
i'Or_:~.tJ.Ol'l Of U:i".::ni ~:.1 23'3 plays an ir~.;;o:rtc:nt role frO.'n tho point 

of vie·N 01 the c: ai::."l reaction. i:1 a ;;y stem in v;~ ic!'l a lattice 

of u:;:'ru!.iunl sp_;.eres is e:n.bcddcd in grapl1i te. If the cross-soction 

i'or t r·ds ):::' coss v;ere knov:n .:::s a ftlnction of the ene:r·gy,. then. this 

ki.01Jlcd.::;c cot.:ld be uti. ized L eterm.ining the r:1ost favorable ar· · 

:::,~ction f alls off inversely pro:Jortionslly to tho square root of 

"G:- c energy of the neutron in th.;; re::::ion bet"t'lfi~'n a few hundred 

v~"'ts e-nd a fev.r ten thousands of volts, the aosolute value of the 

c:::·o::;s- scction is LOt knov.~ for B-'1Y value of the energy. ~!e h~ve 

for · ::-d s r0z.son attEUpted to determine thi~ cro ss- s0ct1on for 

~::1oto n u'c~cons fro:-:1 a re.dium-beryllium s.Jurc e . A pr eliminary :rough 

s.lCcS'u.re:G.ent gives a crons-s(;ction of about 

.As a source:: of neutrons we used a beryllium block 8 em . 

biz:~ :1o.vin;; e. diameter of 8 c:n.. and an insi.dc bo:r·e of 3 em. 

n~~u~:u ~ -act"ve cO~JOllents were r0~ovc before irradintion, ~as 

)lc..::Gd ins· de the bore of tho berylliu.:.-n bloclt e.n.d two grans of 

being irradiated, anot.1~r identical uranilli!l ss.nnle v:c..s 
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11r. Hort on Adams 

420 West 116th Street 
Hew York City 
1Ja.roh 8, 194~ l 

Pennie, Davia, ".!a rvin m d Edmonda 

165 Broadway 
Uew York, New York 

Dear Jir. Adams; 

1 teleph oned your secretary on Friday to any 
that you need not file an amend~ nt in reference to my 
pending patent applica tion and that my application may 

be abandoned. Today I have dl anged my mind on the aubje ct 

after having had time to study the reference c ited aeainat 

my application 

Sire e the amendment has to ba filed before 

. Jmr ch 11th it seemed bes t to wr ite up and send off some

thine today. I have, therefore, written and mailed a 

let t er of which I enclose a copy. 

There is ~ rhaps a sl iV1t risk that the 
Examiner will be dissatisfied and that my an-plication will 

be held abandoned, but this io a risk which I aM willing m 
take. 

In the circumstances it does not seem necessary 

for you to do aything in conne ction with the amendn:ent 

due J~rch 11th. If you care to send me a bill for the 

consultation vrhich we had on Thursday in connecti '11 wi th 

this am~ndment I should be pleased to settle it at the 

end of the month. 

Plc aae note that it ia my intention eventually 

to abandon this patent application and 1 only want to 

keep it alive for a while in connection with the posaibil ... 

ity of filing a continuation in part • 

. Very truly yours, 

Y.~ 
(Leo Szilla.rd) 
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Dr . C~o~ory Dr eit 
?~c-~ tion . .::..l B;.u-eau of Stano.J.rds 
~u3hin~ton , D. C. 

Doar D:.:·c i t : 

.,.a.ny th:::n:-c~ . fer· yo·u.:· l e t tel' of Dec e:~•oer 2 . 
I ~:.1 s orry t o ta·.·:o yc•U:i..., t:l.!::o -.. ·; it~- t i1i s corr E:: spoiletc~·~ ce . 
Do you tl:inl-c it · .. o--.:1 ~ ~:G ~: ossibl~.: to r.:<.1~cc the st;i t e:::-:ont 
v~ich you pr oposG to at t a ch to ~~e re)or t more pre cise ~ 
~"'o :c inst.J.ncc;.: h;r sayir .. _: 'C l:c :Lo llo~·: ing : 

n ::-:c::_)o:.~t A- 55 :!.s , '::j_t:l t lle:: c:: c::/~ iol: of t .10 
sw.-.1.-nTi.., Y 2.nd ;- ::< ;c 21 7 a co~y of a p ."l })(~r 
Sll o.--1i -~ .;\)d 1--o ::.. ·; :; t~ .li CC'.: ~ci c~!-i ~--1 ·tl" .. s ?l ~--~) IC .. £~ L 
'f-' 1;'\fli·'~,·. : on 7.-::. ·~ , ~u·,,., .. , 11"_, 10 1. Q ... :., _., ·p :=::, ~,.--,.~ .. ,..l,j...J - ·' • ,. - - ..... • , .... ..J.. _; ....._ 1 ~ .... r • ........... ..... .......} - -
l:C!.S been y;i t~ .~l·:?lr.l i'ro:.:. putlic <: .. tio:l 2. t t rJ.c: 
~equost of ~-~ author in t he intc~osts of 
national deft ~s c . n 

If you sho"<...ld !~iad :. -~ co:J.v·:~::~~::~L t to do so , 
you mi~;1'1t a. tto c~· 1 to t~1 is stul.;er.;;e;;r,t .~~ co·yJ o~, the 
o~:.r;i:n~~l surm:v.1.ry and c. CO "JY of t~~c o ri.~:;..:·!~~l pc.ge 21> 
bu·c I personally llavG no opinion a s t o v:hether t J:li s is 
des i rable or not. 

f.fany t ha.."lks c:.c2.in . 

Since:..· e l y yoru·s, 

T' Cl • T~ .uu.u Leo Szil<:i.rd 

/ 
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':':: ,·:.: ,. ·. _1 ... ~ I C"_~~:.e~~. c:.'.t .?..~ c::~]cri··.,cl1t i11 

t!':>tio:1s . ·.::"len \7C -'-1 . 
l. .. ll s 

" , 
q OJ. e to t'1.e c o:1.clns ions t~·t a ch~in re~ct i on could be 

>ar~ be-;;;n :~i:'c st rec.lized. y ':::- . P_ <:!czck . 

u:..·2r. i, '! c o:1c<::n t !'C' t i o11s t~c fr-=- c t ion o· ncu+ ro:1 s cc-.pt1..red by ur.-:-1n iur>1 at resonc::c 

i: Cl'C':'..SC~ so re,l_Jid.ly thc:,t c. cl1o.L1 reaction ·-,:~_ L)lt be very ;:re ll ir:Jpo ss ilJle e>.t 

,_n sn :se"' t ion o-<' us inc; "h.cl iul"'1 in 

sel'lce of n th e r r:J -::.1 !1 0 ·.t r on 2 s orption in heliun would L1c:.};:e it possible to u~:; e 

trons ~ou_ C be s l o~ed do7n to t~cr~2l ener~ies 1ri~hout be i nj c ~ptuYed by ura-

! .. i~ at !'es on;c.!lce . 
1 '") 
-'-' 

I !1 t11e exr eri'·1 on t o""' _,"mcJ. erson , .J'er·r: i, z.:~C. 3z .:.l o:' rd. ~-:J.bes fillec! ·ri t"h urc:J. i -

urn ox ide ~ere i~~~rse6 Adj; cent tu Jes ~ere separate~ b y a fe~ 

centimet e rs o wete r i n o_ (e~ tc ~cep the~e distP~ces ~ithin the yanJ of 

t~e~ c.l neutrons in t1is ~cdi 1~. 

i ~1 t: ·, ese urc.:.itm- o::-:i d 

noticed tl~1:- t t!.1e e.r .<''1~e·c,_ent i7'r.~.icl': ne "Fe l.~sed. ,_-:?..s y~ore f e.vorable -rri th respect 

to reso1rn... 2.bso rp t ion t!121'2 2. hoT'lo~eneous -r:.:.:;:t·lre of u::::·c:mium oxide c::,nd 17c.ter • 

. \.ssu-rni!l:::; a sharp abso:r:0tion line i n n:."; .• iu··1 it h:; i ndeed ~nite ec:.sy to s c.e 

a posteriori t:i'l;:;.t qoct ) ~ -':"-he reson»nce obf' ;r:::>t ion ·~""ill take place in a 

"Ti ll not ~.:?pre ci 8.bly c:o··tTi1mte to t. e :resonc>.nce nr:ntron 2.bsor:9tion , ·,·'ill still 

Y'l:'lte ri [tJ.ly con+.ri" J.tc to J.he usc·~-J. l t !..::Y"".1E'. _ nr. ut:::-0.1 '~."'osorption. '.::'l~u s t:.e use 

infinitely thin u~~n · 1~ oYi de l"~ers .~ , ~c~ ~auld Je e~uiva l ent to ~ homoceneous 

""'1 1"-x-t1.1.·_re o.co_, u.~_,.·_,-,-J.·l~:--'1 0 . .: r~.::- .. . -~ . 1 -1 - 0- · -~ -· et"',-1 _,_-1e f'l::>nce of 1 1 
-- c:.J. :· • .:. .:_o "'1(L \d.\,Cr . · ·e::_~-~l l C 8. c) __ ; -;:;e' lH v. C- -- J- ~' ~-·- • 

J 
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embed&ed in era phi te appeared even more favorable from the poi·1t o: view of a 

chain reaction than the system of plane uranium layers which was initially con-

sidered. The effici ncy of such a system was calculated and it was found that 

if small spheres of uranium metal were embedded in graphite there would be quite 

a good chance of obtaining a chain reaction in an experiment performed on a 

large but entirely pro.cticable scale. There appeared to be an appreciable 

chance for success even if uranium oxide had to be used in place of uranium metal 

In the circumstances, the conclusion was reached that it would be better to per

form an e}..'1'eriment on a large scale rather than to wait for measurements to be 

performed for the purpose of determining all the nuclear constants involved. 

{July 9, 1939) 

Note for Memorandum: 

Tentative steps were thereupon taken ·n this direction and among others, 
E. P. Wigner, and E. Teller were inforn:ed of these considerations. They shared 
the opinion that no time must be lost i following up this line of development 
and in the discussion that folloTied, the opinion crystallized that an attempt 
ought to be made to enlist t e support ::>f tLe Goverm:1ent rather than that of 
pr·vate industry. Dr. Wigner, in part.:.cular, urged very strongly that the 
Government of the United States be advised of certain possible consequences of 
this as well as some other lines of wor_ connected with uranium. With this in 
mi~d, we approached Professor Albert Einste·n add Dr. Alexander gachs, and after 
a number of consultations, Dr. Einstein wrote a letter to the President of the 
United States recommending that a perso_ ~committee be appointed to act as a 
permanent liason between the Government an~ tle physicists who are working on 
uranium. (August 2, 1939) 

Einstein's letter and a memorandu~ which I was asked to write were submitted 
by Dr. Sachs to the President and Dro Lyman J. Briggs ~as appointed as chainnan 
of a Government committee. Dr. Sachs, D_. Wig er, Dr. Telle_ and I were given an 
opportunity to explain to this committ e why we believed that the work which is 
being done on uranium deserved the at ention and the support of the Government. 
(October 21, 1939) 

On th:s occasio_ a plea was made for the Govern~ent's support either finan
cial or moral both :or the Tiork on uranium :n general and for the work along the 
lines indicated in the paper in particular. It was stated that a lattice of 
uranium metal spheres embedded in graph"te appeared to offer the greatest 
chance for immediate success; that about 100 tons of graphite and 10 to 20 
tons of uraniux1 would have to be used in a large scale experiment in order to 
produce a divergent chain reaction. A reco~cndation uas made that steps be 
taken to prepare for the performance of such a large scale experii:1ent and that 
methods of producing uranium metal from uran ·u:n oxide be exploreC:(. It was 
emphasized that before starting a large scale experiement the capture cross
section of carbon would be measured aDd that a· few tons of graphite were re
quired for this purpose. A memorandum sur.rrrnarizing these statements and recom
mendations was subn "tted to Dr. Briggs (October, 1939) 

The value of the capture cross-section o carbon for thermal neutrons was · 
--9 

not known at that t:.me; only an upper limit for this magnitude of tJ .. 0/.- --~ 

was published by Frisch, v. Halban, and Koch. To measure this value appeared, 

therefore, to be a urgent task, indeed. The usual methods for measuring small 

absorption cross-sections did not seem ~o be adequate for this purpose end so 

a method was vised which called for the study of the spatial distribution of 

the thermal utron density in a large mass of graphite. The thermal ~eutron 



'' ... 

ensi ty in gra?•·::. te obeys a diffusion equat ·on which contains the mean free 

p<1th for scatte.c·.g ad the ratio of the capture an scattering cross-sections . 

Since the t~ermal neutrons are produced in t~e graphite thDugh the slowing 

do\v.n of the f as t neutrons emitted from the n eutron source, this diffusion equa

tion is not ho~ogeneous . By introduc·ng screens which are black for thermal 

ne' tro s one can obtain, however, experimental values w ich obey the homogene

o s diffusion equat i on . The first experiment of th "s type which was originally 

plaru1ed (Ju y 5, 1939) ·s described in the paper. 

Due to various c ircumstances, experimentation along this line was halted 

between July, 1939, and :narch, 1940. While no i~foroation on the capture cross

section of carbon was as yet :forth- com~ng, n increasingly opti istic view on 

the cha.ces of a cain reaction in a uranium- graphite system appeared to be 

justified when it was realized that the neutron absorption in carbon co~ be 

mater· ally re .uced by alloi7ing the bulk of t'1e graphite to be at p to high 

tem:perat res. Thus having finally reached the conclusion that we may expect a 

d"vergent chain react i on in such a ~ste~, the :paper was submitted in February, 

1941, to the Physical Review f or publication. After its acceptance, and after 

consultations with a number of my c olleagues and Dr . Lyman J. Briggs, its :publi

cat·on was deferred at my request . 
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c i r cur:s tn::::.ces ""3 c 2.n exne c t e, d.iYer.::;e:n.t ch ain re 8,c t ion to t 2,'<e p l a c e i '- th e 
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t:1e '!lPP.er 1 irci t vrhich has so far been established and consequently there is ho~ e 

that conditions uill be nuch more favorable for a chain reac t ion than would see~ 

fro m the values so far Qu oted . 

The amount of ca rbon and uranium required to reach the point of divergence 

at \•:hich nuclear transmutation will proceed at a rate limited only by the neces-

sity of avoiding over- heatinG is essentially determined by the value of 

In the foll'owing we shall calculate hoYJ' the value of this expression depends 
on the value · of the carbon capture cro ee-aeotion at room temperature. 

We s hall take the density of BTaphite to 1.7; the density of uranium metal 

to be 15 and choose R = 8 co. We then obtain for a capture cross-section of car

bon at room temp~r~ture of 0 . 005 the following set of values at 900° C! 
• i }. - r; f ~ I /'; ~· - Cl t f . ~ <. I /1 /' ~ Tt - I ; "~"::$.< _ - I () I -= () . G:C: t5 / C- = 2. 7 J 7 -"hL -= C) ~ (,;!) \) 

... ~ ~ ... ~(. _j L!: ""/-!A. ~ ~ //0. fj'/ o . 'J- /) -:- 0 • 3 .2, Critical Dimensions v (/ ~ 

For a large sphere of graphite which contains a large number of small spheres 

of uranium the critical value, 1, for the radius of the g:::aphi te sphere for 

which the chain rer~ction becomes divere;ent may be calculated for various distribu-

ti ons of uranium within the graphite sphe re. The treatment of this question may 

as well be postponed until the value of the carbon capture cross - section is 

known. In the meantime, a very rough approximation may give an idea of the order 
r"V of magnitudes \':hich are involved. In graphite of 1.7 density the meandistance r 

to which a fast neutron emitted by uranium d iffuses away from its point of origin 

until it becomes a thermal neutron and reacts with uranium or carbon is about 50cm 

For we find for the criticel r adius 
j1 """ . .... . ('·-..~ 

./.._ r "" L ..) (j C·Y·1..< ., 
---~--~--,; I : 'A ~- .~ ::.. , / 

~- ! I '--.'/ ,<:-(~ • ,~ -I ~ I/ -~- () I ~ 
~'.Jl' ~;' /f. t. {;;/ ~ ~~ ..... 

1/"·-~-j -~:;-~-------) 
1/ --~--__;. --~ -- ---~ 
i ,ft .-1'--1 

i / / r 
The a mount of u~anium required can be calculated from 

/ / 
equat~on No. 33a 
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The a~proximation used here corresponds to a treatment of the problem which 

was first given in a patent appl·ication that was filed in England in 1934, and 

was assigned to the Br itish Afujiralty~ Appendix No. is a copy of pages of the 
corresnondir:.g _·.:·:1 er ican ur tent application uhich was filed ih lfu.rch, 1935 • The 
;:;ee.n dis·c::_nce ~':::, :_n ~- ~ -:> Cr _has to 'b~ identif~e~ VTi th the me~n free }Il. ~b 11

a'_
1 

::'...1 the appendix. The d.~ ~ eren t 1al equa t 1on quote a. 1n the append1x leads , 1f wr1 t 
ten in the not~tion of the present paper, to a critical radius of 

.. 
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~Jrove Uf>On it unless a r.:et~1od i s v.sci '.7i.'1. icl1 is s:)eci:;:'ice.2.ly desi~ned. to :r:Jcas'...lre 

extremely s~all captu ~e cross-scctiona . Su ch a method ~ill be described in 

the follouin~: 

Let us c a~sider a sphere of carbon a~d a neutron source in the c e~ter of 

the sphere.. T~e the _r:!.a l neut ron ::lens i t y ins i c: e the c<?.~bon ui ll then obey 

eq_ua t io ::.1 :Tc o 3 only i ~.., t t1 iS case (\ i s ·- ' (, a f· ... mcti on of r of 1r::ich \ro ....... must net 

) ('' 
assL<rr:e _!! __ -~·:_ (' Let the c c:.r~') O?l sphc ~e be imne rseC. in a vrater tank 

_ _,. _; 

(:.- t 

or suTro·nd.ed by paraffin wax. The therm.al neutron density vrill then have a 

ce rtain value at the su1·face o ·~ t h e s pheTe ancl inside the sphere it will be 
~ l •"'i ''t J 

:function of 
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second eA."'})er i ment the surface of the sphere in some ~ t ' .Jif' in a ... . ........ - .... 

the uater is coveret by cadmiun the thermal neutron density at the surface 
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J l.::-\:c::: j_o':::1 t.o t:'lC t!ler .... ~;c:l re~ ion ~i t:'li::1 the carbon and the thermv.:i. neutron 

~s~sity ne~ ~ t~e surfac e of the c~r~on may beco~e very l ow . 

~hen the difference r) 
;'"' 

< • .' 
~ill become s mall and uill 

th~~cfo:-e set a li~it to t~e accuracy of the rncnsu~e~ent. 

~oon A.fte~~- t 1c J.i sco-:re:..~• - o·:- C l1 ai)~;:.'lc'i9.nt :lCiJtY·J:l cr•1i ssion from u~.:- 2.nit:.n t~e 
(14, 15 ) 

clUCGtio~ o: s:.:J') :. lizin.:; snc!'l::. :- e8.ctio~~ ":.'G.S e- st~bj"ct O'':' discussion b:.:t t ?l c 

If a c~nin reaction could he ~ain~~ :. ncd i n a hono~ero~ tl0 mixture of ~atcr 

pro l.u cti. on . 
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.?.t fraction of 
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February 17, 1941 

Dr. Leo Szilard, 
Kings Crown Hotel, 
420 West ll6th Street, 
New York, N.Y. 

Re: Apparatus for Nuclear 
Transmutation,_S~e~r~l~·a~l~N~o~·~2~6~3~·~0_1~7 

Filed March 20, 1939 

Dear Dr~ Szilard: 

This is to remind you that some 

action must be taken before March 11th in the 

above entitled application or it will be held 

abandoned. 

Very truly yours, 
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ced ing the address. 
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R. B . WHITE 
PRESIDENT 

NEWCOMB CARLTON 
CHAIRMAN OF TH E SOARD 

J. C . WILLEVER 
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DL-Day lc:tt~r 

NT-Ovcrnlght Tclcgr•m 

LC- Deferred Cable 

NLT-Cable Niaht Letter 
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FINE HALL 

:\J E \'JOULD APPREC IATE 
SU BJECT OF TELEP HONE 
TODAY = 

YOU R DISCUSSING WITH 
~O N VE RSA TIO N 1r YOU 

SZILARD COLU MBIA UNIVERSITY • . 

SZILARD. 
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Hf'n. CiJQ'Jj £; a :l.onor c f" !'Hten tr: 
:,: ,iv . :J6 ~·oorn ·~ r~G 

~·rwh i n~nn, ~:. C. 

420 ~eat llGth Street 
~1 tr .. v ~{u:..~t~ J J.ty-
' .rn rch 8 , 1\Jtl l 

In rer.rponeo to ynnr t:~ or1:1liU:'l t eat ton of ; ·;en t o'dH~r 

l l tll GJ...:;. ~ ·~ ;·co.;o\l ·:: :) .11cnn i o p >..::...vi£J , 'h t-v ·i n me'. .. d·.~:mci r;, 

165 J3rc·e.d..,·rc.y , : rc·~·. '0 r k '"!j_ty, ~tferr 'l nG to my an 1)licnt1 on 
;;ol'i! .l ·ro . ~~G:hOl'l, filet! 'f.tn'<l"i'l :ao., 103H, :r lH:J to :lt~ te 

the foll 'wt il'l~ ! ---

~~o pntent of ~or~t ot al . ~tich you oito ~~oe 
nut c.;. :;peal· to b o po rtiH0 !1t since lt io uc.f~ :> fJ:Ji"-.i .t e t 'l 

mr~intatn ~\ (' .. ha:i.n remotion i n be:'y1Jh1,.., . r. :o!'C: 1)Ver, the 

pr1or1 ty date of ? urmi el ul. iu 0 .t uto r :~6, l V34, "' ~ ~~~Ca:.J 

t~u~ conoor,tion of t. o ch~~in reaction il:t c on tA.ined in rey 
putout lll'lj)lioation ~)-: 1035 wh ioh ~a.fl fl. :prlo:;:it:r or 
-·.:nr;l ioh pv. tant appl inut i.ons whi.ch wox-o f'i ltHl nefore 
Octobe r , 1~34 

·n~o fi rst t ?;i} lin Go of the 13Pt:C1ficati ·n Y:.r •'CJ be 
tt!Ylondet\ to O!.\Y that roy P-il-,lionti.on ! a 11 1n y>:-1-!"t o. oo:1 ttmt!'l
tion''1 of my earl!E:r ap '('; licu. tion, if ou ca ~:n n r!C.~'!d '.1J<J. t 18 
~\cceptable to the exm'liner . 

J. cn'bmi t that my -patent a p:nl i. cat ion doncr i1)c s 
tho mothocl vrhici.1 fl1akeo it p oa b :lhlo fl.il" p crc .H:<a old 1 : t C 
!n t.h<O n.rt to det.cr~ ine thf~ :n·o.,er t !!i oknol\l ~ in v~u·i oue 
ll:;~.yors , I :fu rthe:· su·rusli t that your rcf~. r.c::ce to r:.:;lr}ff 
1.131 O. G, 3 do es not a pply r~inoe no oh!.l. in r oaotion onn bo 
aet up by follow! ug t h o cHrol: t .i.uno giv\:n in tLc f.!llC C ~fi 

c .':l.t ion o-f ,.,'o:t~u i ot al . 

(Leo 3zilaru) 

. . 
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ADDRESS REPLY TO 

NATIONAL BUREAU OF STANDARDS · 

IN YOUR REPLY 

REFER TO FILE 

Gl3 :KSV l ~~cember 2, 19t:1. 

Dr . L. Szilard, 
Dt!partr.:en t of Physics, 
Col~b~~ University, 
No\\ York , N. Y. 

Dear Szih,rd: 

In your letter of DB cember l 1 you suggest th&t 
I date your report J -55. Acco:-c.ing 'co t:J.u Physic&.l 
R,;vie\·J records, yo\.G' )<::.par hs.s be e:'l su·omitted on 
Pubruary 16, 1940, ' - -Jic~ corre sponds to your data 
o ::.~ February 14, 194(•, if account is tair.en of the 
t:Lme it tc.kes for a :ma.nuscript to r eacn J·,;innEiapolis 
from .'ew York. P. epcr·c .:.. -55 does not appear to b0 
identical wi tn the r .. a nuscrip'c subni t teG. to the 
Physicsl Heviev:. 'H:.e sum.mary in i. -55 is 1ong e:::- .;.:nd 
speak~ of 30 tons of uranium in~toad ot lO tons :.n 
the Phys . Rev. paper. £lso p.21 of £ - 55 does not 
correspond to the aLnlo g ous pag e in the ?hys . He v. 
manuscript. 

In view of the~ e differe n ces I wonder ~netn0 r 
it would be satisfactory to you if I were to send 
out the following statement to be attached to the 
report: 

" Report P.-55 is substantia lly the 
s mile and in mor:: t pa rts iden tical with a 
)s per submittec for publi c a t ion in th6 
:?hysical Revie\'.: on February 16, 1940, an& 
generously witrJ.l.eld from publication at 
the request of the author in the interests 
of national defense." 

Sincerely yours, 

Gregory Breit. 

D 
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By 

-, b 14 lr~"~ !.OVC:n er , v-: . ..L 

Jo:1r- ~&rshall , Jr.) ar-d Leo Szilard 

ColuQbia Ur-iversity 

fiss ion can be caused in ur~~iu by fission neutrons and if 

so to l earn so~ething about the cross-section of this process. 
. ' 

.._, 

This pro c ess may )lay Bli_ i. ~~o~·tcm~ . role in a chain 
r.=< .. .._ .• -" .:,\ ........ ... -:"'"" • 

reaction in a system in which spheres of uranium are imbedded 

in a l arge mass of graphite . I n such a system therma l neutrons 

diffuse fro m the graphite into the uranim.1 sphere and lead to 

the ---1-:J.ission of f ast fission neutrons. The fast neutrons t::ms 

produced 1till caus e a certain nu ber of fission processe s in 

the same ural'liU: syhere fro.:!! whicb tbey originate and thu s 

produce secondary fast fission neutrons. Some of these 

secondary neutrons will G.gain cause fission in t he uraniu S_J ere 

from which tney origi nate and lead to tertiary fission neutrons , 

etc. This process might increase by perhap s ~~~q_factor 

of ~ = 1 .25 the n~ber of fast neutrons e~itted by uralnli~ Der 
71 

ther8al neutron absorbed by uranium. 1 ~he magnitude of the - ' 

f actor ~ _depends pri~arily upon certain nuclear properties of 

uraniUill and in the first approximatio::J. on the product 



::.1.cutrons an~ / .:.~ t~ e 1u~be· of~ cu~ron erritte" per fission 

~recess. The ~c:nit~6e of t~a facto _ ~ also ~epends on ~ e 

ere s s-se ·t.:.o. O.J.. U!'Eti.:::.:i.121 "!:or :::. :..2la ··t :.. c calli sions 7.r:1ich ··lovr 

ciO\'.TI .::'c.st ::'ission ~1.e...:trons 0el0 17 t he fission threshold of U238 • 

... - __, 
Szilarj and Zi::.u e:.:.1..: ~Or-'l; t:1.e s·u.bj ect of another re'8ort. 

Second~r.ily, t'~e y; a;nituC.e of the factor f3 depends 

or~ t1 e size a: c del"lSi ty of the uraniu;n S). ere and also o :1 the 

,rese·:1ce in the urs.niU:'.l S:)hel"e of oxygen or other elements ·. -: ich 

s _o 7 dorm t! e ~ eutro:..1.s by lliea."ls of elastic collisions . (It 
~::,....... 

m.c.y very ;,,·ell be that, due to t~1.e process whi~h is t:ae subject 
~V"H?__.V../'~ / 

of tl"lis report, there may be a ten .i.ler cent ailler.enc e /in the 

nU!:loer of fast neut:::·o.:.'ls e::i -cted "'oy a uraniu:n sphere :Jer thermal 

neutron absor ed by the ura:.. iuJ S)here if YJe cnan ..... e over fro 

uraniu oxide at a de:1sity of about 4 to 6 gm . /cc . to uraniu:n 
-· 

!:J.etal of density 18 to 20 gm ./cc. 1 The experiment which we 

performed lns t::1e )Ur)ose of measuring the quantity 

(]'-;[/ 
·r 

The principle of the ex~eri: at is illustrated in the enclosed 

diagra:n v;~1ich s:1ows the experimental arrange1 ent . In this 

diagram Be is a beryllj_u block '::hich serves as a source of 

photo neutrons and vvhich is :9l aced in the axis of a cylindrical 

paraffin block. Ra r2:;:n·esents about tv1o grams of radium which 

are :)laced iY: e"le center of the ber lliu,. block . A cad!! iu - a;( 
dia]ilrag..n A lec.ve s a circu ar O.!_) eni 1g;free t:"lrough w:nch t ::.er, al 

r 
ne-,trons c a.1 emerge fro!ll the paraffin and can enter ~n the 

c..... 



. i 1.1_~1 
.• 

about .~5 A s~~ erical ·a~ization cha!'!lber 

uraniu -coated sur~aca of about 800 em. square is used to 

record fission ·::h.::.ch t~:~es ~lc:.ce in the uraniu. coatin~ of 

--... J- - ...... ___ ..... ,,_ 

7 , ' . 

:.'is sian c~a:no e:r is :_Jrot ect ed :'rom 
(7-r!' .... (! 

the action 
~ ct..//. . ..,.. .• 

of t~ e:::1a2. :_su t:-o_ s oy tilick ~ =-"~=- .... of boron carbide, anC. E c· 
/ 

is a boron ca roide scre.::;:n :::1ich ca be renoved if it is desired 

to ad:it therma_ neutrons to t e fission c-amber. 
I 

The asic ex_9eri:nent v:h. ich we performed is the lJ ,;-' ~,.... 

fol_m-;ing : ti~i t:1 the b ·ro· scree :1 E and the cadmium screen -.?5' d I/};;' 

-in pe-::;:~n , t he fission chamb er reoi sters a backoround of about 

.5 fissions uer ~inute . 
4 .r> 

- .-;/ 
circular openino ,.·in the 

Thermal neutrons which come fro:.1 the 

center of t he cadmiu;n dia_9hragm A are 
~ 

preve:.1ted by the c adrniu:n sc:.."'een 5( fro;J reaching the uraniu.>n 
If 

ciuring t~1is co trol exoerL ent. 
,, • 'I 

If t he cadmium screen is now 

brought fro t: e .:~osition i to t~e position~ thermal neutrons 

are ad:1i tt ed to t_ e uranium, w'll cc:u se fission i :1 the uranium 

c.nd v;ill lead to the e ission of fast fission neutrons . A 

considerable fra ction of these neutrons passes through the 
/.... ~ . r'-! "' .I , ... \ r ' !---v \.· '. 

~,t 'iihol&-:t-ffi·<>£-i-1€-&&-0-f---t.b..e._ur..@l:i.u lc.y.er and through the boron scree_ 
f r 

1 r 
( CJ.·· , ,.)/' ·- •. 

:S and will cause fi s sio_ in the f4-&.s-i~ chamber D. By chcJ....'1t.,ing 
I 

t~e :Josition of the c aCbium screen from position ~to position ~ 

v:e ob ained a fission cou::.1t which was more t_ an double of the 

background cou ... t , t he difference corresponding to about .7'1 counts 

-o er · inute. A ~Jreli.21inary estimate of the quanti ties involved 

'/ 



l eads to t~e concl~sion t : at the observ ed effect corre s)onds to 

a value o f abou-c 
- ,._ 

·-I 

T;;u :ing for v the value o 2 .G re_po:-t cd by Zinn a nd Szil a rd., 

we obt ·.in 
0: rf/-t ) - 0· 

I 

It h as to b e e ]hasi ed tDat t n is l S a pr cli~inary re sult, and 

be made to d etermine t h e v a.l ue ..no r e ac cu rately than it v..as 
·i .,..~,., ' ". ~ .,.. 

/ . - ~ -
pos sible to d.o in the fir s t . ex? erilll en t . , In the follorring we . 
describe two method s which 1rere used in interpreti:..1g the observed 

eff ect . The follo wi·-g d e s i gnations will be used : 

Ff is the fi s sion count whidl v1e obtain from the fast 

I I ' neut rons V!hen vre remove the cadmium screen flt"'v'.' ,t 

Fth is the fission count which '-N e obt"ain in the chamber 
< 

~n t h e ab s ence o(
1 
L1e uranium, the 

<d· 
cadmium scree~\g'j 

or f( and the boron screen E due to the action of 
G-

theru"1a l neutrons ·which efj, erge from the window in the 

center o~ c~daium diaphragm A, and which can be cut 
/" ~ •t- • t " ' ' ~- I 

off by !'t h e cad~1iu~n screen in the posit ion #,. 
l 

N is the nu:nber of t h ermal neutrons which emerge from the 
&-

circular \vindow in the center of the cadmium diaphragm 

A. 

a is ~~Jraction of tlese thermal neutrons which are absorbed 
I ~'~ ~·t.. " I • ~ / J .,.... i I 

b " J& /.. • .... ~ (..." n y r u r anl u rn • :. :.-" . ~ .... ·" ' <....... 

1 - g is the fr~ction of the fast neutrons which are e~itted 

by ura nium and "·.rh ich are prevented from reaching tp.e .
1 

!...·~ / <f""\ ,.: - ·•, 

ion i zation chrunber by scattering either 1~ uralllU 

·r- ~ _ __,..,_... 

i n t ~e boro~ scre e_ E. 
[. '7 

L l f 

' ) ... ~ ... 

4. 

• f> .. 

i 



( ; 

5. 

b/2-, is the ··Ll!:1ber of tD.err:1c-.l nsut ro_ s ei:'!itted .1 ro 
G t11c _:JE.ra.ffin v:c..ll i:1. the circular O::_JenL g, il -tte 

C.irect :..o~1 ~).8-.r-'--U_::.:i:-t-sol-:..d-a::."lgl e . 
I 

U is t! e :.1.uJ2ber o f u a:1iu::1 ato::J.s vthich are exposed to the 

thel~al nsut rors. 
I~ 

t=> is tl e the mal neutron ensi ty "0-f the uraniu.-rn. 

r is the -ist· nee of a volume element of uranium in the Box tC 
~ fro~ a surface eleme nt of the uranium layer in the 

S)herical ionization ch~~ber. 
- ( I ' \ 

'). I .), I 

c:; · ' ( f:(s_s'j.s>n) is the fission cross-section of uranium for 

then:1al neutrons. 

~ is the total absorption cross-section of uranium for thermal 

11.eutrons. 
at 

~ is a ther al neutron C.ensity RXXK.'fi/the location of the 

uranium surface of the S?herical ionization chamber in the 
/ 11 14 :( absence of the uraniu r<3ox: !l , the cad.'Ilium screens -:& and '&. 

and the boron screen Ee 

The me.in quanti ties whi ch we measure are Fih and F r· 
One of the methods e~)loyed makes use of the fact that we may 

write: 

~~ 
.,..--

;-f --- ) 
f!-

1/ _/):L 

o-r-
) >) _;/ v 

I 

r?o t. 
j- ) 
~ 

,() .~ 
/'1"7_ /-./~_.. 

) 

,_... .. ~ (.. I -;.----
P;,~v r . "'" r):_f- ?':·" Oi.. (_ 

j # 



I • 

I : t11ese ':'oi·~-~·,, _.., :>e ·- '·1 ) • J' • ~ • .~.. h · ' 
- - - ......... - - :... s cae n·Qr:.l oer o.r urc::.mur.1 a ~.,o s ':: ... 1.cn - t:_ v 

is e: ecti v in pro{ucil g e.n i:·~)Ulse in t : e c: amber if excited 
I 

b:· t~1er:-r:al ne:1trons, and·=: .... /.. ..... ) is the number of uraniUI!l ato:ns 
J.. 

~-.1:-.d.c: is effective in produc ·n;r an im-oulse in the chamber if 
o - I / 

~ -: . { / 

excited by fast fission neut~ons. y assu. ~~that 

t~ ese t·:io numbers are a qual, i.e., t!lat the range of the fission 

narticles is a out the same ·:.'hen the fission is due to ther:nal 

neutrons as it is IYhen the fission is due to fast fission neutrons. 

~ 
.,"' I) 

.1' I 
'/ '.·. 

Our experi~ent c·ave for F 
t 

a value of 43 counts pe~ 

· ,, minute 
I I,._"' 0 c (cadmiun difference), and for Ff '?{"" 

we obtained from c.. .) 

L~·r I . 

~ ~ -; l 

I 

fifteen-minute readings with the cadmiu~ screen at the posit~on 

<--',.:..,y~ • . 
H and K, ~-i-v·e1-·, a value of 'C§='L-,.::.._;;_ 

/::... 'j 
I r :.. ..... 

above a background count of • per minute. 

~, the fraction of thermal neutrons which are absorbed 

by the uranium in the box, vras estinated to be about 0 ,J-. 

The ura~~um box contains about 27.7 gns./sq.cm. of uranium 
~!. ()~(_ 

r• 
0. 

carbide or about 25 .2 gms./ sq. em. of uranium. ,i\leglect.i·n:J .. "" 
J/ ' ./ ... // ./ 
rv-- ~ .-..v-· t'> r;;t.l.f.._."'J;~( .. ,"' /· - .,. . /..--L-,__.r.L.-/._ 

scattering of the then al neutrons, of the thermal neu'trons 

passing through the uranium box parallel to the axis of the 

arrancement, a fraction of • 31 ·would be absorbed, and a fraction 

of • 887 would be trans:ni tted by the uranium box. By measuring 

the thermal neutron density with a vanadium indicator in froLt 

and right behind the uranium box, we find that the thermal 
./ " • r I r · / ,..., 

~ · ' .. ~tl\., ,l.~.._ £.v ,-!r... l t_ ! •' l· '".. .r-, 1 L- 4.... ."- ~ ... 

neutron density jdrop(/oy a factor of 8..,. ·n our ~ru-rg-em,.,.,.,.,er~rt-. 
) (,,, ) ,, c: / 

Part of this , drop is due to the scattering of thermal neutrons 
I 



. I 

i t: c u:re:,y-.du;r: box, &:. cl. <.... very -~ou2;' esti ;Jate leads us to be-

liev · t: &t &ctuGlly abo1t .5 of the neutrons entering the 

uranium box are absorbedw 

Fo1~ b we take the value of 

b = 2.53 

1·;hich corresponds to ..C2.-Strr-=l·b t i-on-o-f-- 0/"'\. t:vv-(.2!-t.Cv,r ,_., /,,...., /. , ,,, ·' 

,_/ - /' /_ COS f + ./3 X COS 
2 f 

... ~ 't ·t- ~..- ~ !"' 

~r tn~3~ 2.~d- -i ~ri ·~~io of thermal neutrons leaving the 

paraffin w::.n~ow G insi~e the cadmiun diaphragm A. 
7j-

For e vve took the value of . y by estimating the 

effect of the scattering in the boron carbide screen E contain-

ing 3 gos./sq.cm. of boron carbide and the effect of scattering 

of the 

S'-(11 

uranium carbide in the uranium box. 

For ~l./ rre took the value ofe3) ~ ,.,...._, 
. . -

/~!' 
e·r~t·-· 

I 

For ()A we tool~ the value of 5 . 9 x lo-·24 

·\.-i th t:.e se values we obtained from. (1) 

I ll Li. 
- I 

# 

sq. co. 

The second metbod employed makes use of the fact that 

ne mc.y write 

(2) 

We estimated J inside the uranium, 

thermal neutron density in the space occu)ied by" 

and fo , the 

the ionizat"on 

chamber D by observing the activity of a vanadium foil in front 

7. 



"' ? ,.,..,-.,. 
""' -./ 

of the w:!..ndo rr G: on both sides of the uranium box and jin the 

absence of the uranium box, the c admium screens at H or K 

and the boron screen E VJith a vanadium foil taking the pl2.ce 

of the io .ization chamber D. Assuming an ex·oonential ,;·~ . ./":... ' - ~...--.......... 

of the therr:"al neutron der..si ty inside the 
I,- Q(-", 1"1' --;:.--;-- I,..__ r. ·•· , 

uranium box, we 

then find for '"f/1 J ~> 7-) -=== _, ·'; · 2So 
\..J _) ' ) 

For the number of ul~anium atoms in front 'of the windo vr G 
'""'., 

I / . •._- -1 

we take the number '(,ca. U = t./r~ 03jO corresponding to //:f::5~ 

uranium. For e ~re aga in take the·: value of Oc /) 

hith these values ·we obtain from (2) 

- I ') Q 
. - I • ~ 1 

gms . of 

,-.. 
o. 



I I I I I 

Cent tmctGr 
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