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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-

her 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 Szilard,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 abor= i.Sfast 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 

I~-= /-r;:;_.,.t d-r 
measured along a radius and the integrals of 

LKc -:: t);c; ~ f ~ -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-

00 
ment the integral I -=Jr..._.! oW 

a 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 interpreted to 

show that a considerable number of secondary and tertiary neutrons were generated in 

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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.3zila.rd re ortcd : ~.:.it. · - 0u t / -= /.-.> emitted per fission . ..: • .nders0n , Fcr r:,i :.i.n, 

f a.st ne trons · c emi ttL ~ 0:-1 tl1e ~~.:c.:· . . .,, e f .J 1· ont t!.c rrr1L1.l 11 1 u t1· n ~ . Jrt t .. L: 

uranium. 

(1 
Hal bun , Joliot, Ko wn.rs : 1 W1<.l I'errin cci.rrie o t .u1 eXf'Cri t.t'I! o. t.l.c 

followin ..; tync : u !J"lierc Jf ru.dius r " is ~'ill cJ .i . h u hJDO <'nc·0a .. i.. i : ·;rt' 

This s phere is il:l!:1ers >J. in '' l r : c 1::-:er L L"l:. :...: 1.: r~ "lhot 0 nc•;· ~·Jn .·Ju1·c c l~ 

:placed in the cente r o f the S"llc.:: c . :. c d.en~ ity f 
is mcu :..; ured ulon ,· o. rau iu:::; a.1 the in : e , :r ._l s J1' 

~ 

/l'jook 
I 

a re d e tcr :-. in ed ,, iv in,- a. oc: .S' l!'e .; :f' ,,he llill!:bcr 01' nlo v: n l·ut r0 nc- .,.. i .l. ._r 

:present within tt c mi.). t u.re inniue the sphere ~d in the 1 utc r outside the 

s:phere . In Wlv thcr eAperi ccnt Lhe int eGral 
CX:> 

Io-= /-r-;~ 
0 

ie det ermined f r LLe s an.e neutron sour cc in pu.re 1;u ter. 

" .._ 

From the values of theoe t l1 rec intc ,;ruls 1.h :i,ch these authors d et ermined 

tor n • 1 , 2 and ;; and r 0 • 25 cm . they concluJ.ed thtlt on Lhc ve _ ucc cic,h t 

neutrone are emi tt ed f r om the u r Wliu.m within the S!'hcre for one l'hot o nP tr n 

which ie elowed down to thermal ene r u i es unJ causes u r·ssion p r oc ess in 

uranium. Thi e was int e r pr e t ed t o show tha.t a c on s i d eruLle nunbe r of nee n

dary and tertiary neutrons were gener a t ed in th i s ex eriment . 

Since th e va l ue of the f i s sion or oss- s ection i s not well known ~ 1,1 ra t he r 

dittioult to determine , it s e ems n e c esoa.r y t o avoi d ex re esin· restl.ts i n 

terma o! thie oroae-aection and. to use t he mat)li tude~ r athe r tht..n . he 

number ot neutrons emi t ted er f ission. An a c curate knowl ed ~e of th v · l o or 

1• ot ~eateat importance ! rom the point 

/ 'j 
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ot Tie~ of eetimatine the ohanoes and f!ndi.n~ the opti~ conditions for a 

ob&in r~&Qt1ona In the follow1r.6 we 5hull therefore !ndio~te in \hat way an 

aoourat$ valu0 f~r~ a&n be obtein~d. fr~m an e~perirr.cnt of ths tyn~ uer 

t'ormed by Hal ban. Joliot ~ Ko;vareki un Perxi!l : 

37 

F i.~ i th~ s.ve.ra.go numba!" of ucut.rons \ihl.ch re ach the thermul region 

inside thet sphe1•e wi thin 'the ura.ni·am Hater o!.>:"Gu.re tor o!le 11eu t!'on emit ted by 

the aouroe in ths aentelr oi tillS a-phere ,ie e,i ven by 
.J. , ,!/, I 

I ""l:z () 

wbere 

1a the !'e.t!a of tbe life -"t !me of the thermal .t'leutro.u; 1,_ t he mixture inoide 

the s ..,here end in :pttre watel".utrt.!Uu1t1:al!OCPCPtmD 

Ot 'the neutrcns \'shioh hl·e slowed d.own to t~1e 1.·eaonunce region i nside th~ 

apbere &. tra::tioa. p 1a absorbed u.'C. reson~ca lind. u frc.ctior.. (J. - p )r ea.ch~ s .t!1e 
~ 

therlla.l region o 'F 1~t th e n\l!lloer of the n.a trans reachint; tne xeso!!an<::e ?e[1,on 

p~r seoond ins ide th~ arher ~ i s therefore g iven by 

/1~ ~ ) tt::. ~ r:~ 
¥> 
~ th(} U'",l;;llbe:r o f neutrons rea\1h1nb -.;he resonnnce t' e L1on outs!-ia the 

epbel"e ln the water ie tne se.m~ aa ]'ot>t' the nu.nfoer of n eu.ti'ons i·euchir.L the 

thermal region cutaida ~he a~here in 

T~ ~ f;,~ = 
' .. i1e water and we h ve. the:ccr'v :r e 

.h~t 
z~ 

P, the total numbe:r ot fast .a J.t:ron~ eo i t 'ted b;.v th e u.rau1Ulll !.n '..l":e :.11 x~ 

tura for one ueutxan emitted by tile neutron sv\l.l"~ e in :he cent ~ r of the S'9herfl 

is •qual to the t otal number of the rebou~cd nautrona rrodu~ed minus 1 . 

the neutron ea:.i tted. b~ the aourc6 in the center" The refo re, .. ~ hmre 

- -I -
!he to*-1 number o! fast neutrons produced by the urunium divided by the num~ 

ber ot thermal neutrons produced within the sphere in the aixture ia 

L --
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· .And !inall;y sinoe the UIIUWI absorbs of t h e n u t r ona which r each the th ermal. 

res1on within the s phere the fraction 

we have 

~(t{; ! -------
or (/ t ( I + 'h (S; ( 1-1 ) •• 

(J;_It( . +- "'- ~0-/ > [ I 

. . G;_I/A.. J /--/0 

Introdue1ng the value of ( • -...~ !'rom No~ we obtain 
C.. o 7 

.., G?f~r; f / / --~~ / j 3cV / - / +- - -- ~ L ,--.~ ~~ /-,10 ~ ! /.( ) . / 'l 

From t his equation we s~e that we can determin~ 

Talue of·p. 

b~ detcr~ining the 

J. considerable fraction of the !aat n eutrons e ... i tted.. by uranium :nay of 

oourse escape from within the s:phere but the value of th1~ fraution need not 

be determined !or our purpoeee On t he other hand, t he formula b~Ten for~ 

holds with BOOd approxi~tion only !f the sphere is auff1oiently laree to rer

ai ~ ua to ne6J,eC!It tre.nei tion phenomena in tho e quili br!U!D between re~on ~-~ce 

Deutrona and therlll&l neutrottll neu.: the surface ot the sphere. S!noe the urn

.tua ~aide the sphere absorbs rssonano~ neutrona th o density or the neu trona 

wbiob haTe AD snsr~ below th~ upper e~ of the reaonanoe region of urunium 

aa4 above the thermal region . is 3~2erJ' This bau th~ coneequcnce that neu

~ ot thia oatesor¥ ~ill di~ruse from the wate1· auro~s ths ephere into the 

1Da14e ot the sphere. 

~ that thia phenomena~ 6ould not be negl~ote~ tbe expr~eeion 

would then SiYe a too ls.rSWD T&lu.a tor t.bi5 nwsber of rtuio.rliUlos neutron• produoe.( 

would g1 v& a too 

lU'88 T&lU. for r ~ But With the p.l'OT180 that a .uftioiently large S"Pbel~G h 

uecl •• aball obtain an aoourate v&l.ue !or/' lt on.l7 the Yaluo ot p is meas

.we& aoouratel7. 

~· aurtaoe inside 
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!llo ftl.ue Of p ha· ··ao~ fa~"~o\~eeii'"a.~!"'" . - hJUO .. Il OODCen-

tfttl ... u lft u a"= 3 but we oaa giTe a lower lialt tor p tor thia 

••••nNttea •• n are able to extrapolate by meana o! theoretical 

o ... 14erattoD& troa Tal*•• ot p which haTe been meaeured _tor higher 
t.'. e . 

ll,tz'opM OODOen~ra~iOM Ndt I I n W 30. 

Ia orter ~o 4o thia n ahall JMke uee o:f formulae relating to h omo

P•CN8 aixnrea of hydrogen &ltd rc'ltwa uranium whioh will be publ ished 

uenl7 by G. Plaosek. £. ~neral treatme nt of the proc.ess o fj~!owing 
V"1. lf.JL 

dewa ot ne•trona in water hae bee n given b y E . l"erai :-tin a wx.X.• 

1U'&Ilium oxide - wa~er mixture p, the traction ot the neut ~· o ns which i s 

* abaorbed by ur&Dium between the energi,ee ~and E, is given by 
E',_ 

3l;7 . ~(1 -/' J -=-- / -{/; ~£ 
I 

where 

?t.Y 

F E ) Jfl} 1a ~he •JL:IL t cross- aection of uraniwa for radiative capture and 

B 1a the acat t ering croes- eection o! hydrogen tor the· res onance neutrons -4, 
of U1"8Diua! (/I ~ / 7 \(' / t) ~~) If the hydrogen conce ntra tion is high c nou.gh 

ao that the energy region in which ' there is an 

b7 wr&Diua ie small compared ~ ~e resonance 

"J .1...(/-~) ~ -t t fitJ ~£ 
a 9 81Jn• ~r a single absorption line of t he 

~ -~1) 
} 'E J ::::: / -,t£ /~ -l_=o j "1.-

' ~ ~ ( : {7 

~rat 7 

I 
. a 7 

I 

ap preciable abs orpt i on 

energy E 0 one ma y • rit e 

form 

43 k(l-;-- } 
~ ( 1 ~ ~-) 

J{ /t> fl o 
Por '11 ~!owe haTe ~ ~<.I and No 4'1 gives-tHt Lr-;-;--' 

t,v · · I• .t.... rt - ;s J == - F r r~ 
+-hoa thie we see that f or s u c h hydro ge n ~~centrctions : or v.l1 d. Mo41; 
holda we have for ~wo diffPrent h ydrogen co r.ce-ntrations n Pnd n, ; 

I 
;Pr1Tate 

.lt' ... prt vat• 

co111!Mtlicat ion by G. Pl aczek J une, 1939 · 
-..1..· ,. t.... ... ~~ a.-J( 

independently by) E • Fe r mi J u ne , 193 :1 

\ 

. I 
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!hia relationabip lo. 45 doea no longer hold !or hydrogen concentration• 

whioh are aa low aa n : 3. But we lll&.7 wr1 te in the case o! uranium 
/'*"Eo-

}M_(/- t ) -= / HiKE (U) 

~.;G~ 
aD4 it ia then easy to see that !or an absorption line of the !orm given by 

Bo. 42 wbiob is symmetrical in (B .. E0 ) or even more eo tor a similar line 

wbiob deviates !rom symmetry in the sense that the absorption is larger tor 
aaaller energies ( as it is the oase !or a line which obeys the Brei t-\11gner 
:formula) we have 

,t.... (t- j> ) <. (;/ &.._ ft-jl ') "k..l {4'1) 

The value o! p baa been measured by Halbun, Joliot. Kowarski anu Perrin 

tor n a 30 and was :found to be p : 0.2 t. 0.02; using equation No. 47 we find 

:troa tbia 

tor n • 3 

Aooording to No. 38 ~inoreaaea with inoreasins values of p and in the 

oirouaatanoea we should obtain a conservative value !or~ by using the value ' 

o:t p a 0.5. 

Uaing this value and the values 

I, ... + A)"" =:r V• 4 
I 

LJ(~ 

r -o 
IJ' ~.r 

reported by Halban 0 Joliot, Kowarski and Perrin for a sphere o! ~5 om. radius 

:t1lled with a uranium oxide--water mixture tor wbioh they bad n : 3 and 

a : 0.42 ga.lo.o. we !ind from No. 38 

(48) --
3rs;fc) 
();_(t{) 

We aee that tbe value obtained for ~ it calculated from this equation 

ia soaroely &!!eoted by the wide limits o! error o! the present ex~erimental 
values o! G:, (~) . :By attributing the value of i or 1/8 to 3 OC,(HJz. ,) 
we obtain j't = "l. , 0 r-' v--r ~ ~' i> 'l.. respectively. tJ";(tl,; 

In these o1roumsta.l.l.ces we eball use for the present as 1:1. 7' resuuably 

oonaervative value and as the best value at the ~resent available: 

/ 
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