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Divergent Chain Reaction in Systems A- 55 · ·1 

Composed of Uranium and Carbon J 
SUUU.ARY i?Y L. Szilard 0:::.~ <} . 

It 1s sho~n that a ~1ve~gent chnin reaot1on may bo maintained 1n1 a syatem i 
I 

oompoaod ot uranium Gnd Ciarbon. Conditions partioularl7 tavorable !or a ohain ! 
I 

roaot1on are obtained i! 1nstoo.d o:t' us1n~ a homogeneous mixture ot uranium an4 

O!U"bon a large number o:t re.thcr smal.J. spl:lerea o! ure.n1Wll metal &l'e used embed.

dod 1n a maca ot &raphi te. The 111lW.l.l ur&nium ephores mq :Corm a oloae-pa.oked ., ·' 
I . 

hexasonal or oubio lat~oo ~mbedded in a large aphere ot graphite. ~he aver- J 

IP-88 number ot :Cast neutrons em1 tted. _by u1·a.n1um tor one thermal neutron absorbe4 
I 

by uranium 1s oaloulated :Crom known experi:me~~al data. and. is found to be about 

2. In our system cond1tiono :t~r ·a. chain reaction become more and. more :t'avora 

: ble as the tempera.~ure 1noreusea und. it 1s shown that •• oould expect a obain 
I 

I
. ' reaction to be selt- generating in auoh a system at about 900° c. even 1! the 

cross-section o! carbon were as hiGh a.s o.Ol, its present experimental upper ~ 

limit. .t\s the 1.ntensi ty of the oha.in reaction incl"eases wi ·th illol'ee.sing tem-

I . 
! 

perature the system is therma.lly una~a.ble. It oa.n be controlled arti!io1ally. 

The time within which' the control would have to respond 1a :t'ound to be longer j 
tho.n one second. .4s l!lUOh a.a . 100 tons ot (;!":..phi te and 30 tone o:C uro.niw:l miGht 

perhaps be required in order to ~each the point o~ divergence at whioh nuclear 

transmutation will co on with an intensity limited only by tbe necessity of 

avoidin8 over heat1nc. Bu:t. in oo ~ar as the capture cross-section o~ carbon 

1a likely to b~ below 0.01 the amount o~ 1r.ateriul. required will probably be 

smaller. 
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lll uwnorioal vcU.uecra of DUolear oroas- aeotiona givf> n in this 
•&V 

p~p r are in . unite of IO om.' 

th capture arose cootion ot carbon tor thermal neutrons. 

!I 
I 
I 

I 

I 
I 
I l.) &;{() i 

2.fD;,(C) 

).) £. 
I
ii 

ie the aoattering oroaa- aeotion of carbo~ for th'r~al neutrons. j 

io the ratio ot the number ot thermal neutrons and the number ' 

4.) Eo 

8.) ·~ 1(. 

of r es onance neutrons absorbed by a sinlge uraniu~ sphere aa4 

under the following oiroumstanoeaz • single uranium sphere 

is embedded in an infinite apace filled with carbon. ~eutrvns 

are generated in the carbon and the numbers of ther~al neutrons 

and r aonanoe neutrons produced per oo and sea are equal and 

· ·have the same value trhoughout the whole infinite mass of 

carbon. 

to· the energy at which the resonance absorption line ot 

uranium has., ita maximum. 

ia the velocity ot t~ermal neutrons • 

is the lower end at the resonaJ;loe region of uranium below whi c ~ 

we consider the ratio ot the -.bsorption coefficients !'or 

thermnl neutrona ·aqd tor resonance neutrons as c onstant. 

is the upper end of the resonance region of uranium a~ ove which 

we ne ~lect the resonance absorption in uranium. 

is the ~ vera~e number o~ oollietons which a neutron .-xia« 

•di ffusing•• in carbon survives within the ener.o:-:y re~'~'ion 

9.) 4"" is the RveraP-e nu~ber of collision which a thermal neutron 

diffusing in carbon surviYes before being captured by carbon. 

10.) t\(C) 

ll.) f 
12.) a 
Ux~ 

l).) i{ 

l4.) It 

is the mean free pa*~ for scattering of ther~al neutrons 

in cArbon • 

is the density of thermal neutrons 

is the numb er of therm.,neutrons produced per co and sec. 

in cnrbon. 

is the radius of a sphere ol uran1u2 or uranium oxide ( 

which is embedded in carbon. 

is the range of t hermal neutrons in osr·,on de fi ned by 

fl., .vc J (OO,rq 
VY accr) 
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tNotutions 2 

16.) j3 

17.) 
J~ 

18.) ;L.(C) 

19.) 

20.) 

21.) 

22.) 

23.) 

24.) 

26.) 

£() 

Jj{_ 

f 
A,{tt) 

Nu. 

u;./U) 

u;(IJ) 

u 

1a tba number of thermal n eutron2 absorbed by a 

single uranium sphere embedde d in carbon provided · 

that the ur~ium sphere a bsorbs each thorcal neutron 

which renchea 1ts surtaoe. 

is the ro...nGe of the reeona.nce neutrons in oe.rbon 

de!ined by 

J3 {;!) v ~~' . 
is the number or rcsonnncc neutrons absorbed by u 

s1n01e uranium sphere embedded in curbon. 

is the mean tree path !or scatt0rinc !or neutrons 

o! enercSJ Eo in oa.'t"bon. 

is the value tt <: !or a uranium sphere which absorbs 

each thermal neutron which reaches ita 3ur!nce. 

1~ the number of thermal neutrons absorbed by a 

single uranium sphere embedded in carbon. 

ia defined by .J «. f J"o /.1. or E = f £ o 

is the mean !roe path !or scatterin0 in the substance 

o! the uranium sphere. 

is the number ot uranium atoms per c.o. in the aubstanoe 

ot the uranium sphere. 

id the absorbing oroaa-seotion of uranium tor thermal 

nautrona whiob ino1uadea both tho oroaa-aootion !~ 

fission and radiati vo capture but wbiob doe·a not include 

the oroaa-eeotion tor aoatterins. 

1e tho oroaa-aoot1on of uranium tor scattering ot thermal 

n11utrona. 

1a tho r~e ot thermal neutrona 1n the aubatanoe . ot the 

ur~um apbore 4ot1ned by ( u ... .J_ v~)v (V() 
7 

· Y3 IV" 6;Ju; 
.and 1n the particular oaae ot pure uraniua lletal. 
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Notations ) 

~7.) 
a 

,,. 

J 
~ 

~8.) 

~9.) 
} -~ 

)0.) r 

31.) '-~ 
3l. J 1""-
33.) ,~. 

34.) v 
35·> L 

-,-. 
- "oJ .J 

a l nttice of urnniu-n E~ ph erPS . . 

is ~u:!lber of therma l :1eu•rons nh:·o rbc c ;' er e re 

by n urnniu~ s phere ~ ith i n R lattice Of u r rn ium 

spheres embed ~ ed in cnrbon. 

b y.' 

ie the numb €' r of res onf'nce neutrons ahr- orbed : ersf'c 

by a urAnium sphere ~ithin a lattice of urRnium 

spheres Pmhedded in carbon 

ie the fraction ~Rrm&~~ast (aaatrm~ 

of the resonAnce neutrons r roduced in carbon ~ h ich . 

is absorbed ns a thermnl neutron by the lat~ice of 

uraniu-n ~pheres if the nu~her of thermal neutrons 

And xaa resonnnce neu•ron~ produced per cc a nd sec. 

6 in the cnr~on are e .1ual nnd have the s r:ru· vnlue 

throu~hout the .,.hole in r'i ni te "'lnee of cnrb on. 

ie the value of tJ( for v.-hich q become£\ ~R). imu:n. 

ia the maximum VAlue of , 

is the corrPct VP.lue of the fraction of the resonance 

neu1 rona produced in carbon V~ ·. ich is absorbed ns a 

thermal neutron by the lattiee of urom urn spheres 

Xf obtAined by taking into account that the n.mber 

of thermAl neutrons pr~duced per cc and sec. in the 

carbon near the uranium spheres ie reduced due to the 

absorption of resonAnce neutrcna by the urar.iu:n • 

Ia the ~ume of cnrbon per uranium 'phere. 

ill the di!ltnnce between neip;hbourtne urnnium s_t>hcres 

in a cubic or hexa~onal close packed lnttice • 

ia th9 number of H atoms per urnnium atoa in a mixture 

oi uranium oxide and water. 

I.::_ 

i 

I 
I 
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I 

37.) ~0 ~ *"'--f f:~ io -the mean lifetime or a thermal neu' ron in wetftr 

)8.) <r'~(H l 

39·) f 
.. ~ 

. . . . .. 
' 

or a mi~ure of uraniu~ oxide and water, 

ia tho capture croee eectioD o.f. hydrogen for thermnl 

noutrona • 

ia the fraction ct the resonance neutrons gen~rated 
I 

in a homogenoua mixture of uranium o).ide and water l(hich 

c4 
... captured by uranium at reeonance • 
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41.) (. 

42.) rL 
43.) 
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is the density o f water in P.a per cc in a homo~eneoua 

mi xture of uranium oxide and water • 

ia the first factor in 

£ =:[~~} ~{ / __ 1-:-t?-~.-!..: rJ 
is the second factor in the same exp res ~ ion. 

is the critical radius ai)Kaxa& of a ~a?hite e . he re 

which contains a lattice of uranium s pheres giving the 

value of the radius for ~hic n ~he chain reaction becomes 

d1ver("ent • 

• 

( 

I 
I 

I 

I 
I 

I 
I 

I 
I 

'-----'-------:---~------'-----_j 



'·· 

.. 

I• 

1 1 

IlfrRulYUCTION l 

»1Ter&ent Chain Reaotion In Syatema Composed Ot 

Uranium 4ud Ca.r'bon 

A-ss-

./.A.s early as 191:.> H. G. Wells !oreoast the discovery of induced rn.dio

aotivi~y !or the year l9~J and deaoribed the subsequent advent of nuclear 

transmutations on an industrial aoale. It waa 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. Owin& to the 

discovery of artificial radio-ao~ivity in 1933 by Joliet and Irene Curie, 

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

ot nuclear physics was greatly acceler~ted. By the ~iddle of 1934 it could 

be clearly seen that within the framework u! C()dern nucleu.r -ph;;oios tr~nsmu

tation of elem\!nts on an induotr1e.l ecale mit.;ht be achieved by l:l t.> wts of a 

chain reaot1on in which neutrons form the lizL..a of the ch~in. If :here is an 
~ 

element or a mixture of elements which i .nteraots wi :.h neutrons u.n..:. fruu which 

a neutron liberates on the u.vera.ge core than one ne-..l.tro!l fo: one net:.tron which 

is absorbed \\1th1n the ml);.tlll·e we hu.ve a ohu.in l: eu.ction u..'t:.. r.i~· urin.; auout 

i 
·.j 

J 
I 

• 

I .., ., . 

nuolea.r transmutations on· n lu.rge soale. I! a neutron suurce is nlaoed in ,. 

I 
I 

I 

the center of a lu.rge spl;ere which is oom~oaed of such an clement or mixture 

the nw:1ber ot neutrons ec:.ert;1lle out of the sphere will be lu.rc;er thWl the 
, 

number of neutrons em1 ttcd by r.he source in the oentel.' uf ti.e s't'bere. It 

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

J' neutrona e;eneratod in the oha.in would tend to become infinite. I! the radius 

of the . sphere is larger than the critical radiuo there is no stu.t1onu.ry solu

tion of the equation and the nwr.ber of neutrons would incrca.se exponcnt1.a.lly 

I 
:I 

1 

with time. / 

:By &simplifying the problem 80 e.e to be able to a'Pply the theory of .ii!:f'u-

a1on to the motion ot th0 neutrons which are libernted 1n the chain re~ct1Ln it 

1s easy to e;et ' an approximate picture of the general t~pe ot behnvi~uY o! a 

oha.in reu.ot1on within a finite sphere ot matter • 
. t/ 
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irrrRODUCTION 2 

Such a aimplified treatment has been ap :: lied to the problem as early 
am 1934 particularly with regRrd to the potential possibility of setting 
up a chain reaction in beryllium. At thRt time it appeared fro~ Bains-
bridgea•a value for the mass of beryllium and Aston's value for the I 

maaa of helium, that berylliu~ ought to be unstable and that neutrons might 
b liberatod ~rom beryllium by slow neutrons in sufficient numbers to 
moko a cnain reaction possible. This idea had to be abanaoned,as far 

a beryllium was concerned, . when Amon's value for the mass of helium 
proved to be in error. v 

v In 1934 the transmutation of ~anium b7 neutrons was discovered 
along that of other elements by ~ldi, D' Agvstino, Fermi, Rasetti, and 
Segre who found that a number of radioactive elements are ~enerated from 
uraniWI by neutrons. An iaportant advance was made by Irene Curie 
and P. Savitch, who found that an element which behaved che~ic~lly 

I 
I 

.I 
I . 

I 
I 
I 
I 
"j 

l 
. I 

r app rently like radiwra was a~ong those produced and later Irene Curie ·1 
and P. Savitch disco;ered radio active rare earths amoJlR the dtsinte~ntion l 

. ~ Deoember 1938 produota of uranium. Finally Hahn nnd Strassman ahnounce~that in reality 
uranium spli te into a large number of element& of mediuma:tomic weight it 

" 

··' 

irndiated by neutrons. v / 
v AD aoon as thia became known it must have been evident to all those 

vho had been thinking previoualy ot the potential poseibilitiea of a 
chaiR roaotion, aa well aa to othera, that it neutrons should be emitted 
from splitting uranium atoms in sufficient numbera a chain roa~ might 
bo a t up 1D a large maaa of ursium. Independ$ntly or each other a small 
DUCbar of physioiata began therefore to prepare · experi menta with the 

I' aia to diacover whether or not neutrons are emitted trom splitting uranium. j 
Idoaa alOJ28 theali linea found wider oiroulation in America through · 

ooci-privato meeting held in 1luh1ngton in Januar,., 1939 under the 
ucpio a ot tho a.orge Wuhington Oniver•ity and the Carnegie In.etitute 

tor ~ noatrial ~etiea. At this aoetill8 I underatan4, Penn drew 
atte~ion to the potential poa~ ibilit7 ot a neutroa eaiosion troa aplitt/nc 

' .. 

. ' ., , / 
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I NTRODUCTION 3 

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 February. 19)9 by Roberts, Meyer, and Wang. 2 

A much stronger instaneous emission of neutronD by uranium under the action ot 

thermal neutrons was discovered independently 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 was also 
~ 

reported by v. Droste6 in a letter to Die Naturwissenschaften dated March 17, (193?)• 

The first paper to appear in print was that of Halban, Joliot, and Kowar~ki 

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 Halb~, 
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 enerkies 

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 I 
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it seemed thr.t the o.bsor -:~ ~L>n of ura.niw:: WJ uld over l.!unT"ensute any conceiva-
1' 

'b1 neutron eoission a1noe it was found .hu : ·.he cross-scctio:1 .:; f '.lr uniu:r. 

tor aplittinc_; by thermal neut1·ona is about 2 w! : e~·co.s the currently aooeT'ted 

value for the a.bsorrtion of ura..niUJ:l ::..,r tl.e thermul n e ut r ons \HUl ~3. However 

the ab::wrption of ur~:..nium fo ·;_· thcre~al neutrons W:J.n Lht ! rc ;.; no:~ r~ c.cu~urcd by 

Fermi who di :.; covel'ed thu.t it::. vt..l.J~J wun unl~ o.bvut ..~ . 

J.. dela;,·ed er:ission of neutrons f~· oc1 ~..r Jliuc. w1d c r tic u.ction ::>1' n eutrons 

bombardment wu.~ discuvered in .i'ebruary 1939 by i\oberta, l .. eyer, unl.l - ~ 
"ant,; . 

J.. much atrone;cr · instlUltancous e.:::isaion o !' n ..: utrono by uro..nhLT. und~r the 

act!.on of ;.hermal ne-.;.trons wo.s disco,v ~ red indel"enl.ler.\ly ~~ ul r:-. ..:, nt sir:ul ~ane-. , ~ "I ously b~· Huluo.n, Jo1iot, u.nti l\.J\·.-o.r~ki; .A.nd c r .o-::> n an : i-'err.:i; u.nd S ~ i1ru.·d nnd 
.s-

Zinn who reported their observu.tions in 1ett.e J s to :\atu re o.:h~ to . Pi.,i·nico.1 

Review u. .. ted l..o.rch a, l:o.rch 1u, u.nd I..u.rch lo (lJ.;9) r~..-cpect1V L. 1y •• ..n obscr
~ 

vu.tion pointint.. in t.t.e su.oc dil'cction wu.u u.1so rt.:nurted :..:, v • .ilroste . in a 
• .. 

letter t.o Die Ho.turwiaaensobuften cia.ted l.:u.rch 1 ', , (1-)~-J). 

The first n~pcr to u.:l:-eo.r in print Ylt~s tL.;. "',;, ;;a.lba.n, Joli o ._, and 

Kowarski which was pub1ict.ed on :Iu.ture on 1:u.rch 10, (19~9) ..\.number o f 

papers ueo..lin6 ;;i th tlJC insto.ntW'leous nci.l.tron emission of u:· o.nium \',ere s ent to 

periodicals af'tor this date oot.e a.' which prcaULio.Ll;y l'c,.,ortinc exncriccnts 
(7-10 ) 

·, wbi'cb were started independent-ly u.i u.n earlier dutc. 

The ba.lonoe of ne i.l.tron abcorption and emission 'uy 
e w·u.n1um wu.s sulJoc r;u cnt-

ly studied by Ha.lba.n, Joliot Wld Kowu.rski; ..\.nderson, .i-'ermi u.nd 
. ® · and Ha.lba.n, Joliot, Kowo.ra ~: 1, anll Perrin. 1'hio wor~~ d. ee~uns tr ~~tea :., cyond 

~ 
~zilu.rd; 

doubt that, on the avcru.c;e, cure ·~h o.n one .!.' u.ut neutron is c rr.lttcd l'•J r one 

thermal neutron a.'l.13orbeU. by w· o.ni\.U::. It shows the1·efore, th ~.t in ccrt:....in cir- i 

oumstanoea o. chu.in ll!o.ction mic_;ht be maintained in u mixture of urun1w:-. u.nd on 

element . whioh slows do\m to thert:in.l cnercies the fu.at neutront~ er:1i tted lly the 

splitting uru.niUJ:l. I! it is possible t o avoid thut too lo.rce a f1•u.ct1on of ( 

the fast neutrons emitted frou:. the oplittiJl,_; w· o.niUI:l bo ou. :· t.urcd ( \: it.!Jout 

causing fission) u.t re.lonanoe uy uro.niw:; Wld i f 1 t is no .j ai ulc ut the nar..e 

time to avoia thut too lurce 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 
' ( 9) number of neutrons produced may exceed the number of neutrons absorbed. 

Fermi has 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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tr otion ot the thermal neutrons be captured by the elecent which is used 

~or the purpose ot slowing down, then we would have a chain reaction which 

mtJ:1 diverge tor a sut:!'ioiently luree maas ot uranium. 

Thie does not necessarily mean that a chain reaction cun be cu1ntn1ncd 

1n a mixture of umniu.m oxide and water. In a homot;eneous mixture of ur:..ni\1:1 

oxido· and water a considerable traction of the neutrons is absorbed b~· 

uranium at resonance and it remains doubttul whether in auch a cixt~e the 
( 9) 

' Jml:lbor ot neutrons produced may exceed the number uf neutrons ubsJrbed:. 

rm1 has investiguted the question whether more favoro.b l e CJndi tio:1s co.n 

b obtained in mixtures of Ul'nnium oxide .....nd wo.ter by ~eeTtinc the u . e..nium 

oxide and water in separate layers anJ. foun~ t.ho.t a. olit;ht i:;;nrovcc-.e!1.t oo.:1 
\ . 

thus be obtained. :But even so, for the -present the . c: u cstion whett:er n c hn.1n 

reaction can be obtained in a system composed of Ul·u.nium und water 1::: bcinc; 
.. 

le~ 1n abeyance. 
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l - A-o5' 
The purpose of the present paper is to show that e. ~hain reaction oan be 

achieved by using an element like c_o.rbon tor 4owing down the neutrons in certain i 

particular systems composed of uranium and ourbon. The theory which ia given 
1n the present paper can be applied to clGments other than curbon but it doea 
not g1 ve any useful inl'orme.tion tor aystema composed of uranium and hydrogen. 

ThoU6b one migh; think t.ho.t carbon should be much less efficieut for slow
ing down neutrons tho.n hydroeen from oeveral points of view it wo~d be pre!era- ! 
ble to use carbon in the form of graphite rather than hydroc;en in t.he form ot 

G'c(c) water. •
1 The capture cross-section of co.rbO'n tor thermal neutrons ia 

- 2f ame.ll. J.n upper limit of vc(() .:> 0 I 0 I )C /0 ~ has been reported by 
Frisch, Halban o.nQ Koch, but this upper limit is not sufficiently lov; to allow 
UB at present to conclude tho.t a chain r eaction could be Qaintaincd in homogene
ous mixtures oi uraniuc anc carbon. For neutrons it tukes about 6.5 collisions 
with carbon utoma. to reduce their enerc;y by a factor ot e. Thus a neutron which 

l 

.! 
I 
I ., 

,, 

I ia being slowed dov:n by carbon stu.ys for a lone:; time within the resonance absorp ·'I ' 
tion region of w ·aniwn • • Conseq'..lently, very low w·aniuc concentrations would 
have to be used in order to avoi~ thut a lar€6 fxaction of the !o.at neutrons 
emitted by w-anium is · absorbed ,ut resonance by ure.niwn. A.t such very low w·ani
um concentrations, on the other h~~. the fraction of the theroal ·neutrons which 
ia absorbed by carbon miGht perhape be too larce to ~crmit o. chain reaction. 

It will be shown, however, in the present paper that if instead of using 
I a homogeneous mix turc of urD.llium u.nci. carbon a laree number ot aphe~es ot uranium I 

which m~ form, for instance, a. close-packed hexagonal or cubic lattice are · !I 
embedded in carbon, the . ratio of the nuzber of thermal neutrons and the nucber 
of resonance neutrons absorbed by the uranium can be so much increased that a 
chain reaction will become possible. It will be seen that thia ra.tio: ~trongly 

depends on the radius of the uranium spheres and that a rather small rudiua 
muet be chosen in order to obtain most favorable conditions . 

I 

i I 

I 
I 
1 •. 
l 

l 

: i 
I 
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-2- A-ss 
Single spheres of uraniu~ 

We wish to first calculate~ the ratio of the number of thermal neutrons, and 

the number of resonance neutrons which are absorbed by a single uranium sphere, which 

is embedded in an infinite space, filled with carbon, in the special case in which 

the number of resonance neutrons and thermal neutrons produced per c.c. and second are 

equal and have the same value throughout the whole infinite mass of graphite. In order 
asst.AI"i'\e · 

to obtain a conservative estimate for the value of _c we shallAthat all neutrono which 

have an energy between E = 0.2 E0 and E a 2E 0where ED is the energy at which the reson-

ance absorption of uranium has its maximum, are absorbed by uranium at resonance if 

they reach the surface of the uranium sphere by diffusion. That this is indeed a con-

servative assumption can be seen by considering an absorption line which obeys the 

Breit-Wigner formula and has its maximum at E 0 • For such an absorption line the 

absorption falls off with 1/v in the thermal region. It reaches a minimum at 0.2 E 0 • 
then it rises up to E 0 and falls again so rapidly that if E0 is not too close to the 

thermal region the absorption becomes negligible for 2 E 0 • If E 0 is higher than five 

volts and if the temperature of the thermal neutrons does not exceed 1/10 of a volt 

then the absorbing .cross-section beyond 2 E 0 is less than 1/10 of the absorbing cross-

section for the thermal neutrons. 

A neutron which is slowed down by elastic collisions with carbon atoms and which 

~-enters the resonance at E = E~will survive on the average k collisions within the 

resonance region between E 2. and E 1 and we have 

' Under the assumption which we have made above t. e. • 

This may be compared with the average number of elastic collisions k which a the~l 
\ 

neutron will survive in carbon before being captured by a carbon atom. Since the 

capture cross-section of carbon is small compared with~~((~the scattering cross-section 

of carbon for thermal neutrons the probability~1 (J0~hat a thermal neutron will survive ~ \ 

collisions in carbon will be given by _ ~ ~Oc..(C J · 
'1,(4) - e o-k.(c) 



,. -2.- A-ss 
Sin.-le sphe-:-es o!" •:r n·1 ' n:n 

.. Y·e 1wl :· h to fl r 8t c ;"l l c 1lnte ( 

by a sin ":l e urAniu · · ll sphe re ·t: v. hi ch l ~-' e11hed Jf'd 1n nr 1n :' 1 n1 t e ~~1 n c f' ' 

l'illed w~t_h CA.rbon, in t:he e ne ciA l C'lSf' i n w ich th nu ·h, r~ t !' res t :>n·~c e 

neutrons and th~rmnl neutrons p r oduced i~ er c . c . :. ·. Ac.:-onn nr•' <' 111n:. · nrl . 
ha·; e the se~e v r l ue th r o 11 .~h aut ... he -.\·hole i!"l '. i!'lite ~.:1ss o!~ .. -r · , hite . ln ,·' 

order to obtain a c ons er-vative e !'ltlmnte for the Ynlue of ,. ,..e "'hal l n ~ u ·ne 

that all erlutrons whi c h have an e nl'l' l;:;y between E 

v.here E
0 
is the energy nt whi ch the re so nance abs orptio n o: urnni\~11 hns 

ita maxiiTillm, are abs orb ed b y ur r: niu:n Rt re :~o:1 " 11Ce if tl1 e y ren e ' • !J• ' . u r -

face of the uranium sphere by uif fus ion. l'hnt thiH lB in•1 ef' d ' ' conser -

vative aasu:nption c a n be seen by consid t> r i n,.:; "'n nb ~or 1 t ion line inc'h 

obeys the Bre i t t{iP,ner formula and '" as its rnHxi. mu m Rt !:: 0 • :-' or Au .·h a ·. 

absorption line the absorption fr>lle of i' wi. th 1/ v in t h e tht>r:nnl :u:Iaax 

re r·ion. It reac hes a minimu~ at 0.2 £0 then it ris f's up to E and fnlls 
0 

a gain eo rn pidly that if E0 ie not t oo close to the thf'rmal re ion th e 

absorption becomes tle p;l i ~ible for ~ E0 • If E.,is hi ·her than fi ve v olts 

and if thP. temper· ture o t' the thermal neutrons does not exce e.( 1/lO of a 

volt then ~ he absorh ing cross- section beyond ~ E
0
is less t han l /10 of 

the absorbing croos- sec tion for thf' thermal ·neutrons. 

J.. neutron which is ~lowed down 11y elastic collisions with carbon 

atoms and which enters the resonance A.t E -a E wilC. survive on t he 
' '>(/.1 

average k collisions wi th1 n ~he resonance region hetween E l. and :: , and 

WA have 

: /./) ...... '; { , 
c .. = o .. 2- Eo 

f:. . Under the assu:nption which we have node above c. . ~ . f"~-= 2 Eo 

I 

'""
lhis may be bompared with the averAge nu~b · r of ela:. tio collis1ons k 

whioh a thermal neutron will survive in carbon be:ore being captured b y 

a carbon atom. ~ince the oopture cross- section or c n rbon is s:nnll com

par ed with G:: r() the scattering cro r; s - . section of carbon for the{mnl neu( 

trona the probabilityf,(A_) that a thermal neutron will eurviv~collisions 
d p G<rf) 

in carbon will be given by _-\ 

~I(~) -:: . e C'"ic{() 

., .. 
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Accordin~ly, k the average numb e r of collisions which a ther:nU neu : · on 

will mAke with carbon atoms 

so that 

• 

I 

before bein~ captured is 
c-:J 

- 0/ /,_ ?'{~ d~ 
given by 

( 

, I 
I 

;, 
I • 
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Let us now first determine t-he number of ther~ neu t rons which ,i 

1 ~re absorbed by a ein~le uranium sphere of radius R embedded in an 

inti ni te space filled with carbon if Q, thermA.l neutrons~ are 1- roduced i j_ 

pttl• cc and sec. in the c~=trbon. If R is lar,...e compared to ;1\o (() / the mean 1! 
I 

fre path for elaeic sc~=tttering of thermal neutrons in carbon/the den- jJ 

si ty J of the thermal neutrons in the c~=trbon c en be c r:lcul :-Jted by treating I ~ 
the problem as a diffusion phenomenon . We th c !"ind· fo r J as a function . ! 

of the distance r from the center of the s : here 

j) (() d 'r-ef}_ Jfc:; --r r -I- Q (-r-) 'Y'--
tl~ ... 

Vr }= v- )y (C; l(cf-- ]:::_ GC(C) 
I }/.()Ui;(() 3 

If the same number of t.her:nal neu t rons are produced 

carbon per cc and sec. we have 

- CJ -

eve ry't'\here in the 

'1 

! 

.I 
I 

' . . 

For a . sphere wh ich Rbsort-es each therl1.Bl ne>utron ·oh i ch re ~. ches it 

sur·face i.e. for n " black" ~:~phere we hAve f(Fl) =-Onnd"1[~~<t~> /( 
~ . £) - t ..,._ R>;;_ 

! fr..)-= ~( ,_ ~ e. ft ) 
S(c) ., 

1 /!.:;> \, ( {) V@() :
3
(:) t(F';lf;. II :::. V f : ,~ ~( ' " 

S ~ {)?(C) J K. the nU"'ber o f thPrm::l neutron~ .. .-, , ch ' s ab !:' orbea by a s ' n le 

uranium sphere per sec. is ~iven by 

J t< = ]){f)ltui?"-Jfl?) 

and for a black uranium sphere we find fro ·n ,;o . ~

) 

where R has the dimension of A I e~F. nd will be celled 

the ranRe of the>rmnl neutrons in cnrhon. . . 
I 

• 4 .. \. , · ·- ·· .:... -. - • • 

~-' t~ I 
'< 

( 

I 
I 
I 
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Quite similarly sinoe we ~Dt;umc thut the Ul'u.nium t> phcro io 11 'blaok" tor 

resonance neutrons we ou.n write for j ~the nuu.ber of reoonu.noe neutrono 

absorbed by the sphere per second wi th coo d. a.pproxima.tion 

J 
~ ~ 

R~) (9) - 4liQR~ t I ._ 

where )...,~ 

V? B -
(10) V3' 

1a the ~:.ea.n l'r~o n:..~.th .:> :' res.:>nu.ncc n eutrons fur act..tto.:l'int: unJ. 13 hua 

the d.icension. vf a. lenc:th ~. .. nu will uc ca..llcd the r...u1c c .; f t il..: r~:Jununcc !1 ( U-

trons in carbon. 

., . 
'· 
I 

Expressivll lio o (} is idcnt.iCLll With t h e C:X :1 l'C l.; Si0:1 :;o • 1 Wil iC; l hoLi...j :· :'or j 

a . 3-phere which is "blu.ck" r•:a· thcr:na.l ue .ltrons. v ll i ~· t il t· v:....luc :; .ro r A 
the r::.eo.n free ti~th for scutt.l.!rin ,- tl.!lcl ~ th e u.v c ra.t.:c mu~ b , r .; :.: colli:>L:>nn 

which a neutron survives · .. i thin the 0ute r:"rJ· ca.llcJ. :hl.!rt::'-1.1 o:· res o: lu.. :Cl' arc 

li.if!erent !Jr these two .::atec;.:>rl&3s of neutrvns. · It woul u ue strictly true ·1 

that J the u~ber .::rl' neutrons b e loncin..; tv a. cn.te(Jr~: \I Lich 'Nill reach the 

sphere by diffusion per second i::: liete;·I:".incJ. in tl.e nw:i ~.- ·,;(...~: _Jr .• iff· re ;lt 

outecor1es l;y ~ the 1:1ea..'1 ;,.'reo. ~' ath and jrl...) the :'unction , · :. ·;i!l,; the 

probubili ty .:>f aurvi vine-; h collisions ;;1 th cu.ruon u.t.ous. In l'Cu.li ty the 

function/(~ )13 U.if~t:: ren.t for thermal . ~..l .r.'or rc:::on .. ::.nc~: lL -....trons .... .ud. ex-pres

sion :ro . 9 holtia in so in.r us we r.~ .: a.s~w~i e thut J is d·eter:ninea .. i t.h suf- 1 r ~ 0 I 

f1o1ent aocur~oy by!\,. a.n.(' .. !S.=jh![lud!..-..he first ::1occn: Jf /'(~) • lj 

From ~o . 6 ~li Uo. 9 v.~ .l.'inll u.::; th~ value 0:..' ~ :;.'o~· u :J " . • c.c .. nich is 

"blaok" .o.'vr ;.hcrtull. 

(ll) 

neutrons 

IJ'I. 
- -

~ ":" f 0 

I.,_ I( /,J1 
J o~-'?IJ3 . ~ 

();(() > 0· oos- ~ A,k~ /.1/we 
.JU:.c) 

.B"l-
J.aawninc;, l'or exu.r:!ple, 0':: :::- 4- • i> • 

~c. ~ 

tind !or t,;rt..!1h1 te of dcn~1 ty 1 . 7: 

;t~'t3,r~ B :::= 6. s-~ 
and so obtain ~or omull vulue~ vf ~ 

<£ o (o) 
and !or large values ;J! R 

- Lt 
B 

>--
-

( 
., 
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Large values of R correspond iv pl'une lu..) crs vf ill':~a1u;:. ~ l • .ll-i u. ~vmna.ri~:~on 

of theae tw.J values for ( G 1llu::> tratea how ve:·y r.:u.ch super 1or ::;::~a ll 

al)herea of uranium are to plu.ne layers. 

f~ · li LC' 

• real sphere of u.ru.nium havi/i aJ\_.·...~...l.iu~ t-el~~; i3 ee:'lti .. e \e&~; 1. s n v t 

o.n.iJihe nw:l"Uer v1' tll cr oal :l -.! u:.:· .Jn::; a~ :;orbed 

:fo1
'-. vic wri tc 

"blaok" fornJPei~~~eutrons 

by the spher.o;(is sma.ller thun 

/2./ ) Vz-= Jo ~ f 
and aooordingly we have 

I?J/ ~ :::: Zo f ~(/~) f.= ( 

In order to calculate ~ we take in~.J aooou.nt that inside the 

uranium sphere the thermal 
])It<) dr?e) 

( • c/ 'r L 

!J (UJ : v-.).., (ct.) 
• 3 

neutrun density r obeya the equu.t1on 

- f(k) -rJ = 0 

~{Lt) = v--~ Cf4. (U) 

having as ita solution ~J'~ 

f~J= f-( e 
where t( , Y:sL> 7 

• • : a a ~ 4444W&'ta 

~ ·'-R 

v-;~~;U) 
1 ~ and for 4Qe;:;:ieutJ!&?!:CWtWM""'?*MM 'k7H pure uranium metal we have 

-·-:~ ! J ~ ) 
Jl I {1_ = A (q_) vftJr J 

I ' 

neutrona 

I; 
I: wher• 

I 

::H?l'/ :::-
~ I 

' 
i l 
I: . 
I I ! , . 
I t• 

!-< 
and / b we find that J the nWDber of thermal 

diffuaing into the aphere per second ia G!Ten by 

J ~ ;:_ r 
~ -~Ill 

~ 2,/ul( ~v~ ~~v ~} u. e - c I' 

( 

-fj 

I 
I ··. 

I. 

I 
. ' 

I -. ~. 

r, 
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For ur:..u11wn in its pure o tntc v;e have from :io . 1·1-, 1 0 , nncl l 'J 

(2oa. ) 

1: 
E 
' ,, . 
! 
I; 
.1 

~ 

l 
l 
I 

- ~lv 
e 

I 
R! 

(/ X(u) 

For f?/U > '2. we c~1 ... rite &-;:I , t-he .: iff l.! r c.lce "... oi :1 ~ t.b:J~~ 3.5,tl'or 

f<;v s: 2 

Tlie _·L·s t l'nctor i n expressi0-'1 :ro. :2 0 u i:1crenoos nrop.Jrtionatc l:; with 

t n c reciprocal vt.Uue of t r.e cap ture croe s -oect.i on o f cnrbon. The seoond 

factor is -:J ractic a ll;; indc -:"cude:lt .Jf t he c:..rbon crooo-cc otion, sinoe we 

ho.ve RJ, ~ '- / . 
uro.niwn o.nd the 

I to value is tlote rr:-.ined b.;,· t.tc J.onsi t;,· of ~rurhi ".;c !Uld 

nuclew- vu.luea . CS:..:./ U. J , ~. 'l'he vo.lue of R may be 

• Gi/u J 

so ch.Jsen uo t o ::-.~c t h i ::; factor o. :.1o.xiouo. 

involv1nc the assuopt1ons 

R ~ ~ )v (C) i R ~ :> ~(CI) • 
I 

t/->>A(V) 

For small values of R the problec cun no loac;cr be tl'cu.teJ. us u ,liffu~ion 

phenomenon o.nd we shall, therefore, refru1n from uoinc expression No. 20 

or 20 a for values of R of less than 5 em. 

I 

( 



' 

I 
'I I 1 

• I' 

:I 
I 

I 
I I 

TTICE OF ~liUU SPHERES -
' It o h :vo now an 1nt1n1 toly lar e nuober o! uranium sphere a !orminc; a 

lett1c obodded 1n an 1nt1n1 te ~ass o! ctU"bon and want to calculate the rat» 

ot th I!~ or ot thermal neutrons nnd reoo!UUloe neutrons abaorbecp. by the ura

n!uo cph r a , we aball again assume !or the time being that ever~~here in th~ 

carbon tho aamo number Q ot neutrons enter the resonance region and the ther

tXll. region per c.c and second. 

In the absonoe o! uranium the thermal n eutron density in the &raphite ia 

g1 ven byJo = ~ Jrc) - . I! a l~ttice ot uranium spheres 1s embedded in the 

o~bon, the aver28e neutron dena1 ty J in the carbon is reduced by soma 

I 

I I 

l ! 
1 I 
I I 
; I 
: r 
II 
I I 
• I 
I I . 
• I 

. i 
I I 

~ I 
i 

tQOtOr ri_ • 
. I 

- II 

J = o< fo · 'I 

Sinoe the number ot neut~ons captured per seoonJ uy curbon 1s proportion- 1 
! 

ate to the average neutron density, and oince in the absence ot uranium &11 

the neutrons produced are captured by carbon, the traction of the neutrons 

which ia captured by carbon in the presence of t~e uranium lattice is ~ven 

by ~ • Correspondingly, the fraction o! the neutrons whioh are absorbed 

by the uranium lattice i s t;1ve;l by /- r./:... • ~ 

·In order to determine the number o! thermal neutrons~ absorbed . per 

aeoond by one .uranium sphere within the lattice, we may consider the follow

ing: a single uranium sphexe, which iG embedded in carbon, does not appreci

Ably atteot the therm&l neutron density at dist..mces whioh arc lu.rc;o coc'Po.red 

to a. Equation ~o. o shows that even !or a "blaok" . urunium sphere at a dis

tc.noe o! 2 R trom the center of the aphere f has e.lready reached the ve.lue 

ot lt2 
f 0 · • For this reuon, the uranium spheres within the lH.ttice affect 

aoh other with reapeot to their thermal neutron absorption only ~n so ~ar aa 

tho preaenoe o! theoe opherea in the carbon determines the average neutron 

density, and we have JP...-oe:J~ 
(20~) 

lUrther, sinoe the diet&noe L between ne1&hborin6 uxani~ spheres within 

the lattice will be largo oompa.red to :B, the ranie o! the resonl.Uloc ncutrona 
-,~ 

1n carbon, we have !or Cl 

by a u.raniWil apbere 

(2l) 

I 
I I 

I 
I 

I 
I i 
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t t Ue o thct C1 tho tr ot1cm ot all th noutrona wh1oh &re a.baorb ! I 

'I I' ut' ph r 1n the tbor=a.l region Glone 1a g1 ven b7 1 /.4... ' 
_ 1f (1-tL) 7 - l ,!.(' ~- J ~ 

01' 

f = £"-. (1-t:l..) (23) 
1'1-£~ 

~h1o xpree 1on h ita maximum value tor ()(. 

-I ... "'~E.., (24) t..~ -=-

cmd tor the maximum value tor q wo have ,_,_ 
(26) 

... o(,_ 

2. 
- I + V /.j.£ ,. 

( 26) I - 2. ~ 
or 

(2?) 
E = 

( 1- ty~) .... 
CORRECTED VALUE 

By oa.loula.tino the value ot q from £ we ha."· e neglected the ettect ot 
th absorption ot resonance neutrons(by the uranium ·~berea in the 
latt1oo)on the production on thermal neutrons in the oarbon 1n the neighbor-
hood ot tho uranium s pheres. The absorption ot reaonanoe·neutrona reduces 
1n roe.l.i ty the value ot Q near ithe spheres below the average \11lue ot Q and 

ooord1%161Y t he coe7reot numbei1~thermal neu-, rona absorbed b7 the uran1ua 
cphoro per aphere ·wUJ. be smaller than 7 t( • In order to t1nd the 

vcl.uo tor the ditterenoe{j~ - J "-) we ~~ .. ~in the follow-
inG way : 

It the uranium s~herea 1n the lattice, '.. 01 :::;;; t • ! :? _ .• , ato:p~ed absorb-

; I 
i I 
I 
I 

I, 
I I 
! I 

1 

I 
I, 
I 
! : 
i I 

II 
i I 
I 
I 

i 

I 
' · 
I 

I 
I 
I 

' 

I 

I 

I 

! 

~roconanco neutrons then a. neutron whioh reaches a ~iT«n sphere at least 1 ' 

U ita energy ia in the resonanoe region would have some probab1li~y,f 
ot roaching tho sphere at leaat onoe &tter it had been slowed down to the 

On tho other hand, the probability ~bat the sphere whioh is 
I I 

' 
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•••• ~ot "blaok" for thermal neutrons 

the sphere at least once is 6iven by 

ubsorbs u 

f. 
thcrm..U. neutron .. 1 ich reuches 

( ~ was orit..~ns.ll~· defined 

as the ratio.n vf the nw::1bcr of thcrn:al n eu:.rvns which a snhere of uranium 
-c, 

absorbs .and t.hc numb .o r of thermal neutrons which a.n equally "black" snhere o! 

uranium wvuld absorb under the same previousl~· specifi ed conditions. It is 

easy to see t houc;h thu.t r ,;tnu:ubrw oan also be defined us the ratio o! 
-q, 

the number of thermal neutrons which are absorbed by the uranium sphere and 

the number o! thcrt:lal neutrons which reach :.he surface .o f th~ ur~1iw:: sphere 

at least once durin~ their life time. That t hese twv definitions o! 

are identicti.l simply follows · froa. th e.! fact th :.t a "black" Ul'uniwn sphere ab-

sorbs all the th er ::1al aeutrons wti oh reach its surface du:rine; their life t in:e.) 

It follows tha~~~ /'1.,...~ /(_ V? "185. 

J (A;,..r -= ? - Y/ tf / o <: ;/.<. 1 

oorrespondint;ly we have 

or 

7~~Y7~J 
j- ,.,J~r/Jd 
~c(- vr 

/- o(.) 
,I 

/.,.£~-vr 
\1-f QV..d_ 2 2 J 

and by introJ.uoin~ . the value off~ from equu.tionJ NoV"'"" we find 

I- ~:tl'l-,t-J 
4~~ 

""'"*' I! we nec;leot terms wh i ch contain powers hic;hcr :.han the second of 

v{f/-j,...) 
we obtain ttJm 

/~,~ I 
~ (.!1'1) f~-:;=f~ I- ..,.'lr 1-r ... J-a... r ;.-.vf ,_ t- J· 

}. t M-/1<~-f-) I~ f-

' I 
I, 
' I 
I 

~aking into consideration that we have V <. I o.nd that for the urunium spheres 

whioh we shall consider f has a value of o.b ·ut 1-::: o .. rwe ;t,~l uoaur:e 

v r ~ o. s . :J:ol' 't"l ____ _,i ................. ~ .... 4 .... __ ..., . ... ~.;.,j1 ....... _..;.~ ......... ~-.;;.·;~ .. ~,.,-------1t.t~··i 
and f'ind then for 9'hlo > (). ,s- fro a. No. 28 
, ( 

(3o) if. ~ > t ,...., I( 0 • 7 
1 th 1noreaa1nc f ~ f~ 1. "- approaohea l; tor 
hT~ J~I,...._>0·7J._for f# o.~f~;·f~~ 

!lolL h .J!c- ' i .._If,.; > " • h' 

t: 
I 

I 

l 
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Spaoin,; ..2.! _ill lattic e . 

Formula No ?-b ~i vine: the value of ~was ueri veu w1d~r the ussUl:lption 
l 

that there is a unifor ::-. production o f resonance n e"..lt:rons th1·oub}1out the whole 

muss of our'uvn into v.hich the lutt.ice of ur:.wiWt s-p :: eres is embedded. fie 

have to veri :·y ttat thio :...ssuruntion is correct. For this reason we !:ave to 

compare the ui stance V .:;-7:. b which u fu.st n eutron "diffuses " awo.y from i.l ura

nium sphere from whi ch it is ec1i tted llef.)rc it io slowe .! down to thcrc:al ener-

gies v;i th the distu.nce 1. between two nei..;hborinc:; urwliw..· s ~ hcres 1 n u close-

pac:~c<i hexaGonu.l or cubic luttice. I f the vr;.llo. e of t. which correspondo to the , 

maximUI:l V!i.luc of ~ were lo.r._;e con:~· ur~d toV :;:! t.hen obviously e c;uution No. 2€ :I 
g1v1n0 the valac of q~ ~~uld. no~ be used. 

In craphite of dcn3.~.ty 1.7 we have~:..bvat SC c :: . und. we sho.lll see that 

the v!..t.lues of L which correspon.1 ~o ~he ::-.u.ximw:-. vulue .) .r . q are sr~uller for all 

values Ofo;_(c.) Which WC il.ae t_;Oine_; to uiacuse in ~h iS 'DU.!)Cr • 

In order to esticate L as well as for viLer r c u.son3 v;e shall co.lculate 

the vvluce V of cuxbon per Ul·w11um sphere in the lu.tticc . 

In the lat:ice v:..' urwtium sphcre3 .;.'roi:J the ~ V ncatrons v.-t.ich u.re slowed 

down rcr seconJ. ·,•1 tbiu t.iJC volume i/ to 1·esono.nce enercies, ~he 04r'Uon aboorba 

neutrons an.J. the \ll'~ium ophere.S in the lo.ttioe a.bsorbll 

neutrons. 4.0cordin61Y we have ) ~ ,~ _(/-(/( j a II 
and from this we t'ind 

. 3 I 
and if <s baa its maximw:l value ~we have 

..( 1-? .... -- - I 
~ 2 , .... 

and it 1& ..... 
3"L 7/-=- fl;-f 1- ~-- ~ fl ·f< (I +-. ~1;9 ) 

" 
2.f'*' 

~hi a gives tor the ratio of the volumes ot carbon and urunium 

--
19- .... 

( /1' ;(~) 
~~ ·-t{Si .:a 

~ tor L tho distance between neighboring uranium spheres in a hexagonal or 

cubio oloae-paoked lattioe we have 

e -{ Vr fjA 3
) Vi' 

( 
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""""-' I . / ---Vi7 
o that wo wou.ld havs "£o1: L > "";)o / 

:: (3') r ~ <{!;,;:A 15 JiQ. rf( ,.,. ~~ )( /,.. ~) • 
l'rom Ho. 35 we 1"1n4. ~or R • a om., ~(C) : o.oo~. A : '15.~, 1-.=- t!J. ' ·.P 
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BALANCE OF EMISSION AND ABSORPTION OF NEUTRONS BY URANIUM 
-- -- ..;..=.;,.~....;...;..;.;;.. 

A direct comparison of the number of fast neutrons emitted by uranium with the num-

ber of thermal neutrons absorbed by uranium may be obtained from different types of 

experiments carried out by Halban, Joliot and Kowarski,
11 

Anderson, Fermi and Szilarct,12 

and Halban, Joliot, Kowarski and Perrin.
13 

These experiments show that on the average 

more than one fast neutron is emitted by uranium for one thermal neutron absorbed by 

uranium. 

Halban, Joliot and Kowarski8 reported that3.s-~~7fast neutrons are emitted per 

fission. Anderson, Fermi and Szilard9 reported that abo~=hSfast neutrons are emit

ted on the average for one thermal neutron absorbed by uranium. 

Halban, Joliot, Kowarski and Perrin
13 

carried out an experiment of the following 

type: a sphere of radius r is filled with a homogeneous mixture of uranium and 

water which contains n atoms of hydrogen per atom of uranium. This sphere is immersed 

in a large water tank and A photo neutron source is placed in the center of the sphere. 

The density ~ of the thermal neutrons is measured along a radius and the integrals of 

I~ -= /~1.! d-r ; ~-==- i)Jc;~ f at-r-
are determined, giving a measure of the number of slow neutrons which are present within 

the mixture inside the sphere and in the water outside the sphere. In another experi-

ment the integral 
00 

I --Jr.,_! ow 
0 c.) 

is determined for the same neutron source in pure water . 

From the values of these three integrals which these authors determined for 

n = 1, 2 and 3 and r = 25 em. they concluded that on the average eight neutrons are 

emitted from the uranium within the sphere for one photo neutron which is slowed down 

to thermal energies and causes a fission process in uranium. This was interpret~d to : :· 

show that a considerable number of secondary and tertiary neutro~s were ~en~rated (n 
this experiment. 

Since the value of the fission cross-section is not well known and rather difficult 

to determine, it seems necessary to avoid expressing results in terms of this cross

section and to use the magnitude~rather than the number of neutrons emitted per fission. 

An accurate knowledge of the value of~ is of greatest importance from the point 

·-
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A di r e c t ..: ...Jw:--~.:·isJ.l o f t he nw:.bc r vf l'a:n, n c .;tl'0JW cLit t .·J. Ly ·...:.r~liw:l 

w 1 th tr: c nu;:; 'LJL·r i.. :1vrmul ll c"..l t~· Jno :.~.t;..; ..J rllc~ ~ :, · ·.~;·~:i·...u: ::-.n.y l!e J .. tui n cd .:' r ...J r: 

e.>.. T' c r i n: L' : 1 t o ..-: ;..u: r : t, J. v -.:. i.. L ~i L : .1 
( 1 :.: ) 

The se cx "cri ocn to sh oi · ~: l .. . l J !l : LL 

cmi t t L'J. l!y u re.niur.. .:·or on e :.hc ru ~.l :l c "..l tr on n.b:~ o r b ..: .i L:,· '...:.ra.n iuc . 
( 0 ) 

. iu.lbwl, Jol i<Jt t l.llu Kv \l:l.r :.;~~i rc ;-ort cd t ht.. t 3.r :1: 0.7 1'u. .. t

(11) 

iu 

I I 
I 

I .,. 
I • 

( 9) 

emitted per fission. ~d er s on, .Fc r ::i i n.:l t! ·s z ilnrd r .e r>ortcd t !1at o.bou t /"-= /"S: 

/. 
i' 

I· 
1: 

t; 

fast neutrons u.r c cm i t tcu on t he uvcr: .:;e f u r on e U:c r rr.ul nt' Ut ron a l!:w r l!cJ. by 

uranium. 
(1..>') 

Ha.lbun, Joliot, Ko wo.rr; ,: i und Perrin oa.rried ou t :l.1l expcri c en t o.i tr. c 

followin..:; tyr>c: u 07'herc o f rudiuo r., is .;:'illeJ. .. 1 t h u h ooo , cnC'O lL3 Ll i .::-: t: l r e :J f 

uranium rutJ. wut e r ·.·:h lch c on ta1:1:; n ut o r.: :; v f hydrol;cn r c ~ u l o n ~: u; ;..:1itu:. ; 

This sphere is 1l:ll:lerseJ. in n. l ~r :... e v:u. t c r t ~'l:.;, :..l.n d. o. n h o t o nc 1-..;:-Jn .:J u r e c i o 
c-' 

placed in the oonter of t h e s~hc r c . 'l'l: c d cn ::. i t~· j 

is mco. :..;urcd o.lon.; a rud iuu a.1d the in : e ._:r ...:. ln o f 

-
I 

i ~Jtt-

are deter r:-. incd • ~· ivin,: a. cc :'.s ur e J f t he nwr.ber of olow n eutrons v: ~ : ich ure 

present within th e mi:>.t\ll'e 1nn1 d e the sphere und in the water outside the 

sphere. In unothcr expericcnt the 1nte6ral 
<::xJ 

Io = /-r'yo~ 
0 

ie determined !or t he same neutron sour ce in pure v;u.te.r. 

From the vo.lueo of theoe tl.rcc in tcc;ra.ls \ihi,ch these u.uthors determined 

tor n • 1, 2 and ;; and r
0

• 25 em. they concluJ.cd that on the ave rucc ei[;ht 

n eutrons are emitted from the uranium within the ophcre f or one photo neutron 

wh1oh is elowed down to thermal energies und oauses u. ~lesion prooeas in 

uranium·. This was interpreted to show tha.t u oonsidera.Lle n'W:lber of oeoon- ( 

dary and tertiary neutrons were generated in this experiment. 

Sinoe th e vo.l.ue of t he fission oroas-seotion is not well known u..nJ. rather 

ditfiault to determine, it seems neoeaoo.ry to avoiJ. exr>reaa1n~ results in 

torma ot th1 o oroaa-seotion anJ. to use the m~itude~ rather . th~ . the 

number ot neutrons em1 tted per fission. An aoourate knowled c e· of the V!4lue ot 

~ 1a of ~eateat importanoo from the point 

------~------ J'~------------------------~------~-----
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or view ot estimatins the obanoca ~d tindin~ the optimum conditions tor a 

ohs.in raa.otio.n. In the folJ.owine; we 6ha.ll thel·etorc ind1ou.te in what wu.y e.n 

noour~t~ vaiu0 !~r~ a&n be obtained, f~om an experiment of the ty~e ~er

tormed. by lin.lban. Joliot, Ko·.n~.rek1 un-1 Perrin: 

Fi..wt 1 thQ;~ nve.ra.c;o .number of ueutron:s which rou.oh the thermal l'Cgion 

1.no1do the s-phe>:e within the v.ra.ni~ water mixture tor one neutron emitted by 

the BOUl'Oe in ths canter oi tile o~here 1 1s e; iven by 

if~-t 
~, ·..,rh() . 

·~ ----~ 

Z'.·""?:-
\'/here ~Q 

,....,.. . ~ fjt(N) 

3/ ~~,...~ - 4{~(U ) -r- 'r~ ~(H Jj Tv 

1-

1s the retic of the life-time of t he thermal neutrons in the ~ixture inside 

the o~here Wld in pu.re water.~ 

Ot the neutrcns \'lhioh LU'e slowed. down to the resonu.noe ree;ion inside the 

aphera &. tra.ctiol:l: p ia absorbt:d u t resonc.llce und.. u fr t.ct1on(l - p )reaches .the 
~ 

.. 
I :• 

' I 

I 
I I 

I 
I I 

I 

thermal region. F t~(the rr~oar o~ the ne Qtrono reaching the resonance region · 

P<'Z' saoond inside the B!'hera 1 s thcrefot·e t;1 vcn by 

(I-~ ) :r::. -=- r:~ 
? 
~ tho nu:nber of neutrons reu"h!.nt; the resonance rec ion outoid.e the 

ephe~e 1n tho water is the seme ao F0 fr t he number or neutrons ~eaohin~ the 

thermal region autaida ~he a~here in "..ile water and we hu.ve, therefore 

L4-t -· - - -- .I,., 
P, the total numbe.r or tas'l; ncutrone cwitted by the uranium in ~he oix-

tura for one ueutxou emitted by the nautron a0uroe in the center of the s~here 

is ~qu.e.l. tCJ t.he total number 01' the rebouanoe nautrona rroduoed minus l, 

Therefore, ~e have tho neutron emi tt.ed by the sout"oe in the oen ter. 

'b i' .y<- z:-- ~ - ;c:·,+ 
1 -== r-.·">i~ "" r ~t -I - ~~ 

( 

~he toaal number o! ta.at neutrons produced by the uranium divided by the num-
~ 

ber o~ thermal. neutrons produced within _the sphere in the aixture ia 

. lf~-r- t 
-;- ..... ~------

. J:·'-~ 
I --

I 

I 

I 

J 
f 

I 
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· And !ina.lly s1noo the ~=1um ubsorba of the n ~ u trona which reaoh the thermal /.1 
. region within the sphere the fraction 

I 

we have 

/ --
or 

G;' (?{) 

f v-ru 1 .,~. 'Yl. cs; rw) 
--

-
-:-.... . 

0 I 
I I 

, .. G;_fl{ +- ~ <); ( H > [ / c. I~+ .L '"'50 / 7<> --} I 

" .. 

/ - V';f!A.) /-~ 
+-

of Z'. ""'~ from No. 
C..o 

Introdu~1ng the v~ue 

. ?7 (;?(!y ) r· / -~-
C:,.II{ J / 'l 

/ 

Co z,~"'//o 
we obtain 

7 -c....-~ 
/.L.., / j 

From this equation we see th~t we can dct~rmi~/ 

value of·p. 

by detcroining the 

A considerable fra\ltion of the .taat neutrons e.-:-.i tted by uranium may of 

oourse escape from within the sphere but tbe value of thiu fraotion need not 

I, 

I 

be determined for our p\ll•pose. On tbe other hand, the formula t;1ven for/

holda with good approximation only 1f the sphere is auffioiently le.rcc to rer- ! 
1 

m1 t ua to neg.l.oot tre.n.ei t1on phcmo~~:ena 1n tho oquili brium between 1·esoni:.Ulce 
1 

j 

neutrons and thermal neutrons n6u: the aur.taoe of tho sphere. Sinoe the ura

niuc ins1d3 the sphere absorbs resonano~ neutrons ' tho density ot the neutrons 
r :· 

hiob ha.vo an energy below the upper e:nd of tho rcaontw1oe ro g1on of uru.nium 

end e. ove the thermal 1•ct;1on. 1s ;;~.caller;\ 'rhio ha.o tho oonsoquonce that neu- , I 
trona o.t this category ~ill d1£tuse :rom the water uoross ths ephera into the I 
tnaido o~ the sphere . I~ tb& r adiu s ot th~ sphare wore not Gut!1oiently large I 
co that this phenomenon oould not be neglected tho expreesion /C.',..~-jO 
would then give e. too l&rg~ value for tb~ number ot r860n&nos neutrons produoe~ 

inside the opbe~o . Correspondingly tho exprems1on No. would g1 ve a too ( 

large value . ~Orr • :SU.t Yli th tho proVi£10 that iL su.i"fioiently large epbG~G ia 

uaod \10 shall obtain an aoourata value .tor/" 1~ only the valuo ot p 1a meaa-

urod accurately . · 

, ~oc.r tho curtGQe inside 
"" 
I 

--------------~~--~~~1- ~---~--
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T 0 VcUUO ooncen-

lot: ao n "'= 3 but we oan givo a lower lim.l't for p !or 'th1• 

oo~cz:.-:.rotion as VlO are ablo to xtrapolato by means o! th oretioal 

oo::.::idoro't'iona :from val oa of p which have been moasured·for higher 
t.'. e . 

hY' ~oeoco concontratioZ!fl ~ n : 30. 

In or or to do thio wo shall make uso of formulae relating to homo

gocoouo mxtur oo of hydrogen and uvr::tna uranium v.hi.oh . will be published 

ohortly by G. l?lcc~ok . A general tr atment of" the proc,ees orjR!owing 
V'"\. 19.3 ~ 

dom~ of ne trono in water has bee n given by E. Fermi :-rin a mxci:ll!l 

uranium oxide - m:1ter mixture p , the fraction o! 
I I . 

l'i c.baorbed by uranium between the energj,oe E,._ and ·E, 
E._ 

,\ 3C;7 . . .t..(/-;4) = - / ~ ££ 

the neut .. ·ons which ie 

"* is given by 

I 
hor c, 

~~) == 

I 
I 

II 
; 

?z.V 

F'c) 
Jf(~ is the ~ ;rosa- section of uranium for radiative capture and . 

1 
B ic tho scattering cross- section o! hydrogen for the· resonance neutrons 

~ -41' 
ot uraniuo ~ (f/ =- /7 vI'() o-....."') If the ·hydrogen concentration is high f nough ' 

· co that the energy r egi on in which' there is an ap preciable absorption 
. ~ 

by ur~nium is small compared ~ !9e resonance energy E 0 one may •rite 

k (/-;o) ~ -/; _£ f$)~£ 
~~ for a single absorption line of the form 

·tfl-a 

I 

I 

..;:;;::)Prom this we see that for such hydro gen concentrc tions 

~,' ~ h olda we have for two diffPrent hydrog-en cor.cpntrations n .... ~\ -.... 

f or which 

l 
I 
I 

\ i 
I I . 

II 
l ' 

v•..-
_,_ Private communicati on 

~-Private oommun\cation 

~ - ,... ... . ·--

by G. Placzek Juno , 1939 ~~ 
-..t.. ' ~loA. 4.-{l'-~ ~ 

independently by)E• Fermi June , 

---- ·-···-· ·· .... 

1939 

I 
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•• • 1 



lj 

'I . 

il 
II-, 
I: 

I i 
' I 

I 

I 
I 
I I 
!I. 

'l l 
i! 
I I 
l :. 

I: 
I ' 

I! 
I I 

I 

A-ss-
This relat1onohip No. 45 does no longer hold !or hydrogen concentrations 

h1oh are as lo~ as n : 3. 

( ~6 ) 

But we m~ write in the case o! uranium 
/"ff'~o 

I ;!fl £tc 
~ .. ; £ 1,) 

and it is then easy to see that !or an absorption line of the !orm c1ven by 

No . 42 which is symmetrical in (E - E0 ) or even more so !or a similar line 

hioh deviatea from symcetry in the sense that the absorption is larger tor 

sma.llor onore;ieo ( a.s it is the case !or a line which obeys the Bre1t-W1gner 

tormula) we have 

(4 7) .1-- (t- />) <. 1[:,-' t.... (/- /' 1) 

.I 
t t 

II 
. I 

l ' 
' : 
I I 

i i 
. ' 
I 

i ~he value ot p has been Qe&.sured by Halbun, Joliot, Kowarski anu Perrin 

tor n : 30 amd was tound to be p : 0.2 t 0.02i using equation No. 47 we tind 
. ' 
; I 

!rom this 

tor n • 3 

Acoording to No. 38 ~increases with increasing vulues of p and in the 

oiroumctanoea we sbou.J.d obtain a conservat ive value tor/ by using the value • 

ot p ·: 0.5. 

Ucing th1a value and the values -.1.. '"+ ::r (), )~ 
I 

reported by Balba.n·, Jo~iot, Kowa.rski and Perrin for a sphere o! :..:5 om. radius 

filled ~1th a uranium oxide--wat~r mixture tor which they had n : 3 and 

0 : 0.42 gm.lo.c. we !ind from llo. 38 
3 ~(C) 

(48) ~ '2. -+- o.~ -- ();_( u_) 
We see that the value obtained fo¥.' ~ 1! calculated from this equation 

io scarcely affected by the wide limits o! error v! the present e~pericentnl 

the value of i or l/8 to 3 ~ (H...Z. 
2..' '-' ~ . respect1 vely. · tr;_(f.t..) 

valuea ot G;, ( /.,(_ ) . By attributing 

~ = ""2..0~ v-y- )t we obtain 

In these circumstances we shall use for the 'Present as 11 -;;resuoably ( 

conservative value and as the beat value at the present available; 

/ --

i I 
' I ·. , .:·· :· 

~'\l'V""C'!O:~~~-~~~oll~•";,\o~ •-~. -:, ~o.o4 ..... : •)~":)...oQ'·~~~ 
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A-
Conditions~~ Chain Reaction 

If q J.enottls the f r uct1on of fallt n vutron::; cc:1tted by urunium which arc 

slowed down to t he th er wa..l r e._,i on u.nJ. o..rc ubcorbcd uc thc rrtul ncutro:1n by 

urunium und if~denotcs tlle nur.be r uf fu~ t n0utrons pr o~uced on t h e average 

by uranium for one ·tht!ri:lul n c ·J.tron ubco rbcd by uranium then obviousl~l 

(49) 

is the condition 1'or the possibility oi' a chu.in reaction. If thio c .. ndition 

is t'u.lfillcJ. then u divur 1 ;<.: nt c huin l'e;.:.ction cun be ~:.t..int:...incll 1:1 a sufficient-

l.y lart:;e s~stem fro:; which only u. soo.l.l fr:.lction .)f th.:: nc:1trons ecitt c ll by 

the uro.nium within t.2!e e~ o~es c an escape acro!ls tile bounllo..ry o r' the systcc 

witho.ut beinc; absorbed ~·tithin ~a syg't.~ •• 

~ooordincly, the condition for the possibili~y of a chain reaction in a system 

composed of a lu.ttice o1· un.~a i'U.I:l spheres embedded in cu.rbon 

(50) 

and using equation llo. 30 we find r~> /.I~ / I L ~ -._ ')( 0. 9 > / (JY-

From whioh we fin<i by us i nt; e ._uution :io. "27 as a sufficient conJ.ition for the 

possibility of a chain reaction 

(51) 

Using the value of~ 

s~t1o1ent condition 

0-l/./ )~ 
= 2 as a presumably ctrnaervative value we have as u 

//, 3 <:::.. r 
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In ord e r t o see no w ·,.;l: e ti . . r u. c!Jui.i :-co.c tiou is pos ~· i blc \':e h . v c to culcu

late :from ou.r forr:u l:..:. e t.l:L :1u.wcri c :..l ; a~ ~e v:· E ,{ c sht.Ul .o th.:. t. in t he fol 

l owin& under t he unnWI: p ~ io :l tL:J. "v -.. h e c:1<.. ~·CJ· liL L.'t.t c ..:. i:: t bc er. •• in rco.c t ton will 

main tu.in th e cur ';.. vn o. t. u. ·~ L· ... ,-c r ~ Lur •: :n·:..uou t 900..., ~ WlJ. in o rd.er to be on t he can - . 

c rvnt ivc s i d e ;-.u ntn.ll t . ssu::~e t.JJ .. t U ' tcc:::nc:- ·, t u r c of the u r o.nium .::;pheres in 

vhioh mvs t o r' t l1c enerc;-,1 i s :iu c r uteJ. is , i n s!l i t c o f <.'f:'1c1 e :l t c ooling , about 

the same . 

3inc c we :1:... v c u. t room tl.!r:J7' er ..... t t..re C' Jc) > C> • 0 I 

a c u.p t ure cross- s ection o f ou.r bon hul. f of t hi s v ulue. 

\'I a shall h u.ve u t 900 C. 

~h e sc ~t t c rin~ crons-

section J f ur-uni".J.::. fo r th e rm u.l n..: u. :. r on::; ·, ;c tU-J~e to be ~{lt.) "' 9 :•'ino.lly • 

()ts..(L{) -= ~ 
u~'f) '2.. 

For u dcnni ty of c ro.phi te of 1. 7 Wld a density or 

:;:rom Ho. /If A f.( -= ~~ 

at r oor:1 t e:::":lc ru. t u;-c ·.-,·e 

900 c. ()c.ftl.) - r; 
CJ; (ii.) - ~ 

uraniwa vf ~j we th en ob t:...in 

LW1 d coreespondin,;ly we ta.ke at 

This be1n6 larger thp.n the Vt...lue required by ~~o .S I we conclude tho.t in 

the circumstances we can expe ct a d ivergent cho.in reaction t o take plnce in 

the systeQ whic h we h ~ve invest igated. 

In reo.li ty th e cs.p tu.rc cros s-section of cu.l"bon 4C~ ~ ouch Bmall-· 

er than t he UpJl e r l i mit wh ich has .uo fw: been data.bliohcd :.nd consequently 

there 1 s h ope t h u. t c on G. 1 tio!l.s will ·o e much more fa.voruble for a ahe.in rea.otion 

than would. seem from the value s so far quoted. 

The amount of carbon and uranium required to rd~oh the p oint of diver-

geno e a t wbioh nucl e ar Lraua::nutat1cn will proceed at o. rute limited cnly by th6 

neo e a a ity o! avoid inc over-heut1nb is cae entially determined by the value of 

(/' t __ ,) 

( 

1. · 
I 
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In the tollow1nc; we sho.ll ou.loulate how the vu.l uc of this ex'Pression 

d pcndo on the valuo of the carbon oupture oroso-ocotion at rooc tc~~e r~ture. 

~o shell tuke the ~cnGi:y of ~ruphite to be 1.7; the density of uranium 

metal to be 15 and choose R = Som. 

It the capture orol:1s-aeot1on of cu.rbou at room tem.,crn.t. ·..1r e were • ~0,3 

then at 900 c. our oqua.tioz:.e would t;ive th~ fo1low1n~ oet o f values: 
/1 ~ 7 ,r, .f ~ I. d, -;:; I 3 !' / r = OJ • • q ,r / r -c 3 lj / 7 r~ =- 0 • /2. ~ 

7j'l. 

r~=u./1 ~;:.,r/~'"' 

~ 1 -/)-=: 0·~2. 
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A-ss 
r c lozco o ere of gre.J>hi to which contains a laree nucber of smo.l.l 

oo ot urcniun l 1the critical value for the radius o~ the cra~hite sphere 

1 . h oh tho chain reuot1on becoces diverGent may be calculated ~or various 

r·. 'c.! tri but1cno of uranium within the gra:ph1 te sphere. The optimum lliotri but ion 

!· ot uranium io not uniform within the &ruphito sphere and will either decrease 

' 

or 1ncrea.ae \71th r accordinc; to whether Wt! want to ha.vc a minimum amount of \mlo-

=!~ or ~ minimum value ror 1. The treatment or this question may as well be 

noctponed until the value of the carbon Ctipture cross-section is ~own. It ~~ - . . 

thon bo possible to ~ind the optimum 111str1but1on o! uranium as n functio .l of 

tho diatanco trom the center v~ the graphite sphere and cive a vnlue for 1. 

In tho meantime , a. very roubh approximation may cive ~ idea of the order 0f 

m.agni tu.dGs which are involved. In graphite of l. 7 d.c.lai ty the ave race distance 

v 7''- I to which a fast neutron em! tted by uranium diffuses UW:J.j' f~:om its 

point o~ oribin until 1 t becomes a thermal ncu tron an~ re:....ots -,.,1 th u r:...:1i un: or 

carbon is about we find for the oritioal ra-

diua l :!rom 

I. 
~ 250 om. This corresponds to about 100 metric iona o! Graphite. If the oar

bon capture cross-section ia lower1 thcn l will be smaller ·and the amount o f 

Graphite required might perhaps be aa low as 20 tons. 

of uranium required o:m be ~alculated !rom equo.tion :To. 33a 

- 1- r- a~ --~--
. 6 _b'a.. I "'-~Ia, 

It may be voflrrrrpd kept down by choosinu a smaller value for R than the value 

correspondinG to t~e oaximum value of £ . For a • 5oc. Md q~ o., .. .. :..~. gives 

I!J.'!r)/l) -=::{b OJ~orrcspondinc to 3 0 tons o! uranium for 100 tons ot gra!'hi te 

· ' For larc;er va.luea of ~ q ... wa find u amo..llar r.,.t1o of u.:.·u.niUJ:l to carbon. 

I. 

I
. 

I 
I 

• 

-, 

... -. ·. - • --- -- . - - -- - .• ,;J.• . 

( 

I 
' li 

I 

I ' 

:I 
II 
'I. 
; I 

I 
I 

' I 

I 

:I 



... 
I l 

the mo s t favorable 

distribution of the small uranium spheres wihin n lnr&e ~ruphite sphere it 

is essential to have an nocura.tc value fo/ a.nJ. f or -..he c ~. pturo cross-seo-' 

tiQn of oarbon for thermal neutrons. 

In order to have an a.ccura.te value f J r r it will be necessary to hn.ve 

a.· direct meo.suret:~ent of p for s n:c..ll hydro t;en concentra.tions preferably for , , 

n:-_3. In the ~o~ow1ng we shall indicate in who.t wny an a.ccurate vulue for 

p oa.n be obtained: 

Le t us consider a box filled with a. homo t;cneou l.; r.:. ixt.ure of ura.niu..tl oxide 

and wo.ter and let the box be so large iha.t a. neutron which hu.s LUl energy of 

less than 1000 volta in the center of thcbox be slowed down below l volt be-

fore it reaches the buundu..ry uf the box by diffusion. If such a box is then 

irro.diated with neutrons t he enerb'.f distribution of the neutronc below 

1000 volts in the center ..> f the box will be the sa.u.e ns it would be in an 

infinite s pace filled with the so.ce Ul'anium water mixture in cuse of o. uni

forn: generation of neutrons throughout the space. If a ra.dio-nctive indicatol 

like rhodium or indium which hus its lowest dominant reoonance o.bsorption line 

below the dominant resonance absorption line of uranium is plaaed in the oen- . 
' 

ter of the box the activity induced in the rhodium indicator by the resonru1ce ' 

I 

n eutrons ·of rhod i un will be~ only~se neutrons which are slowed J.own 

bolow the re sonance re6ion of uranium without being captured by uranium a.t 

rocona.nce. We shall call this activity the resonance uctivity of the indica- ;' 

tor o.nd de s i gnate 1 t U a rhodium indicator is used with{ R( ..,..,,.. t<...j • 

If , on the other hand, an indicator like, for 1nQI.noe. iodine is used which 

haa i ts dominant absorption l i nes above tho uranium resonance the resonance 

a.otivi ty of this indicator~~ ~ t{. ) will, at least in the ideal case, 

n ot be ~footed by the resonance absorption of uraniumo The rat1o ·o~ 

( P. ( ~,"' t( ) e.rW!J"";',., U ) would therefore gl vo some measure o~ l - p if the 

a.o tivi ty o~ th e indica tors as measured by an ionization chamber or electron 
r e&:U 

oountor ~ava a ~easure of the number of the neutrons which pass t.hrouon 

t o roso~oo r egion of rhodium or iodine . This, of oourse, 1s by no ~ean~ 
\ . 

tho occo . Thcro~ore , a a eoond exp r imant ha s to be performed in whioh the 

r conono cot1v1t ioa o~ t he r hodium and iodine 1nd1oo.tora are determined in 

t !lo n · r o:r c.nother bo:: whi ch oonte.ina water. (ec> 'lj~a~., ii &" •n io • • • . . . 

,, . 

., 
I 
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' ( reterably but not necesa~.U"ily water of ~hl3 sWJe den:31 ty as the water con-

!/ 
I 

/ 

tained in the uranium water mixture ~sed in the first experi.:.cnt) 

!ind ( /?t.,,..~~ t() Q ;<,~ liz 0) 

1-jJ =- ( JlA c~ ~o) J<(;'~~ ~) 

~·le then I 

I ,, 
II 
I I 
I I , 

It there are uranium resonance linea o! sooe io~orta.nce above the lowest !, 
i : 

~esonance linea o! iodine then we have 

( If ~($~ .'k tt_1 ~ fr} ~ ~ H" o) 
( I< 1.. ~. ~ fl.,. 0) #( ( l p. & A.. tt ) •> 

giving ·a reliable u:p:per limit for 1 - :p and oonse .. "uently a. lo·.·.er lir.:it for p 

whioh used in oonjWlction with e~ua.tion ::io. ~8 will ci ve u. lo;·;er limit for 

the value • 

The upper limit v;hich hu :... teeu reported. for the C.:l.rbon cross-section by 

' :I 
j I 
I 
! 
' ' i 
I 

I 
I 
I 

' I I 
I 
I I 

I 
l ,, 

I 

Ha.lbe.n, .Friaoh, and Kooh is alreo.dy so low that it \/Ou:lJ be <.l ifficult to 1m- Ji 
prove upon · it unless o. me-;;ho<.l were used l'•hich is s pcc1ficull:,· desit,;ncd to 

• · described i ' 
measure ext.remely amu.ll cuturc cross-sections. Such a c.cthoU. \iill be !lo••d'iat !t 

1n the tollowinc;: 

., 

( 
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Lot un consider a s~here of carbon and a neutron ~ource in the cen$er 

ot t ho sphere. The t her cal neutron density inside the carbon wi~ then obey 

qua.tion o . only 1n thi s case Q is a :f\lnction of r o! which we must not 

I' acsume t..§ ~ 0 • Le t the carbon a~here be immersed ill a water tank or 

tf.r 

' '. 
' I 

I 

' 

I 

,I 
I I 

1 t 
I 

l' 

1: 
I 

I 
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aurround d by para!!in wax . The thermal neutron density will than have a cer-

tairly high value nt the surface of the s ph ere and inside the s~here it will 

como t'uncti on of r
1 
f,~ If in a s econd ex~eriment the surface of the a~here 

toto wat er is covered.by oadm1um the thermal neutron density at the surface 

ot the s~here is th en reduc ed to zero and ins ide t h e pphere 1 t will be ano

t hor .tunotion or r
1 

J!..trj. The d.i!!erenoe f(-r) ;. f, -f'- obeys the homogene -

ou.c Gquo.tion 

1)1('-) .:::::o 

wbiob bas the solution 

t1 o&n thus find A by determining the value ot f t or two value a o! ·r, ! or . , 

inotcnoe ,rtaO and r,..r 

.£ {-r--) 

- .ffo) 

Or t or amo.ll vo.lueo of r/ J.. 

p cf,-) -/(0 ) 

. ;t is -'"% 
e ~ A, 

- e 

I 
( 

Uatng a·aphere of graphite of fi!ty to seventy oenti~etera ~ f radius it 

chould bo ~o coible to measure the range A with auf~1c1ent aoourt\cy. There ia 

c l ici t to us ing very large Byherea which arises out o! the fuot thut !or a 

vory l ge &'Ph ere most of tho neutrons emitted in t l1 e conte1· u f tl :e a nhere. 

will be alowed down to the th~rmal re~ion witbinxk tho carbon nn~ tho there~ 

neutron density near t he · surl'aoe o! Lhe carbon ca.y beooCJe ve r y- low , 
I'f thut 
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0:1 the dif'torenoo-J =- f, - f '- will beoome small and will ·there-

:toro l1tli t to tho aoou.raoy ot the measurement. 
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St abil i z i ng the c huin r euct i on 

Soon after the J.iac uvery ol' W1 abund. W1t n cutr un cc. J..aai on from uri:Ulium 

~the l:u e ation ol' stubilizinc; aucl. u reuc ti vn was .\ :>llb~c ct '·· d i e·: s-

(II(,JS") 
s ian , but the situation as we see it ap pears to b e rather different 1n 

pro.ot1o o ; 
If a chtl..i!l J..'eaction c J u lu. be muintui nod iu a hocot,.:neo-... s c: ix t.u:·e ._) :· 

water a.nu. uranium or curb·..> n unu. uru.ni\.llil it ·.-;ollld huve u Cl' rtu.in na~urt.Ll stu-

bility in the sen :..; c . !::.'.. ·.vi~rlsin c:: tcm · ·er u. ~ure :!Jo.:: . ·e wuuld be a ..i ecr c tise in 

the neutron production. The reason for this i s t he f a ct :.hut '.. llc u.b ..3 Jr p tior. 

of both w.·un..um and hydrugen obey the 1/v law in the thcrm ul 1 c, :i on unJ t hus 

at hibher ten:~eraturea the r~1c:,;e of .hcrmul n e ...:.trons in the mixture is l a..r-

ger. Corrcs'Pond in;ly, at hib}1cr ten: r cra..,uree a la.rcer fractio n 0~ ;. !1 e th er

mal neutron will eacape across t he boundary ol' the mixture withou: havin t; 

reacted. with t he urunium in the cixture. ~his naturW. stability c ould eve n .e 

enhanced by huv1n6 bodies o~ strong thermal neutron absorbers ins e rted in the 

mixture. Fairly i. hin shee-.u 0 f such ab~orbcrs us boron, for insiWlce, arc 

practically 11 bluck11 for .hcroal neutrons and any Gtron6 thercal neutron absor-

b e r woul u a t ubilize e<;,uully well. 

;... ~;~ st.c:::, on the other hand, i n which uranium bodies v.hich ~rc n.lmost 

11 blac}~" l 'u r L. ll 0rcal neutrons u..re embedded in ou..rbon, like t he s~· cteo v:hich we 

have conui d ered in great detail in ~h e r resen t. paper, hus no su-: ~1 at n.bili ty. 

This is J.uu ~o th~ fo.ct that with risin~ tempera t ur e t he cnr~ur e cro s n-aection 

o~ the carbon decreases whereas the absorption by the uraniwn S'J1hc l'c s re~uins 

a.l i:lost unchanged • .A.ooordint;ly, at hi~cr tem"Peraturca, o. la..r c:;er .!"ruction o~ 

t h e t hermal neutrons is ubsorbed by Ul•c.niw:l w1d o. si:lc.llcr :fr u.cti<;>'1 is absorbed 

by carbon and this leads to an increase in q. and thormal inatabil~ty. 

It is, however, ~u.1te eaay artifidally to oto.bilize the chain rcuction b~ 

glowly shifting the position o~ absorbing bodies within the system in such a 

·i i:o:y ao to reduoe thlll av.:lrng~ valua or q Ylhencvcr the 1ntens1 ty of the neutron 

r ad i a tion amanatint.: from the ohain roe.ction increases. One might rerhapa / 

think that the time within _which auoh controlling action would have .to take 

p l oe 1e very abort. Wo shall therefore now show that this is not so. 
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chain reaction by uranium only 

und /-r escapes across the ' 

boundary o~ the system without reactin~ with uranium. 

~o maintained as long as 

A stationary state oe.n l 
i 

j/jLI 
t:le write 

· .. 

' 
i 
' ' I 
'· I 
!• 
I 

In order to indicate that this product is a function of the temperature T and ; 

·also depends on a pa1·ameter such as t he position ~f some absorbing or scatter1. 

ing body near or wit~ the system which oan be shifted by some controlling 

mechanism and thus be ~ade e. function of ti~e t. 

In order t o have a laree neutron production we mast maintain a ohnin 

r eaction near the point 

- ~~ =-/ 

If this product be~omes larger than one. e.a it may woll happen then there ia 

an ~onential rise in the neutron production and accordingly also in the 

temperature. In o&se o~ a sudden small deviation from one 

;-"~-:;: ~ I (I -1- 1) 
the time t 2 in which the number of neutrons doublea is given by 

c "'- -= j t, 
~here t 1 is the time ~hi ch a !ast neutron gtt%uS omittod by a uranium atom in 

tho ~yotem would require to produce two taot neutrons it it is slowed domn 
(~G\..p~~~ t JI.. 

Qnd aboorbc~within the system . 

rJor: 1nate.noe it we .bacl n. s~cic:r O.be.zl£0 in _G/ of. l/ 
0
( 0 &B we woll may -.l ~ . rr /04 

hcvo ;::1d it we ban f:. 1 -:: "' ~I~ J'ttJ.~ t . p~d toJte 4 &Jeoonds ~or the neutron 
: . only 

. ~roduo~~o~ to double 1te· value and co~ there would be~naign1f1-

oant rioo ~ in the tompar aturo if. tho oo~trol responded within 4 aeoonda. 

It is easy to see that t or A lattioe of uraniwa spheres in oarbon "{, 

tho moan lite-time ot a thermal ncu~ron within tho system ie Biven by 
~ _ _ r 6;rft) ~(() 
(., I - ~ (!; (C) Jr 

r?orG;{(J-::: o ,o()c-' t rooc t tor inat~o~ . w h~ve at 900 c. r ,.,_-= o. , 6 cn4 o( g1 v1n& at 900 C. 
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In calculating t2 we did not take into consideration the fact that a 

fraction of the neutrons is emitted. by uranium with a tioe d.elny uf u.bout 

ten seconds. Tho~ this frac~ion is small .it has a marked effect in lcadinc 

to still lon0 er tices than those which we have estimuted. . But u.n for t..ll 

practical purT'oses the time t 2 w~ich we huve found i a already lone enougl 

we need not include for the :present the delayed. neutron er:.is~ion in the 

treatment of the cubJect . 

.A. Wv.::f to ~to.b1~1:.:.c the nuclco.r ohu.1n rc:.:.ction in a. l ~tticc ..; f urn..niu.m 

spheres which io "eoonon.ical" froo the point of view of the !n~clear T'hcnome!1['. 

involved is illustrated in fi 0'il.re l . Tl: e urll:11u.m s:-hc:-~ \, L ie~ in ::;·,1rr.:>u .ded 

by a sphor1oal layer o:· lic:uid. bismuth (scrvin0 thL rur " ...>sc o f coolinl· the 

uranium in a way whic.:~·, .... oes not re..1ucc the nucleu.r efficiency u:· '.he n.rr t..: l c· t' -

ment. as expresaed by r is 3hOwn in thio fic_;u::e . A shor t r od 0 r .!isc C.' r.rosed. 

of an elca.ent which strone;ly absorbs thel'cal nc\ltrons is nen.r the -.:vn:~:· of 

the uranium sphe1·e and is shielded by the urani\ll:l fl'OIL ~hl!rou.l ncu '..runs . 

This rod or <iisc ca:t I:".oye \•i thin u tubL' or illi t and its position r::n.;; be con -

II 
iJ 
il 
I 
I 
I 

j 

I 
•I 
I 

trolled by the intens i ty of the neutron radit1.ti on ec;i tted by the chain r0ac - 1• 

: I 

I 
I: 

I 

I. 
I I. 

I; 

tion . If the in"'wcnsi ty of this rc..!ir..tiun increu.scs the rod or J.ioc ::-. ~: be I 
automatically coved. a\·;ay from the oenter of the urn.niuo ::;rl.erc anC. ulticutcl:.· 

if re«uired entirely out of ;.he uranium sphere . It will then ubsvrb lar cer 

and lar0er numbers of thcrQal neutrons thereby reduc 1n& th e vul~c of ~ und 

thus atab111z1n~ the chain r eaction . 

·~--------~·~·-~--~ .. ~·~·~- ~~~~~-~--- ---- ~- - --· 
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1: 

~ -.. ,.. - A-sr;;-

1 r epresents a s~here of uranium metal. 2 represents a rod/comroaed ot a 

~~ 

tborlll<l.l neutron absorber covine in ~a circular diso hu.vin c.:; a horf-

( 

zont~ axio coving in a ·vertioal slit in the uranium sphere 1. 3 ie a spher1-

o~ =boll ot liqUid bismuth which surrounds tho uranium sphere. 
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,. 

c 
.o oonoludo that \' o oan cxpeot a ohe.in reaction to tt\.ko pla.co 1n a ~

f1o1cntly lc.!~e mass ot gra.phi te which contains • tor instance • a clooo- po.oko 
~:onnl or cubic l attice ot ~·aniuo spheres . The capture oroas-aeotion ot 

carbon ia likely to be smal.lor··than the upper l imit s o tar eata.bl1ohed and 

consequently there is hope that moderately large masses ot graphite and ura
n1uc or urnniuo oxide will be suttioient to reach the point of diver6enoe . 
at which nuclear transmutation can bo mnintained at an intensity which is 
limited only by t he nGoessity of avoiding over heating. 

Largo quantities of radio-active elements will be produced directly !rom ' 
the splitting uranium atoma and indirectly by the intense neutron emisdon. ·j 

I. 
I 

' 

The neoecsity ot protecting human beings from deadly irradiations emanating 
!rom the chain reaction will undoubtedly l imi t the soope ot practical appli
cations and perhaps will slow down the 1adustrial development of this field 
but it i s di!fiou1t to imagine that practical applications should not tallow 
in due couroe of tim~ the present turn of events 1n physics . 

... 
In so tar e.a the production of power for -practical purposes is concerned 

the· crucial question which will determine the scope ot applications io now 
ubother the rare 1aotopa of uranium 235 or the abundant isotope 238 is the 
active agent in the thermal neutron reaction. If the rare isotope is the 
acti ve agent ten tona of uranium may becoce exhaueted by the ch~in reaction 

after havin~ supplied as muoh power as can be ubtainod !rom about ~1!ty thou
oand ton::; ot coal. In case of the other tilternat.1ve, ten tons of uranium 

could. supply more power than five million tons of cou..l v; i thout l:ein6 used up. , 
~hough N. Bohr put torward interestinc ~bUIDents in support of the view that 

I it is the r.....re i sotope which is split by thermal neutrons this question will 
\--. have to be decided by direot observations performed on sco.ll sucples of the 
\ \ separated i sotopes. Only at'ter some such observation ahn.ll we be able to 

I 

I 

I. 
I 
I 

express a well bo.ls.nced opinion upon the immediate t'uture of "utomio cnc;i
neering.n 
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