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Ql / / I St/ SUPERVISOR GENTRA[ FilES 
'rho slowing down range 01' fission neutrons from natural DRHl 

uranium in graphite has been measured" Its value reduced 
to graphite density 1 0 6 is 35 0 6 crno A c&lculation of ·the swne 
ranee based on the Bloch Staub spectru.>n of fission neutrons 
and on a oalculated relationship between energy and ranGe eives 
instead ro ~ 34 0 3 Q 
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Slowing Down of Fission Neui{ronr. in Grei~i te 

E. Fermi, J .. ~,1['rshl"'.11) L. ar'rohrll 
November 25, 194;::; 

A 295 gram cube of' Westinghouse metal W.!1e ~l[lced la.l em below the t,pp 

of the thermci .f>u.rification colU1~n of the Argonne pile.. This column' consists 

of 17 layers of graphite of rl.'verdge denr.ity 1.62, ench 10.47 em thick Dnd is 

built above the top of the pile\mich has three more Inyere of de~d grf~hiteo 

Indium foils encased in cadmium boxen 0.102 inches thick TIere .f>laced ['t 

distances approximntely 10~ 50, 50, 70, 90 end 110 em frOEl the cube. Since 

the activity of the 6 foils bomb!~rded dmultfineoudy VfTied over r:: 1'("113e too 

wide for measuring, 4: foils were nctivnted t't D. single tilile wH,h low ,r?ile 
r 

intensity in .f:,Jositions 1, 2, 3, 4 or with high pile intendty ill l)ositiollS 

5, 4, 5~ 6~ The Iflst foil~ position 6, wt'!.s protected by lr,ying three rdd~ .. 

tiOll~Jl layers of er(')hite on top. of thet.hel'l.llpl column. ]'01" eoch [.:cti v[,tion 

.? . the pile in'tensity wns run Ul) on f. 15.9 secenu ,t>er'loo tnd Bcr,'L1lned ~t I'l 

:~ defini te intensi ty. The Idlowfltt hours were measured by ob~ervtne the .rif.;e 

int .nl,r?erl:lture of H 't;hermocouple in <:1. metHl lUlll.i;l in the .;,life. 'I'hi s method 

e~1ows . successive irradiations to be dup1ic~·ted quite :.:ccurrtely. If only 

thermal neutrons were originl'1ly present in tho column the ClInC:) l!Cti vi ti as 

would be due exclusively to the fisGion neutro:Lw produced in the ul'rnium cabe. 

There is actuilly a background Qctivi ty whicll is due to indiu.'1l resonf1nce 

neutrons not modo thermrl by LIle colw::mn Its vdue WD.tl obtrined by dU]:-llicn Hng 

the menr,urement vii thout tha !nptL~ cube. The foil..: wero re~d on two counters, 

Eeyore l'md Daleth ,l \,'hose relDtive GCllr;itivtty is ~iven.by ~:f~~;:. 1.248~ The 

activi tieD were reduced to the mX18 un';. ;',s rnd the bnckground count Wf.;J :.:,ub

tracted~ The net acti vi tiy w[' s .Jlot'~ed f<f;r illst r2 rnd in terpolr ted v&lues obtnineo.. 

J Using these, a num <;;"'.cal integration wes msde to obtnin tho mean squ~re distance 

\1 ;2 for fission neutrons to becolle indiul!l ret;on~'nce neutrons • 
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The column is G'Ufficient.ly large so thnt the CdIn'i ISlctivities "''''''"''''''.4 

on t.he s are not perturbed appreciably by the effect of the sides. We 

ca1culv:t.e~ therefore, the mean square distfll1ce from the cube with the formula: 

We have further:: 

- r...", 4dr. 7 r2 ~ -'<> k!:' _:::: 9.1,053:x 10 - lSr.::e . .1i:':1T"2dr _~ __ ~ .. _'11 - .) 
i:' 

<) -? 
1,2 _ ..5;: r~ :: ·lJ2.57 

o - 5 

I'o "" :2 em 

The average stf,.cking density of the graphj. te used is 1.62. The preceding 

'\i"alue range Cfln reduced, therefor.e, to the normal "·-:'lue of the denstty 

L6 by multip:lying by t.he factor i:;g. Tliis gives the final result 

TO :: 55~6 e---' 

s value of the corresponds to on ~:.ge 317 sq. em. 

Uumber of M~.tr.0.R~.~i t~ 

The total number of neutrons emitted by the 1um.p during the irradiation 

can be calcuJ.ated from the volume integral of the acti vstion in the 

foil at various positions" A c£J.ibrntioll of the stnndard indium foils' measured 

on counter Dnle'/:;h gives the fol1oVJing relationship between the slowing down 

dens! ty in graphite and the activity f"{;d of' the foil pro'/.;ected by Cd expressed 

in counts minute at 

q = .00143 x ACd 

For e steady irradie.tion we could ll therefore, obtain the number of 

neutrons ..,emi tted a second by the urvuium cube by mnltiVlying. ·the volume integral 

of ACd by the fact<JI' ,,001430 Slnee our irrt.~dif.ltion extends over r, period 

time very short cOill,y!lred 1:.0 "(,he or indium; v:e obt.dn the totAl number of . 

nen trOllS ami t ted during burr~t by lllul tiplyillg the VOlu.'11e :tn tegr~l the 
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initial activity of 'I;he foil at. vnrious pOf'J.tions by the fr>ct.or .001li and 

by 'the life time of indium expreosed ill seconds, nrmely J 4,674. 

The number of neutrons emitted is, therefore, 

4 Acd r 2dr x .. 00145 x 4674 ::: 

= 4 x 5~067 x 108 x .00143 x 4674 

::: 4~ 26 x 1010 

The' burst h"radiation produced a tem,tlerl"'t,ure rise of .455°. Since a 1 K.W.H. 

irradiation produces a temperoture ~ise Qf 1.60 , the total energy of irrndie-

tion amounted to .28 K. WeB., We conclude thnt the number of neutrons emitted 

by the lump in an irrfl.diation burt'1t of 1 K. W~H. would hr..ve been L 5 x lOll or 

1: 5 x lol~ ~ 4.2 x 107 neutrons/second/ k.'·;r .. If we nssume tho fission cross

section of urf-'nium 4 .. 6 x 10-24, nnd we aSb'1lll1e further thnt two neutrons per 

fission are em:t tted) "':l find thnt the cl'osG-section for neutron emission of 

our lump weighing 293 grmlls is 

295 :x .6Q2 ;x: 4.6 x 2 = 6 .. 8 sq. em 
258 

If we neglect self-absorption, we find, then, the average flux of neutr-Ol1S at 

the place of the lump by di vic1ing the number neutrollS 9o.l1i tted per second 

by the cross-section of the lum~, namely, 

nv = ~x 10
7 = 642x 106 per k.w. 

6,,8 

This value of the flux is in agreement with vn1ues obteined by more direct 

estimates • 

. QQI1ll?llri son Wit!Lt~ 

V" 

The Trn".l.ge of t.he fiosion neutrons in grr,t>hi t.e coulcl be celcul[-ted if the 

energy distribu.tion of fission neutrqn: 8lld!ihe rslntionship bet':!een t.he slomng 

dom range tl11d energy neu.trons were l;:nOV1l1. We der~.o te by ;2( the meen 
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square the distance s.t w.ch neutrons range emitted with energy E ntt.8in 

.indium reson~nce energy by slowing down in grnphi te. Let!' further, (E)dE 

give the number of fission neutrons 6,'lli tted in the energy intervr:l dE. We 

have, then,ll 

~:: '(;2( E) ':V (E) dEl (IF( E) dE 
j . i ~,J 

," • '1,.J 

S has been c81cull?ted numericdly by using for7T( B) the energy 

spectrum measured by Bloch St2ub in (LA-17). The function ;2( 11:) hns been 

recalculated using the cnrbon scnttering cross-section mensured by Willi~mev 

The following formul8 WFl S use~: 

- 2 
r2( E) ::: 2 "k2( E) -} 2 ~ 2( 1. 44ev) ... .158 x"J! 

18 

?E 
I . ,2 
j'" 

L44eV 

ti.E 
E 

The v~lues for these two functions pre given in the tnble, the first 

column gives the energy expressed in MeV 4 The second column function 

;2(!.!:)~ find the third column gives To:). This iflst co;Lumn is tl'lken from the 

d.."lta of Bloch nnd Staub up to the energy /3,2 [,<leV 6 The vru.ues beyond Z. ~L1ev 

~j were extrapolated" 

By a numerical integration we find 

r2 -!. ;2fJ!:Lf' { El d~ _ ~. 
- 1'7' E) dE :-.; , 

3912 
2:2I3 1768 

corresponding to a ~---.. 
- ,. 2 1'768 ..:.. !Z4 '% r - ,- - ~ '.~ 

0 1 :5 
I 

S vfllue is GID~ller the eXl)eriment.cl vf'lue ro = 35.6. 
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TabJe 

-1L r2(EL If C~} 

,,1 1061 1'7(,;.. .• 45 
.2 1157 I <j;t,.g ~60 
.5 1250 ;).05'.0 .73 
,,4 1290 ;;L I:). <) .84 
95 1546 2:2,-{.3 .92 
.6 1398 ...2,.03:3.0 .97 
.7 1447 :;1. "II. 21 1.01 
.. 8 1491 ' :2.,-{ff.S 1.0B 
.9 1559 d-.S~. S' 1.02 

1,,0 1580 2(.,~5 1.00 
1,,2 1665 ;}, 77·S .95 
L4 1748 ~'11· 3 .84 
1..6 ,1827 30"'/.5 .75 
l~a 1917 <!J1"1,.s .65 
2 .. 0 2008 ~3t/·7 .56 
2 .. 2 2090 '3<1'1.3 .47 
2~4 ~166 '2>(P /.0 .40 
2,,6 2256 ~?Z.. G. .33 
2.8 2r97 3 8~· 8 • ~8 
5,,0 2f,50 39/.7 .25 
5,,2 2379 -09"'.5' .19 
B.4 2387 3Gt 7,8 ( .16) .. Zi;.6' 2390 3'H'.3 ( DlD) r . 
3.-8 2415 /fo,}..5" ( .Il) 

',' 4 .. 0 2469 ¥/~.S ( ~09) .' 4.2 2480 'in."!;) (.~08) 
4,,4 2505 til 7· 2. ( .06) 
4,,6 2564 11;1.'}·3 ( .05) 
4,,8 2644 til/f)· '7 (,,04) 
5.0 2745 Zf!J?,2 (.O4) 
5.2 2834 '-'17;)...3 ( ~O5) 
5.4 ~917 t/8G..2> ( .Ol) 
5.6 5005 :ro o.i' ( ~O2) 
5.8 3085 :nt..{.J.. ( .02) 
6 0 0 5162 {);;.. 7~ 0 (.01) 
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