd 

ftl • trhou~hvut the whol i nrt n l t. ':l&88 0 r 

Oaft • 
1a the eaerCJ at wh1o~ the reeo 

uraniua baa 1 t• -.xi.wa. 

ce abeorption line of 

1a the YelooitJ of ther.al neutron• • 

ia the lower eD4 ot the reeona~ce region or uraniua be::.o .... •. tc­

we conai4er tbe ratio of the ~eorptton coef!1c1ente :·or 

theranl a.utro .. ... tor reaooance neutrona ae c nat~tnt. 

1• the upper eD4 et the reaoa.nce re~ton of uraniu-a R ' OVf' .. ~ tc "\ 

... n ·:eet the reeoaaDCe abeorption in uranii.Uil. 

is th ven,. I'Jil.llber ot collie tone which a n~utron ..... tq 

•u uain • in oarbea a~Tea within the •n rr-y re • on 

1• ~f! TeMl'.e nu~h,.r of oollieion which a thermal nf'utron 

41ffualn~ in carbon aurT1Tee before bein~ captur d hJ e ~ rbon. 

ie the ean free patk for ecnttf'rin& of ·h~r, 1 neu rone 

1 n cnrbon • 

ia the denAlty Of thf'rmal neutrone • 

ia the numbrr of ther *' neutrona produced pt>r cc ~tn, l •~c · 

in ~nrbon. 

1• the ra4 ue of a sphere ol uranius or uraniu• o(l d ~ 

• ioh t• eabedted in cAr on. 

till th rAr,p;e of ' er 1 ~·.l ron inc r on I~ n ~ j 

~~-- ~((}rC1kK/ 
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e1ngle uran1ua aphere emtedde d in carbon proT1ded 

that the Ul'at.nium ephere ausorbe each therc&l. neutrvn 

whiob reaobee lta aurtaoe. 

1a the r~ce ot the reeonance neutron• in carbon 

1• the nuabcr or rcaonnncc neutron• abeorb~ b7 a 

e!Agle urantua ephere embe~ded ln carbon. 

1• the aeaa tree l»ath tor eoatt ~· r1nc tor neutron• 

ot energy &o lD o&."bon. 

1• the T&l.ue •t t tor a urUliua ephere which abaorba 

each theraal aeutron whloh reaobe• ita surtaoe. 

1• the auaber ot theraal neutron• ab•orbe4 b7 a 

•1Dcle ureAiua aphere • bedded in oa.rbOD. 

1• 4et1De4 b7 J~ .r :ru 
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or f ~ r £ ~ 
1• the ae.m tree path tor aoatteriA& 1D the eubatanoe 

ot \be vaai ephere. 
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11 the f r a c t ion or t 1 P t' f'T'":Hl ' ,l"lltron::; 11 " !'1 \'lrbt>d c a rbon, 
C\n a n i nfi ni t ~ 1\USf' o ~· cn r honJ ~i~~ · ii~iai~ 

a l nttice or urAniu, ~rherP! . 

i a ~u"!!b f' r of t hernal ·~ t>u' r onB cb;orhe(~ 
b y a urani u:n ephere . tt h i n tt lat ti C'(' o ~ ur· :~1 u:n 

epherea e11bedded i n ~~ r~on. 

ie the n\lllb er of ree on,. nce neutrona ah~·orbed . eret>c 

by a uraniu11 ephere d thin a lattice of urRm um 

apheree ~•bedded in carbon • 

1e the traction ••ti•na,.di'J'cte•t <aaatKIU 

ot the raeonRnce neu t rona r roduce4 in ~ n rbon ~ ~ t c h . 

11 abaorbe4 aa a thermnl neutro~ by the lat • ice or 
uraniu!!l "l'haraa 1 f the nu-ber or thel"'Ul nf'utr\• ne 

nn4 .._ reeonP.nce neu •ron• produced per cc n nd eec. 

in the oar~on are e , ual an4 have the l Ame vnlue 

throu~out the whole 1 n ·· 1. n1 te .,nee ot cArbon. 

11 the· .alue otIC for which ~ beoomee ~Aimu:a. 

~· 
1a the oorr~ot •slue ot the traction or the reaonR nce 

De1ltro• pro4uoe4 1n canon ~ ·. ich 11 abaorbed ae a 

tiler.al neutroa b7 the latt1" ot uren1u11 apheree 

U obt"11M4 bJ tat1n« into account that the n .mber 

ot ther.al neutrona pr~duoe4 per cc and aec. in the 

oar\oa Mar the uraDiua apherea 11 reduced 4ue to t.he 

abaorptloD of naoaenoe neutrc• bJ 'the ura niu:a • 

1a the -.l11M or ca"on per uraniua •phere. 

la tbe 41etaDOe between neiiC)lboui"1D« urtullua 1 1-- h t rea 

ta a ~to or ~eza~onal oloee paoke4 lattice • 

)6.) """-. la tha ....,er of H at .. per unnlua atoa 1D a mixture 

et aaDl- oJd.4e aa4 -ter. 

)?.) t-e ' ..,...f:~ ie .tt.e •aa .ltfettM or a theJWal Deu• roD iD water 

)t.) I' 

• • ld:at.N of •natwa oxt•e a.S •'•r, 
ie tM _,t1lft eroea a .. t1oa ~t. h,.ropD for theru.l 

~ ..... 
ie 'ft'aetlea ef t~e neo••e aeutro• pa.rated 

ta a , •• , ..... dfture of uraDi\111 o.~.14• aD4 -~•r which 

A ....... '' ald. a at reaonanee. 
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1a Ute 4eM1tJ of wter 1D ,. per oc 1n a boaopeaeoua 

a1 zftJ"e et •raid- ox14e aD4 water • 

1• the tint tao tor 1 n 

£ =r .4..,. 'J "£I " .f~ rJ { 6 I f4 ~(IJ 

1e the eeooD4 taotor in tbe aaae expnarton. 

1e ~e or1t1oal ra41ua ~~--- of a ~rhtte • here 

wh1cb contairw a lattice of urania apherea ~1•1n« the 

Y&laa ot the radtue tor •hicn tbe chain reaction bec o • 

di•er,ent . 

• 
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InaODU:tiO. 1 

u earlJ u l91J I. G. Jolla toreou' the 41aooTery or 1zwuoed rad1o­

aot1Y1~7 tor the JO&r l93J .a4 4eeor1bo4 the .ubae~ent adYent ~t nuclear 

truaaut&,loDa oa aD 1D4uulal Male. I' wu DO' poaalble tor p.Q-a1o1ata 
'o realise the potea,lalltiea aa4 'h• 11.t'a'ion ot auo1ear phJeioa 1n th1a 

d1reot1oa ua'11 at'er 'he 41aooTerJ ot the aeutron 1D 1932. Ow1nb to the 
diaooYerJ ot art1tlo1al ra41o-aoiiTit7 1D 1933 b7 3olio' &D4 Irene Curie, 

and Fera1'a _p1oneer work oa neutron reaot1oaa in 19~, procr••• 1n the t1eld 
or nuclear phJaioa waa greatlJ aooelerated. By the c1dd1e ot 1934 1t ooull 
be olearl7 aeen that w1tbin the tr ... wor~ ~t cudera nuole~ ~hyaioa tr~~•gu­
tat1on ot e1eadnta oa aD 1114u.a,r1al aoale mi~t be aoh1eYed b)' mt-Wla ot' a 
chain reaot1oa 1A wh1oh neutrona tora ~he l1nAe or the ch~in. If th~re 1a an 

elemen' or a a1x,ure ot eleMD'a wb1ob 1Jateraote wi '-h neutron• an.: i"l'.Ju which 
a neutroa 11,eratea on the aTerace more than one neutron tor ~no ne~tron which 
1• abaorbed •1 tb1A the aU.1.~e we h•Ye a oha1n •· •~ouon a..."\:. c;~· brine.: atou t 
nuclear ti'Ul88UtatlOAa oa a 1arp aoale. It a neutrlln avuroe 1e Tll:.~.oed in 
the ottnter ot a larp aphere whlob ia ooa':"'Oae4 ot auch an clement ~r m1xtur~ 

the nuober ot aeu,rona emer~ out ot the apbere will be l~~er than the 
• 

number ot neutroaa ea1 'tea '7 ~· aovoe in the on,er ot ti.e et-here. It 
( 

the raAiua ot \he apbere approaabed a ••r'~ or1,1oal ra41ue the n~bor ot 
neutroDa e;mera'ed 1Jl \be ohala would '•n4 'o beooae 1nt1n1u. It the rad1ua 
ot the aphere ia 1arpr \baa Uae orl t1oal ra41ua tbere 1• no at&.LUont.Ll'J aolu­
t1on ot the ·~'loa &Dl \be aaaber ot aeu,roaa woul4 1Aoreaae exponent1all7 

w1tb t1ae. 
BJ a1ap11t71AC \he JI'O'l• ao aa 'o be a'l• 'o applJ 'h• tbe~ry ot .11ttu-

a1on to tbe IIOtl• ot \be anvaaa wh1oh are lUtoratecl 1a tbe oha1A reuUon 1t 

1a eu1 to &e' a aptl'o11aate p1oture ot the pneral ,~,. ot '•baY1oUW' ot a 

obo.ili rea.o,1oa wl \.lala a tial \e a)bere ot .. ,,.r. 
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.s uch a a i l11P l 1fiod t r oataont has bo~n ·~ . l ted t o the problem as ~nrly 

aa 19j4 particu ~ arly wi th re~rd t o tho potential poeeib ility of eett 1 n~ 

up a chain reac ti on i n borylltu.a . At thRt .tirae it arp oarod rro11 Bains-

bridgea ' a Taluo f or tho .... of boryl liu• and Aaton•e Talue for the 
I 

aa•• of holiua. that berylliu2 OU&ht to b e unstable and t ha t neutrona ~igh t 

b e liberated froa borylliua by alow neutrone i n aufficiont nu11bera to 

aako a ob&in reactioa poaoiblo. Thi a ide a had to be abana o ned, a s f ar 

aa b oryl liua waa conoerne4, whoa A~n•a Taluo for tho mea• of he l iua 

proYe4 to \o 1a error. 

In 1934 tho traaa.utatioa of ~-- b7 neutron. wae diec overed 

aloQC that of other olo .. nta by Aaaldi, D' Acvstiao, Porai, Raeott1, aDd 

Seer• who fouD4 that a nuabor of radioactiTe eleaonta are Renerated troa 

•ralliua by neutrone. An 1wponant advance was •4• by InDe curie 

and ~. la~toh, who fOQD4 that aa elft .. Dt which bohaTed chosic~lly 

apparonly llb radiua .. e uoac thoeo produced aDd later I rene curio 

aDd P. SaTi tch diacoTerod radio aottTe rare oartha aao~ the dtetnte~Ation 
. 1Ja Doo .. ~or 1 ta8 

prodscta of uraniua. l'inally Hahn ADd StraaOIUD aanouncetV'that 1. n reall t y 

11raaiua aplite 1Dto a larp nu11bor or oloaonta of •diua•OIIic woipt if 

1rra41ate4 by neutron.. 

Aa aooa u thla booaao kDOWB lt ~met haTe booa eT14ont to all thoeo 

who u4 boon tllt ntiac preTiOQAlJ ot tho potential poeoibllitloo of a 

o~a roMtioa, ~ .. 11 u to otllon, that 1 t Dl1lttOM ahou14 be oat tto4 

tr• •Jlittl .. U'alll- at- la nftioion _.on a ohaia reac-t~ ai«ht 

bo aot Q la a lar,. -• of srtll-. IDdopoDdoDtlJ of each other a aaall 

...... of pll,alalata ~op.a thoro foro to prepare OQori•no with tho 

ala,. tlaowor ... ,Iller er an •utro• are ealttot troa aplit t ina uraniua. 

It ... alaac tuaa 11 .. fa. .. wltor alrolll.attoa tn AMrtoa throu~ 

a a :d•Jftft'o ••tlac llolt ta laahlactoa la Ja...,.,, 19)9 aador tho 
. 

&UJl ... .t tile lo01' .. laall1111'•• UatnnltJ aal the Caraac:to Iaatituto 

t• le.,..,l'lal ..... ,1.. A' '"• ••tt• I _.ntaD4, Porat drew 

·•"••tea 'o tM pnont.al ••r. t,111'r at • •u'rea o.taetoa troa epl1tt1QC 
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• , r. • :-·l ~ome of 1 ts possible consequences. For a short t 1 

~r ~ ·h ~ \b~orpt1on of ur&nlua •~~ld ~r ~ penaate any concelyable neutron emis~io~ 

1 
. r·r .. tt ""as found that the croaa-eeetioo of ur&lliUII tor aplitting by thermaJ ntmtrona 

~r· •t 2 whereas the currently a~epted Yalue tor the abaorption ot uraniua for the 

t : ... .. r"'- i. ,,.eu~rona vas 43. HOWYer the abeorptioa of ur&niua tor the~l neutrons waa 

tr.•r _ "!.\On rseasured by F•rat who diaconred that ita nl.ue waa only about 5. 

A de~ ayed eaia•ion ot Dfttrona trea •J"Url.-.. UDder the actica ot neatrone boabard ­

~-::-;• w~s 13 scoyered i!l February 1939 by Roberta, .Y,er, aacl Waft«. 2 

A aueh atronger inat.&Deoua ..teaion or neutrou ·br ur&Di- under the action .or 

·.t ..... '"l neutrons vaa diaoonred iDde!)endefttly &Di al.a:>at aialt&neouely by Halb&n, 

: :
1

:: , &nd lowarski ;3 ADderaon and Fend:; 4 and. Ssilard and ZiM5 vho reported their 
I 

CD~ f"""Vationa in letter• to Nature and to P~ie&l ReYiw dated March e, M&reh 16, arvi 

v~r·t ~6 1939) respecti.ely. AD obaerwation pointing 1n tbe .... directio!l waa al•o 

rp. rt6d by Y. Droate6 in a letter to Die Naturwiaa nachatten dated March 17, (1939). 

':he first paper to appear ill print waa tbat ot Ral , Jo1iot, and Kowarski 

which was publiahed on Nature 011 ~(arch 18, (1939). A llUIIber ot papera dealing with 

he inatantaneous neutroa elliaaion of •raaiua were aent to perlodie&la after thia-

da.te eo or which preiNMblJ reportiftg axperiMBta tdlioh were atarted 1ndepeftdentl.y 

'-10 ·~ •~ e&rlier date. 

The balance of n•tron abaorption and .:1 10ft b7 Ul"Uli1111 waa subaequently 

. 11 12 
1.1r,ur1~ed by Halban, Joliot and lowar~i; Ande!"80ft, Perm &lld Ssilard; and Halban, 

13 
Jc.J t">t, Kowarsk:i, and Perrin. Tbia work d.-o tratea beJoad doubt that, on the 

av,.r P.e, a:>re than one taat neutroa ia ea:ltted tor one \heraal neutron absorbed by 

u !'an 1 ulft. It ahowa therefore, that in certain c1rawutuoea a chain reaction lli~ht be 

tr.A i.nta1 ned in a anxture ot urania and an el t which a1owa down to thermal ~er~iee 

t~ fast neutrons e.dtted b7 the ap11ttins rani~ It it ia poasible to aYOin that 

~-:-n large a traction ot the taat MUtrona eaitted troa the splittin« uraniua be 

r<lilt ,lred (without eauai-n~ fiaaion) at reaoD&nce by11rania &1¥1 if it i• possible 

~. t.n~ same ti~~oe to aYOid that too lar~ a 



-COL -

r • on of the ther.al neutron• be captured by the el nt which is used 

~ • .e purpose of slowing down, then we would ha?e a chain reaction which 

• .1 ·L . ~rge for a sufficiently larse aass or uraniua. 

h does not neeesearily •an that a eh&in reaction can be i ntained 

~ d - &nd water a conaiderable tractio or the aeutraaa·is absorbed by 

1~:an · ua at resonance a.nd it ~iu dOQbtf'lal whether 1.Jt eh a llixture the 

ull\t> r or neutrons produced a:r ac-.ct the lltlllber ot 11 trona abaorbed. 
( 9) 

···mi ha' investisated the queation wh ther 110re tawrable conditions can 

~t.a:ined in ai.rturea ot uraniua oxide &bd ter by keep1Ja« the uraniua 

') )(Jdt~~ and water in separate lqera and tOUDd that a ali«}lt iii!ProYeaent ca.n 

. u! b obtained. &t enn eo, tor the pre eat the eat ion whether a chain 

r• ct1on can be obtained in a •yet• ·coapoaed ot razdua and water ia bei~ 

,.f~ 1n abeyance. 
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The purpoae or tbe prea.nt paper 1a to show that a chain reaot1on can be 

aoh1eTed b7 uata& aa ele~t like oarboa tor aowlDC town the noutroaa 1D oertain 

PArticular •Jete ooapoao ut v.ranlu and ou..rbon. The \h or7 wh1o 1a clYa 

in the preaent paper can be plied to el .. enta other than carbon but it doea 

not g1 Te all)' uaetul. 1Ator tlon t~ qateu oo~~poH4 ot uruiua aD4 h7dl'oson. 

ThoU6b one aiaht tbiDk that carbon should be .uob leaa ettlclent tor alow­

lng down nwtrone \baa bldroe;en troa aeTer~ po1.11te ot Tlew 1 t woul4 be }'lretera­

ble to uae carbon 1D the tora ot craph1 te rather than h7cl.J'opn 1D 1.be !ora ot 

water. The capture croaa-aection ot oarb!n tor theraal neutrona ~~) la ., -1, 
aaall. AD upper lla1 t ot G";((J .> o, 01 Jt /0 ~"' bu been reporte4 '' 

Priaoh, Balban and ~ocb, but tbla upper llait la not .uttlclentlJ low to allow 

ua ts.t preeent to conclude that a obain • eaction could be ma1nta1Aed 1D hoiiOpne­

ou:s mixture• or ur&Di'W:l and ce.rbon. 'l'or neutron• lt t.u.kee about 6.~ ooUlaloaa 

w1 tb ~·arbon o.tome to redlloe tbelr uerg b7 a taotor ot •· Thua a neutroa Whl 

ia bein& al.owed down b7 carbon atqe tor ~ lone; u .. wlUUn ~be reaoa&DOe abBOl'J 

Uon resion ot w anlua. Coneec;.:.~.entl)', Teey low uranlum ccmoentrationa w011l4 

baTe to be Ued 1D order tO &TOld thllt a larp traction ~t the tut neUti'OU 

eai tted b7 w-aniwa 1• ab~orbed .at reaonance b7 ur&Diu. .lt eucb Yer7 low uran1-

ua ooncen\ratlona, on the otber b~d, the traotlon ot tbe tberD&l n.utrona wbich 

1• abaorbed b7 carbon ait;bt per ape be wo lar~ -. feJ'Ill\ a ohda r ... tloa. 

It Will be shown, howeYer, in tbe preeent paper that lt 111etea4 ot ua1., 

a hoaoseneoua a1xture ot uranlua und carbon a larp nwaber ot apberea ot uraalua 

which ~ torm, tor 1netanoe, a oloee-pn4ke4 besacoaal or cubic lattice ate : ~ 

embedded 1n oarbon, the ratio ot the n~'er ot theraal neutron• and the aaaber 

ot reaonance neutron.e abaorbed b7 the uraniua can be eo auch 111creue4 that a 

chain reaction will become poaaible. It will be aeen tha' 'hla ratl~•troD&lJ 

depen4a on the r&41ua ot the uraniua epberea &Ad tbat a ratbel' aaall rll41u 

muet be ohoaen 1n order to obtain moat taTorable ooll41t1ona. 
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o ur n u11. 

o riret calculate~ the ratio of the r of thermAl neutron , and 

resonance neutrona vhich are abaorbed b7 a lin le uraniua sphere, whieh 

in an infinite apace, tilled with carbo , in the 1pecial caae in which 

per o. c. and aeeond are 

qu l . ha•e the I&M .We throu.Jhogt the ole infillit ••a ot graphite. In ord r 
~~me 

obt n a eonaerntin. eati•t• tor t e nl.ue of ~ we aballAthat all neutrona which 

h I • 21• N le 11 the at which t • rea n-

anc ab orptiO!l or hu 1 t1 aaxima, are ab10rbed at if 

t.h reach the au•fac. or t 41ttaa1 • t thil ie 1Dd ed a con-

rva :i • as ll!ption can be a1der1 11 ic obeJa th 

r to la &ad hae itt .azi a orpt.ion line the 

b rntion fall• orr with 1/• ia. therul r pea. It ch • a a1n1 at 0.2 E 0 

h-n it riaea up i.o !e and talla &in ao rapidly t t it • 1• not too close to the 

th rmal repOD the abeorpt.i becaeu «lil'ible tor 2 z.. rr I. 11 hi~er th fi "Y 

volts am if t tei!IJ)er& N of thetwa.l 11 t a doe DOl c ' ed 1/10 of a YOlt 

t.j\ n th orb1n« Cl"' aection be 2 lei• le t 1./10 or t abaorb1 g croa -

a eti tor t. t.be!"Ml • 

A trOft el.uti U1a1 WS.Ut at wbic 

nters the N80 at • • &~,.Will tNl"'ri.ft t 

re JW\Ce NpOD bet Ia I, .. " 
• E"- ~E.; e, ,,1 E" 

Uno r the a1~tioe Whi - ,. t. 

~ - '• s- /rn. I 0 ,_, /.4 -
h . •1 be red with th • rage r or elaatic oollilionl k which a the 1 

11 ftlC) acatt r1n e~ •- et 

or carbon for ther.al th probab1l1ty~1{~~ a the~l n 

by _ ~ (C _ 

e ~(c) 

tron will 

colliaiona in ear will be c1 

I 
j 
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,;ccorjin~~ly, k the sverage n·1mbf'r or col.Usiona which a thermal neu · on 

bet'ore beinp: ca~tured ie ~·nn by 
r. 

I. / // 
- .. 

1
.j h ?,I'V) ~ 

-

'"'. ' 
, 
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Let ua now flret determine ·h~ numb r of ther 
neu rona ~hich 

are abeorbed by a ainr,le uranlua sphere of radius R embeddPd in an 

3 

j n r • ni te apace filled With Carbon if a thf.'rrnA.l neu trone 8 ~ e I rOdUCf'd 

Ptt•' cc and aec. in the carbon. It R 1e l r-.. comperE-d to;~ (()/ t' .F .f'an 

free path for elaaio acRtterinc of thel"al\1 neutrone in carbon_.tl!e df>n­

•ity J or the then.I nou~roruo in th• corboa e rn h• cnculo •" b · ,." tn 

or the distance r from the center or 
JJ rc J d. l("tf) - JltJ ,. r 

p'-,.-.. 

fj a :·u .c t 1 on 

/)<' f:: v- ~ ,CL I ~e). 

carbon per cc and 
If the ae. e number of i-h•nal neu• rone are : roducea v .- .. ,_ ~lf'r in • . 

Q (..,..) 'Y' 

,., ... c-;~) 

~(C) 

~u ·· face i.e. for n • blRck" l'phera 

! h.)-::- ii ( 1- '!l. 
Sfc) '"r 

~or a ~PhPre w ich Bhaor~ea each thf'~l n~utron hich r~. chp~ lt 

/, ,~ ..• ~ .. :~ ~-( ~ w.- ~Ave f('Ft) :ro and~ 
- 1..,--R>h 
e. It ) 

• t',) e 

If "i(F: Af<2 ~.(rj 
s ~ ~(<) J ~the nu~ber of th rm--1 ntoutron 

n f' n • 
urnniwn sphere l'E'r eec. ia ~tven bs 

7 J ~= 1Jf)¥1ri<fft?) 

,_ and for a black uranium aphere we find fror. :o. v 

) 
I 
·/} --

where fl 
he a t h f' d 1m,. n t on o f A I f ~ r n ,·. Ul b c • e : 

the ran.ve ot thttnMl neutrone 1.n "'rrhon •.. 



t. a1C11luly s1noe c aa u.cc u. t t!ll u.r~liw; .... c r o 1 ~ "t. u.o.~:" : Jr 

e n utrona we c n .r1 te f..>r j 'W<l t.h UU!..b c r Jl r ' JilU.. : c c n. a ' :·J n 

Jr te~ by tho sphere per aecon~ th oo up~rox1~ut1on 

I • 

H· ere 

8-
1 ) 

1 s the ~:.e an f r e e ':'l ... t.h J :.' r e a .:>nu.noC' n utrona 1\>r a ct.t.t..., r ia( u.ai ll !:us 

t.l. e lllt:ltlnslon vf a l en~th t....'l<! 111 uc call <:1 the r u.u - c .; f ~ l.'-' n~u~n • l \CL' ·: ·1 -

trons in CI.Ll'bon . 

~preS:>ivU ll0 . a 1& 1dl:n1.1Cil.l ~i_-..h t.!,C eX l'C!.: Si v:l .; 0 o ' \\ , 1\! ! . :-,.).:. ... · .'I I' 

a ::J~here whi c h 1a "lll a.clc" t .:> r thu r ::a nc :t r otuJ . ~ n l. ~· tt:•• v •. .l.uc .: :. J ;; A 
tte :. o.n t r ee !:lith :·o r acut tll ri n . t~o.la. ~ ~h . ~v t.: r a -c nw .. l r .., : ~o:.l t:-: i.::> · 1.1 
wh ich a neutron SUl'Yivea .. ithin t.llc ~· .... t.u , "'r. culle..l ... h L• r c. .• .:. .:>!' ren; · t~ .. .: • :.rc 

\.,1f!erll!l t !J r theae t wo .::ate 0J~a of n e ut rJna. It W.:>u.J. . c 3tr1ct l :. ~ r . 1e 

hc.t J t he nui-.ber iH ' n c 1trona Le l o.1 ~1u ,; t .:> ti c o. ~c(J!';. ,, l.ic h ·,-; ill r cuch • !.e 

ap!lere by .1 1 .:'tun1on pe r ac conu 1 ~ u e t e: !:'.1 n cJ. i n t. Le cw.~~.. .. :...;: . .., r .i ~·!· l 'l'.l <:. 

cutct..-oriea Lj ' A, the r:e~ ~·ree . ~1.h IUld ; 'rlt J th e ~'Unot1on ,·. ·.ia,: ~ h e 
probab111 ty ~r au.rv i vlnt; h ooll1a1on a ;. 1 1.h ou.ruon a to a. ln 1 ca i t y the 

:.'unction/(~ )1 :~ ~1!!t. r~o:!lt !or t he rmal . .n.:. t or rc:Jon~lc o.:: n ",l trou s : ... n<i ex!'ros­

sion :1 :~. 9 bolus in so to.r u we ,..~ aaaw •. e that J 1a det c l':n i neG .. ~ ~t: s u!­

fici ent. &oOu.rtiO.Y by A an~ ~= }1..!(/r.Jd/... .. t.e l"irot. ::.o::c :1 : _, ~· ,(~) • 
0 

From ~o. b an1i No.9 '-d .l.'inll ~.<. -t> 1.ht: v:U-.te .J;: £. :;,·.:> ~ u. u · .~.c .r .i c l. 1a 

.h c .t'Ciu.l &c:ltr.:>ns 

,4 .. 
f-::-fo 

I-~'- ~/A _ 
.B-a.. J•lt1J3 "' · J 

A.aaum1nt: 1 l"or eXLU:p1e, cr:_ :" ~• ft' • <f:(() > 0• C:.O~- o.ew( ,;\,(~ - /.llt.e 

(ll} E.. 

u. ~ , .1\.(c) 
1'1nd !or c;ru]1h1 te o! dcnol t.y 1. 7: 

A~ 't3, r~ 
and 8Q Obtain !or ~lll~l Tulueo ~t n 

fo (o) 
and !or large T&l.uea ;)t R 

--



ul h Ovrre IOUd t •L..: • 4•. . ! ..... ~ 

eao t.v. Ylil.J.ea tor 1l.!.u ~ trutcs 11 ,, r •..!: •' • T p :'" : 

h rea of ur~1WD lU' £> to plane l~· er e. 

f' I ' 

A. reaJ. Sphere :Jf \U'~1~ ha1'1~ ·~~r~ ... lU! '-eleW @ ee.t":i-~"~· · ' ~i 

"blaok" to r,.,J-~eifftb§eutrona o.n!Jthe nw:l1t< r ..> !' u •- rc.u.l :. ,•.;:. : .•. · .; :· ~ l'' 
by the arhere~1e eaa.l.l~r th...n J.l(_. 'c wr1 tl' 

/l ) ~ -= J. ~ 'f 
and aooor~1nglz we haTe ~ ~ 

1 ?J i: == Z o r c....~ ( /'f ) f :2 B "L 
I 

(/r) 

In order to oaloulate ~ we take 1nt..> aaoount tr.at 1ne1dc the 

uran1ua aphere the therRU neutr~Jn dena1 t)' f obe)'a the eqw..Uon 

_2(1.() a~ e)_ - rrt(J rP 0 
""'\.. J 

~ U ; = 'lr A (tll Jft<) := ,.. ~ a;_(.U.) 
~ 

hartAc u 1 ta aolution "/" - ?)/~ 

1/ 6~ Jfr-J ~ .h. ( e - ~ ) , _,.. '- R 
( '7- / v-- -/ 
I 

t/7J" 7 
(~1) 

/7 j where t( ._ fs - I • 2 ,.._ , WI -.e = 3 U 6;.(f.l) 

&D4 tor --~~~~--~~~~------• pnre uran1ua aeta.l we hr.Te 

iL = A(U) ( o..fr 
I-< 

u4/ b we t1n4 ~hat J the IIU.IIber ot thermal 

llWUOJUI clltt'ulne law the aphere per eeooD4 1e ~ TU b7 

J~ z. r 
41c -"?,4t 

Jrfl( ,'.r .. : :-.., .. nen {-) 
(If) f ==- -fj 
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F r -..tranlum in ita ru.re s t at e 'ul' ~. t.Ve !rvm •• o . 1-t, lo, n.rl -1 l 'J 

1 2oQ. 1 

F Jr /-(JU :> 'L 

1v lv 2 

- ~lv 
€ 

.,,e owl .. rite (T-;r I 

I 
R! 

(J 

I 

· ~...' 1"" ·r ' oe ; o1 · · t ) " • 3 5'* •'or ' "" ··\..: • ..... c.;. . "" • • .... to • 'ft::l· 

... . <. _ L ·nt factor in ex r ressi.J.'l ::o. ~0 u. l:toreaoes "rOj:I.Jrt1o!latcl:; \11th ,. 

fac tor 1s ··ractic· ll;· 1nd.e..,cnde;lt J =.· t ! . ~ cw-bon croo:J-ccot1->Z\ a1noe we 
have I?~~(../. Ite 'Yiiluc is ~ etc.:rc-.lned by t.t. t.1 dcns1~;,· J! l·rtll'hi~ c n.nd 
·.ua.n1wa Wld. the nuolec..r valueD 'S:..:./U. J , ~. '•'he 'Yill'.le ot R mey be 

~u~ eo chJsen 110 t.) =.Q.lce thi:l !u.ctor a ~a.x1cw:s. ~ 

.Ul ex"roae1on:l !::Jr ~ were eo !:J.r olt;1i.\ed trom .!1!.' . ~ion amL.tiona 
1nvol"Y1nc the aaeacpt1ona , 

,', ~ :> A, (() i 1J. ~ > ~{t() . I tJ~>A(V) 
For ema.ll v&luea .J! R. the problec Ct..."l no lonc:or l!o tr\!;J.ted ua u. ,arru ~11on 
phenomen~n nnd we aha.ll, therer~re, retru.1n from uai~c e~reas1o~ No. 20 
or 20 a tor "Y&luea or R or leaa than 6 oa. 



l.t!UO 

tl' of tM&l ..... .,, 
tbe • • aaa r Q ot a.Rtroaa ter 

reei per o.o aa4 ••OODA• 
~ 

Ill t.be a'bo • ot uraal • tbuaal ll 4 

11 Ta 'bJ J o • ~ - • lt a latt1~ ot v.ruiu • 

oar'boa, the aftl" ... a.RVoa .._.1" J 1a t ou'b 

taotol' i . 

lilloe t.be RUbor ot awvoa.a eapWZ._. per ••• 

t to &l tbe rat» 

• ura-

ere 1D t be 

tbe ~•r-

oitJ ill tbe apb1te la 

ere• 1a ea'be44e4 ill tbe 

la rtcluoecl b7 ooae 

a t e to t.he aYe race neu trOD 4eu1 tJ, &ll4 a1Jloe 1D tbe a'baeue ot urulu all 

~ 

tbe nntrou pJ'ocluoecl are O&Jtu'ecl l»J oarl»oa, tbe traotlOil ot tbe lleut rona 

wMOb 1• oaptul'ecl 'bJ OU''boll ~ ~· preaaoe ot t~e uruuwa lattloe 1• g1 Ya 

'bJ o( • Oorr••JOD41Dcl7, ~· tl"Mtloa ot the anuou wb1ob U'e a'beor'be4 

., \be vUU.11a laWoe la t.-1-ru l»7 1- rJ:. • ~ 

· lD order to 4eteralae t.be .-Mr ot tb.eJ'Ml ... u-.. J abaorbe4 per 

••OOD& 'bJ oae ·'U'81 epbue wl~ the lattloe, •• _, oou14er \!le foUow­

lllca a ·~• vuuu epbere, wb1ob 1• •W4e4 1D oar'boll, 4oea llot apJtreot­

~ afrHt U.. \bel'll&l aeuuoa 4eaa1tJ at 111ataDOte lob are lar,;e ooa,&re4 

tea. _.,loa ••· 0 8Mn ua&t eYea tor a ~· v...Uua epbue at a 4ia­

tMH ot I a '*'• \be eater ot \be epbere .J Ma all'tMJ reube4 the Y&lue 

ot Ita f • · . J'or Ud• ,. ..... tale v.ra11111 8JI!btl't8 t:ltla1D \be lattiee arteot 

~ O\bel' wt\b re.,e.t to tbell' tberaal neutron al»80l'pt1 oa1J ill eo tar aa 

t.1ae Jl"••••• ot tbeM eplaue• 1a tbe ear'boll 4etena1aea tbe a-rerae;e lltu trOll 

& .. 1.,, .. .. ..... J 14 ~ c< J i.L 

(~tbe.r, daM \be &1•.._• 1. MWt Ulobl»or~ urulu •l*•r•• wltblll 

\be lattlee w1U 'H lar .. e~e4 \0 B, tbt r .... ot t.he reaonanoe neutrou 

1A oarl»oa, " b&Yt to.r -;} ,_. , the nuber ot rtMP¥"t llout.rone a'baorbe4 

" • .....t• •JIIve wl Ut.la 1att1ee 

(&1) 
d.,.. -c :J )C.o 



. .,. al 

= 2 ( ,_.) , 
;~~ ;-.aa 

} f= EJ.. (1-tl...) 
I,. lfl( 

4) 

1a u:preaalOD bu 1 ta Mz1•• YaJ.U tor q( • ~ "­_,,._v,.,.,, 
"-~ .... 

t the aaxtaua 'ftl.lle tor q w h&Ya f' - 'IW. 
.(,.,_ - 1-f-- 1 

-I -~o V 1~£ , 
) ?- ~ I - 2. 

~ 

or 

7) E = 
(/ 

(iQBB§tip VM»i 

By oaloulatin& the •&lue ot q troa £ we ba\e negleoted the etteot ot 

t "baorption ot reeona11oe neuuou(b7 the ur~,. • eraa ••' tM 1n the 

l tt1o ~on the procluot1on on t.he neutrona in the oa.r'bon 1A the neighbor-

or the uraai11a aperea. !he a'baorptloa. ot reaonaDoe · neutrona reduoea 

1n r it7 the Talua ot Q near ~e aph~rea below the aYerace ~ue ot Q and 

oorcUJl.&l7 the ooft'M' muab~~tbeJ'a&l neu rona a'baorbed b7 the ur&Jllua 

epherea per apera wUl be ....Uv than 7 /4 • In orcler t.o t1D4 tbe 

T&lue tor t.be 41ttereno'(]t_ - J li) we 811.7 --~ln the tollow-

wa~: 

It the vUliua 8J>herea 1A the lattloa, · •• = ,..... -~ -: . . , atopped abaorb· 

reaonanoe n.u\I'Ona then a Jle1ltron wh1oh reaobea a 61Tm aphere at leut 

• Ue 1 ta •erg 1a 1A t.be re801LIIDoe raatoa woulcl U.•• aoae l'robab1l1 t7 )"' 

ot reaohtn& • a~era at leaat onoe after 1 t b814 bee alowed clown to the 

ersal reel • On ~ o\ber baDle the probab1l1t7 ~bat tbe aphere wbiob 1a 



/0 _ .. -
. 

... " aok" L>r t.heriUL.l n 0utrons t..bsvrbs ..,. t.l ... rt...l.l nc..l t.r .. >n .. 1 i..:h reaches 

~ ere at least once is 6i ven by f ( fJ waa or1L:inall~· de tined 

: .. t:. ratiall u f the nuobcr o! thcr~~:al nl!u:.runa 'nhioil a snhere .)f u.rtL01wr: 

absorta an~ the nucb r ot thermal neutrons which an equally "bl~ck" a~here or 

Qr&n1 ~ wJuld abeorb under the •~e previo..l ~~ apeo1!1c~ conj1t1ons. It is 

can alao be datined u~ the ratio o! 

e a: to aee : hoUbh thut yo 12***18tww -t, 

tt.e nucber v! thermal neutron• which are absorbed by the uranium SJ'here a.wi 

.-
the nw::ber ot thcr~:~al neutron• which reach :he surtace of t.hc u.r.~uiw:. s~l.~re 

t lc st onc e during tl.e1r lite tiae. That these tw..:> detini t ions ot 

e..re 1• n t 1 ct~l sicply follow a !rolt th .: tact th .. t a *blaok* urwt1WI srht!re ab­

sorbs a.ll tt:e tt:..:r:1al :lt-utrona wl.lch reach ita aurtaoe du.rint; tho1r l1!e'ic:<'.) 

1 t rollo s tbat N-4 /l .. ~ /l 
1~, ~ -z - 'y r; ")*'& 

J~J;TJ~J 
'.A_,.. ff I 

Ol' 

;T- ... ;~r/J_I /- ot) 

Ec(- vr 

••• uc It we nec)leot terms which ountain power• h1e;her :.ha..1 the aeoond or 

v (/ / -, ..... ~ we obtain a.. 

C"-V N·t- f._.-, ..... ;,_ ~'lrt-,-)~ (l'"~r ~- t- J 
. ~ , ,._(/._.,_) I~ f-. 

Taking into oona1derat1on that we have V ' I and that tor the urun1ua apherea 

wh1ob •• ahal.l oonalder f baa a Tal.ue or ab ut 'f-;: ~rwe ;-;',~l aa11ure 

~ r 4 D. s . i'• a •• II a ' e 'ln 1 ~ • • .,. - -....1 

an4 t1D4 then tor 9.,.,. > Q • .r troa. lo. 28 : 

, -..... 
:3o) ~.~ > 'f ~ IC D·1 

Wit.la I.DUa&Aar. r- '-1.- .. proaob•• 1; hr ~~0.,6, ,_ ~ 0-'d' 

wuM [~I,._.>0·17 . . 10r fl o.~fl/ 1~~().73 
.... ~....,... ,'fu-1,.,. .. t!J·'Ii' 
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II A- ...J- "..J. 

, t lat '.. lO(' • 

• ru:ul . ~ 
·' 0. ~, 1 vine; the vtU.~e >J! ~wus u er 1 vc -1 ·~td r the :J:J u=. r t 1 0 n 

· t r c !i a m1for .. -:-;-oduct1..Hl ;,>! rt3sonance r.l . tronn thl· vutJ . u~t the whole 

r ~ ... n ·1uto -.h!ch the lu.tt.!cc 0f ur . .. n i u=. ::; -: · creu is tm'bedded . ..e 
ve ri::, ttut this !.SB\.l;Jn tion is oorrcc~. 

re :·:t u.13tanceV?~J:. -. h ioh li . .i.'ii.Gt Ot;Utron 

~· .;l.' t.h1a re~avn we .. w:e to 

''uif!'u&l!l" o.wn,y !rue: ;..~. '.l r a -

r.. :.u:-. • :..:r(.: froc wr.ich it i s et:i t t ed l;e!..)rc !.t 1c olowe.! do\-m to thcrc:tU. t•ner-

·te n .. . · r. ~he .!ist.Moe .L be twe en two n c i c:)l'lio r iat..: u.:·u:11ur.: a ~ ht• r es in u. cluso-

r .::. : l". exu.t..:onu.l :> r cubic luttice. I! th e v1.l it. o:· 1,. whi ot. corr c s pon;lo to the 

V
..-;;;;;;;:-, 

.: vu_ ' t: ot q er e la.r t..e ooll.!t tU' <!Ii to -r' \.hen obvi ou a lJ· c .... ~u~! vn flo . 2' 
e;1.-1n .. :t. .: vu.l .1c o! ,,_ t.Ju..ld no-;. Lc uaed. 

::.r. Graphit e J f dcna.t~· l . 7 we have~ .... b .J ~t ~C c :: . LL.!'hl rtc oha.ll see that 

c v_.:u ea o r l. whioh oorreapon .l t.o ·. h e : u.>. i :n:.u:. n.lue o ,;.· q are ar.t..ller t or all 

vr.t....l es or6:(( j wh ich we ue goine to uiaouat~ in th is ,aner • 

.!.n orde r t.o eat1cate L u well u ! vr vtl.cr r c u.aona \.e s hall ca.loulate 

tt.e v .:> lw:.c V or cu..rbon per uraniua aphere in the lc.ttioe . 

I n the lcot ~ ice v:.' W ' eillium ephc1·es ;·roc. the ;.. V neutron• wt.ioh ure alowed 

d -.~ • ;u ~ cr aeconl! .. i u.1u \.l1c volU.e '{ to reaozu.nce eaere;iea, the Ol4!"Lon abaorba 

o(av 
r1-""') a v 

neutrona ai1J. t.hc w-.M11Wil aphere,S 1n the lo.ttioe a bsorb• 

neutrona. AOoord~;y we baTe )~ , ..... -..:(/ -K) a II 
and rro• t hia we fiDel 

.3 I 
and 1f ~ h&a 1 ta Eaxiaum Talue '-'we haTe 

J. 
,_, ... -.. - - , 

t 1. , .. 
ud it 1• 

fl ~f< ( ,.,.~) v---- ~~;-f 
/-#-

3'2.. a ,,,..,. 

l a t t 1oe •• baTe 

-{ v-~ 'f11~) 1[2' 
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r • n or th nu er of r t 1tron ll1 t ted by ur ni " h hf'! n -r 1 n 1trona ab orbed by ur i u obtai fr differ nt. or .YP 
arri~ ut by H&lban, Joliot ar ki, 1 

on, F and S 1 rd, 
n, Joliot., Kowaraki and P rrin. 13 

Thea a how that on th• 1'P-ra& 
e ra t n tron 11 111 t ted by ur iu for n th Mllll n tro absorbed by 

H 1 ... ., • Joliot &Dd"lo -··---18 
report that. J.l :t iJ.7taat trona a ea1l ted per 

on. And rao e 

on t h ay ra« 

Ssllard9 r ported t at a'bolr•i·S'faat nmatrona are t-
ther.al t ab b by ur ~ 

, Joliot., I 1 Perna 
13 

rl ot t. toll 
• h re or r&di • ua and 

r which 

l&r &ter taftk 

1a •t.er \a1 • 
nt the int .. 

L --= fr.'-t.IH-
• C) 

1. ned t'or the ....... ..-..- ill re tar. 

t thor date ned tor 
, 2 nd J a.nc1 r = 25 ca. they e neluded tha h verage eight trons ar 
~ri f u·.e 11raniua vi. thin the sphere for e photo n t.ron wM ch la slowed down 

ner i ~~ and cauaee a f'i a ion proce • u .. niu Thi s w s intnrpret to 
·~ A consid rable nuaber of eeeondarr t r 1ary n tr na in 

.x 1 r n. 

n ~ th value or the fitaion eroee-.. ction 1• not 11 known And rather difficult 
r n , it ee neceaaar.r to a-.old .apreasin, re t1lta in te or thil cro••-

nt'l to uae the •&nit errathar than the llber of neutro e emitted per fie ion. 
~. ,. II! , of the value of~ h or r teat. i ll!pOrt nc fro h po nt 



11-

ot \"iew ot ea\l.M\1Jlg \be ob oea 

ob&ill reao\toA. 1a \be toUowlA& 

II· 

ttDA~ \be op\1 oOD41 tlou tor a 

aooura\e Yal.u tor f - lte obta.uo~, troa u rla A\ ot \be ~e ~er-

toraed bJ llal.)&Jl, Jollo\, Ecnra.rakt Parrtaz 

•.:..Jt 1 a &'YU ... aaab ou wb1ob reaob \be theraal res1on 

1na1de tbe aphere w1 \IWl ul water alxture to~ tro eat tte4 b7 : 

\be aouroa 

3/ 

f 

1• the ratio ot \be llte-t ot the \b raa1 neutron• 1n tb a1Sture lnelde 

Ot \be aeutroau wtl1ob are al 4.011Zl ~ the reeoAUOe reslon 1u1de the 

apbera a traot1oa· p 1a abaor a\ rae oe &D4 a tructlon(l - p)reaohee _the 
. ,. 

tbel'll&l recton. • ,..,.t \Ia tn ot \be uuu-ou re&Oblq the reaozaanoe region 

per aeooD4 1Da14e the ~ r 1a ~'atowe •1• 7 

(I- ) :;:.,.,. ... r:~ 
\be iber ot aeutr 

tberaal recioa o ta14a \be a kere ta 

;; .. t;d 
tba water &D4 we baYe, 
Z,;t 
.r. 

re&Ohla& the 

tberetore 

~. Uae to\&1 o ~ ... , \Naa ea1\W4 \7 the v.rul ln the ols-

~e tor oae ..atroa eat''-' 'r tba aouroe 1n the •• \er ot the epbera 

1a eqaal to ua wt&l ot ,.._ 'aaoearaoa ant~ pNI a4 •Uiu 1, 

the A.uVOil ..tt~ 1 \M ..-.a 1a \be oeater. 'fberetore, we ba'Ye 

~ 'tC ;; ¥r ,. r:_ • __ 1 ==- . T.·,+ + r,~t - 1 
1 . • .. e~ wt . . '-It . 

the ~Ml ~ ot hat. 

bv ot tUI'Ml anvau JN4ue& w1 ~ the apbere 1a tbe Ids • 1a .. 

&1:-L ..l ., .,. -- r;., .. 
r.-..~ I~ 
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..\.&. 1.3 ei.Aoe tbe U P h la abeorba o! tht! :1 u tr0na wh1 oh rL•aoh the thermal 

r ion within tbe ephere the t r aotion c; /( 

we haTe 

/' 
!J /r.~+---

( ~(t() 
or v;ru 1-j. 'k ~ rw 1 .... 

.l~?'; / a;_( l( ~ ~ ~ ~( ,., [/.:/0 ~ · j .,_ ~~..,. 7~ 

/ -- . a;fU. ) l:a .Z.~,t. /?a 

3.Y / j 
Fro \b1e eqmat10D we aee 

T&lu.e ot ·p. 

t we oaa 4etera1~~ b~ determining the 

A oou14erable tJ>aot1oa ot tile tut ileutrOIU edtte4 b)' \lJ"eiwa lh¥ ot 

oourae eooa" troa w1 t.b1A \be qtaere t tbe Tal.ue ot \hie tl'aotton need not 

• 

.hol4e w1 tJa 

va~rwH. OD e o~ber b&Dd., t!ae tornla· ,:1Ten tor~ 

appHIXlMU · -.1.J 1t Ute op!aere te ntt1olntl.¥ lar~ to rer- 1 

U 1a Ute equill"-'1• between reoon.noe 

t.- U&l' tat• ovtaoe ot the ephere. llJloe the ura- . 

ere abeor'• reooaaaoe neutrono ·tho 4enolt1 ot tbe neutrono 

1e.h haTe • •o below tile a.pu _, of tbe reocmen e ro~1on ot uro.niua 

a4 noTe tbe tho~ re-'•.1• ••1 luA fb1o bu the ooneequonoe that neu-
• taaaa ot tllie oaM q WW. 41true troa e water UI'Oae tbe epbere into tbe 

1aa14e ot \be Qher•• It r.U of the Qbere wue aot 01ltt1oleat11 larp 

• t t wa en1& •t N ucJ.Mte& tile -..•••1oa ·it . .:...~_,. 
wow.l4 t.laD -'" a too ~ ft.I.M fer • u of n uuvou pro4uoe4( 

taa14e tbe • Gel,...,._.ia4116 tM -.reuloa ... ...U 1'1 Ye a too 

1&1'.. Tal• to, r . i WS ,...U. .._t a ..tftet•tll lal'p a-pbe~e 1e 

....... Mall•• ......_._ Talu tu ,I' 11 -'1 e ftl.u ot J 1• aeu-

ve& ........ 11. 
_.,... t.u!4e u.e ....... tMa ...,. u.e eut ... 

CONFIDENT I ~'· 
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h1oll are aa low U D a I. But •• lll.&7 wr1 te 1n the case ot uranium ,.,,_-
~ / jffl. ~E . 

~;t~ , e 

A-s~-

and 1t 1a then eaey to aee that tor aD abaorption line ot the tora etTen by 

o. '2 wh1oh 1a •Jaaetrloal 1D (I - lg) or eYen aore ao tor a a1m1lar line 

wbioh deY1a\ea troa ·~•try 1D \be eenae \hat the absorption 1e lurg~r for 

P4ller enerpea ( u 1 t ia the oue tor a line wb1ob obe)"a tbe Brei t-i1igner 

tor a) •• baTe 

,t- r, - /> ) < ( ~.' t.... (/- /' I ) 

The Y&lue ot p hu been aeuured by Ha.lbu.n, .Joliot, Kowuak1 e.nu Perrin 

tor n. • 30 aD4 wu tcnmd to be p : 0.2 t 0.02; ua1J18 equation No. 47 we tind 

tro• th1a 

tor n • Z 

AOOOrdinc to Jo. &8 ~1Doreaaea with 1noreaa1ng T~uea ot P and in the 

o1rouaatanoea we ahoul4 obta1a a oonaerYat1ve Talue tor~ b~ uaing the Tal~e 

ot p • o.&. 
OaJ.nc th1a Talue &Del \he Yaluea 

I ..... + - d.)2 

I. 
I 

.l:!.!.!: r 
-0 

reported b7 Balbam, Jol1ot, Xowaraki &Dd Perrin tor a aphero ot ~5 om. rad1ue 

titled with a ur&Diaa oside--wa,er a1xture tor wh1oh the7 had n : 3 and 

• : o.u p.lo.o~ we t1D4 troa •o. ~ .! (S; (( 

(~) !'- - L. -+- O·l - fJ...( t{ ) 

••••• that \be Talue obt&1Ae4. tor /' 1t oal.oulated !roa thla equation 

1a aoaroel7 atteoted b7 tbe w14e l1a1ta ot error vt the 

Taluea ot G'; ( l< ) • 17 attributing the Talue ot t or l/8 to 

we obt&i.D r - "l. . 0""" lf"'r ~ 
In tbeae oiroWI'etanoea •• ahall uae !llr the J1reaent as d. -r~o\ll.d.bly 

oonaerYatiYe Talue aA4 aa the beat value at the ~reaent ava1l~ble; 

/ 
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A-
Qond1 tiona For ! Cho.in Renot1on 

I! q -1 enoteo t11~ .:.·r:..~.cti on of l'o.nt n . utron:J er::1tteJ. ty uruniun ·,·; i .:~. r. :- ~· 

al~wed dowu to tt.o therual r e~ion Wl-1 arc uLo.>rbed o..a :.hcrc:ul :1.:-ut .·.) . i:~ t : · 
uru.nium u.nd if ~denote• t.l~e m.teber ... d ft.. ~. t lll.!utrone pr .. Hlucc~ on u .e u.ve r aee 
by ur anium f or one · th~rm~ nc ~t ron uboo r bcd by uranium th en otv1 ousl; 

(49 ) 

is the oonJ it1on t or t h e poae1b111 t y o f a oh~in r eaction. I! tl:1n c n...!.1t1 on 
ie tul.!i l .... c d th en u J ivc r .· o.: n t c l.uin r e - oti on c u.n b e Lt-1!l t ..... 1ncJ \:1 a -~" ~: ' 1c1£'nt-

ll' lart;c s~a tem fr o::. whic h onl y u soal.l f r ..1.ct1on ..> f t. t. .: ne. troa s e::. itt t·t!. l;,· 
the uranium wi t.h1n Mae •f•••• c an oaco.pe ac rooa tl :c bJwtJ ar;,· ..> : · the o;: ::;tc:::J 

w1 t hou t be1n0 absorbed \11 thin '"• •yet .... 
Aooord1nc ly, the oond1t1on ! or the po s a 1b1 li ~~ o r a chain reaction in a sy~~cm 

oompoaed ol' a luttice 01· u ; o.a 1u.c epherea embedded in ou.rbon 
( 00) /f4w- >I 
and ua1118 anuation .No. 30 we tind 1 /, / ' CIA>...... > . n/ ..._ / ,, 1 -..... I( 0 9 > I tN- I ,~ / 
~roa wh1oh we tind by uainc ••. ua t ion .• o. 2:f aa o. eu1't1o1ent oon..i i t ion f or t he 
poaa1b1l1ty ot a chain reaction 

(61) 

UaiDo the Talue ot /' 
~t1o1ent oon41t1on 

f, 4-y <- ~ 0-/./ ) ~ 
• 2 aa a pre.umabl7 c aarTat1Ta value we have aa a 

l 
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·· >r t r ..) see no •·l:t! t.I. r u cLa1 .. :- . ..: ~ ... ..) a .... · nuG .· i lc \;e .. . v•· tv crJ.lcu-

~r c v..:.r !orl!.u:.:.~.e :.!.t :nJJncr1ct.l • L :le ~ : E .. c sht.Ul o tt._t in ~he fol-

- ·· ·· n i er the ~tH1\Ulp~1o: tl.:.~.t :.he cn~.rv:. liw : :..t~...:.. !.:~ tl1c ..:t..~1n reaction will 

.:1' in ;.:.e ou.r;.m !lot. u tl.-t-c ru. Lur ·~·about ~oo ... ~ c.ni.l. ·1n order to be on the o<a-

rv . ·1.e .·1c.e nO :Jball • 8SlU:le t.l&..t 1.hc l.CtlfC." . t. .re O! the uranium Gpherea 1n 

wllch o :n vt' t.llc enerQ 1a 11\icruted 1a , in :.j'1te v! t'!!1o1e:lt. cooling, about 

the s~e. 

J1n<.!e we :1:..vc ut roo• temrer"tw.re C'Jc J >()·~I 

a t.:~~'- .:·1! croaa-eeot1on ut o-.rbaD balt ot thie T.Uue. 

we aball baTe bt too 0. 

:be •o~ttcr1~~ oro••-

theraul neu t.rona we tu..;e to 'be6"~} ~ '/ • ~'1no.ll1 1 

tit r:o:. t~::,er&it!..U"e we 1.a..;e ~.JLt.) ... ~ . and oorn•poD41DSl1 we take at 

900 
tJ .. (t/.) I/ ~4/fl J '1 

c. - -0 ~
 ,~ . 'lor a 4on•1'-J ot t;J"apla1te ot 1.7 &D4 a 4a•U7 ot 

unniwo ~../ff •• then obt..in ~ro• lo. /9 . A ~ • ,_ 

E =I, 

Th1a bel~ l&J'•er tbu the Y~ue requ1re4 b7 ilo .S I we ooDolu4e that lll 

the circ·.lJDataaoe• we ou upeot a 41Y81' .. nt ob&lll reutloa to tate plaoe 1D 

the a;,ntew wh1oh we h&Ye 1AYe8\lpte4. . 
"_fl,,. 

In real1t7 the oapt.ure OI'OU•8 .. t.loa ot eu-bola a\AJ':N:C: •• IIUb •..U.-

er than .be upper l1a1 t. wlalu !au M tJ bee e•W.bl1Qe4 :.iA4 o ... ._,~ 

there 1a bope tbat ooD41 t.lou wW M -• 801'e taYo~alale tu a ••t• J'eMtl• 

t.han would •e• rroa t.be .Uu• • t~ .-ot.et. 
...... 

pue at. wbleb aulear w .. •••• 

&He88l t.7 ot aW141DO OY- tillc l8 ••••U.U, &81 ......... 'r tlae W-• et 

t-, 1) 

• 

CONfl 
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la the toUowt.nc •• &ball oe.l.oul.ate how the Yt41Hc ,,f tllis exr.r ess 1 on 

Aepeada .. "• •alue ot the oarboA oapture oroaa-aoot ion at r oom ter.-c r ~tur e . 

We eball \&ke the 4ona1t1 ot ~aphi t e t o ~e 1.7; the denait7 o f uranium 

.. tal to ~. 16 &D4 .-ooae a • 8 • 
le theR o~'ain to~ & capture oroaa-aeotion ot oar~on at roo= t ~~~c atur 

ot o. () 0 s- tbe toucnr!G l.r'of :Alue~: It :::" ' r ~ . ~ .. 9°/ ~ 0 ·6'6 

f :::' '7 , · '""' - (). ~~~ / r ~ ._. o. '' ~ a h ~~ 'l.. 
~f -/)-=: £>-3l 

lt the eap,ve enaa-eeet1on ot oa.rbon at roo• te11"-ernt..1re were . ~OJ 

\h.a a\ 900 o .... ecaa\1oaa woQ14 &1Te the tollowtn& aet o! ••luea: 
.c ' Js, s ~ . 4 l • /l r . r.. o. 'v .r / ( • 3' / 0 ~ () . ' 2 ~ n I ')~ I ~ 

1 ~ : t} . ..,, ~ ~ ~ ' " 

y.! _,) --- 0·~1. 

,. 

\ 
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t pa]IIU\e 111118 ooatalaa a larp RUber ot aaall 

~~:-e• ot V1•·• lf U'lU.oal .U.u tor the ra41u ot the gra-phite sphere 

1 \M _..,.. HMtl b ooaea 4.1Tera-t aq be c&loulatecl tor Tariou 

lo Mt -.1 will either decrenae 

Miq to wbother we want to haTe a a1n1wa amount ot um.. 

or a alal~ Talu tor 1. Tho treatment ot th1o quoaUon ID&J' ae well be 

poatl'OIWCl .. •Ul tho Talu ot tbe oarbon Ciipture croaa-aooUon ta .mown. It t.'l.l 

tbeD be aal le to t1Dl tho optl ... d1atr1but1on ot uran1ua aa n functio . o! 

t~e diet • troa tbo oente~ ot the craphite apbero and ciTe a vn ~ ue !or 1. 

I the out1ae. a T8q 1'01I6b approxiaaUon ::l&y ci. Te c.n idea of the orJ.er .) :· 

aa&ni tu4oa wh1ob are iaTolTocl. In graphite ot 1.7 dc.1a1 ty the avcr&t;e d1 atanoe 

( ¥'- 1 
to whlo a tut mtron eai tte4 b; uraniua cli!tuaee aW:4j' f!· ~m 1 ts 

point ot or1c1D watlllt boooaoa a thermal neutron ani! re-ota ·flith u. :~iu: ur 

oar bon 1• abov.t 00 oa. 'l'or ( ~ ? - I 

4.1u 1 troa ~~ 
-- I 

;;-.. we tind tor the oritioal ra-

/rvy-;.f-:;-
• tb1a oorre•P9D4• to about 100 aetr1o ton. ot graphite. I! the our-

bon oapturo oro••-•oot1on 1o lowor1 \boa 1 will be aaal1er and the amoa~t o 

araph1to requtrecl aipt perhapa be u low aa 20 tcma. 

ot urAZllua requ1racl OaD be •aloulated 
C' 1- f.._ !i..~ __ ._1 __ 

' .b.. 1"'~/a 

trom equation ~o. 3Ja 

It aq bo 4••4 kept down b7 obooain..; a a11&ller Yalue !or R thWl the v:.~.lue 

oorreepond1DS.to t~e max1mua Y.Uue ot £. 7or ll • ~em. Md q~o., :.:. g1vca 

l.J-'R)/1/a O~orreapon41118 to 3 (I tone ot uranium tor 100 tone ot gra""h1 te 

q.,..wa t1n4 a smaller r.lt1o o! u:-u.ntum to ou.rbo:t. 

.. 1' ' •• ..... h••• .. tha ••••• •• •••aa•• 
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ln order to deterll11ne the or1 t. ioal d.1oenet1ona w1d. the moot 11woruble 

d1atr i but1on ot the ema.ll uraniua aphere e wih1n a. la.rc;e t7r arhit e apllere 1t 

ia eaaontial to have an aocurntc value .;':l/ 
ti Qn ot oarbon tor t he rmal neutrona. 

I n order t o baTe an ac curate Yalu e r~r 

u.nll ... or .he c .n t · .... rc c roe a- eeo-

1 t wil:. t e acceseur;, · .".\ e 

a direo t c eaeur e::Jen t u! p t or aa:.U l h,:;J.rv ·en cvncentrutions rc!crabl~ , " . . 
n ~! • In the tollowiD& we ahc...ll 1n.H oate in who.t way an ac cur ate VtLl'.H· fvr 

p oan be obt&ined: 

Let ua consider a ~ox filled with a homut>enevu: ~ixture u! urru~iuc 'Xi~ e 

and water nnd let u.e box be ao la.rt;c t hat a neu t ron wt..l oh hu:J w 1 enere·Y ~! 

leaa than 1000 volta 1n t t. e center or th~ box be slowed down below l Yolt be -

!ore 1 t reaohea the 'Uvunda.rJ uf t.h e box by d1!!'u~.1on. 1! auoh a box 1e t hen 

irradiated with neutron• u.e energy d1atri but1on ot tho neutrono below 

1000 Tolta 1.J1 the oenter .j r the box will be the au-.e u 1 t would be in an 

1n.!1Di te apaoe filled w1 th the aame w ·a.niwa water mix tu.ra in ov.ee v ! a. u."li ­

to~ generation or neutron• throU&bout the epaoe. It a ~ad1o-nc t tve indioatox 

like rhodium or 1nd1ua wbioh baa ita lowest doainant reeonanoe abaorption l i ne 

below the doa1nant reaonanoe abaorpt1on line ot uranium ta plaaed in t he c en­

ter or the box the activ1t1 1D4uced in the rhodiua 1nd1oator by the reaonrute e 

,., • .c.( ~ 

neutron• or rhodil~ will be 1alle4 on11fEboae neutron• whtoh are elowed Jo wn 

Delow the re1onanoe. re&ton o! unu11ua w1 thout be1n& oaptured b)' ura.n1um ut. 

~eaonanoe. We &ball oall th11 aotiY1t1 the reaonanoe ~ot1v1t1 ot the 1nu1ca­

tor and deaipate 1\ U a rbod1wa 1.nd1oator 1a uaed witb ( R( -w-i_.. t( 

It, on the other ba.w1, an 1nd1oator like, !or ~oe. iodiAe 1• uaed which 

baa ita doasnant abe~rption linea above the uran1ua reaonance the r ~ eonunc 

aot1Y1t1 or tbia indioatllr(/" ~ tl. ) will, at l1aat 1Jl the ideal cas e , 

not be a.tteoted by the reeonanoe abaorpt1on ot uru1ua. The ratio or 

I {J. {._ tl-'" fi ) azJN~~',.. t( ) would tllare!ore g1 Ye 10M MUW'e o! 1 - p it' t h ft 

aotiYit1 ot the 1a41oatora aa measured b7 aD 10D1aat1on ohaaber or electron 

real · 

oouater sa•e a ..... ..ure or the nuaber ot \be neutro.na whiob paaa ~hrou · • 

~ reaOII.UOe re,-.1on ot rbodiu or iodine. T!lia, ot oou.rae, ia by no r .. u.no 

t.be eue. ~heretore, a aeoOD4 ~erlaent baa t.o lile pertor .. d i.n which t n 

reeoaeaoe aot1v1t1ea ot the r.bod1ua u4 iodine 1D41oator• are detflrr1nc t n 

t e o ter ot aaotber liloa wh1ob oontatna water ... ••••••• ev••• k• .. £ I -

. 



21' _.,..._ 2J t\ -~ ~ -

r ! rably but not neoeeauily wute.r ol' :.h~: sw:e don~1 t.} as ~ ! .e .• a t (' r , n-

• 1u.ell 1.u the uraniua water mixture ·.1s131i in th~ ~1rat exper1c.ent) ~ie ti c11 

! lnl ( /?4.,.•;.. /( ) Q ,c I~ H. 0} 

/-jJ =- (/i4.~#.D)~t{7-:~~) 

Ir there are uraniua reaonanoe line• ot aoce 1c~ortanoe Above ~he lJwest · 

~eaonanoe linea ot 1o41Ae ~en we baTe 

"" (If""·' t( j . .r;~:... "· 0) 
1-/l (~I...,_.~ II, o) I( ( /,. •"- (! ) 

~Tin& a .reliable upper l11l1 t tor l - p and oonee _uently n lo ~·. er Ur:i t tor p 

wbioh used 1n oonJunot1on w1 th ec;uation No. 38 will t:1 Te LL lo ·;,er limit for 

• 

'lbe upper 11111 t wb1ob hLLL been reported !or the o:u-bon or.Jea-sec t1on by 

Bal. ban, h'1aoh, and Jtoob 1a already ao low thar.t 1 t \IO\Uu be ui !!icul t to 1:::­

proTe upon 1 t 11Al••• a .. thu4 were uae4 ·hich 1• arcoU'iclLl.l;,· desit:ncd to 
deeor1be4 

aeaaure extremely ema.ll oar.turc cro•e-acot1ona. 3\lch a c.ethol.i vUl be '****N 

1n the tollow1~: 



I.e' ua ocm.a14er a apbere ot oa.rbon aD4 a Jlft,l"OD Gouroe in tbe c~er 

ot ~· apere. !be \ber.al lt.MlUOn dena1 t7 1na1de the oubon will then obey 

eqQ&,1oa Jo. aDl1 1D tb1a oaae Q 1a a tunot1on ot r of wh1ob we .uat not 

unae ~ !t" • l.et tbe oarbon apbere be 1-eraed 1D a water t&Dlc or 

n.rroa4e4 ~7 )U'at1'1ll wu:. tba 'beraal aeutl"on 4ena1 t7 will then haTe a cer­

ta1rl1 b1.- Y&luc nt the 8Ul"taoe ot the apbere aD4 1na1de tbe aphore 1t will 

eoae tuaottoa ot r, f.ti:J It 1ll a aeoond uperlaeAt the wrtaoe ot the sphere 

ta \be water 1a OOTere4.bJ oaAaiua the the~ neutron d.ma1t7 at the .urfnoe 

ot the aphere 1a thm l'eclUecl w aero ad lnalde 'he •Jbere 1t w1ll be ano ­

ther t\motloza of r, J!f7. !be 41tterenoe /f'") ~ f, -f~ obe7• the boaogene-

oua ·~'loa , 

l)ft') ~ crJ - JkJ -rt .:::: o 
#f'-r L 

wb1ob baa the aolutlon ,..4 -~4 

e e 
ffr.J =C--.,..--

le oaa thu t1a4 .l b7 4etera1Ainc the Talue ot f tor two Taluea ot ·r, tor 

.£ fr-) 
ffo) 

01' tor ..all T&luea ot r/.l 

p ) -fto ) 

• It la .,...,.. ... ~ -,,_ 
e -

Uatng a·apbere ot graphite ot tltty to aeTenty oant1~etere ~ r rn41u3 it 

abould be poaa1ble to aea.ure the ranee A with aut!'lc1~nt aocurHoy. :'hfl r e ! 

a l1a1t to ua1ne; Tory l&r«e epheree wh1oh ar1eee out ot the 1~~t tLut. ~ r 

Ter7 lar«e •TJhere m-'•t ot the neutr -> ua ec1tted 1n t l. e oer•te1· ..Jt (' 0' I' 

111 b alowed down to tl:e tht·rcal l' "c i o n w1 thln.S.a the cu.rl:·on tJ.l tl l 

near the eurt'aoe t be ouboo maY 
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:p,_. 1 • \be Uttereaee J•/•- f.._ wlU be .. ....U &D4 wlll t.b•r•-

fOH Mt a Ual' 'o • .. OVUJ ot \he .. uur .. •'· 

• 

.. 
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8labili&18§ !Bl Obtin roaotiOA 

Soon after tbe diao~Ter)' of an abundant ncutr~n e~laaion !roe ur~1ua 

WJtl 4 \e6e•• •• • a )Arora Wb'th•r o •• u..s• lie a112Pd .. ••• •• a elw._ 

•••*'•• the {.ueation ot at&bil1a1n6 wot r oU..>n was L 8 lb~cct •· Hc·ls-

llt,lr) 
ion, '-t tbe a1taat1oa aa •• .. , it appeara to be rather dltterent 1n 

:pi'&Ot1oe: 
It a oh&.iu .1·eaot.1on oJulll be &1Dt&.1ne4 in a boDOe, neoua ~t1.xture ! 

water a.nu. u.ro.niu.m or ou.rbon and \ll'M1ua 1 t ou.l.d have a ol•rt 1n nn &Ll at -

b111t)' 1n the aenue .h~t w1~r1ain~ tea ruture ~h~.• W.,)uld be a J ore~•• 1n 

the noutron production. Tbe reuon tor th1a is the !aot t.r.ut th t4UU.)rp:.1~.~~ 

ot both w:a.n.ua &Ad ft¥clroceo obe)' tbe liT law 1n the theraul J et•ion 8.11 .. thua 

at hi~er tea:~erat\ll'ea 
tbe rWl~ of wheraa.l ne;Jtrontt 1A ibe C1X tu.re 1e lar­

ger. Correapond1n!lJ• at hl~er temperature• & l~«er fraction ~f ~he ther­

eal neutron will eaoape aoroaa the boundar)' ol" tbe e1.x.ture w1 thou: h:1Ti::1.g 

reacted with tho u.rwU.u 1Ja the aixtu.re. 'l'bia natur.U at-.b111t)' o~>uld even .e 

enhanced b)' haT~ bod1ea ot atrons tbaraal neutron abaorbera 1nacrte4 in the 

mixture. •airl)' Lbin ahee~u ..>t auob abaorbera aa boroa, tor lnatunoe, are 

pract.1oall7 •blaok• tor heraal aeutroAa ~ aaJ etronc theraal neutron abaor­

bt·r woulu at.ab111&e equal~ weU • 

• . ;;. ate::, on tbe other .baa4, 1A wJUoh uraD1ua bodies "hicb re lm~st 

"bltt.cl. '' • ur 1..h~rll&l. nautl'OAa &re eabe4&a4 1ll oarbon, llke tbe ayotem wh1oh we 

have cona1d.ere4 1a ~eat 4.8'-11 lathe rreaent. paper, baa no au..:h atu.bil1t¥. 

!bia 1a due to the faot that wt\b rleln& teapera~ure the oar~ur oroan-section 

Of \be O&l'ltoa lt01'1Ue8 wbtl' ... ~· U801'pt1oa ltJ \he u.i'aDiua aphe. C8 rec: ina 

al..aat uaob••sM· .a.ooi'C11AC1J, at b1tib•r \eaperatvea, a lar,;er t'raot1on of 

tbe \bU'Ml anuaaa 1a u•J'lta4 b)· van1ua aD4 a aa&ller traoU9~ 1a abaorbecl 

\7 oarlHm aD4 tbi• leliA• to aa laoJ'oue 1A qa ..a 1Utab111t)-. 

1~ la, boweTer, tutte eUJ U'tlt1ell.J to ataltWH tbe oba1D reaoUon b~ 

alowl.7 ab1tt1DC \bo poa1 tt• ot abeol'blac boU• wl \Ja1a Ute qat• ln nob a 

WQ aa u reluoe tiM aYOI'ap Yalu ot t wb-.Tel' the laMaal \7 ot tbe neu troa 

.aoa41aUoa ••"·~lac fl"oa U.S •'='• ro .. ~toa taa.aoeaa••• oao alp\ Jterhapa 

Uaiak tM' ~ U.. wl Uda ....... voUt.q .. uoa wwl4 han to take 

~··· 1• • .., u.n. ~tue - ....., .- Uala t• aot eo. 

• 
• 

' 



2T -
vr \he neutroAa wb1oh are emi tted in tbe ohain react ion by uranium onlJ 

a traot101D Yl 1& abaorbe4 Wi,thin t he 8JBte& u.n4 / - r eaoapea e.oroee the 

bound&rJ ot the aJ atea without reaotino With urani um. A e t a tionary e t a t e oan 

be aa1n t.&1.ned aa lODe aa 

;tr L./ 

We write 

tf' .. ~/i7 xrt-J ) 
... 

In order to indioata tba~ th1a prolaot 1a a tunot10D ot the temperature T an4 

&lao dapeDda on a paraaa~er .uoh .. t he poa1t1on ~t eoma abaorbing or aoatter. 

1q bod.)' nau or w1 tlda the •78~ea wh1oh ou be ah1tt-. by aome controlling 

aaohania aD4 thua be &aile a tuaot.iOD ot Ume '· 

In order to baTe a lar«e n.utron p'oduotion we ... ~ 8&1Dta1n a ohain 

rea.ot10D near the poin' ,r t'o ., / 
It th1a pro4uo' be•o .. a lar .. r than .one, .. it aq well happen then there 1a 

a ~tial r1ae 1a the n.u,ron produotion &D4 aooor4ina1J &lao in tba 

taaperature. Ill oaae ot a n44a ...U deTiat1oll troa one 

I_,: /-: (I ~ f) 
~e '1M 'e 1n Wla1ob tale a.ber ot nntrona 4oublea la g1Ten b7 

~ "- -c j t, 
were 'J. 1a 'he '1M tlblM a tu' lleuuon •••• a.l''e4 b7 a ur&lli'U atoa ill 

~· .,..,. wcna14 ftqUre to pro4uoe two tu~ neuvou lt it ia alowe4 4o.a c ....... .., •• L ..... ~ ,. 
&D4 &Nuba4\w1\IUD \be ., .... . 

I'OJr bla-•• lt we IYIIIi ':..;p-- Pj.' ot lJ i(. u •• nll ao;r 

••• -' it we haft t. 1 ' 't • II..,._ ,,Ill; Mke 6 aeoOD4a tor \be neuuon 

pl'o4•t1• to 4ou1• 1-. ..a. a& taere woull be~181l1t1-
e•t rlH .... 1a U.. ...,_.-... it tile .. Vol reapoa4ecl w1 thin 4o aaooDda. 

It 1a euy to ••• ..._, to' • lattloe ot urulu apbarea 1A oarbon ~, 
Ule .... llte-tt ... ot a Ulei'IIAl aou•r• W1 tblll tile qaiea 1a -"Tan b7 

f"!!'te J 6';, ((') ~ ~ J 

"' .. '£k'} r 
.. G;t) C tJ~••• at~ ....... _.., tel' ~. Wa baTe &' 100 0. 

,,..~,, lin-. at toO o. 

; 
/ 
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lD o.J.oul&tinc tz •• 414 not take into oona14erat1vn u.e rts.o t. t1 '• 

tr.ation ot the a.eutrona 1a ea1 tted by uranium wit h n t1ce J.elu.y t. l J •• 

teD aeoond.a. 

to at1ll loll€er t1aea than tboae whiob we l.ave eat1mnted. 

pr.at1ou purl\oeea the time t 2 wh1oh we t:avt" !oun~ 1e al.1·eaJ;,· !. . .mr· ':1 ~ t' 

we need not 1nolude .ior the T'lreaent tht delayed neutron N..1et1J·1 1!. • .• t' 

treataent ot tbe cubJeot. 

A W&¥ to atabillze the nuclear chnin rc ~ct 1 vn 1n u : t:1: c 

sphere• which 1a •eoono.:ical" !rotl tt.e f!Oint .:>1' Tiew of u.(· :1•. •:. ·1r ·~~. 

involved ia illustrated 1n figure 1. ·:te u.ra1lu..:t :::t.,;· , ·,.' .l'' 

uranium ln a w~ whll: .• oee no· rt .'..li.!C tuc nucle r t:!'4'tchnc;, J: .! ,. :..: · 

aent u expresaed b7 '; 1• ahown in tt.1u f1 c_;u.:·e. A. ·hort r o..i . • . 1 :; : 

ot an eloaent wb1oh atroD.c;ly at:h>r bs tbert:a.l nc\"t.:-0n~ L :H•a.r :.L• 

the uran1ua aphere aDd 1a shieldc.;. by the uranium 1'1·oa. .:., !'l:'.w n ~·..: :. ;· .. il~ • •. 

'tbia rod or a.18C 0&.'1 lllvVe ·.,1 thin n ~Ubl' or al.1 t and 1 ta po.::1 tion .. ' 
" '' '"• .. I 

'0 .-

t.J;"olled bJ the 1nunai ty of the neutron radiut1on ec.1 tted uy the c! u. ;. .. c-

tloa.. It the 1nt.Ctlla1ty or this ru.!i :. :10n 1n..;l't>USC8 the rod. .: r .~::;t: .. • l 

autoaat1oa.l~· coved a,. a,). !ron. the oentt'r o! the url\.oiuc ·rl.crc a.:h .. 'J.: · : · '.. 

1! re-.,u1re4 entirel)· out v! ;.he I.U'anium e;:here. :::. t. will th Ln ub~ . · . . r,,: 

and. larger number• ot thorcal ne-. u·ona t.hl reby reoluc 1nt.:; '..t:e Yt.l 'tt· J: -=~! 

thua atab1l1z1~ the ohain reaction. 



·I 
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•• ooul'f4a ' .. ... " .. obatn reuu •ate )~..- 1a • -

t 1o1a\ll lup .... o~ ......... wb1 ooa\alu. hi- , a alo ... ·Ja~u.• 

~ ozo .Ole .1&\\l.. ot vu.l._ uaa. !lla ta.n · .... ,, 

oarbon 1a lt.DJ.7 M \e .,,,_... the u.ppazt Uld.• • tu •'-'11 ... IIIII 

oonaa~'l.7 ezte la pa ~' .,._ara'•ll la.rp M'Me ot pqldw aZIIl va­

n1ua or vt.11111a al&a wl11 'ba lnafftoiu~ \o raa.oh a polD\ ot 41Yarpaoa 

at wh1oh JmOla&r vu~'••t.• •• ba .U.\alae4 a\ aa 1D\ 1~ whio 1a 

l1a1 tacl ~ 'bJ \he a ... ut \J ot an141Dc oTar baa\tac. 

Larp qQU\1\1•• ot ral.lo-uUTa alementa W1U 'be pro4v.oa4 dlr .. \17 1'rOa 

the apl.1 ''!Da vut.lwa a\oM 111141reotlJ 'bJ tbe 1n\ a aw\rOD ell1aa1•. 

The neoaaai\J ot pro\eottac 'beiDCa troa 4ea41J 1J'ra41a\1ona a.aaa\1DC 

troa the ohaia reaotioa W1U ov.b~acll.7 l1a1\ \Aa aoope o~ p.rao,loal appll-

oationa &Dd perh&JA Will alow down \be 1:\dua\rial. cleTal.o,._\ ot \h1a t1el4 

but 1\ ta 41tt101Ll t \o 1w•ctn• \ba\ praot1o&l. appl.1oat1ou ahov.lcl DOt. tollow 

1n due oovaa ot UM t.ale preaa\ wn ot aTen~a 1a toe. 

In ao taz u the procluo~101l ot power tor 'Praotloal. purpoaea 1e ooaeernacl 

the oruolal queaUoa wb1oh W111 cletera11le the acope ot app11oa\1one 1e aow 
wbet.her t.he rare taotope ot lll"azUUII 23b or the abundant laotope 238 1a the . 
aoti Te acent 1A the tbuaal. aa-atron reaction. It tbe rare 1aotope 1a the 

aotiTe ac-nt ten toaa ot ur&Diua aa, become exbau.tecl b7 the oh~n reaotton 

after baT111~ nppl1e4 u -.ob -power u ou. be -> btained from o.bout !1ttJ thou­

aand ton£ ot oo&l.. In oua ot \he other &lternat1Te, ten tone or u.r11111ua 

could aupplJ' aore power t.hu. t1Te million tone >lf oo&l w11.hoat tein& uaed. ap. 

Though 1. Bohr put forward 1ntereat1n~ ~sumonta in aapport ot the view that 

it 1e the r~• 1eotope wh1oh 1a apl1t by thera&l neutron• th1a qaeat1on will 

hnTe to be deo1ded bJ direct obaerT&t1ona rertoraecl on amall aamplea ot the 

aeparated 1aotopea. OnlJ attar aoae euob obaerTation ahull we be able to 

expreaa a well bal~~oed op1D1on upon the i ecl1ate ~tare ot •atomio eng1-

naer1DC.• 



t 

1 repreaenta & •~here ot ~ani~ aet&l. 2 re~reeente a rod/oomroeed or n 

thel'8&1 uu'ron a'baor'ber IIOTillC 1n ~~a oircrular dho hllTi !l ~ n hor1-

aonta1 axia IIOTiAC 1n a TerUoal eli t 1A the uran1ua epbere 1. ~ 1e n orher1-

o&l abell ot 11qa14 -1~tb wbioh wurraaA4• the uranium epbere. 
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Nuclear Age Milestone: First Reactor Patent 
The first nuclear reactor patent (No. 2,708,656) was issued to Leo Szilard and the late 
Enrico Fermi on May 17 by the U. S. Patent Office. Among other things, the patent 
discloses the inventors' method by which they and their coworkers achieved the fir~t 
sell-sustaining chain reaction in the pile at the University of Chicago on Dec. 2, 1942. 
This patent will be one of the legal foundations upon which the AEC licensing proce­
dure for atomic reactors will rest. Holding the patent is AEC's patent counsel Roland 
A. Anderson as he stands before a picture of the Chicago pile in the AEC council room. 
Anderson classes the patent in importance with those issued for the cotton gin, telegraph, 
and telephone. Although most of the information disclosed by the patent has previ­
ously been declassified, it still contains details of interest to those without access to 
classified information. In the parlance of the Patent Office, the issuance of the patent 
formally establishes a "new art" within the Office's classification system 

What Next? The FTC survey is 
strictly a fact finding one. In the words 
of FTC chairman Edward F. Howrey, 
it is described as "turning a factual 
searchlight on an economic problem 
whose dimensions have been obscured 
by lack of current information." 

The survey finds, however, that all 
of the forms and procedures followed 
in making corporate mergers are nor­
mal characteristics of modern corpora­
tion organization, finance, and manage­
ment. This may lead, says the com­
mission, to socially desirable develop­
ments to the extent that such acquisi­
tion increases efficiency in production 
and distribution, or simply reflects a 
free and competitive market for used 
fixed assets; 

Almost with the same breath, never­
theless, the commission adds that merg­
ers may also lead to undesirable re­
sults in that they may restrain or eHmi­
nate competition or tend to monopoly 
in particular lines of goods or services. 
In view of the methods used, the survey 
concludes, no per se basis for evaluat­
ing the effects of corporate acquisitions 
on the public interest exists. 

Since the main purpose of the survey 
is to provide facts for the Government, 
further conclusions and recommenda­
tions on mergers can be expected from 

Congress, the Justice Department, and 
FTC. As far as FTC is concerned, the 
facts will be studied to determine what 
corrective action-if any-should be 
taken. The commission, moreover, says 
it intends to consult with all other in­
terested Government agencies to de­
cide "whether or to what extent legisla­
tive recommendations are desirable." 

All signs in Government point. to the 
fact that businesses of all kinds will be 
under a high-powered monopoly and 
merger microscope this year and prob­
ably for a year or two to come. In 
addition to the FTC survey, the Justice 
Department's Antitrust Study Group 
earlier ( C&EN, April 4, page 1544) is­
sued a report, with recommendations, 
after a two-year study of the U. S. 
antitrust laws. This report proved to 
be highly controversial in Congress and 
may or may not be the reason why 
Congressmen have had much to say 
about antitrust matters recently. The 
Justice Department under the new ad­
ministration also has shown an increased 
tempo in initiating, prosecuting, and 
concluding antitrust cases. Thus, with 
the two trust watching agencies of the 
executive branch having provided up­
to-the-minute data, the next major 
move-if any-is probably up to Con­
gress. 
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Chemical and Engineering News 

Improve 

Wetting & Bonding 

of 

Asphal~ic Coatings 

Pure asphalt coatings and coatings 
with an asphalt base are given 
greatly increased wetting and bond~ 
ing properties with Pave, an ionic 
surface active agent. 

Asphaltic coatings containing Pave 
will bond with greater strength to 
surfaces on which they are normally 
used. By increasing the wetting 
properties of the asphalt with Pave, 
the coatings are frequently succe~ 
ful on other materials where before 
they could not be used. 

Pave is chemically stable in asphalt. 
With this property the full benefit 
of Pave is available in high tern~ 
perature applications. Pave re~ 

mains active in the coating after 
application to add to the service~ 
ability of the coating. 

To obtain maximum wetting and 
bonding benefit for most applica~ 
tions, use only Y2 % Pave, based on 
the weight of the asphalt. 

For a laboratory sample 
of Pave, write today! 

Applicable data from Carlisle's c:on· 
tinuing Pave research and testing pro· 
gram will be sent when details of the 
coating or bonding problem are pro· 
vlded. 

~ 
carlisle 

CHEMICAL WORKS,I~C. 
READING, OHIO 

manufacturers of 
fine Indus-trial chemicals 
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