
~RAIN!NG SCHOOL LIBRARY 
M~RTIN MARlE TT A. ENERGY SYSTEMS LIBRARIES 

ARY 
(';l'ION 

11 111111111111111111111111111 111 11111111 11111 1111111 111 11111 
ORNL 1340 

3 4456 0353130 0 gil 

A DETERMINATION OF THE 

, DIFfUSION t..ENGTH OF THERMAL NeUTRONS IN 

THE X.l0 STANDARD GRA.PHITE PILE 

·CENTRAL RESEARCH LIBRARY 
DOCUMENT COLLECTION 

LIBRARY LOAN COpy 
DO NOT TRANSFER TO ANOTHER PERSON 

If you wish someone else to see this document, 
send in nilme with document and the library will 
arrange a loan. 

OAK RIDGE NATIONAL. LABORATORY 
OPERATED BY 

CARBIDE AND CARBON CHEMICAL.S COMPANY 
A DIVlelDN 0'" UNION CAA.IDIE AND CA ... ON CO .... OAATION 

OlD 
POST O~F\CI!: BO)( P 

OAK AIDGE. TENNESSEE 



. OJ 

,J 

.~.~, 

(~ 

'. J 

\ ... 

ORNL 1340 

This document consists of 9 pages • 
Copy ~ of 314 copies. Series A 

Contract No. W-7405-eng-26 

A DETERMINATION OF THE DIFFUSION LENGTH OF THERMAL NEUTRONS 

iN THE 

X-IO STANDARD GRAPHITE PILE 

E. D. Klema*, R. H. Ritchie**, and T. Arnette* 

DATE ISSUED 

• JUt S 0 19!~' 

* Physics Division, Oak Ridge'National Laboratory 
** Health Physics Division, Oak Ridge National ,Laboratory 

OAK RIDGE NATIONAL LABORATORY 
Operated. by 

CARBIDE AND CARBON CHEMICALS COMPANY 
A Division of Union Carbide and-Carbon Corporation 

~.~~~:C~~!ee I Illij~~-iii@jl~II-~I/~li~~r-ljlii~mm---'11 
I 3 445b 0353130 0 



~ 

'. 

~ 

':1, 

, ... 
'" 

ORNL 1340 
Physics 

::INTERNAL DISTRIBUTION 

1. G. T. Felbeck(C&CCC) 
2-3. Chemistry Library 
:.4. Physics Library 
:'5~ Biology Library 
6. Health PhY$ics Library 

',,7. Metallurgy Library ~ 
~9 ~ Training School Lil1l"a~ 
lOt Reactor Experimentai 
::,' E:rigineering Library 

11-14~ Central Files 
, IS. c. E. Center 
16. C. ,E. ,Larson, , 

'17 .• w. B. Humes (K-25) 
18. L. B. Emlet (Y-12) 
19. A. Mo Weinberg 
20~ lj:. H. Taylor 
21. E,. D. Shipley 
22. A. H. Snell 
23. F. C .. VonderLage 
24. R.,C. Briant 
25. J~ 'A. Swartout 
26. S. C. Lind 
'Z7. .F~L. Steahly 
2S. ~. Hollaender 
29. M. T. Kelley 
30. G. H.. Clewett 
31. K. Z. Morgan 

,32. J. S. ,Felton 
33. A. S. Householder 
34. 0• S. Harrill 
35. o. E. Winters 
36. D. S. Billington 
37. D. W. Cardwell. 
38. F;. ~. King', 
39. E. o. Wollan 
40. A. J;. Mill~ 
41. L. D. Roberts 
42. R. N. Lyon'::· 
43. W. C. Koehler 
44. W. K. Ergen 
45. E. P. Bliz~rd 
46. M. E. Rose' :, 
47. P. M. Rey1ing 
48. D. n. Cowen 
49. J. K. Bair 
50. F. P. Green 
51. C. H. Johnson 
52. J. D.,Kington 
53. H. B. Willard 
54. R. Hibbs (Y-12) 
55. E. Do Klema 
56. R. H.Ritchie 
57. T,. Arnette 
58. M. J. Skinner 
59. Central Files (O.P •. ) 

EXTERNAL D ISTRlBUTION 

1 

60-314.. Gi ven distribution as shOtln in TID-4500 under Physics Category.' 

DISTRIBUTION PAGE TO BE REMOVED IF REPORT IS GIVEN PUBLIC DISTRIBUTION 



, 
'.i 

.("~ 

1 
, 

, J 

::, 

... :;;:"J 

',~ , 

2 

__ .o·r 

-"\ 

In connection with the restandardiution of the Oak Ridg~ Standard Pile, . . 

it seemed at interest t~"i~sure ,the diffusion length of therms.lne.utronsin the 

. pila Q For this pvpoae tva ,sets of exper1Mntal data were takenQ 

In the first .. t g a 1/2 gm RaBe neutron source was placed on the axis of 

t;u,p1leQ IndiUlft foillJg about5S mils thick and 4 x'6 oJ5 cm in area, were 

irradtated on the ~. of tbe pile at various distances trom the source both in 

aluminum and 30-mil cadMiue coverso The activated foils were placed inside brass 

cylinders and were counted on two glass-walled Geiger tubes" Both the side of the 

foil toward the source and the side away from the source during .exposure were placed 

p.ext to the aeiger.count~j;. &P:~:~ountedo' The average of the twosatui,;ated activities 

thusobtailied was used in the. calcula ti ons 0 In each case the difference between 

the al~-covered and cadmium~covered saturated activities was used as the 

saturated activity for the point in question" Points at distances from 74 cm to 

135 em from the neutron source were used in calculating the diffusion lengtho 

!n the second set of measurements, two 1/2 gm RaBe sources were placed on 

a line perpendicular to the axis of the pile, each source being 1/4 of the width 

of the pile (the pile is square in cross section) fram the axis" Foils were again 

exposed on the axis of the pile and counted as described in the first 'set of 

measurements 0 

Assuming that Fermi age theory(l) ,and first-order diffusion theory(2) 

adequately describe the transport of fast and thermal neutrons~ respectively, in 

graphite, the equation representing the slowing-down density q(r, t) at age t 

(1) Marshak, Ro Eo, Revo Modo Ph.y'.o 19, 3, 214-216, (1947)" 
(2) Marshak, Brooks and Hurwitz, lueIionics,M&1-August, (1949)~ 

" '. 
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(:then~" of neutrons per unit volume atr passing thea,ge t per unit time) is 
" , .. ' , 

\l "'- <:p (Jt:)- ~1.. <P (;t.) - t- t ()v) *0) 
k 

(2) 

where' S(r I" t) is the source term representing the distribution of fast neutron 

source,s throughout the medium, to is the age corresponding to thermal energy, 
.. ' 

L and At are the diffusion length and transport mean free pa.th, respectively, of 

thermal neutrons ift graphlteo The age t is given by 

t = 
Eo ..... (. A (5) 

J 3 r [,- ~$] 
e 

~E -
E. 0) 

/ 

where E is the neutron en~rgy, 10 is the initial energy, r is the average 

logarithmic energy loss per collision 1.ngraphite, c;;:e'is the average cosine 

of the angle of deflection in one collision, and :x (E) is the scattering mean 

free p& th in graphite <> 

W. assume tha t both <p and q va.ni.oa t a distance of 0071 A t beyond the 

actual boundaries of the graphite pileUl . '!'be pile is square in cross section 

3 

with an effective side a of 16509 e., exbtnds aft .ffective distance h of19B.lcm 

abo •• the sOUr'e. plane and is .,S-.ed to ext.Dd to inti111t7 ~.lov the source plane. 

The orlgia ot ooCS'tiates i. takeft at a top extrapolated cornar of the pile with 

the )- axis pointiAg dOWDfll&rd so that b and • !lUst vanish on the planes :it • 0, a; 

"\ y • 0, aj i =0,40 0 

1 
,,!.. (3) Marshak, Ro Eo, Ravo Modo Physo ~, ), 218 (1941)0 
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We use the Fourier Transform to solve this problem(4~ Equation (1) is 

') 

,j 

multiplied by n . f" . tvI17r~ 
-~" 1 ~ IT ~ (b 

~ t'W 7T7-
OJ" 

and integrated through the volume of the pile, ioe., 

IT S;rf f~.Q1J ~I ~ '(; ~ 
o C "0 " 

Nl'I 7T tf. 
Co,. 
~ f"IY ..". z.. 

"C>-., 

; )( L '7 ~ t (/I.) 1) ')) ;); ) - ~ 
and gives 

+ S (1'/.) ,/)), t1 -:::'0 

&-Jr 
"~ " " 

( 1 ~ + No:~ + M :t') ~ ("~,,....) "", :t) :. S C";\",,-,k) (4) + 

where " 
~ o.J t» 

'6- (~ ) ,,","'I t) "- ~ t ~ f.&1 f. J) ~ ~ (rl'M,;!) ~ ~} ..... ""~'Y .... ~ 
(I 

.) 

. ~ ~ ~ 

5 (-( 1 "". M • .t) = g f. &.</ f. dill &. ~ S (,,) (I i' ;;) ~ ~ I ,....;.. "":", ..... "",....? 

Equation (4) may be solved immediately to give 

r (t I ty\'l1~J i) 
J:. 

'" I, 5 (f. m("', 't) err- f -(~ '.. "::' + ";. ')~ -1'8 dh: (5) 

(4) Sneddon, 10 N., Fourier Transforms, McGraw-Hill (1951). 
~" 
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Performing a similar transformation on equation (2) we find 

<P (~I~J"") .-::. 
l 

"it 
*'0 

, \.5 (~l M\I~)~) 
(~'\,. ..,..7f~'" 

Q,..'!. 

- '\ + !4 +7T..L!:i.... (
IP "- "IT'" "I. .... '\. 

Q,. c... ... 

't '\. 
+ ~ -I-

0,; .... 

Now we take the source term to be I Crt - ~ ) J ct - ~) J C) -..p,.) 

5 

&1: 

(6) 

and suppose that ~he energy spectrum of the source may be represented by a finite 

number of discrete lines of strengths r;.. and ages to thermal energy of j:;" : ;to - 1:;, 

\.A.-::::, 1,;l.J"'r-). Then the integral becomes a sum and 

q, = llll t If. ~ {- (~"+ "Tr'iv: 'I. + rr~,:"') J:.~] ~ t ~ ~ T"";- ~-t 
A*7T ;.':-, , ~ , G. (X'l.i- ~ .... + ~-+ .L \ (7) 

c...... ....... /.. .... 

and by the inversion theorem 

1- 0fI tOI> 

~ ~ t ~ :~ ?:. t ~ ,f ~ ~ A.-I. ~':.I M'=I D 

IW\ 7T • ~ . I'M7TZ . #l7{,1 r:2MN-~",~ ~ 
~ oe. 0.;. "r 

IIf:IIIII> 

"- ) J >:' ..:.... l," ;, 4.0. ~ , 
o 

(8) 

~ {- ( )\ "--t- 7T~'" + 77la,. "'.' ) ~ ,] 'r- ~\. -. '" .... 

t ~ '\. + ~ "'I- i'T ~M "" +..L) 
Go"", c:t '" I.. .... 

1# 

Performing the inverse Fourier transformation in the lcoordinate by using the' 

convolution theorem for the Fourier sine transforms. tion(5) we find. " 

q-= 2...1", _I r.;.; ~ eft [-Vw.'"~")1r--~J.?~V·~~"1f'Y~~",~~1!.Z; 
~lt 0.. fi ;.-=-,""" .... , ~"I" , ~ ) c.-.. - ,-, 0.,,'., 

<:P ' "\,.,' ,: •. ",,:'- ... (9) 

" t-... ~ f [e - r;... -,,) /'1*, _ e.-lrlt.() f.t.k'] [c: -b-'I.' /Jr~ ~ ~.<J"~ /+~J J rr. 
o. . 

(5) Ibid, po 240 
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Carrying out the indicated integra t.ion, writing):; ... '.:. ."7f ,and moving the 

origin of ; so as to c0\ncide with the source plane and so tha tthe boundary 

is at I &I h, we find even:uaJ.4r 

1!:- A:./'tf.. ..... 
~ = 2. -L... ~ ~ J. N e.. ~ f!!J.Jl ~ f'h\ 7ft!- ~ ~ ~ M 7T'l h 

';.~ 0.. ... :./ IMIMI'. J. 0... ~ OJ .Arm. w.. 

-u- ?: 

[ 
~~"" (').- +.h-;... ) 

X c: ~ - J't,... ;(k""'.... + e -';;- M .vf-ct + ~t-."') (10) 

where 

-e. - (~~-)) /J.r,""", (_ '!i.-;;. + Jl.,:. \ _ e.\?b.-))j,lr_~ ('J. ~ ~J + ~ )' 
. . ~ A;. 2 ~M.'" J ~ ~'v . .{),.,....'" ) 

2 
),.Il\o,f\" 

-=. (Am 1,. + M.I "l.. ) 7r "\.. 
a., '1. 

+ .1 
L?. 

\ ~ f<;/) _,AN "I. 

~ lt1) ::: 17je. J..~ 
t"f. 

6 

It was assumed, following Fermi and Anderson(6), that the energy spectrum 

of a RaBe source may be represented by three discrete energies having corresponding 

gaussian ranges in graphite to indium resonance energy (1044 ev) of 281 40, and 60 cm. 

, The ranges, ]V;., to thermal energy :were taken to be 3205, 4303, and 62.2 cm, 

respect.ively(7~ 

In order to obtain a value for the diffusion length L, the experimental data 

on the variation of cP w'ith distance along the axis of the pile were .. co~rected by 

an iterative process to an exponential variation having the form of the first 

harmonic term, e. - ~II 0 A trial value of 1,.,/ (and consequently L) was obtained 

by fitting the experimental points with an exponential. Each point was then 

(6) CPA-6 Classified documento 
. (7) CF~2804 Classified documento 

~ ":..I', ,. ;!"', 
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multiplied by a correction facto~C() ,L) givenby "!" .... ' ",,' 

" -)/k" ~ i, Ai.ht:.~ If ~ A/'lL 'r -,/Jr.,....,., )r,i.. ) 

d;; L) ,. ~.tr., e. {; I~;' e / (~f"' i., 1 .(. t-.. ". L Co .vf-(-t;. + .),.",. 

,}/Jr,.,.1tI- " . Jt...), - (~~-))h:-""p#w 1~~t")." \1"{ 
+ e "f- (t + ),o..,;.~ - e ~(-~ 'it) -e. -,+C ~~ +;t.1j 

A new value of Jrn was obtained from the corrected data and the process was 

repeated until there was no change in ~II 0 The end a orrec tion, terms in the 
. ' 

denominator (those containing the height, h) were significant only in the first 

harmonic termo 

For the case in which a pair of point sources is located at x· a/4.w 1t-; 
y • a/2, the correction ~ctor C(; j L) is identical with that for the single 

source except that the chief harmonics (m, n) =(1, 3), (3, 1)>> (1, 5), (5, 1), stco, 

are suppressedo . A value of L was obtained using the modified C ~, L) from the 

double-source data. 

The strengths of the three groups were obtained experimentallyo Indium 

,) resonance activations on the axis of the pile at various distances from the source 

j\ 
i 

.. 

were obtained from cadmium-covered foil data. Again both sides of the indium foils 

were counted. A correction factor of 1014 was applied for the absorption of the 

reso:oance neutrons by the JO-mil, cadmium covers J and a correction for the self ... 
o 

absorption of the indium foils was made by decreasing the geometrical distances 

to the source by 6 rom. Both of the above corrections were made following CP ... 2804. 

These data were fitted by the least squares method with the sum of three 

gaussians having ranges of 28, 40" and 60 cmo No end corrections were made since 

all experimental points were ~ken well away from the end of the pileo Following 

" ' . ' .. ::.~ ... : .'. 
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a previous experiment ~t Oak Ridge, the lee,st sg,uarea equations Were weighted 

t so as to give at eaoh distance the same apparent saturated act±~ity, namely 
. :---.. .. 
, . .l about 1/2 of that of the point nearest the source (13 em). 

) " 

The Nsults of themathE".:matical analysis a:re as follont The L 

obta.ined in the single-source experiment from the experimente.J,. tie:ta.· 'With no 

correctioll!a was 46.6 em. Assuming a point source of ther.mal n,eutrons and 

applying the bar.monic eorrection(8) appropriate to this source changed this 

to a value of' 54.3 c:ml' a..ud taking both the harmonic correction a.:D.4 the source 

energy spect~ into account as dis©ussed above yielded a final value of L of 

49.8 em •. Simi~lyp in the double-soUl'ce e:Eperiment the correepon.d1ng three 

values ot L obtained were 5~o3.9 5303" and 49.9 Gm, respectivelY. 

A recent measurement of tbediffuaion length of thermal neut+ons in 

graphite using the ovca.dmium shutter" technique(9) has been made at Hanford. 

8 

,. 
In the l:'e:po~ describing these reeul,ts" tb.e authors state that the eJttra nui

aa.n.ce ot th~ cadmium shutter tecbni.que is as much trouble as' the extra. complexity 
'-, 

\) 

~I 

• 

of the fast so~ee equations Q We have found that our measurem.ents as described 

above uSing these equations lead to consistent results ~d t~t the present 

method 1$ entirelY feasible tor the measurement of diffusion length • 

. I We shou.1d like to expres!ii our appreciation to the members of the 

Mathematics Palliel .. Co L. PSl'Tjrp .B'Atb.t"JnG~J) Bancy' G1ven9. and Virg1Iiia Cai-lockJ> 

who were responsible for the ~"j~nlat1ons 0 
. . \" .', ....... ,:,,\, .. 

(8) 11 W 211939 p. 16 (Cle,ssif1ed Document). 
(9) R W 21793 
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