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-..}All IIIMrioal Yaluea of nuolear croae- eeotiona givf' n in this _,. 

papel" are 1D uD1 ta of IO oa :-

l.)G;(() 
2.) 6;,(C J 
3.) £. 

4.) Eo 

1. > Et.. 

1• the oapture oro•• Motion of carbon for thermal neutrons. 

1• the aoatter1ng oroaa- aeotion of carbon for t ho r mal neutrons. 

1• the ratio of the number of thermal neutrons and the number 

of reaonance neutrona absorbed by a einlge uranium sphere &ai 

under the following oircumetanoea: • single uranium sphere 

1a embedded in an infinite apace filled with c ~rbon • . eu t r na 

are generated in the carbon and t he numbers o f ther~al neutrons 

and reaonanoe aeutrons produced per oc and sec are equal and 

haTe the aaac T&lue trhoughout the whole infini te mass of 

carbon. 

1a the ensrgy at which the resonance absorption line of 

uraniua has its ll&xiiiWB. 

1• the Telocity of thermal neutrons • 

is the lower end of the reeona~oe region of uranium below whic 

we consider the ratio of the ~aorpt ion coefficients !'or 

therma l neutroaa aqd for resonance neutrons as c c netent. 

is the upper end of the reaonance region of uranium a'' ove which 

we neal ect the resonance absorption in uranium. 

is the 9 Vera~e number of collis i ons whi ch a neutron .. YLa« 
11 di ·'rusing•• in carbon surYiv•s within the enerr.y re <Ti on ,... 

9.) ~ is the Average number of collision which a thermal neutron 

10.) A(C) 

11.) I 
12.) a 
Ud 
13.) ~ 

14 ·> II 

diffusing in carbon survives before being captured by carbon. 

is the mean free pat~ for scattering of thernal neutrons 

in carbon • 

is the density of the rmal neutrons • 

is the numb er of ther~neutrons produced per cc and sec. 

in carbon. 

is the rad ius of a sphere ol uraniu~ or uranium oxide 

which is embedded in carbon. 

ie the ra nge of t 1 ermal neutrons in car •on de ~ i ned by 

II " ..vc J ff''«7 
VJ7 6C{C) 
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16.) 

17.) 
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18.) l.1C ) 

19.) £0 

20.) :r~< 

21.) f 
22.) Jv (tt) 

2z.> Nu. 
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26.) 

is the numb er .1 f thermal n ·~ utrons absorbed by 11 

single uranium sphere em1edde d in c r bon r ovided 

that t he ur~ium sphere ausorbs e (;h the r i:Jal neutr on 

which reaches its surtaoa. 

is the r _.n6e of t.he resono.nce neutrons in carbon 

defined by 

is the numb er or resonance n eutrons nbsorted by a 

s1ne1e uranium sphere embeuded in carbon. 

is the mean free path for scatt rinc for neutrons 

or enerb:{ Eo in ca..'l"bon. 

is the value et ~ !or a uranium sphere which e.bsorbs 

each thermal n eutron which reaches its nur!aoe. 

is the number of thermal neutrons absorbed by a 

single uranium sphere embedd ed in carbon. 
'-1 "'- ' ,/"\ ~ /.1, tfJ 

i as de£1ned by v = J .; 0 
or E f £ o 

is the maan tree path for scatt~rin0 in the substance 

ot the uranium sphereo 

is the number or uranium atoms per c.o. in the substance 

of the uranium sphere. 

ias th8 absorbing oroaa-eeotion of uranium !or thermal 

nautrona which 1no1uadea both the oroaa-aootion !or 

f1sa1on and radiative capture but wbioh doea not include 

th~ croaa~aeotion !or scatteringw 

1e ~he oroes-•eotion of uranium !or aoattering or thermal 

n~tutronao 

1s the range or thermal neutrona 1n the substance or the 

urUliua aphcre defined b7 u ~ _!_ v- )v (V() "7 

Y3 h~ QU 1 

and 1D the partioular oaae of pure urrmiua aetal 
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~8.) J '""-

~9.) J ......., 

30.) 'f 

31.) 

3~.) 

33·) 

v 
L 

is the fra c t i.on c t 1 e t · 0r-::u l r u tro. s R ~ 1rb d 
carbco~ i . nJ~L.c h co:.t · J..nn 1.n e.n n"i.nite n: .s~ o• cnrho >Ull&'X IZIIIIRtaxu 

a l nttice o f urr-mi 11' ~rheres . 

is ~/nu"''be r o f tr..er'lln · e·; • rons • • l rt> c · ; e r s • • 

b ' a urnni ,l:n ~phe re i+h:n h latti ce o!' tr · '1:u~ 

spheres emb ed ,! e d in c"'rt>o n . 

ie the numb f r of re ,)m· nce r ut r o ns a "' ot·b ed en•f·c 

b .v a urAnium £'!' here '~>i hi n a lattice of urrmu:n 

aphere s embedde d in carbon . 

is the fract ion ~Rrm&~~~ast · ZE~tx~as 

of the res onAnce neutrons r ro~uced in cnrho n ~ ~ 1ch 

ia absorbed as a thermnl neutron by he lA ·ic e of 

uraniu"'' spheres if the nu-ber of thennel neutr , ns 

F~nd ~!lUI resonr:nce neu• rontl produced per cc F:.: d sec . 

in the c n r~on are e 1ual a '1d have the s : rrf' VI' .ue 

throu~hout t. he wh ol e in ' i ni te 'inss of ~Arb on . 

is the value o f p( fo r which q become~ '1lfL· imu:n. 

ie t.he maxi"llutn VAlue of f' 
is the correct v nlue of the fraction of the resona ~1ce 

neutrons produced in carbon ~ ich is ebsorbed as a 

thermal neutron by he lattiee of urHn ; um spheres 

t1 obtAined by taking into ac count that the n .:nber 

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

carbon near the uranium epheree ie reduced due to t he 

absorption of resonance nautrc ns by the ura r iu'1l • 

Ia the ~ume of c nrbon per ura nium 'phere. 

i~ the dietance between nei ,hbourin~ urnnium s t h rea 

in R cubic OT hexa ~onal clos~ packed lRttice • 

iB the number of H atoms p~r urP.nium atoa in a mix ure 

ot uranium oxide and water. 

"' ..,~~((,~ 1D the mean lifetime o · e. thermal neu• ron in water 

)8.) ~c,.(H I 

)9.) ' 

or a mi~ure of uraniu~ oxida and wat~r, 

ia tho captura oroee eection of hydrogen fo r thennel 

r.outroM. 

ia the fraction of the resonance neutrons ~en~rated 

in s hoao~enou• mixture of uranium o ~ ide and water ~hich .:. 
... captured by uranium at reeonance. 
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is the density of ater in~ per cc in a homo·eneoue 

mi xture of uranium oxide and water • 

is the first factor in 

£. ==-[~2.} "{ ( ~ A'~ rJ 
6 1 r- !?fa 

i5 the second factor in he same exprPs Pion . 

is the critical radiue si)xaX84 of e .--ra l hite s ere 

w ich contains e lattice of uranium $pheree ivtnp the 

value of the radius for ~hie th chein reaction becomes 

diver ent. 



In order to calculate we take into account that inside the uranium 

sphere the thermal neutron density obeys the equation 

(15) 

having as its solution 

(16) 

where 

(1?) 

and for pure uranium metal we have 

(18) 

From equations 3, 4, and 16, we find that the number of thermal neutrons 

diffusing into the sphere per secona is given by 

where 

(19) 

For uranium in its pure state we have from No. 14, 18, and 19 

(20a) 

Where G stands for 

For we can write , the difference being about 3.5% for 

The first factor in expression No. 20a increases pmportionately with the 

reciprocal value of the capture cross-section of carbon. The second factor 



If the distance L of t h e neighboring uranium spheres in the lattice is 

large compared to the radius of the s pheres the effect of the thermal neutron 

absorption of ~uranium sphere on the t h ermal neutron absorption of its neigh­

bors will be ne3ligible. Nevertheless, the average thermal neutron density 

may be greatly reduceu in t he carbon by t he pr esence of t he uranium spheres, in 

particular i f the r ange A of the t h ermal neutrons in carbon is lafge compared to 

the distance L. Under such conditions the average thermal neutron density deter­

mines with goo~ approximation the nu ober o~ therma l neutrons absorbed by one 

sphere in the lattice and we can write 

( 20 ) 
In reality, the thermal n eutron absorption will be somewhat hi er so that 

No. 20 represents a conservative value, but t he correction is small if the volume 

of the uranium spheres is s~all conpared to the volume of the carbon. This can 

be seen, for in s tance, from Equation No. 5 which shaws that for large values of 

r/R the thermal neutron dens ity is close t o 

is black for thermal neu1rons. 

, even for a uranium sphere ~ich 

Fur ther, since the d i stance L bet een neighboring u r anium spheres within the 

lattice will be large compared to B, the range of t ~e resonance neutrons in car-

bon, and we have for , the number of resonance neutr ons absorbed by a. urani-

um sphere within the lattice 

(21) 

From t ' lis it follows that q the fraction of all the neutrons which are ab­

sorbed by the uran ium sphere in the thermal region alone iE· 0 iven by 

(22) 

or 

(23) 

This expression }P.s its maximum value for 

(24) 

and for 

(25.) 

(26) 

or 

(27) 

the maxtmwm value for q e have 

-' 



and from this we find 

(31) 

and if q has its maximum value q we have 

and we have 

(32) 

This gives for the ratio of t he volumes of carbon and uranium 

(33) 

or using (14) and (2?) we obtain 

(33a) 

For L the distance between neighboring uranium spheres in a hexagonal or cubic 

closepac~ed lattice we have 

(34) 



Conditions , ~or ~ ch?in re~ction 

If q deYiotes the fr<:>ction of fest neutrons e,'lit+ed y uranill'"'l ':.-:1ic:h are 

slo 1ed do-;-m to tr1 e ther-na.l region and are absorbed e.s therrr~al Len t rons by 

uranium and if/'- denotes the nu~ er of fo~t Yin trans produced on the average 

by ura:1iu.,.1 for o':le ther?:Jal neutron eJ"'qor "ed by uraniuPJ t:.en obv;onsly 

( 49) 

is the condition for t~e ~ossi ility of a chain reaction. If this co~dition 

is fltl~illed then a divergent chain re2ction c~n he ~aintainee in a sufficiently 

la.re;e syste!'J fro1"1 which only a S"'la.ll fraction of the neutrons e1"1i tted by the 

uranium within can escave ecross the boundery of the system v:ri thout being absorre 
within . 

In order to be on the conservetive sicl.e we shall consider as a sufficient 

condition for a chain reaction 

(.)D.) 
From this we find using equation ~ro. 27 for f.. 
( s I ) E > I/., 3 
as a sufficient condition. 

In order to see now whether a chain reaction is nossihle we have to 

calcul"~te from our formulae the nur1erical VPlue of ~ • 'Je shall do the.t in 

the following under the assunption that the energy liberated in the chain reaction 

will maintain the carbon at a tempere.ture of about 900C a?Jd in order to be on 

the conservative side we shall assune that the te1"1perature of the uranium spheres 

in which r'lost of the ener:;y is 1 ibera ted is, in s:p i te of ef:f ic i ent cool iYI.r:;, about 

the SBXYJe • 

Since we have at room temperature 5"" t. t!:. 0 ' ()I we shall have at 900 C. 

a capture cross - section of carbon half of this value. The scattering cross -

section of uranium for thermal 1;1eutrons we take 

~ - I at room te'Tl:perature we take - -
a-1.£ ) I 

.ic(t() z. 
900 c. -=- - H'or a density of ....-........ 

~ 5:)~( l.t) 
I 'I uranium of 15 we then obtain fror1 1To. 

to be O:c_{ t( ) 1'\- 9 . Finally, 

and correspondingly we take at 

graphite of 1.7 and a density of 

R -=- t:f":>~ 

This being larger than the value required by No . S/ we conclude that in the 

circu1"1stances we can exnect a divergent chain reaction to take place in the 

system which we have investigated. 

In reality the capture cross-section of carbon is perhaps nmch smaller than 
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