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' D1Tergent Chain Reaction In Syatema Composed O! 

Uranium J.ud Carbon 

IBTRuD~TION l 

~s eo.rly as 191" H. G. Welle for&oaat the discovery vf inliuced radio­

aoti~i~y for the year l9jJ and described the subsequent advent of nuclear 

transmutations on an industrial asca.le. It was not po s si ble f or phyeioiste 

to realize the potentialities and the limitation of nuclear physics in this 

direction until after the discovery of the neutron in 1932. Owinb to the 

discovery of artificial radio-ac ~lvity in 1933 by Joliot and. Irene Curie, 

and Fermi's pioneer work on neutron reactions in 1934, proGI"ess in t he field 

of nuclear physics was greatly aooelero.ted. By t he c iddle of 1934 1t coul ,i 

be clearly seen that v;1 thin the framaworic -> f t::;.J d.ern nucleur ph:;sics tr~'1.smu­

tation of elements on an industrial ~cale mi t;ht be achieved by meru1s of a 

chain reaction in · .. hich neu.trons for111 t.he lizL..s of t he ch :J. in. If '..h~ re is an 

element or e. mixture of elements which interacts ;1 i t. h neu trons ::.n .. fr vt. which 

a neutron liberates on th e average r:ore than one n c·.J.tro:l f o:- .:me :1 e ~.:. tron which 

is absorbed. \\ithin the mixt.LU·e we laa.ve a ch~in J: eu-.- t ion :...:1:.. r..:..~· bri:1c· a uoui 

nuclear transmute. tiona on o. large acale o If &. n.eutrvn s vurce 1 s nL. .. oed in 

the c~nter of a lare;e spl: e.re which is com~osed of such an clement or mixture 

the nw:1ber of neutrons emerging out of the s-phere will be lur c_:e r :han t he 

number of neutrons em1 tted by ~he soUJ.·oe in the cente1· uf ti .e srhere. It 

the radius of the spher0 ~pproaohed a certain critical radius the n~bcr of 

neutrons e;enerated in the chain ;,·ould tend to become infinite. If th& radius 

of the . sphere is larger than the critical radius there 1a no stutionary solu­

tion of the equation and the n~ber of neutrons would increase ex-ponentially 

with time. 

By simplifying the problam eo as to be e.ble to apyly the theory of U!fu-

aion to the motion of th~ neutrons whiGh are liberated in the chain reaction it 

i t i t 0 ~ the general t ·. p~ of behnviouY of a is easy to &et an approx ma e p o ure • ~ 

oho.in reaction within & !inite aphere of matter. 
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I~RODUCTI O N 2 

Suoh a aimplified t r eatment has bee n a . lied to the prob l em as ea rly 

aa 1934 particu Larly with re gard to t he potential possibilit y of set tt ng 

up a chain reaction in beryllium. At that t ime i t appeared f roM Bains­

bridgea•a Talue f or the maee of beryllium,and Aeton•a value f or t he 

.... of heliua, that b@rylliu~ ought to be u ns t able and t hat neutrons ~ight 

be liberated from beryllium by slow neutrons i n sufficient numnere to 

.aka a chAin reaction possible. Thi s idea had t o be abana oned,as f ar 

aa ber7llium was cone rned, when A8Dn1 e value f or t he maes of hel ium 

proTed to be in error. 

In 1934 the transmutation of ~aniua b7 neutron& was discovered 

alone that of other elements by ~ldi, D' Agvs tino, Fermi , Ra s etti, a nd 

Sesre who f ound that a number of radioactiTe elementa are Renerated from 

ur&Jli.WI bJ neutrorle. An il!lportant advance was ude by Irene Curie 

and P. San toh, who found that an element ~hich behaTod chemically 

apparently like radiua was among thoae prGduoed and~ter I r ene Curie 

and P. Savi tch diecover•d radio aotiTe rare eartha amo~ t hP dt e inte ~~ti on 
. ~ D•oeaber 19&8 

produote of uranium. Final l y Hahn nnd Straaaman annou nc e~that i n real ity 

uralliua aplite into a l arge number of elements of l'ledium.Somic weight if 

irradiated by neutrona. 

Aa eoon •• thia became known it suet have been evident to all thoee 

who had been th i nking previouely ot the po ential poasibilitiea of a 

ohaia reaction, aa well aa to other~, that it neutrons should be emitted 

troa eplittinc uranium ato• in euffioient nuabera a chain reactt~oa aight 

be eet up iD a lar,e mase of uradua. Independsntl7 of each other a emall 

~er of phJBiOieta be~n therefore to prepare experi~ut• with the 

aia to 4ieoOTer whether or not neutrone are esittod troa eplit t ing uranium. 

I4eu aloq theee linea touD4 wider circulation in America through 

a aoa-priT&te meotin& helcl in 1fuhinctoa in Januar7, 1939 uDder the 

aua}tio•• of the Georp 'fuhin«'OD UniTereity and the Carne«i• Inetitute 

tor !ei'N•trial *cnetioa. At thie aeetiq I uDderata Dd, Penli drew 

attention to the potential poe .~ ibilitJ of a neutroa eaios ion from split inc 



INTRvDUCTION 3 

uranium ruld some of its uftcrward s 

it seemed that the alsor"":.ivn of uraniw:: WJ U a over ..:ur.:,..,ensate any conceiva-
7' 

blf n eutron eoission since it was found. •. 1~ .... r~t: cr~ss -sectio :1 0 f ·u·aniurr. 

!or spli ttinc by thermal neutrons is abuu t 2 wl e ~·e as the currently a cceT'ted 

value for the absorption of LU'aniuo ~·. r tl.e thermb.l n e ut r ons \,as ~ ~ . hvwevcr 

the absorption of ur:.:.:'lium fo;. ther cal neut ·ons \, •3 v: , , ! r c~ ro :: rc r:. t.. •· ..,urcd by 

.Fermi who di :::; cove!'ed thut its vu.l.le \Ius vn lj ab vut ~' · 

A dela~1ed er:ission of neutrons f~· oc . u l' Jliut. u.. . • r t! c ...iC• i~n .J .f n l· ut r ons 

~ 
bombardment wa::; discvvered in i'eb i"U&ry 1939 lJy .. oberts, ; .. eyer , u.nJ. uSJ1 • 

,i much strone;c r instantaneous e.c ission v!' ll L' Utrons y urn.n iu.rr • ...tn d L' r the 

aC t!. On vf vhermal neu.tron s Wt.S diSCuV Bred inde"'enu. er.~ly aQ•~ ul <.v Gt sin:u1 t. ane-
~ 4 

ously b~ Hulban , Joli ot , u.nu. .1\. .J \Ia.r,ki; ~1d c r svn Ll!1 . l''err.:i; anu S :.: ilu .. rd and 

.s 
Zinn who ret1orteu. their ubservu.tions in lette : s to :~at tre O.:l l~ t o. P t ~ :Jict.l 

Review :..ted arch 8, l-arch lu , :;.nel. ~-~.:h 16 (lJ 9 ) r ... apectiv t.. 1 j· • • .n ubse r­
~) 

va. t ion pointint.. in tt.e sam e llircction wuu ulso l c .,v rted ~~ v • .i)roste in a 
• 

letter to Die Naturwissenschu.ften aated 1..a.rch 1 ', , (LI .:>J) . 

The first n:...ne r to u- :- ear in print w.~~ tl...v "' .... :.al l.Jan , Joli ot, a.nd 

Kowarski which was ublict.ed on :lu ture on 1:urch 10, ( 19.)9) A. numbe r o f 

papers deu.l int;; · .• i th the instan tW'l.e ous neJ.tron emission of u. anium r.cr c s ent to 

periodicals after this dat e sor..e a.· wbich presumnLlJ- l'C: "'or tinc exne rir.JCnts 
(7-10 ) 

wbi .ch were started indenendent.aly at an etU"1ier dt:..te . 

The balance of ne-.tron a1 Gorpt1on and emission ·uy Ul'anium wus subac riU"nt-
0 ~ 

ly studied by Hal ban, Jo1iot l:i.lld Kowarski ; A.nderson, .r'ermi an(l :3zilurd ; 

and He.lban, Joliot, Kowara .. i , an Perri~ l'his wor~. J.er:~vn ~; tr u. tes . e~·o nd 
d oubt that, J n t he avcrul;e, r:1ure t han one .: u.ut ne u tron is erritt t.. d ,;,'.; r on._ 

thermal n eutron abnorbeu by ur u.niw:: . It shows therefore , t.h .. t in ccrt:..in cir­

cumstances a chuinmuction mit.,ht be maintained in u miAtu r e of uraniur . :mJ a.:n 

element wh ich slows do\m to the rma.l ene r t;iea the fo.at neutron~ 1 mi ttcd l.Jy the 

aplitting uraniuc. If it is no ssible 1.. 0 avoid tl.ut too lo.rt:e u r'r .. ction uf 

the fast neutrons emitted f ro rr. the splitti1 .._ ~- uniur: be cu · tun:U. ( · .. it!Jout 

causing fission) at reuonance by uranium u.nd i1 1 t. is o n t l.Jlc ut t hl n:Lr e 

time to avoi d that too lurLe a 
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~ao,1oa ot the 'her.aal neutrons be oaptured by the elecent which is used 

~o~ Ule purpose of alowing down, then we would have a chain reaction which 

~aq 41Terge tor a auttioiently larg e maas ot uranium. 

!hie doea not neoeesar117 mean that a chain reaction can be ~ain : alned 

1a· a a1xture ot umniua oxide and water. In a homo geneous mixture of ux:...n lun 

a14.- IIDCl water a considerable traction of the neutrons is abs.Jrbcd ry 

va11111 at resoDaDoe and it remains d oubt:t'u.l. wheth e r in such a r..ixture the 
( 9) 

aaab•i of neutrons produced may exceed the numbe r of neutr)ns ubs~rced . 

ftnd baa inTeatigated t he question whe ther mor e f avor ab l e c .:> n tl i tiO .!" cu.n 

be obtained 1n mixtures o! ur anium oxide ....nd wate r by ;;:ec-p int; the '.1 ·~ium 

oxide and water in separate layers and fount. t ha t a sli ch t i=""ro veo. e!'lt c a:1 

thua be obtained. But eTen so, for the r res ent the cuest ion ~:h et he r u c!- ·1 in 

reaction oan be obtained in a. system compvsed of u;·aniu~ !.n G. W!l t er 1 !:> bc i •1c; 

le~ 1D abeyance. 
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INTRODUCTION 1 

0 
As early as 191~ H. G. Wells forecast the discovery of induced radio-

activi~y for the year 1933 and described the subsequent advent of nuclear 

transmutations on an industrial scale. It was not possible for physicists 

to realize the potentialities and the limitation of nuclear physics in this 

direction until after the discovery of the neutron in 1932. Owing to the 

discovery of artificial radio-ac t ivity in 1933 by Joliot and Irene Curie, 

and Fermi's pioneer work on neutron reactions in 1934, progress in the field 

of nuclear physics was greatly accelerated. By the middle of 1934 it could 

be clearly seen that within the framework of codern nuclear physics transmu­

tation of elements on an industrial scale mi ght be achieved by means of a 

chain reaction in which neutrons form the links of the chain. If there is an 

element or a mixture of elements which interacts with neutrons anJ. from which 

a neutron liberates on the average more than one neutron for one neutron v1hich 

is absorbed within the mixture we have a chain reaction and may bring about 

nuclear transmutations on a large scale. If a neutron source is placed in 

the center of a large sphere which is comnosed of such an element or mixture 

the number of neutrons emerging out of the sphere will be larger than the 

number of neutrons emitted by the source in the center of the snhere. It 

the radius of the sphere approached a certain critical radius the number of 

neutrons generated in the chain would tend to become infinite. If the radius 
; ~ (, 

of the sphere is larger than the critical radius th e &a no stationary ~-
lJ '• ,, 

~ion of the equat~ and the number of neutrons would increase exponential17 

with time. 

By simplifying the problem so as to be able to apply the theory of diffu-

sion to the motion of the neutrons which are liberated in the chain reaction it 

is easy to get an approximate picture of the general type of behaviou• of a 

chain reaction within a finite sphere of matter. 
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Such a simpli fied treatment has been appl i ed t o the prob l em ~ 

1934 particul &rly with r egard to the potential possibility of sett i ng 

up a chai~ reactio~i~eryllium. ( eared from Bains-

bridgee•s value f or the mass of beryllium
1
and !s o~~~-¥a~A_~~~ 

mass of helium, that beryllium ought to be unstable and that 

m eryllium by j lf: 
1
neut ons in sufficient numbers to 

c..t4-eD posst ble.l ,ITh s idea had to be abandoned,as far 

as beryllium was concerned, when 48Dn's value for the mass of helium 

proved to be in error. 

In 1934 the transmutation of ~aniua b7 neutrons was discovered 

along that of other elements by !maldi, D' Agostino, Fermi, Rasetti, and 

Segre who f ound that a number of radioactive elements are generated from 

uranium by neutrons. An important advance was made by Irene Curie 

and P. SaTitoh, who found that an element which behaved chemically 

apparently like radium was among those produced andJater Irene Curie 

and P. Savi tch discovered radio active rare earths among the di si ntegration 
~ Deoeaber 1938 

products of uranium. Finally Hahn and Strassman announced/that in reality 

uranium aplite into a-lazge numbex of elements of medium-'omic weight if 

irradiated by neutrons. 

!e soon as this became known ~·~De~-o..n ~~ ~ those 

who had been thi nking previously of the pot ential possibilities of a 
') \. 

chain reaction, as well as~ others, that i neutrons should be emitted 

from splitting uranium atoms in suff icient numbers a chain rea~ might 

be set up 1D a large mass of ursdum. Independently of each other a.smaXl 

nullber o physicists began therefore to prepare experiments with the 
~/ 'f )' ... 

aim o dieeov•r whether or not neutrons are emitted from splitt ing uranium. 

Ideas along eee lines found wider circulation \a Ameriea through 

a aeai-private meet ng held in Washington n January, 1939 under the 

auspices of the and the Carnegie Inati tute 

f or Terrestrial At thie meeting1 I understa nd, Fermi drew 

attent i on to the potenti pos - i bilit7 of a neu~on emiss i on f rom split t ing 

~ f --n·-r vi-vvt1,'-~ r-v( P- (!../~ ~~- ~ 
·~.:~.:~. e:-a /L~'-e ~ e---~J ~ "-- ~~~· · 

/.:·t-vo-/4'~-~v~ 
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uranium and some of ita possible consequences. For a short time afterwards 

it seemed that the absorption of uranium would over compensate any conoeiva-
0 

~if neutron emission since it was found that the cross-section of uranium 

tor splitting by thermal neutrons is about 21whereas the currently accepted 

value for the absorption of uranium fJr the thermal neutrons was 43. However 

the absorption of uranium fQr thermal neutrons was th~~on remeasured by 
/ 

Fermi who ~iscovered that its value was only about 5. 

A delayed emission of eutrons from ur~ium under the action of neutrons 
(2) 

bombardment was discovered in hbrual'J 1939 by Roberts, Meyer, and Wang. 

~onge::... iastaAta.a-;aus. emission of neutrons by :ranium under the 
~~~ ~ 

action of thermal neutrons. :.'iile di~e~pe.Q.C"fiid.ependent-17 ~ ~inosy-simul tane-

ous~ by Hal ban, Joliet, and Kowarski; Anderson anu. Fermi; and Szilard and 

Zinn who reported their observations in letters to Nature and to Physical 

Review dated arch 8, ~arch 16, and March 16 (1939) respectively. .An obser­
~ 

Droste in a vation pointing in the same direction was also reported by v. 

letter to Die Naturwisaenachaften dated March 1 ? , (1939). < 

The first paper to appear in print was that of Halban,~olio~, and 

Kowarski which was published on Nature o~ ~ch l8, (1939) A number of 

papers instantaneous neutron emission of uranium were sent. to 
/, 

perio s after~ some~ which ~b±y reporting experiments 

- (~~) 

.. which were started independent-ly ~~ &I} "eU~i~r da~. 

The balance of neutron absorption and emission by uranium was subsequent­

ly studied by Halban, Joliet and Kowarsld.lf And~;son, Fermi and SzilarP: 
@ ~~~74~~ 

and Hal ban, Joliot, Kowars .. d, and Perrin. Wet ""' x JTpMtostza t::e,-ae;~ 
~_p(_ 

.~g~ th~, on the average, more than o~)neutron is emitted for one 

~~~,.therefore, that in certain cir­

maintained in a mixture of uranium and an 
thermal neutron absorbed by uranium. 

cumstances a chain maction might be 

element which slows do\m to thermal energies the fast neutrons emitted by the 

splitting uranium. If it is possible to avoid that too large a fraction of 

the fast neutrons emitted f~em the: splitting a± Mi. be cantured "'1 without 
,......_-_ 

causing fissiont~sonance by uranium and if it is possible at the same 

t~me to avoid that too large a 
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fraction of the thermal neutrons 

for the purpose of slowing down, 

may diverge for a sufficiently 

This does not nece ssarily 

in a mixture 0 I uranium oxide e _d .-, wa 

oxide and water a cons i erable fract 
I 

uro.nium at resonanc e and it remains 

~ ~ IPJ3/" number of neutrons u ~ oced may exc 

Fermi has inves t i guted t he QUestrJn 

be obtained in mixtures of 

«- •' L ;( .) 

'"' ~ ~v ~M---1, 
,. 

element which is used 

' we would have a cha in reaction which 

mass of uranium. 

a chain reaction can be maint ained 

In a hoFo geneous mixture of uranium 

neutro~s is ~bsorbe~ by 

oubtful 'Nheth er in such a mixture the 
I ( 9) 

peutrons. absorbed. 

whether more favorab l e c onditio~ s can 

wo.ter by keepint; the u r anium 

J I I 71 J (I I , 

'i 
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uranium and some of its possible consequences. For a short time afterwards it seemed 

that the absorption of uranium would over compensate any conceivable neutron emission 

since it was found1 that the cross-section of uranium for splitting by thermal neutrons 

is about 2 whereas the currently accepted value for the absorption of uranium for the 

thermal neutrons was 43. However the absorption of uranium for thermal neutrons was 

thereupon remeasured by Fermi who discovered that its value was only about 5. 

A delayed emission of neutrons from uranium under the action of neutrons bombard­

ment was discovered in Feb1~ary 1939 by Roberts, Meyer, and Wang. 2 

A much stronger instaneous emission of neutrona by uranium under the action of 

thermal neutrons was discovered indenendently and almost simultaneously by Halban, 

Joliot, and Kowarski;3 Anderson and Fermi;4 and Szilard and Zinn5 who reported their 

observations in letters to Nature and to Physical Review dated March 8, March 16, and 

March 16 (1939) respectively. An observation pointing in the same direction waz also 

reported by v. Droste6 in a letter to Die Naturwissenschaften dated March 17, (1939) . 

The first paper to appear in print was that of Halban, Joliot, and Kowarski 

which was published on Nature on March 18, (1939). A number of papers dealing with 

the instantaneous neutron emission of uranium were sent to periodicals after this 

date some of which presumably reporting experiments which were started independently 

7-10 at an earlier date. 

The balance of neutron absorption and emission by uranium was subsequently 

studied by Halban, Joliot and Kowarski; 11 Anderson, Fermi and Szilard;12 and Halban, 

Joliot, Kowarski, and Perrin.
13 

This work demonstrates beyond doubt that, on the 

average, more than one fast neutron is emitted for one thermal neutron absorbed by 

uranium. It shows therefore, that in certain circumstances a chain reaction might be 

maintained in a mixture of uranium and an element which slows down to thermal energies 

the fast neutrons emitted by the splitting uranium. If it is possible to avoid that 

too large a fraction of the fast neutrons emitted from the splitting uranium b~ 

captured (without causing fission) at resonance by uranium and if it is possible 

at the same time to avoid that too large a 
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fraction of the thermal neutrons be captured by the element which is used 

for the purpose of slowing down, then we would have a chain reaction which 

may diverge for a sufficiently large mass of uranium. 

This does not necessarily mean that a chain reaction can be maintained 

in a mixture of uranium oxide and water. In a homogeneous mixture of uranium 

oxide and water a considerable fraction of the neutrons is absorbed by 

uranium at resonance and it remains doubtful whether in such a mixture the 

number of neutrons produced may exceed the number of neutrons absorbed. 
( 9) 

Fermi bas investigated the question whether more favorable conditions can 

be obtained in mixtures of uranium oxide and water by keeping the uranium 

oxide and water in separate layers and found that a slight improvement can 

thus be obtained. But even so, for the present the question whether a chain 

reaction can be obtained in a system composed of uranium and water is being 

left in abeyance. 
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