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Measurements 
energy gamma rays 
la rge  f r a c t i o n  of 

ABSTRACT 

of thermal-neutron f l u x  i n  the  presence of high- 
i n  o i l  ind ica te  t h a t  photoneutrons comprise a 

the  t o t a l  thermal-neutron f l u x  a t  large dis tances  
from the neutron source.  
r eac t ion  i n  C13. 
i n  o i l  with and without a bismuth slab t o  reduce the  gamma rays ,  
and consequently the  photoneutrons which they produced, agreed 

wi th  calculated f luxes .  

This is  a t t r i b u t e d  ch ie f ly  t o  the  (7,n) 
Measurements a t  the Lid Tank Shielding F a c i l i t y  
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INTRODUCTION* 

Measurements of thermal-neutron f luxes i n  the presence of high-energy 
gamma rays i n  l iquid media containing hydrogen or carbon and hydrogen indica te  
t h a t  photoneutrons comprise a large f r ac t ion  of t h e  t o t a l  thermal-neutron f lux  
a t  large dis tances  from the  neutron source. The evidence for  t h i s  is  a change 
i n  slope of t he  f lux p lo t ted  as a function of dis tance from the neutron source. 
A t  large dis tances ,  the  slope is cha rac t e r i s t i c  of gamma-ray a t tenuat ion  i n  
the medium ra the r  than of neutron at tenuat ion.  
photoneutron flux produced by the  D(y,n)H reac t ion  has been shown t o  be near ly  
equal t o  the  t o t a l  f l ux  measured i n  the water around the  Bulk Shielding Reactor 
a t  dis tances  of about 2 m or more.' 
F a c i l i t y  (LTSF) the  photoneutron process has been obseived t o  be even more 
important a t  dis tances  c loser  t o  a f i s s i o n  source i n  media containing carbon 
(GE 1 0 - C  insu la t ing  o i l ) . *  It has been assumed t h a t  t h i s  could be a t t r i b u t e d  
ch ie f ly  t o  the  (7,n) react ion i n  C13 induced by the  high-energy capture gamma 
rays from an Inconel p l a t e  adjacent t o  the  source p 1 a t e . j  I n  order t o  v e r i f y  
t h i s  assumption a ca lcu la t ion  has been performed using recent ly  determined 
values of the cross sec t ion  f o r  t h i s  react ion and the r e s u l t s  have been com- 
pared with the r e s u l t s  of the  LTSF experiment. 

For example, t h e  estimated 

More recent ly  a t  the  Lid Tank Shielding 

4 

* 

1. 

2. 

- 3 .  

4.  

An abbreviated version of t h i s  repor t  was previously published i n  ORNL-2081, 
"Appl. Nuclear Phys . Div. Ann. Prog. Rep. f o r  Period Ending Sept. 10, 1956," 
ORNL-2081, p . 168. 

J. M .  IaRue, G .  P. Le tz ,  T .  J. Morley, and J. N. Renaker, "An Estimate of 
the  Photoneutron Flux i n  the  Water Surrounding the Bulk Shielding F a c i l i t y  
Reactor," ORNL-CF-51-8-290 (Aug. 24, 1951) (Confidential, Undocumented); 
see a l s o  G .  desaussure, "Calculation of the  Photoneutron Flux i n  Water 
Near the  Bu lk  Shielding Reactor," ORNL-2545 (May, 1958); a l s o  published 
i n  ORNL-2389, "Appl. Nuclear Phys. Div. Ann. Prog. Rep. f o r  Period Ending 
Sept.  1, 1957," p. 22. 

G.  T .  Chapman, J .  B.  Dee, J.  M. Miller, and W .  3. McCool, "Measurements 
of an Effect ive Neutron Cross Section of Lithium a t  the Lid Tank Shielding 
Fac i l i t y , "  ORNL-(3-54-11-3 (Nov. 2 ,  1954) (Declassified).  

That t h i s  reac t ion  i s  responsible was first suggested by 8. Goldstein 
of NDA. 

B. C .  Cook, and V. L. Telegdi, p r iva te  communication t o  E. Guth, Jan.  1956; 
the  C13(y,n)C12 cross  sec t ion  has been calculated by  0. deSaussure and 
E .  Guth of ORNL, see 0 ~ ~ ~ ~ 2 0 8 1 ,  "Appl. Nuclear Phys. Div. Ann. Prog. Rep. 
f o r  Per iod  Ending Sept . 10, 1956," p .  167. 
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I. ESTIMATION OF THE PHOTONEUTRON FLUX I N  OIL 

Most of the gamma rays which produce neutrons i n  C13 ( the  dominant process 
i n  the experiment) a t  large dis tances  are very energet ic  (over 5 Mev); there-  
fore ,  i n  the LTSF experiment2 the  gamma rays from the  f i s s i o n  process i n  t h e  
source p l a t e  d id  not contr ibute  t o  the  thermal-neutron f lux  i n  the  o i l  and were 
neglected i n  the calculat ion.  
which had an Inconel "window" (1/8 i n .  thick,  28 in .  i n  diameter) in the  sect2on 
adjacent t o  the source p l a t e .  
were considered a s  t h e  source gamma rays f o r  the  ca lcu la t ion  of t h e  photoneutron 
production. 
from the  known thermal-neutron f l u x  a t  the locat ion of t he  Inconel plate,from 
the absorption cross sect ion of the  elements i n  the  Inconel, and from the  
estimations5 of the capture gamma-ray d i s t r ibu t ion  (see Table 1). 

However, the  o i l  was contained in a s t e e l  tank 

This k c o n e l  prodprcced capture g a m  rays %ha% 

A simple spectrum of source energies ( f ive  groups was computed 

Table 1. Capture Gamm-Ray Spectrum Resulting from a Thermal-Neutron 
Flux of 6.8 x lo7 Neutrons/crn2*sec Incident on the  Inconel Windlow 

Composition of 
Incone 1 Source Strength a t  Center of Source* 

7 

h t e -  Per- 0' Captures (photons/cm3 - sec 1 a 
r i a l  cent (barns) cm3-sec 6 MeV 7.6 MeV 8.5 MeV 9.0 Mev 9.72 MeV 

Cr 14 2.9 2 . 3 8 ~ 1 0 ~  4 .28x105 
Fe 6 2.43 7 . 9 6 ~ 1 0 ~  1 . 7 5 ~ 1 0 ~  3 . 9 8 ~ 1 0 ~  

6 1 . 6 4 ~ 1 0  

6 
-~ 

N i  72 4 .5  1. 69x107 5 b07x10 6 2 .28x1O6 7 . 1 2 ~ 1 0  
Total  y's/cm3-sec 5 - 6 7 ~ 1 0 ~  3 . 9 8 ~ 1 0 ~  2 . 2 8 ~ 1 0 ~  7 . 1 2 ~ 1 0 ~  1 . 6 4 ~ 1 0  6 

6 5 Total  yss/cm 2 Osec 1 . 8 0 ~ 1 0  l.20x105 7 . 2 4 ~ 1 0 ~  3 . 1 4 ~ 1 0 ~  5 . 2 1 ~ 1 0  

*In the calculat ions the  average source s t rength,  which was taken as 66% of 
these va lues ,  w a s  used. 

For energies above 7 MeV, the  binding energy of the nucleus was the  energy 
assumed. It was a l s o  assumed t h a t  the  a t tenuat ion  of both the  neutron and 
gamma-ray f luxes i n  the  Inconel was negl igible .  
group was then compuked a t  various dis tances  by multiplying the  source s t rength  
by the a t tenuat ion  f a c t o r  f o r  an i so t ropic  plan& c i r c u l a r  source i n  an i n f i n i t e  
medium and adding a bui l t -up  f lux  obtained from higher groups.  This bu i l t -up  
f lux was computed from published d i f f e r e n t i a l  energy spectra  i n  water 6 by the  

method presented i n  Appendix A .  

The gamma-ray f l u x  f o r  each 

5 .  

6 .  

P. Mittleman, "Gamma Ra  s Resulting from Thermal-Neutron Capture," 

H .  Goldstein and J. E.  Wilkins , "Calculations of t he  Penetration of 
Gamma Rays '' NYO-3075 (June 30 , 1954). 

mA-10-99 (Oct. 6 ,  1953g. 
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The photoneutron thermal f lux  r e su l t i ng  from t h e  gamma-ray f l u x  was 
computed from the  following r e l a t ion :  

where 

'th = 

z= a 

P(z,E) = 

) 2 =  

a =  

photoneutron thermal f lux ,  

macroscopic thermal-neutron absorption cross  sec t ion  
i n  the medium, 
photon f l u x  of energy E a t  z distance from t h e  source 

$ dy, 

/uz 
l i nea r  t o t a l  absorption coef f ic ien t  f o r  gamma rays of 
energy E, 
radius  of the  source (both LTSF source p l a t e  and 
Inconel plate ), 
distance from the Source, 
photoneutron production macroscopic cross sec t ion  
f o r  gamma rays of energy E. 

The j u s t i f i c a t i o n  f o r  t h e  equation used is presented i n  Appendix B .  It i s  
apparent that it i s  cor rec t  if the migration of neutrons can be neglected. 
This is  permissible i n  t h i s  case because neutrons are attenuated very r ap id ly  
compared t o  gamma rays. 

i n  Table 3. 
The cross sect ions used are given i n  Table 2 and the  resul ts  are shown 

Table 2.  Cross Sections Used f o r  O i l  
[Density = 0.876 g/cm 3 ; Composition = (CH2)n] 

Cross Sections (cm-l) 
9.72 Mev 6 MeV 7.6 MeV 8 .5  MeV 9 MeV 

r 2.58 x 2.28 x 2.16 x lom2 2.08 x 2.00 x 
c ;13 2.09 1.88 10-7 2.93 10-7 3.55 10-7 4.81 10-7 

2.56 x 2.14 x 2.02 x 1.90 x 1.85 x 

-3- 



Table 3. Computed Photoneutron Flux Values 
Thermal-Neutron Flux (nv 1 t h  

E(Mev) z = 130 cm z = 140 cm z = 150 cm z = 160 cm 

From Uncollided Photons _- 
6 1.18 10-3 8.1 ' 5 . 4  3.8 
7.6 5.2 3.8 x 2.6 x 1.9 Y 

8 .5  5.18 x 3.71 x 2.60 x LOm3 1.90 x lo-' 
9 2.962 x 2,126 x LO-* 1.49 x loo2 1.098 x 

9.7 7.18 x 5.19 x 3.66 x lom3 2.70 x lom3 

Total  4.368 x 3.135 x 10'" 2.1537 x 1.615 x lo-' 

From Built-up Photons 

6 1.39 10-3 1.07 x LOe3 8.1 6.3 x 

7.6 3.52 x lo-? 2.70 x LO-? 2.03 10-3 1.60 10-3 
8.5 1.98 x 10" 1.54 10-3 1.16 10-3 8.5 

2.4 1.8 1.4 1.1 

Total  8.61 x 6.64 x 5.02 x IO--? 3.87 

9 1.48 10-3 1.15 8.8 x 6.8 x 

9 0-7 

Grand Tota l  5.23 x 3.80 x 2.70 x 2.00 x lo-' 

11. COMPARISON OF EXPERIMENTAL AND ESTIMATED NEUTRON FLUXES 

The thermal-neutron f luxes measured i n  o i l  a t  various dis tances  from the  
LTSF source p l a t e  are shown i n  F ig .  1 and Table 4. 
slab i n  the o i l  reduced the  gamma rays s u f f i c i e n t l y  so as t o  e f f e c t i v e l y  
el iminate  the  photoneutrons without any other  observable e f f e c t .  
t o  v e r i f y  t h a t  the  (7,n) reac t ion  i n  CX3 was indeed responsible f o r  the  in-  
creased thermal-neutron f lux ,  the estimations of t he  expected f lux  due t o  
photoneutrons were added t o  the  measured f lux  values obtained while the  gamma 
rays  were suppressed. The r e s u l t  was equal t o  the  measured t o t a l  f l u x  within 
the  experimental uncertainty.  
are compared i n  F ig .  2 .  

from the source p l a t e  i s  a l s o  presented i n  F ig .  2 .  

The inse r t ion  of a b ismuth  

I n  order 

Plots  of the  estimated and measured t o t a l  f luxes  
The estimated photoneutron f l u x  a t  various d is tances  

-4- 
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Fig. 1 .  Thermal-Neutron Flux in Oil With and Without Bismuth Slab to 

Suppress Photo-Neutron Production. 
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a Table 4. Measured Thermal-Neutron Fluxes i n  O i l  
2 Thermal-Neutron Flux (neutrons/cm -sec ) 

Detectorb. z = 130 c m  z = 140 c m  z = 150 c m  z = 159 e m  

With Bismuth Slab 

SB 4.99 x IO-’ 1.69 x 10-l 6.39 x 2.73 x 
DB 5.19 x 10-1 1.85 x 10-1 7.08 x 

~ 

Without Bismuth Slab 

SB 5.60 x IO-’ 2.15 x 10-1 8.54 x 5.35 x 

DB 6.27 x LO-’ 2.62 x io-’ 1.11 x 10-I 

SB 5.35 x lo-’ 2.11 x 10-1 8.93 x 4.97 x 
DB 5.93 x 10-1 2.57 x 10-1 1.15 x 10-1 

a .  This data w a s  taken from Ref. 2 .  

b .  SB ind ica tes  single-barrel 12-1/2-in. BF Counter; DB ind ica tes  3 barrel 12-1/2-in. BF counter. 3 
double - 

-6 - 
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Appendix A 

METHOD FOR COMPUTING BUILT-UP GAMMA-RAY FLUX I N  OIL 

The bu i l t -up  gamma-ray f lux  a t  various points  i n ’ the  o i l  medium a t  the  
LTSF was calculated by use of a quant i ty  Io which has been tabulated far 
severa l  source energies by Goldstein and Wilkins. 
the d i f f e r e n t i a l  energy spectrum and it represents  the energy f lux  of photons 

6 This quant i ty  is ca l l ed  

of energy E per un i t  energy range which a nondirectional de tec tor  would meas- 

where r is  the  d is tance  between a point  u r e .  It i s  tabulated as 43~” e Io, 2 Por 
source and the de t ec to r .  ZFne source gives 1 photon/sec of energy Eo which 
corresponds t o  a t o t a l  gamma-ray absorption coe f f i c i en t  . 

Ilo 
I n  order t o  remove the  point source geometry e f f e c t ,  the  a t tenuat ion  

funct ion f o r  the c i r c u l a r  plane source of radius  a may be used as follows: 

/ 
2 Por (104m e ) = average value over t he  range E t o  E + L E .  

A rimer f l u x  i s  obtained by diyiding’ the above equation by E.  Thus 

-8 - 



Appendix B 

METHOD FOR COMPUTING PHOTONEUTRON FLUX I N  OIL - 
As was mentioned previously, t h e  source gamma rays were considered t o  

be only those gamma rays  which resu l ted  from thermal-neutron capture i n  the  
Inconel window. 
l i s i o n  with a C13 nucleus a t  any point P (see sketch) ,  and a fast-neutron 

Capture gamma rays which are born i n  the window make a co l -  

I I  

L i d  Tank i7eomef.y 
born a t  t h a t  point  P a r r i v e s  a t  thermal energy a t  point  A and diffuses t o  
point  B where it is  observed as a'thF6nal f lux .  
a r r i v i n g ' a t  thermal energy a t  poin t  A per cubic centimeter per 
second is given by the  following r e l a t i o n  (only one g a m - r a y  energy i s  
considered) : 

The number of neutrons 

00 
P 

f ( z " )  = gamma-ray f l u x  a t  z", 

Z = (7,n) cross sec t ion  f o r  c 13 , 
P 

q ( z '  - z" )  = probab i l i t y  of the  ,neutron from a plane source slowing 
down t o  thermal ,energy a t  d is tance  (z - 2") .  

For an i n f i n i t e  plane i n  an i n f i n i t e  medium, Fermi age theory gives:  

.-(z' - 2")*/47 q(2 '  - 2") = e w 
-9- 



E z t t )  = roe-pzlt  (see footnote +> 

where Po =T;o,. y i s  defined by t h i s  equation and does not vary a t  la rge  

z" .  Subs t i tu t ing  Eqs. B . 2  and B . 3  i n  B . l  gives 

Let t ing  - z '  = c gives 

m 

Now l e t t i n g  

2" + c x =  
si;" 

and 

El(yZ") El b z t t  41 + (a2/ztf2 ,] 
%e more accurate  form, , w i l l  be 

2 
subs t i t u t ed  later.  

-10- 



and substituting these terms i n  Eq. B.5  gives 

* 

where 

(B. 10) 

(B. 11) 

(B.12)  

b u t  

e r f ( - x )  = - e r f ( x )  
2 For -0.03 em-', T 4.30 cm , and z'-160 an, c /c/-158, and r 

e r f ( c o )  = 1 

and 

and 

Then 
(B.14)  

-11- 



According t o  d i f fus ion  theory, the  thermal-neutron f l u x  a t  point B due t o  
neutrons a r r iv ing  a t  thermal a t  a l l  points  A is given by: 

d II 2D 
z '=O ( 2  - 21) 

where 

p = distance away from center l ine  (see sketch) ,  
pdp = RdR, 

A 

1 6 6  z - z '  __ _. -- - __ - B 

-KR (J 
the d i f fus ion  kernel  f o r  a point source a t  e 

4JrDR = distance R,  

2 ' s  

r I 

L 

-E?- 



b u t  f o r  K ?;;,p, 

B u t  the  gamma-ray a t tenuat ion  function from a f i n i t e  plane is  a difference 
of exponential i n t eg ra l s  : 

where 

a = radius of source p l a t e .  

-13- 
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