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I N T  R OCi UC T I ON 

It w a s  proposed t h a t  p r e l i m i n a r y  n e u t r o n  f l u x  and n e u t r o n  and gamma- 

r a y  s p e c t r a  measurements be made a t  t h e  HFIR i n  beam h o l e s  HB-2 ( r a d i a l  

beam tube)  and HB-3 ( t a n g e n t i a l  beam tube)  t o  f u r n i s h  exper imenta l  i n f o r -  

mat ion f o r  ORNL and t o  a i d  i n  t h e  c o n c e p t u a l  d e s i g n  o f  t h e  beam t u b e s  

f o r  t h e  ANL Advanced Research Reac tor .  

t i m e  e f f i c i e n t l y ,  t h e  measurements were made w h i l e  t h e  low-power o p e r a t i o n  

t e s t s  were be ing  made. 

To u t i l i z e  t h e  r e a c t o r  o p e r a t i n g  

The n e u t r o n  f l u x  and t h e  s p e c t r a  measurements were made i n  o r d e r  t o  

de te rmine  t h e  e f f e c t  of t h e  beam t u b e  o r i e n t a t i o n  i n  t h e  r e a c t o r  on t h e  

emerging n e u t r o n  r a d i a t i o n .  F i g u r e  1 shows t h e  o r i e n t a t i o n  of  t h e  beam 

t u b e s  i n  r e s p e c t  t o  t h e  r e a c t o r  c o r e  a t  t h e  h o r i z o n t a l  midplane.  

To o b t a i n  a comparison between HB-2 and HB-3 over  a l a r g e  range  

of n e u t r o n  e n e r g i e s ,  s e v e r a l  t y p e s  of f o i l  d e t e c t o r s  w e r e  used t o  measure 

t h e  thermal ,  resonance ,  and f a s t - n e u t r o n  f l u x e s .  

Measurements of t h e  gamma-ray m e r g y  spectrum and r e l a t i v e  i n t e n s i t y  

were made i n  both beam t u b e s  b e f o r e  t h e  r e a c t o r  had been o p e r a t e d  a t  a 

s i g n i f i c a n t  power leve l  (1-3 W) f o r  any a p p r e c i a b l e  l e n g t h  of t i m e .  It 

was d e s i r o u s  t o  make t h e s e  measurements w i t h  a c o l d  r e a c t o r  r a t h e r  than 

one o p e r a t e d  a t  a high-power l e v e l  i n  o r d e r  t o  measure t h e  f i s s i o n  and 

c a p t u r e  gamma-ray spectrum produced i n  t h e  r e a c t o r  c o r e  i n s t e a d  of t h e  

gamma-ray a c t i v i t y  produced i n  t h e  s t r u c t u r a l  m a t e r i a l  of t h e  r e a c t o r .  

Comparison of t h e  resonance  n e u t r o n s  ( e p i t h e r m a l )  which was made 

from 0.325 e V  t o  5 keV u s i n g  t h e  '*I3 a b s o r p t i o n  technique  w i l l  b e  r e p o r t e d  

l a te r .  

I I 
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QRNL- DWG 63-4004R2 

Fig. 1. Cross Section of Reactor  Core a t  the Hor izon ta l  Midplane 
Showing the Orientation of the Beam Tubes i n  the Heactor  Core. 



5 .' 
Experimental  Arrangement 

The exper iments  were des igned  so  t h a t  t h e  measurements could  be made 

s imul taneous ly  i n  both beam h o l e s  a t  t h e  s a m e  r e a c t o r  power l e v e l .  

r e q u i r e d  c o l l i m a t o r s  and s h u t t e r  openings of d i f f e r e n t  s i z e s  t o  produce 

n e u t r o n  and gamma-ray beam i n t e n s i t i e s  s u i t a b l e  f o r  t h e  t y p e  of d e t e c t o r  

be ing  used.  

T h i s  

The s h u t t e r  and c o l l i m a t o r  arrangement i s  shown i n  F ig .  2 .  The 

c o l l i m a t o r s  were des igned  so  t h a t  they  would f i t  e i t h e r  beam tube ,  which 

allowed a g iven  c o l l i m a t o r - s h u t t e r  opening arrangement t o  be used a s  t h e  

experiment d i c t a t e d .  For t h e  h i g h - i n t e n s i t y  beam, t h e  s h u t t e r  opening 

w a s  3 . 5  i n .  i n  d i a m e t e r ,  and f o r  t h e  l o w - i n t e n s i t y  beam, i t  t a p e r e d  

from 0 . 2 3 4  i n .  i n  d iameter  t o  1 i n .  i n  d i a m e t e r ;  i n  both cases t h e  

l e n g t h  of t h e  beam t u b e  from t h e  s h u t t e r  t o  t h e  d e t e c t o r  p o s i t i o n  w a s  

6 f t ,  and an  a i r  gap of 6 i n .  e x i s t e d  between t h e  s h u t t e r  and t h e  l e a d i n g  

edge of t h e  beam tube.  

The l o w - i n t e n s i t y  beam te rmina ted  i n  a 3 -  by 2-  by 2 - f t - c a v i t y  beam 

c a t c h e r  i n  which t h e  d e t e c t o r s  were p laced .  I n  t h e  h i g h - i n t e n s i t y  beam, 

a c r o s s - s l i d e  w a s  mounted on t h e  end of t h e  beam t u b e  f o r  personnel  

s a f e t y  i n  p l a c i n g  t h e  f o i l  d e t e c t o r s .  Approximately 3 f t  from t h e  

c r o s s - s l i d e  t h e  beam t e rmina ted  i n  9 w a t e r - f i l l e d  tank  6.5 f t  i n  d iameter  

and 6.5 f t  h i g h .  T h i s  tank  a l s o  served  as a s u i t a b l e  p l a c e  t o  make beam- 

s c a t t e r i n g  experiments  on v a r i o u s  m a t e r i a l s .  

F o i l  D e t e c t o r s  

Several t y p e s  of  f o i l s  were used t o  measure t h e  thermal ,  resonance,  

and f a s t - n e u t r o n  f l u x .  G e n e r a l l y ,  t h e  f o i l s  s e l e c t e d  have s imple  decay 

schemes, e m i t  p a r t i c l e s  t h a t  a re  e n e r g e t i c ,  and have a h a l f - l i f e  conducive 
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Fig. 2. Schematic of the Collimator and Shutter Arrangement i n  
HB-2 and IB-3. 
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f o r  s i m p l e  c o u n t i n g  t e c h n i q u e s .  

The thermal  and resonance  n e u t r o n  f o i l  d e t e c t o r s  were m a d e  t h i n  so 

t h a t  t h e  s e l f - s h i e l d i n g  f a c t o r  f o r  thermal  n e u t r o n s  would b e  s m a l l .  The 

t h i n  f o i l s  a l s o  s a t i s f i e d  t h e  i n f i n i t e  d i l u t i o n  approach f o r  measuring 

t h e  " e f f e c t i v e  resonance  i n t e g r a l , "  which i s  used i n  t h e  cadmium- 

d i f f e r e n c e  method f o r  de te rmining  t h e  resonance  n e u t r o n  f l u x .  A l l  t h e  

f o i l s  w i t h  t h e  e x c e p t i o n  o f  t h e  sodium and s u l f u r  were prepared  from 

h i g h l y  p u r e  m e t a l  and w e r e  1 .25 i n .  i n  d i a m e t e r .  The sodium f o i l s  were 

prepared  from sodium c a r b o n a t e  (Na2ZO3) which w a s  p r e s s e d  i n t o  a L u c i t e  

c y l i n d e r  1.25 i n .  i n  o u t s i d e  d i a m e t e r .  The w a l l  t h i c k n e s s  of  t h e  L u c i t e  

c y l i n d e r  w a s  3 m i l s ;  t h e  combined t 5 i c k n e s s  of t h e  L u c i t e  c y l i n d e r  and 

sodium p e l l e t  w a s  40 m i l s .  The s u l f u r  w a s  t r i p l y  d i s t i l l e d  and molded 

i n t o  p e l l e t s  1 . 5  i n .  i n  d iameter  and 0.375 i n .  t h i c k .  

R e a c t i o n  d a t a  f o r  t h e  d e t e c t o r s  a re  g i v e n  i n  T a b l e  1; t h e  thennal -  

n e u t r o n  s e l f - s h i e l d i n g  f a c t o r s  f o r  t h e  f o i l s  a re  g iven  i n  T a b l e  2. 

F o i l  CountiTg Equipment 

A l l  f o i l s  w i t h  t h e  e x c e p t i o n  of  t h e  s u l f u r  were counted on a two- 

c r y s t a l  NaI counter . '  

pared 0 .5-mi l  aluminum cup and burned. The burned r e s i d u e ,  which con- 

t a i n e d  32P, w a s  counted on anNE-102 c r y s t a l  c o u n t e r .  The c o u n t e r s  were 

c a l i b r a t e d  by comparison t o  e i t h e r  ,I known n e u t r o n  f l u x  i n  t h e  S tandard  

P i l e  o r  a s t a n d a r d  h i g h - p r e s s u r e  i o n  chamber. 

The s u l f u r  f o i l s  were p laced  i n  a s p e c i a l l y  p r e -  

NEUTRON FLUX MEASUREMENT 

The t e r m  " thermal  f lux"  i m p l i e s  a Maxwellian d i s t r i b u t i o n  of v e l o c i t y  

and energy cor responding  t o  t h e  m o s t  p robable  v e l o c i t y  of 2200 m/sec a t  

-293.4%. T h i s  assumption f o r  t h e  thermal  f l u x  a p p e a r s  r e a s o n a b l e  f o r  
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Table  1. Reac t ion  Data f o r  Thermal,  Resonance, 
and Threshold D e t e c t o r s  

E f f e c t  i v t  Cross  S e c t i o n  
Reac 11. i o n  Ha 1 f - L i f e Threshold  (MeV)  ( ba rns )  

2 3 9 ~ u ( n ,  f )  

237Np(n, f )  

238U(*, f )  

32s (11, p) 32P 

27Al(n,p)27Mg 

24Mg (n  , p) 2 4 N a  

27Al(11,0;) 24Na 

Thermal and Resonance D e t e c t o r s  

15 h Thermal 

12.82 h Thermal 

5.29 y Thermal 

54.2 m Thermal 

2 . 7  d Th e r m a  1 

Threshold  D e t e c t o r s  

0.003 - 0.005 

0.75 

1.4 

14.3 d 2.9 

9 .8  m 4.6 

1.5 h 6.3 

15 h 8 .1  

0.536 rt O . O I O a  

4 . 3  k 0.2a 

37.0 ? 1.5a  

155.0 f loa  

96.0 I lob 

1.94' 

l . b C  

0.525' 

0.300 

0.039 

0.048 

0.110 

aFrom: I). J .  Hughes and J .  A.  Harvey, Neutron Cross S e c t i o n s ,  BNL-325 
(1958);  a l s o  Supplement 1 (1960).  

b98 ba rns  i.s t h e  v a l u e  sugges ted  i n  BNL-325. 

'Flux measurements u s ing  t h e s e  r e a c t i o n s  were made (by G .  W. Main, ANL) 
w i t h  a f i . s s ion  coun te r .  
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T a b l e  2 .  F o i l  D e s c r i p t i o n  

Th i c k n e  s s Th erma 1 - Neu t r o  n 
D e t e c t o r  (rni.13 ) S e l f - s h i e l d i n g  F a c t o r  

Sodium 12 0.99 

Copper 5 0.99 

Cobal t  1.0 0.96 

Indium 0.4 0.99 

Go Id  0 . 2  0.99 

S u l f u r  37 5 

Magnesium 9 

Aluminum 20 

t h e  measurements s i n c e  t h e  tempera ture  of t h e  n e u t r o n s  a t  t h e  d e t e c t o r  

p o s i t i o n  i s  n o t  known. 

Measurements of t h e  thermal  f l u x  were made by t h e  cadmium-difference 

method w i t h  t h e  thermal  d e t e c t o r s  l i s t e d  i n  Table  1. The method of cad- 

mium d i f f e r e n c e  r e q u i r e s  t h a t  t h e  f o i l  d e t e c t o r  be t h i n  so  t h a t  t h e  

s e l f - s h i e l d i n g  and perturbation of t h e  l / v  n e u t r o n s  a r e  s m a l l .  The f o i l  

d e t e c t o r s  were encased i n  20-mi l - th ick  cadmium c o v e r s .  I n  a beam geom- 

e t r y  t h i s  t h i c k n e s s  of  cadmium i s  j u s t  s u f f i c i e n t  t o  remove t h e  thermal  

n e u t r o n s  and t o  minimize t h e  a t t e n u a t i o n  of t h e  e p i t h e r m a l  n e u t r o n s .  

T h e  d e t e c t o r s  were p l a c e d  i n  t h e  3.5- in . -diam beam by a c r o s s -  

s l i d e  a t t a c h e d  t o  t h e  end of t h e  c o l l i m a t o r .  The d e t e c t o r  h o l d e r  was 

m a d e  from a 0 .0625- in . - th ick  a l u m i n m  p l a t e .  To minimize neut ron  back- 

s c a t t e r i n g ,  a h o l e  having t h e  same diameter  (1.25 i n . )  a5 t h e  f o i l  w a s  
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made i n  t h e  p l a t e  on t h e  beam's s e n t r a l  a x i s ,  i.nto which t h e  f o i l s  were 

p laced  f o r  i r r a d i a t i o n .  The s a t u r a t e d  a c t i v i t y  of each p a i r  of f o i l s  

w a s  normalized f o r  i s o t o p i c  weight  and a r e a c t o r  power l e v e l  of  1 MW. 

T h e  fo l lowing  e q u a t i o n  was used t o  compute t h e  n e u t r o n  f l u x  ( P I  

which i s  i n  u n i t s  of n e u t r o n s  c m m L  sec-': 

where 

M = atomic weight of t a r g e t  i s o t o p e ,  

h = d i s i n t e g r a t i o n  c o n s t a n t  of t h e  product  i s o t o p e ,  

C .-- n e t  c o u n t s  f o r  t i m e  t2 ,  

N = Avogadro's number, 

CI = a c t i v a t i o n  c r o s s  s e c t i o n s  a t  2200 m/sec /1 .128,  

W = weight  of t a r g e t  i s o t o p e ,  

B I- c o u n t e r  e f f i c i e n c y  f o r  product  i s o t o p e ,  

- 

t l  = i r r a d i a t i o n  t i m e ,  

t 2  = count  t i m e ,  

t 3  = decay t i m e  (end of i r r a d i a t i o n  t o  beginning of count  t i m e ) .  

The thermal  f l u x e s ,  f o i l  a c t i v i t i e s ,  and cadmium r a t i o s  f o r  t h e  

f o i l  d e t e c t o r s  a r e  g iven  i n  Table  3 .  The thcnnal -neut ron  d a t a  f o r  t h e  

c o b a l t  f o i l s  have been c o r r e c t e d  f o r  t h e  t h e r m a l - f l u x  d e p r e s s i o n  i n  

both c a s e s .  

RESONANCE-NEUTRON FLUX 

The same f o i l  d e t e c t o r s  were used t o  make t h e  resonance-neutron-  

f l u x  measurements t h a t  were used i n  de te rmining  t h e  thermal  f l u x .  To 

e l i m i n a t e  t he  t h e r m a l - f l u x  a c t i v a t i o n  produced i n  t h e  f o i l ,  20-mi l - th ick  
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cadmium c o v e r s  were used t o  e n c a s e  t h e  € o i l .  With t h i s  t h i c k n e s s  of cad- 

mium placed  i n  a moderated beam of r e a c t o r  n e u t r o n s ,  a r e a s o n a b l e  assump- 

t i o n  f o r  t h e  lower energy c u t o f f  w m l d  b e  about  0 .4  ev. The v a r i a t i o n  of 

t h i s  assumed v a l u e  of energy c u t o f f  has  been determined by c a l c u l a t i o n  

a s  w e l l  as by 

I f  one d e f i n e s  t h e  r a t i o  of  t h e  s a t u r a t e d  a c t i v i t y  of t h e  bare f o i l  

AB t o  t h a t  of t h e  cadmium-covered f o i l  Acd as t h e  cadmium r a t i o  Red, t h e n  

c I1 l = R  - 1  . AB 

ACd 
- -  

T a b l e  3.  Thermal F l u x ,  F o i l  A c t i v i t i e s )  and Cadmium R a t i o s  

of  t h e  Various D e t e c t o r s  Used i n  B e a m  Tubes HB-2 and H B - 3  

F o i l  A c t i v i t y  
n e u t r o n s  c m - 2  s e c  -1) Thermal F l u x  Cadmium 

F o i l  Bare ; o i l  Cadmium-Covered F o i l  ( n e u t r o n s  sec -I) R a t i o  

AU 

c u  

I n  

co 
N a  

Au 

AU 

c u  

I n  

co  

N a  

1.076 x 108 

7.783 l o 7  
1.168 x LO8 

7.913 x l o 7  
7.845 x lo7 

1.020 x 108 

1.037 x lo8 
6.893 x lo7  

7 
9.693 x 10 

7 7.061 x 10 

7.109 107 

B e a m  Tube HB-2 
* 

3.488 x l o 7  7.633 x l o7  
3.423 x lo4 7.779 lo7  
3.915 x lo7 7.765 107 

4.246 x lo6 7.487 x l o7  
2.461 x lo6 7 .6  x lo7 

Av . 7.652 x lo7  

B e a m  Tube HB-3 

3 .323 x l o 7  6.877 x l o 7  
3.424 x lo7 6.946 107 

2.210 104 6.890 x PO7 

3.204 x lo7  6.489 x l o 7  
3.534 x 106 6.987 lo7  
1.710 x lo6  6.938 107 

3.0846 

2273.7 

2.983 

18.63 

31.87 

3.071 

3.029 

3119 

3.025 

19.984 

41.59 

A v  . 6.870 x l o7  
"'Corrected f o r  f l u x  p e r t u r b a t i o n .  
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From tihe cadmium r a t i o  it can be shown t h a t  

( 3  1 Vth ‘th -- thermal. response 
cn .- epicadmium response ’ I 1 = 

where 

= thermal flux a t  2200 m/sec, 

5 f o i l  cross section a t  ZOO m/sec, 

% h 

0 
t h  

CJ = absorption cross sect ion,  
a 

E = neutron energy. 

I n  a neutron slowing-down spectrum which has a 1/E dis t r ibu t ion ,  

q ( E )  can be represented by K/E, where K i s  a constant; then 

A measurement of K involved the  determination of Red, t h e  thermal- 

neutron f lux ,  and the cross section and a knowledge o f  the  resonance 

in tegra l .  The resonance act ivat ion i n t e g r a l  i s  represented by 

cn 
dE resonance i n t e g r a l  = 

However, the resonance i n t e g r a l  i s  tine sum of  two p a r t s ,  the  l / v  

(v = neutron ve loc i ty)  contribution plus t h e  resonance contribution: 



The r a t i o  of t h e  two parts may be de f ined  as 
02 

dE 

- resonance ac t iva t ion  _ -  0.4 e V  a =  9 

L act ivat ion 
V 

For a f o i l  having  a pure  l / v  a c t i v a t i o n  c r o s s  s e c t i o n  when p laced  

i n  a 1 / E  t ype  f l u x ,  i t  can  be shown t h a t  t h e  thermal  c r o s s  s e c t i o n  i s  

approximate ly  tw ice  t h e  a c t i v a t i o n  i n t e g r a l ,  o r  

Exper imenta l ly ,  however, when app ly ing  c o r r e c t i o n s  of neu t ron  t empera tu re  

th ' and t h e  cadmium-cover f a c t o r s ,  t h e  a c t i v a t i o n  i n t e g r a l  i s  about  0.44 3 

When r e a r r a n g i n g  t h e  q u a n t i t i e s  of :; and 0.44 rj i n t o  E q .  ( 4 )  i t  becomes 

5 

%F 

where E * j ( E )  = resonance  f l u x  p e r  I n  e i n t e r v a l .  

The d i f f e r e n t i a l  neu t ron  f l u x  i n  t h e  r e g i o n  of t h e  resonance  would 

be as fo l lows:  

E (E) -2. -1 -1 tp = 'p(E)[neutrons cm sec (energy i n t e r v a l )  ] . E 
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The f o i l  resonance  parameters  and v a l u e s  computed f o r  a l p h a  a r e  

shown i n  Table  4 ,  and t h e  v a l u e s  of E ?PI (E)  and .p (E) €or  t h e  s e l e c t e d  

resonance d e t e c t o r s  a r e  shown i n  Table  5 .  From E q .  (4) i f  a 1 / E  s p e c t r a l  

d i s t r i b u t i o n  e x i s t s ,  E (P(E) w i l l  be  c o n s t a n t .  The v a l u e s  of E y(E) i n  

beam ho le  HB-2 appear ,  w i t h i n  exper imenta l  e r r o r s ,  t o  be c o n s t a n t  from 

an energy of 1.45 e V ( l l 5 I n  measurements) through 132 e V  (- Co measure- 59 

ments ) .  

over  t h i s  energy r e g i o n .  

It would then be j u s t i f i a b l e  t u  assume a 1 / E  s p e c t r a l  r e s p o n s e  

The 23Na d e t e c t o r  v a l u e  o€  E v ( E )  i n d i c a t e s  

t h a t  a 1 / E  s p e c t r a l  d i s t r i b u t i o n  does n o t  e x i s t  i n  t h i s  r e g i o n .  

Wi-thin t h e  exper imenta l  e r r o r s  of t h e  measurements made i n  beam 

h o l e  HE-3, a 1 / E  s p e c t r a l  d i s t r i b u t i o n  e x i s t s  throughout  t h e  energy 

r a n g e  from 1.45 through 2850 e V .  

FAST -NE U T  KON FLUX 

The spectrum i n  t h e  neut ron  energy r e g i o n  from about  3 keV through 

approximate ly  1 M e V  was measured by E .  R .  Bennet t ,  ANL, wi.th a pro ton-  

r e c o i l  p r o p o r t i o n a l  c o u n t e r .  H i s  measurements w i l l  be  r e p o r t e d 6  w i t h  

a l l  t h e  n u c l e a r  d a t a  taken  in t h e  beam tubes .  

Table  4 .  Resonance Parameters  

Resonance Resonance 

E 1 emen t (ev) ( b a r n s )  Alpha 

b Energya A c t i v a t i o n  I n t e g r a l  

23Na 2850 0.24 0.900 

5% 132 

1151, 1 .46  

lg7Au 4.9 

49.3 

2640 

1588 

2.716 

34.06 

32.40 

a From D. J .  Hughes and J. A. Harvey, Neutron Cross  S e c t i o n s ,  BNL-325 
(1958) ; a l s o  Suppl-ernent 1 (1960).  

From r e f .  5 .  



T a b l e  5. Values of E q ( E )  and q ( E )  Determined i n  Beam Tubes HB-2 and H B - 3  

~ O E )  ( n e u t r o n s  cm-' 
Element Cadmium R a t i o  - E q ( E )  s e c - 1  m - 1 )  

H13- 2 

115 I n  

5 9 ~ 0  

23Na 

19 
2.984 2.534 x lo6 
3 e 085 2.485 x lo6  
17.93 2.583 x lo6 
31.87 2.949 x lo6 

HB-3 

3 .025 2.07% x lo6 
3.071 2.258 x lo6 
19.98 2.256 x lo6 
41.59 2.049 x lo6  

1.735 x lo6 

5.07 lo5  
1.92 lo4 
1.04 103 

1.42 x lo6 
4.61 lo5 
1.67 lo4 
7.19 x l o 2  

The t h e o r y  of de te rmining  f a s t - n e u t r o n  f l u x  w i t h  t h r e s h o l d  d e t e c t o r s  

2 7 
T r i c e ,  i s  d i s c u s s e d  by Hughes, 

Grundle .  Each one used v a r i o u s  n e t h o d s  of i n t e r p r e t i n g  t h e  s p e c t r a l  

Hurs t ,8  Uthe,' Grundle and UsnerY1' and 

11 

d i s t r i b u t i o n  d e r i v e d  from a g i v e n  number of d e t e c t o r  r e s p o n s e  i n t e g r a l s .  

The most s imple  and e a s i e s t  method t o  apply  i s  d i s c u s s e d  by Hughes2 and 

a p p l i e d  by Hurst8 and T r i c e . 7  I n  t h i s  method t h e  c r o s s  s e c t i o n  of t h e  

d e t e c t o r  i s  assumed t o  b e  a s t e p  f u n c t i o n  c h a r a c t e r i z e d  by i t s  e f f e c t i v e  

c r o s s  s e c t i o n  Q and cor responding  t h r e s h o l d  energy E v a l u e s  as 

determined f o r  a f i s s i o n  spectrum. 

e f f  e f f  

The s a t u r a t e d  a c t i v i t y  A induced i n  t h e  d e t e c t o r  i s  
W 

A = N f a(E) fp(E) dE , 
u 

e 
where N = t o t a l  number of t a r g e t  n u c l e i  i n  t h e  d e t e c t o r ,  o ( E )  = t h e  d i f -  

f e r e n t i a l  c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  i n  C o n s i d e r a t i o n ,  c3(E) = t h e  

f a s t  f l u x  d e n s i t y  per u n i t  o f  energy i n t e r v a l ,  and E = n e u t r o n  energy.  

I f  rD(E) i s  a known f u n c t i o n  of energy,  such as t h a t  of t h e  f i s s i o n  
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spectrum, t h e n  t h e  e q u a t i o n  becomes 

0) 

I f  t h e  a c t u a l  n e u t r o n  
e f f ’  

where @(Eeff)  i s  t h e  i n t e g r a l  f l u x  above E 

spectrum d i f f e r s  a p p r e c i a b l y  from t h e  f i s s i o n  spectrum, t h e  u s e  o f  t h e  

method w i l l  produce e r r o r s  i.n t h e  r e s u l t .  

The f a s t - n e u t r o n  f l u x  d a t a  measured i n  beam h o l e s  HB-2 and HB-3 are 

shown i n  T a b l e  6 .  The d a t a  have been normalized t o  a r e a c t o r  power l e v e l  

of 1 MW. Obviously,  f o r  a good i n s i g h t  of t h e  spectrum s e v e r a l  d e t e c t o r s  

w i t h  a p p r o p r i a t e l y  chosen t h r e s h o l d s  a r e  needed. A comparison of t h e  i n t e -  

g r a l  f l u x  measurements of HB-2 and HB-3 shows a v a r i a t i o n  as  l a r g e  as a 

f a c t o r  of  10.2 f o r  the 6.3-MeV t h r e s h o l d  d e t e c t o r .  However, t h i s  i n c r e a s e  

i n  n e u t r o n  f l u x  i s  t o  be expected s i n c e  HB-2 “views” t h e  r e a c t o r  c o r e .  

DISCUSSION OF RESULTS 

The accuracy  of a given  n e u t r o n  f l u x  i s  dependent p r i m a r i l y  on t h e  

a c c u r a c i e s  of  t h e  count ing  e f f i c i e n c y  of t h e  r e l a t e d  f o i l ,  t h e  a c t i v a -  

t i o n  c r o s s  s e c t i o n  of t h e  t a r g e t  i s o t o p e ,  and t h e  r e a c t o r  power leve l  a t  

t h e  t i m e  of i r r a d i a t i o n .  

The o v e r a l l  accuracy  € o r  de te rmining  t h e  a c t i v i t y  of t h e  f o i l s  i s  

about  26%. T h i s  e r r o r  i n c l u d e s  t h e  -2% count ing  s t a t i s t i c s ,  t h e  i r r a d -  

i a t i o n  exposure t i m e ,  and a + 2  t o  5% c o u n t e r  e f f i c i e n c y  e r r o r  f o r  a 

g iven  i s o t o p e .  The c o u n t e r  e f f i c i e n c y  f o r  a g i v e n  i s o t o p e  was d e t e r -  

mined by i r r a d i a t i n g  t h e  f o i l  i n  t h e  s t a n d a r d  p i l e  i n  a known thermal  

n e u t r o n  f l u x ,  which w a s  c o r r e c t e d  f o r  f l u x  p e r t u r b a t i o n  due t o  t h e  

presence  of t h e  f o i l .  The accuracy of t h e  a c t i v a t i o n  cross s e c t i o n  f o r  

a g i v e n  f o i l  v a r i e s  from a few p e r c e n t  t o  + lo% as shown i n  Table  1. 



The r e a c t o r  w a s  ope ra t ed  a t  a power l e v e l  of between 16 and 18 MW. 

It w a s  e s t ima ted  by t h e  Reac tor  Opera t ions  D i v i s i o n  t h a t  t h e  power a t  

t h i s  l e v e l  cou ld  be determined t o  w i t h i n  -tl MW. Th i s  e r r o r  i n  t h e  

r e a c t o r  power would cause  a n  e r r o r  i n  t h e  measurements of about  ?6%. 

The t o t a l  accumulated e r r o r s  of  t h e  measurements would then  be approxi -  

ma te ly  213 t o  14%. 

Neutron f l u x  measurements a t  v z r i o u s  neu t ron  e n e r g i e s  a r e  compared 

i n  Table  7. The r e s u l t s  are r e p o r t e d  as t h e  type  of f l u x  a g iven  de tec -  

t o r  measures;  t h a t  is, f o r  thermal  neu t rons  i t  i s  a Maxwellian d i s t r i b u -  

t i o n ,  f o r  ep i the rma l  neu t rons  i t  i s  t h e  f l u x  per  u n i t  energy i n t e r v a l ,  

and f o r  f a s t  neu t rons  i t  i s  t h e  i n t e g r a l  f a s t  f l u x  above a g iven  energy 

t h r e s h o l d .  

GAMMA-RAY SPECTRUM MEASUREMENTS 

It w a s  d e s i r o u s  t o  make t h e  gamma-ray spectrum measurements a t  low 

power l e v e l s  w i th  a c o l d  r e a c t o r  so  t h a t  t h e  spectrum observed would 

more c l o s e l y  r e p r e s e n t  t h e  gamma r z y s  emi t t ed  by t h e  r e a c t o r  c o r e  and 

n o t  t h e  g a m a  r a y s  produced by t h e  a c t i v a t e d  m a t e r i a l s  i n  t h e  proximi ty  

of t h e  r e a c t o r  c o r e .  The low r e a c t o r  power l e v e l  a l lowed t h e  u s e  of a 

3- by 3 - in .  N a I  s c i n t i l l a t i o n  d e t e c t o r  t o  view t h e  d i r e c t  beam be ing  

emi t t ed  i n  each beam tube .  So as r o t  t o  a c t i v a t e  t h e  NaI by neu t rons  

from t h e  beam, a 6Li s h i e l d  w a s  p l zced  around t h e  d e t e c t o r  when t h e  

spectrum measurements were be ing  m;de. A f t e r  t h e  low-power measurement 

w a s  completed,  s e v e r a l  measurements were r epea ted  wi th  t h e  6 L i  s h i e l d  

removed t o  de t e rmine  whether t h e r e  w a s  an  a p p r e c i a b l e  d i f f e r e n c e  between 

t h e  two s p e c t r a .  



Table 6. Fast-Neutron Flux  Measurement i n  
B e a m  Holes HB-2 and HH-3. 

i i 
- 2  -1 -1 ) (neutrons cm sec MW ) 

Threshold rp%f 5 
React i o n  Energy (MeV) - HB- 3 

32s (n , p) 32P 2.9 3.72 x lo6  7.93 105 

27A1 (n a 24Na 8.1 2.04 lo5  2.62 lo4 

2 4 ~ g  (n ,  p) 2 4 ~ a  6 .3  1 .25  x 106 1 . 2 3  x lo5 

Table  7. Comparison of Neutron Flux  Measurements 
a t  Various Neutron Energ ies .  

-1 -1 
Neutron Flux  ( n e u t r o n s  ~ r n - ~ s e c  Mw ) 

Energy ( ev) HB- 2 HB- 3 R a t i o  

Thermal 7.64 107 6.87 107  1.11 

Epithermal 

6 1.46 1.735 x l o 6  1.42 x 10 1.22 

4 . 9  5.07 lo5  4 . 6 1  x I O 5  1.10 

1.67 lo4 

2850 1.04 103 7.19 x 102 

4 
13 2 1.92 x 10 

Fas  t -Neutron 

2.9 x lo6  3.73 x lo6 7 .93  l o 5  

6 .3  x LO6 1.25 x lo6  1 . 2 3  x 10' 

1.15 

1.44 

4.70 

10.22 

2 , 6 1  x 10'' 7.66 
5 

2.00 x 10 
6 

8 . 1  x 10 
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The exper imenta l  f a c i l i t y  as shown i n  F ig .  2 d e p i c t s  two s e p a r a t e  

c o l l i m a t i o n  systems t h a t  can  be in t e rchanged  between t h e  beam p o r t s .  

The f i g u r e  i l l u s t r a t e s  a t ape red  co7-limator mounted i n  beam h o l e  HB-3, 

which produces a lmost  a p o i n t  sou rce  a t  t h e  r e a c t o r  c o r e  p o s i t i o n  and 

e n l a r g e s  t o - 3  i n .  a t  t h e  d e t e c t o r  p o s i t i o n .  The o t h e r  c o l l i m a t o r  con- 

f i g u r a t i o n ,  shown i n  HB-2, produces a s t r a i g h t t h r o u g h  beam-3.25 i n .  i n  

d i ame te r .  

making t h e  s p e c t r a l  measurements. 

Both c o l l i m a t o r  c o n f i g u r a t i o n s  were used a t  each beam h o l e  i n  

A 3- by 3 - in .  NaI s c i n t i l l a t i o n  d e t e c t o r  was chosen t o  measure t h e  

spectrum because of i t s  s e n s i t i v i t y  and because i t s  c h a r a c t e r i s t i c s ,  

such as gamma-ray e f f i c i e n c y  as a f u n c t i o n  of energy ,  have been t h o r -  

oughly measured. 1 2  

The d e t e c t o r  system was c a l i b r a t e d  b e f o r e  and a f t e r  making s p e c t r a l  

measurements u s i n g  t h e  fo l lowing  g a m a - r a y  sources :  

2 4 N a ,  and Po-Be. 

agreement of t h e  s e p a r a t e  c a l i b r a t i o n  runs .  The energy c a l i b r a t i o n  

c u r v e s  used wi th  t h e s e  spectral  measurements a r e  shown i n  F i g ,  3 .  A 

conven t iona l  p r e a m p l i f i e r  and a m p l i f i e r  were used w i t h  a 400-channel 

a n a l y z e r  t o  make t h e  measurements.  A p u l s e r  w a s  used t o  de te rmine  t h e  

l i n e a r i t y  of t h e  system over  t h e  f u l l  400-channel range .  The d e t e c t o r  

w a s  s h i e l d e d  w i t h  a s u f f i c i e n t  t h i c k n e s s  of c o n c r e t e  b locks  and l e a d  so  

t h a t  t h e  room background made a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  s p e c t r a  

measurements. 

198Au, 137Cs,  6oCo, 

A measure of t h e  s t a b i l i t y  of t h e  s y s t e m  i s  t h e  good 

Measurements were made a t  power l e v e l s  of 3 ,  30, and 90 W. It w a s  

d i f f i c u l t  t o  de te rmine  a c c u r a t e l y  t h e  low 3-W power leve1,and a beam 

moni tor  w a s  used t o  normal ize  a l l  t h r e e  power l e v e l s ,  However, i t  w a s  
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found t h a t  a l l  t h r e e  power l e v e l s  gave s i m i l a r  spec t ra ;  t h e r e f o r e  o n l y  

t h e  3-  and 90-W s p e c t r a  a r e  shown f o r  each beam t u b e ,  

The r e s u l t s  of t h e  r a d i a l  beam h o l e  spectrum measurements a t  both 

3 and 90 W a r e  shown i n  F i g s .  4 and 5. The J i v e  t i m e s  of each r u n  a r e  

g i v e n  w i t h  F i g s .  4-6 so t h a t  an  a b s o l u t e  comparison of t h e  d i f f e r e n t  

s p e c t r a  may be made i f  so d e s i r e d .  S i n c e  the r a d i a l  beam h o l e  looks  

d i r e c t l y  a t  t h e  r e a c t o r  c o r e  and a l s o  views a l a r g e  amount of aluminum, 

one would expec t  t o  see t h e  aluminum c a p t u r e  gamma r a y s  and a l s o  f i s s i o n  

gamma r a y s .  T h i s  i s  v e r i f i e d  by t h e  i d e n t i f i c a t i o n  of t h e  aluminum l i n e  

a t  7.24 M e V  and a l s o  t h e  h i g h  continuum i n  t h e  spectrum a t  e n e r g i e s  up 

t o  6-7 M e V .  

w i t h  t h a t  of the t a n g e n t i a l  beam port:. Although t h e r e  i s  a r e l a t i v e l y  

small amount of b e r y l l i u m  i n  t h e  beam, i t  i s  f e l t  t h a t  t h e s e  l i n e s  are 

n o t  seen  as they  a re  masked o u t  b o t h  by t h e  f i s s i o n  continuum and t h e  

i n t e n s i t y  of t h e  aluminum l i n e s .  

T h i s  continuum i s  p a r t i c u l a r l y  n o t i c e a b l e  when coinpared 

The spectrum from t h e  t a n g e n t i a l  beham h o l e  measurements i s  shown 

i n  F i g s .  6 and 7 .  The l o c a t i o n  of t l te  beam t u b e  (see F i g .  2) i s  such 

t h a t  t h e  beam t u b e  does n o t  view t h e  r e a c t o r  c o r e  but  looks  d i r e c t l y  a t  

t h e  b e r y l l i u m  r e f l e c t o r ,  as w e l l  as a t  a c o n s i d e r a b l e  amount of a lumi-  

num. A s  a r e s u l t ,  t h e  l i n e s  i n  t h e  s p e c t r a  from aluminum (7.72 MeV) and 

b e r y l l i u m  ( 6 . 8 4  and 3 .37  M e V )  are  q u i t e  r e a d i l y  r e s o l v e d .  Also ,  because 

of t h e  l a c k  of gamma rays  from f i s s i o n  n e u t r o n s ,  t h e  continuum below 

6-7  M e V  a s  p r e v i o u s l y  mentioned i s  much less i n  t h e  r a d i a l  beam, T h i s  

makes i t  e a s i e r  t o  see lower energy g,amma r a y s ,  such as t h e  b e r y l l i u m  

(3.37 M e V )  and sodium ( 1 . 3 7  and 2.76 MeV) background l i n e s ,  e q u a l l y  well 

at; b o t h  power levels .  I n  b o t h  t h e  t e n g e n t i a l  atid r a d i a l  beam s p e c t r a  
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Fig. 6. Gamma-Ray ,Spectrum in IB-3 at 3 W. 
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t h e  hydrogen (2.23 MeV) l i n e  was produced from t h e  water i n  t h e  r e a c t o r .  

, Other  l i n e s  i n  middle-energy r e g i o n s  of t h e  s p e c t r a  might have been 

r e s o l v e d  w i t h  b e t t e r  s t a t i s t i c s  by u s i n g  a Ge-Li d e t e c t o r .  

Some of  t h e  peaks i n  F i g s .  4-7 have been i d e n t i f i e d  as s p e c t r a  l i n e s  

which r e s u l t e d  from t h e  background as shown i n  F i g ,  8.  The sodium l i n e s  

probably r e p r e s e n t  t h e  a c t i v a t i o n  of t h e  NaI c r y s t a l  by e p i t h e r m a l  

n e u t r o n s  i n  t h e  beam t h a t  were t r a n s m i t t e d  through t h e  'Li f i l t e r ,  w i t h  

some of t h e  a c t i v a t i o n  probably r e s u l t i n g  from t h e  low-power r u n s  when 

t h e  6 L i  f i l t e r  w a s  n o t  used. 

G.4MMA-RAY DOSE MEASUREMENTS 

Gamma-ray dose measurements were made i n  HE-2 and HB-3 beam tubes 

u s i n g  t h e  3.5-in.-diam s h u t t e r  opening and beam t u b e  arrangement as 

p r e v i o u s l y  d e s c r i b e d .  The c a l i b r a t e d  i o n i z a t i o n  chambers (Vic toreen  

Model 570) were exposed i n  t h e  beam f o r  a g iven  p e r i o d  of time, and t h e  

i o n i z a t i o n  w a s  recorded .  The e s t i m a t e d  dose  a t  1 MW f o r  HB-2 w a s  

2 . 1  x 10 r / h r  and f o r  HB-3 w a s  217 r f h r .  The r a t i o  between HB-2 and 

NB-3  i s  approximately 9 : l .  

3 
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