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1. I n t r o d u c t i o n  

I n  t h e  phys ics  of thermal  r e a c t o r s  a l a r g e  amount of in fo rmat ion  has  

been o b t a i n e d  from t h e  measurement of s p a c e  and t i m e  e igenva lues  of c l e a n  l a t -  

t i c e s .  For f a s t  sys tems w i t h t h e i r v e r y  broad and system dependent energy spec- 

trum t h e  S i t u a t i o n  is  much less favourab le .  N e v e r t h e l e s s ,  some e x p o n e n t i a l  ex- 

per iments  have been per f  ormed. [I] But whereas i n  a n  e x p o n e n t i a l  experiment a  

l a r g e  amount of expens ive  m a t e r i a l  is wasted i n  t h e  r e g i o n  where t h e  spectrum 

reaches  its asympto t ic  shape  t h i s  is n o t  t h e  c a s e  i n  a pu l sed  neutron measure- 

ment. T h e r e f o r e ,  t h e  a p p l i c a t i o n  of t h e  pu l sed  s o u r c e  t echn ique  t o  f a s t  sys tems 

seems t o  be  a t t r a c t i v e .  However, s i n c e  t h e  asympto t ic  spectrum is o n l y  e s t a b -  

l i s h e d  v i a  t h e  m u l t i p l i c a t i o n  p r o c e s s ,  a  f a i r l y  h igh  m u l t i p l i c a t i o n  i s  r e q u i r e d  

t o  g e t  good t i m e  e igenva lues .  I f  t h e  amount of f u e l  a v a i l a b l e  is l i m i t e d , t h i s  

can b e s t  be achieved w i t h  as l i t t l e  s t r u c t u r a l  m a t e r i a l  a s  p o s s i b l e .  For  

e a s i e r  i n t e r p r e t a t i o n  of t h e  measurements an  u n r e f l e c t e d  homogeneous sys tem 

shou ld  be  used. T h i s  l e a d s  t o  a  s m a l l  compact d e s i g n  w i t h  a r e l a t i v e l y  hard 

neu t ron  spectrum. 

+ The work w a s  performed w i t h i n  t h e  f rame of t h e  F a s t  Breeder  Project-Associ-  
a t i o n  Karlsruhe-Euratom 



Such an assembly has  moreover t h e  advantage of being very  w e l l  

s u i t e d  f o r  spectrum measurements by t h e  t ime-of - f l igh t  t echn ique  s i n c e  t h e  s h o r t  

decay t ime a l lows very  s h o r t  f l i g h t  pa ths  t o  be used. T h i s  more t h a n  compen- 

s a t e s  t h e  d i sadvan tage  of having on ly  a smal l  f r a c t i o n  of neu t rons  i n  t h e  energy 

range where t ime-of - f l igh t  methods a r e  a p p l i c a b l e .  Of Course,  t h e  spectrum of 

such a n  assembly is q u i t e  d i f f e r e n t  from t h a t  which is expected f o r  a l a r g e  d i -  

l u t e  f a s t  b reeder .  Never the less ,  c a l c u l a t i o n a l  methods and Cross s e c t i o n  Sets 

can  be checked i n  t h a t  energy range where t h e  Doppler e f f e c t  is important  and 

where no o t h e r  techniques  of spectrum measurements e x i s t .  

There fore ,  i n  Kar l s ruhe  i n  t h e  framework of t h e  f a s t  b reeder  p r o j e c t ,  

i n  a d d i t i o n  t o  t h e  l a r g e  c r i t i c a l  f a c i l i t y  SNEAK and t h e  coupled f a s t - t h e r m a l  

r e a c t o r  STARK, t h e  smal l  f l e x i b l e  f a s t  s u b c r i t i c a l  assembly SUAK has  been con- 

s t r u c t e d  t h e  f u e l  of which w i l l  l a t e r  be used i n  t h e  SNEAK assembly. 

2. D e s c r i p t i o n  of t h e  f a c i l i t y  

1" 
The s u b c r i t i c a l  assembly c o n s i s t s  of t h i n  p l a t e s  (2" X 2" X - ) of 20% 

8 
enr iched  uranium which a r e  h e l d  i n  aluminium Square t u b e s  of 1 mm w a l l  t h i c k -  

ness .  The tubes  a r e  c l o s e l y  packed t o g e t h e r  t o  form p a r a l l e l e p i p e d s  of 27.0 Cm, 

32.3 Cm,  o r  37.7 cm s i d e  l e n g t h  r e s p e c t i v e l y .  The h e i g h t  of t h e  assembly is 

v a r i a b l e  up t o  35.1 cm by changing t h e  f i l l i n g  h e i g h t  of t h e  p l a t e l e t s .  The 

tubes  a r e  c losed  a t  t h e  t o p  and a t  t h e  bottom w i t h  3 cm aluminium plugs  and set 

w i t h  p i n s  on a n  aluminium base  p l a t e  of 3.0 cm t h i c k n e s s .  To reduce backscat-  

t e r i n g  of neutrons  t h i s  assembly is l o c a t e d  5 m above t h e  ground i n  t h e  c e n t r e  

of a thin-walled b u i l d i n g  of dimensions 10 m X 15 m X 10 m .  3.5 m above t h e  

ground t h e r e  is a g r i d  on which t h e  a c c e l e r a t o r  and a u x i l i a r y  equipment is moun- 

t e d .  Fig .1  shows an  a r t i s t ' s  view of t h e  assembly. 

For r a d i a t i o n  p r o t e c t i o n  t h e  b u i l d i n g  is surrounded a t  25 m d i s t a n c e  

by a w a l l  of 5.5 m h e i g h t  i n  which t h e  c o n t r o l  room is embedded. An evacuated 

f l i g h t  t u b e  of 50 cm d iamete r  and v a r i a b l e  l e n g t h  up t o  22 m l e a d s  r a d i a l l y  from 

t h e  assembly t o  t h e  wa l l .  I t  is mounted on a b r i d g e  on which t h e  h e a v i l y  

s h i e l d e d  d e t e c t o r  can be moved on wheels t o  s e a l  t h e  end of t h e  f l i g h t  tube.  

An e x t e n s i o n  of t h e  f l i g h t  t u b e  t o  50 m is under c o n s t r u c t i o n .  

The a c c e l e r a t o r  is a 200 kev Cockroft-Walton type  g e n e r a t o r  c o n s t r u c t e d  

by W.Eyrich [ 2 ] t h a t  produces neutrons  by t h e  ~ ( d , n ) ~ e (  r e a c t i o n .  With a com- 

bined beam e x t r a c t i o n  and beam d e f l e c t i o n  p u l s i n g  d e v i c e  neutron b u r s t s  of 

0.1 usec  width and t r i a n g u l a r  shape a r e  produced a t  a r e p e t i t i o n  r a t e  of up t o  
'4 4.10 c y c l e s  p e r  second. 
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When b u i l d i n g  up t h e  assembly t h e  approach t o  c r i t i c a l i t y  was con- 

t r o l l e d  by a  m u l t i p l i c a t i o n  measurement. For  t h a t  purpose  a Po-Be-source w a s  

i n s e r t e d  a t  t h e  bottom of t h e  c e n t r a l  f u e l  e lement  and t h e  neu t ron  f l u x  as a  

f u n c t i o n  of t h e  number of f u e l  e lements  w a s  measured w i t h  3 l o n g  c o u n t e r s  

p laced  on d i f f e r e n t  s i d e s  of t h e  assembly a t  a d i s t a n c e  of abou t  1 m. Two of 

t h e  c e n t r a l  e lements  a c t e d  a s  s a f e t y  rods .  They were n o t  plugged a t  t h e  base  

p l a t e  b u t  movable by c o n t r o l  rod d r i v e s  f rom below. A t  a p r e s e t  f l u x  l e v e l  

t h e y  would d r o p  o u t  of t h e  assembly , thus  reduc ing  t h e  m u l t i p l i c a t i o n .  

S i n c e  i t  was n o t  al lowed t o  go t o  a  h i g h e r  m u l t i p l i c a t i o n  t h a n  c o r r e s -  

ponds t o  k  = 0.90 a  f a i r l y  a c c u r a t e  d e t e r m i n a t i o n  of k d u r i n g  t h e  b u i l d  
e f f  e f  f 

up of t h e  assembly was necessa ry .  T h e r e f o r e ,  t h e  expected coun t ing  r a t e  a s  a  

f u n c t i o n  of t h e  number of f u e l  e lements  N was c a l c u l a t e d  u s i n g  s e v e r a l  hundred 

s p a t i a l  harmonic modes. I n  view of t h e  s m a l l  number of e lements  and t h e  odd 

shape  of t h e  c o n f i g u r a t i o n s  d u r i n g  b u i l d  up  of t h e  assembly,  from each coun t ing  

r a t e  a  v a l u e  was s u b t r a c t e d  t h a t  was ob ta ined  f rom t h e  Same c o n f i g u r a t i o n  b u t  

w i t h  t h e  e lements  f i l l e d  w i t h  l e a d .  T h i s  g r e a t l y  reduced shadowing and s c a t -  

t e r i n g  e f f e c t s  from S i n g l e  e lements .  When p l o t t i n g  t h i s  c o r r e c t e d  i n v e r s e  mul- 

t i p l i c a t i o n  '/M vs. fi a n  approximately  s t r a i g h t  l i n e  was f  ound f  o r  M > 5 

which could  be  e x t r a p o l a t e d  t o  g i v e  t h e  c r i t i c a l  mass. A d j u s t i n g  t h e  c a l c u l a -  

t i o n  t o  t h i s  v a l u e  t h e  k  of t h e  assembly was found. I n  p r a c t i c e  t h e  agree- 
e f f  

ment between t h e  exper imental  and t h e o r e t i c a l  c r i t i c a l  number of f u e l  e lements  

was s o  good t h a t  o n l y  a n  adjus tment  of 0.5% i n  k  was r e q u i r e d .  
e f f  

3. The t h e o r y  under ly ing  t h e  pulsed neu t ron  measurements 

I n  view of t h e  s m a l l  s i z e  and t h e  s i m p l e  shape  of t h e  SUAK assembl ies  

t h e  decay of t h e  neu t ron  f i e l d  a f t e r  i n j e c t i o n  of a  neutron b u r s t  was t r e a t e d  

i n  a  s p a c e  independent mul t ig roup  d i f f u s i o n  approximat ion.  Leakage was t a k e n  

i n t o  account  by i n t r o d u c t i o n  of a  buck l ing  t h a t  was c a l c u l a t e d  from t h e  geo- 
- 

m e t r i c a l  dimensions wi th  a n  e x t r a p o l a t i o n  l e n g t h  of d  = 0.71 htr  where [3] 

W ai and ai a r e  t h e  s t a t i c  f l u x  and importance s p e c t r a  and G is  t h e  number of 

groups . 



The t o p  and bottom plug and t h e  b a s e  p l a t e  were taken  i n t o  account  

by c a l c u l a t i n g  t h e  s a v i n g s  wi th  a one dimensional  mul t igroup d i f f u s i o n  code. [4] 

T h i s  approximation was checked by measuring t h e  r e a c t i v i t y  e f f e c t  of a n  addi-  

t i o n a l  aluminium p l a t e  of 3 cm t h i c k n e s s  placed a t  one s i d e  of t h e  assembly. 

The measured and c a l c u l a t e d  v a l u e s  agreed w e l l  w i t h i n  t h e  l i m i t s  of e r r o r .  

The e r r o r  in t roduced  from t h e  d i f f u s i o n  approximat ion was checked by comparing 

a s t a t i c  S c a l c u l a t i o n  wi th  a d i f f u s i o n  c a l c u l a t i o n .  The S c a l c u l a t i o n  gave 4 4 
a k which was about  2% h igher .  ef  f  

The mul t igroup c o n s t a n t s  used were based on t h e  Kar l s ruhe  v e r s i o n  of 

t h e  16-group c r o s s  s e c t i o n  s e t  of Y i f t a h ,  Okrent ,  and Moldauer [ 5 ]  (YOM) and on 

t h e  26-group d a t a  of Abagjan, Bazazjanc,  Bondarenko, and Nikolaev [6] which in -  

c l u d e  c o r r e c t i o n s  f o r  resonance self s h i e l d i n g ,  i n  t h e  f o l l o w i n g  c a l l e d  ABN. 

Three  t y p e s  of s o l u t i o n s  of t h e  mul t igroup d i f f u s i o n  e q u a t i o n  have 

been used. I n  view of t h e  s h o r t  prompt neu t ron  decay t i m e s  and h igh  r e p e t i t i o n  - 
r a t e s  of p u l s i n g  t h e  de layed  neu t rons  were always t r e a t e d  a s  a c o n s t a n t  back- 

ground . 
a )  Determinat ion of decay c o n s t a n t s  

The mul t igroup e q u a t i o n s  w e r e  Laplace  t ransformed and w r i t t e n  i n  a 

form t h a t  h e l p s  t o  f i n d  t h e  t i m e  e igenva lues  

w i t h  t h e  normal iza t ion  of 0 
J : 

Here p is t h e  Laplace  parameter ,  t h e  0. a r e  t h e  t ransformed group f l u x e s ,  
J 

V is t h e  average  number of prompt f i s s i o n  neu t rons  and a s ( i , j ) ,  CI r e m , i  
and a 

f i  
a r e  t h e  macroscopic group t r a n s f e r ,  removal,  and f i s s i o n  c r o s s  sec -  

t i o n s ,  r e s p e c t i v e l y .  X i  is t h e  f r a c t i o n  of t h e  f i s s i o n  spectrum i n  t h e  i - th-  

group, D .  is t h e  d i f f u s i o n  c o e f f i c i e n t ,  and k(p) is t h e  Laplace  t r ans form of 
1 



t h e  f i r s t  g e n e r a t i o n  m u l t i p l i c a t i o n  kerne1  which is a n  obvious g e n e r a l i z a t i o n  

of keff of t h e  s t a t i o n a r y  r e a c t o r  theory .  Eigenvalues  of eq .  (2) a r e  t h e  

p-values f o r  which k(pn) = 1 ; n = 1, 2 . . . G. [7] The s m a l l e s t  e i g e n v a l u e  

shou ld  be  t h e  fundamental  mode decay c o n s t a n t .  

But f o r  f a s t  sys tems w i t h  a low m u l t i p l i c a t i o n  (k <0.90)  it hap- 
e f f  

pens t h a t  whereas t h e  bulk  of neu t rons  are decay ing  e x p o n e n t i a l l y  wi th  a t i m e  

cons t a n t  1 - keff (1 - ß) 
a = 

1 

t h e r e  is a small f r a c t i o n  of low energy neu t rons  n o t  p a r t i c i p a t i n g  i n  t h i s  t ime  

behaviour  b u t  decaying more s lowly  and i n  a non-exponential  way. These had t o  

be d e s c r i b e d  by cont inuous  e igenva lues .  

I n  t h e  mul t ig roup  c a l c u l a t i o n s  t h e  e x i s t e n c e  of t h e s e  neu t rons  is re- 

f l e c t e d  i n  t h e  f a c t  t h a t  t h e  decay c o n s t a n t  of t h e  b u l k  of neu t rons  w e  a r e  

look ing  f o r  is n o t  n e c e s s a r i l y  t h e  lowest  e igenva lue  bu t  is fol lowed by o t h e r s .  

However, i f  t h e  m u l t i p l i c a t i o n  is no t  t o o  low, t h e  i n t e r e s t i n g  mode can e a s i l y  

be found s i n c e  i t  is t h e  f i r s t  e igenva lue  pn coming f rom p o s i t i v e  p-values 

which is c l e a r l y  d i s t i n g u i s h e d  from any p o l e  of k (p) .  [ 7 ]  T h i s  phenomenon is 

i l l u s t r a t e d  i n  Fig.2. 

b) C a l c u l a t i o n  of t h e  complete t ime behaviour  of t h e  neu t ron  decay 

When t h e  m u l t i p l i c a t i o n  is t o o  low (k < 0.80) t h e  f i r s t  p a r t  of t h e  
ef  f  

decay of t h e  neu t ron  f i e l d  a f t e r  a p u l s e  is s t r o n g l y  in f luenced  by energy har-  

monics whereas t h e  l a s t  p a r t  is governed by t h e  low energy neu t rons  mentioned 

above,  There fore ,  no decay c o n s t a n t  can  be e x t r a c t e d  from t h e  measured t i m e  be- 

hav iour .  To be a b l e  t o  i n t e r p r e t  measurements even i n  t h a t  c a s e  t h e  complete 

t ime behaviour  of t h e  neu t ron  f i e l d  a f t e r  a p u l s e  h a s  been c a l c u l a t e d .  

can be d e s c r i b e d  a s  t h e  f a c t o r  by which Y had t o  be m u l t i p l i e d  t o  ko r> 

make p and B& e x i s t  i n  t h e  r e a c t o r  a t  t h e  Same t i m e .  



For  t h a t  reason a  F o u r i e r  s e r i e s  expansion of t h e  t i m e  dependence of 

t h e  neutron f l u x  w i t h  a r e c t a n g u l a r  s o u r c e  d i s t r i b u t i o n  has  been performed 

The F o u r i e r  c o e f f i c i e n t s  were c a l c u l a t e d  from t h e  mul t igroup d i f f u s i o n  equa- 

t i o n s  w i t h  t h a t  source .  Up t o  a hundred f r e q u e n c i e s  have been included.  More- 

o v e r ,  t h e  energy d i s t r i b u t i o n  of t h e  s o u r c e  and t h e  energy s e n s i t i v i t y  of t h e  

d e t e c t o r  could  be taken i n t o  account.  

C a l c u l a t i o n s  w i t h  t h e  16-group YOM-set and w i t h  t h e  26-group ABN-set 

which extend down t o  t h e  thermal r e g i o n  showed a  f a i r l y  good e x p o n e n t i a l  decay 

f o r  k  > 0.70. 
ef  f 

C)  C o r r e l a t i o n  between decay c o n s t a n t ,  r e a c t i v i t y ,  and neu t ron  l i f e t i m e  
- 

I n  t h e  i n t e r p r e t a t i o n  of pulsed neu t ron  measurements t h e  r e l a t i o n  

is o f t e n  used,  where a is t h e  prompt neu t ron  decay c o n s t a n t  and 1 is t h e  

neutron l i f e t i m e .  To check t h e  v a l i d i t y  of t h i s  e q u a t i o n  a power series expan- 

s i o n  of - i n  t h e  v i c i n i t y  of p  = 0 w a s  m d e  
k(p)  

2  
where k (0)  = keff(B ) (1-ßeff) and l1 is t h e  neu t ron  lifetime. The c o r r e c -  

t i o n  terms t o  eq. (4)  l2 and l3 were computed from a  t h i r d  o r d e r  pe r tu rba-  

t i o n  theory .  For k  = 0.87 t h e  c o r r e c t i o n  amounts t o  about 10% i n  a. 
ef  f  

4. Measurements of t h e  neutron decav 

From t h e  c a l c u l a t i o n s  of t h e  t i m e  decay of t h e  neu t ron  f i e l d  i t  tu rned  

o u t  t h a t  a good exponen t ia l  could  o n l y  be expected f o r  k > 0.7.  On t h e  o t h e r  
e f  f  

hand, f o r  s a f e t y  reasons  t h e  systems were r e s t r i c t e d  a t  p r e s e n t  t o  k c0.90. 
e f f  

S i n c e  moreover t h e  amount of f u e l  a v a i l a b l e  was l i m i t e d  t o  120 kg u~~~ i n  t h e  

form of 20% enr iched  uranium no l a r g e  v a r i a t i o n  i n  s i z e  and composi t ion was 

p o s s i b l e  bu t  t h e  System w i t h  t h e  h i g h e s t  m u l t i p l i c a t i o n  w a s  b u i l t  up. 

- 6 -  



T h i s  was a b lock  c o n s i s t i n g  of 6 X 6 e lements  f i l l e d  up t o  t h e  t o p  w i t h  20% 

e n r i c h e d  uranium only .  Any a d d i t i o n a l  m a t e r i a l  would have reduced t h e  mul t i -  

p l i c a t i o n  o r  would have s o f t e n e d  t h e  neu t ron  spectrum t o o  much. The parame- 

ters of t h e  assembly a r e  g iven  i n  T a b l e  I .  

The assemblage was i n t e r r u p t e d  a t  5 X 5 e lements  t o  perform check 

measurements. These d a t a  a r e  a l s o  g iven  i n  T a b l e  I .  S i n c e  t h e  decay times 

of t h e s e  sys tems were i n  t h e  range of 100 nsec  t o  200 nsec  a t iming  accuracy of 

about  10 nsec was r e q u i r e d .  T h i s  was achieved w i t h  a S t i l b e n e  s c i n t i l l a t o r  

used f o r  p ro ton  r e c o i l  measurements and f i s s i o n  c o u n t e r s  o p e r a t i n g  wi th  c r o s s -  

over-pick-off g a t e s .  The S t i l b e n e  c r y s t a l  was f i x e d  between two m u l t i p l i e r s .  

A s low co inc idence  from t h e  two was used f o r  n o i s e  s u p p r e s s i o n ;  p u l s e  shape  

d i s c r i m i n a t i o n  as proposed by Owen [8] gave a s i g n a l  f r e e  of y-background from 

one m u l t i p l i e r  and a t r i p l e  co inc idence  of t h e s e  S i g n a l s  opened a g a t e  f o r  t h e  

f a s t  s i g n a l  t aken  from t h e  anode of t h e  o t h e r  m u l t i p l i e r .  

A TMC 256-channel time a n a l y s e r  w i t h  t h e  model 219 plug- in  u n i t  was 

used,  c a p a b l e  of channel  wid th  down t o  10 nsec.  The t a r g e t  c u r r e n t  p u l s e  t r i g -  

gered t h e  a n a l y s e r .  

F o r  t h e  measurements w i t h  t h e  25 e lement  assembly t h e  t a r g e t  was out-  
235 

s i d e  and one e lement  was withdrawn t o  i n s e r t  a U - f i s s i o n  c o u n t e r  i n  a posi -  

t i o n  where t h e  most important  s p a t i a l  harmonics were suppressed .  

The measured t i m e  dependence of t h e  neu t ron  i n t e n s i t y  a f t e r  s u b t r a c -  

t i o n  of t h e  c o n s t a n t  de layed  neu t ron  background is  g iven  i n  Fig.3.  When t h e  

t r a n s i e n t s  have d i e d  away t h e r e  is a small i n t e r v a l  where t h e  t i m e  behaviour  

looks  e x p o n e n t i a l  bu t  t h e n  i t  is fol lowed by an  s lower  decaying t a i l  of much 

h i g h e r  i n t e n s i t y  t h a n  p r e d i c t e d  by t h e  c a l c u l a t i o n  which is a l s o  inc luded  i n  

t h e  F i g u r e .  The c a l c u l a t i o n  was performed f o r  t h e  unper turbed c a s e  w i t h  t h e  

ABN c r o s s  s e c t i o n  set.  [6] Measurements w i t h  t h e  unper turbed assembly and t h e  

p ro ton  r e c o i l  d e t e c t o r  o u t s i d e  showed a t i m e  behaviour  t h a t  d i f f e r e d  mainly i n  

t h e  t r a n s i e n t s .  

The 36 element assembly measurements have been made w i t h  f i s s i o n  coun- 

ters 2, coa ted  wi th  N ~ ~ ~ ~ ,  u ~ ~ ~ ,  and u ~ ~ ~ ,  l o c a t e d  i n s i d e  and o u t s i d e  t h e  
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assembly. When i n s e r t e d  i n  t h e  assembly t h e  Counters w e r e  completely embedded 

i n  t h e  f u e l  s o  t h a t  t h e  pe r tu rba t ion  now was r e l a t i v e l y  small .  A good expo- 

n e n t i a l  decay was always observed. Due t o  energy harmonics t h e r e  was a  small 

d i f f e r e n c e  i n  t he  t r a n s i e n t s  between t h e  ~p~~~ and t h e  u~~~ f i s s i o n  counter  

measurements and s l a r g e r  d i f f e r e n c e  between t h e  and t h e  u~~~ r e s u l t s  f o r  

t h e  t ime i n t e r v a l  from t h e  beginning up t o  400 nsec. The t i m e  decay a s  mea- 

sured  wi th  a  npZ3' f i s s i o n  counter  ou t s ide  t h e  assembly is included i n  Fig.3. 

No ca l cu l a t ed  curve is given but t h e  decay t i m e s  a r e  compared i n  Table  I. 

The experimental decay time is about 15% longer  than pred ic ted  by t h e  

c a l c u l a t i o n  based on t h e  ABN-cross s e c t i o n s  and 30% longer  than ca l cu l a t ed  from 

t h e  YOM-data. S ince  t h e  agreement i n  1 - keff is much b e t t e r  t h i s  seems main- 

l y  t o  be due t o  e r r o r s  i n  t h e  c a l c u l a t i o n  of t h e  neutron l i f e t i m e .  A ca l cu l a -  

t i o n  with t h e  ABN-se t  without c o r r e c t i o n  f o r  resonance s e l f - sh i e ld ing  showed 

t h a t  t h e r e  is p r a c t i c a l l y  no s e l f - s h i e l d i n g  i n  t h e  SUAK-assemblies, Therefore ,  

t h e  d i f f e r e n c e  i n  t he  l i f e t i m e s  a s  ca l cu l a t ed  from t h e  YOM-and from t h e  ABN-data 

must be due t o  d i f f e r ences  i n  t h e  Cross s ec t fons .  

The values  i n  t he  t a b l e  a r e  taken from eigenvalue c a l c u l a t i o n s , b u t  

p r a c t i c a l l y  t h e  Same values  w e r e  found from a p l o t  of t h e  time dependent neu- 

t r o n  f  lux.  

To check t h e  in f luence  of backsca t te red  neutrons a  measurement wi th  

t h e  assembly covered with cadmium was made. No d i f f e r e n c e  i n  t h e  neutron decay 

a p a r t  from the  r e f l e c t o r  e f f e c t  of cadmium was observed. 

An add i t i ona l  check was t h e  de te rmina t ion  of r e a c t i v i t y  from t h e  r a t i o  
1 of t h e  time-averaged prompt and delayed neutron f l u x e s  a s  proposed by Gozani [9- 

- 
'prompt - P - - -  - 
'delayed 'eff 

Since t h e  prompt neutron decay t i m e  is s h o r t  and t h e  r e p e t i t i o n  r a t e  is  h igh ,  

room r e t u r n  neutrons would g ive  an almost cons t an t  background. This  adds t o  

t h e  delayed neutron f l u x  and leads  t o  a  wrong experimental f l u x  r a t i o ,  This  is 

p a r t i c u l a r y  s e r i o u s  f o r  systerns which a r e  s u b c r i t i c a l  t o  t h i s  ex t en t .  

For t h e  determinat ion of t h e  fundamental mode prompt neutron f l u x  

t h e  f i n i t e  width of t h e  source  b u r s t  had t o  be taken i n t o  account.  Though t h e  

almost t r i a n g u l a r  shape of t h e  source  b u r s t  has been measured, some unce r t a in ty  

is due t o  t h i s  co r r ec t i on .  
'eff was determined from t h e  measured f r a c t i o n s  



of u~~~ and u~~~ f i s s i o n s  of t h e  assembly. The minor importance of t h e  delayed 

neutrons was taken i n t o  account. A s  an average from d i f f e r e n t  measurements 

wi th  t h e  f  i s s i o n  counter  i n s i d e  and o u t s i d e  of t h e  assembly 

was obtained.  

An eva lua t ion  with t h e  method a s  proposed by G a r e l i s  gave w e l l  wi th in  

t h e  l i m i t s  of e r r o r  t h e  Same r e s u l t  . [lo] 
The f a c t  t h a t  t h e  va lue  is h igher  than t h e  r e s u l t  of t h e  s t a t i o n a r y  

measurement could be explained i n  t h e  way t h a t  (17 2 5) 70 of t h e  cons tan t  

background is due t o  room s c a t t e r e d  neutrons.  However, i n  view of t h e  uncer- 

t a i n t i e s  from t h e  f i n i t e  pu lse  width co r r ec t i on ,  from t h e  de te rmina t ion  of B e f f '  
and from a pos s ib l e  presence of delayed neutron harmonics, t h e  conclusion is not  

very s t r i n g e n t .  

I n  add i t i on  t o  t h e  measurements wi th  t h e  unperturbed assembly, t h e  

r e a c t i v i t y  e f f e c t s  of an aluminium p l a t e  and of t h e  withdrawal of S ing le  elements 

have been determined by t h e  pulsed source  method. 

5. Measurements of neutron s p e c t r a  by t h e  t ime-of-f l ight  technique 

If t h e  build-up and decay of t h e  neutron f i e l d  i n  an assembly a f t e r  

a neutron bu r s t  i n j e c t i o n  is  s h o r t  compared wi th  t h e  f l i gh t - t ime  of t h e  neutrons 

from t h e  assembly t o  t h e  d e t e c t o r ,  what is measured is e s s e n t i a l l y  t h e  s t a t i o n -  

a r y  spectrum of t h e  s u b c r i t i c a l  assembly with a cont inuously running source.  

T h i s ,  of Course, d i f f e r s  from t h e  spectrum of t h e  c r i t i c a l  assembly and from t h e  

asymptotic s p e c t r a  i n  t i m e  o r  i n  space.  But i f  it is j u s t  t h i s  spectrum which 

we c a l c u l a t e ,  no fundamental problems of i n t e r p r e t a t i o n  of t h e  measured s p e c t r a  

a r i s e .  The spectrum is h ighly  space  dependent,  however, and s o  f a r  measurements 

from two pos i t i ons  have been made: 

1. The spectrum from t h e  c e n t r e  of t h e  assembly. Here, no f l u x  g rad i en t  

d i f f i c u l t i e s  appear i f  t h e  t a r g e t  p o s i t i o n  is a l s o  a t  t h e  c e n t r e  of 

t h e  assembly. 

2. The leakage spectrum from t h e  su r f ace .  Here, no beam e x t r a c t i o n  

problems a r i s e .  



I n  both ca se s ,  however, t h e  problems of neutron co l l ima t ion  and de te rmina t ion  

of t h e  background have t o  be solved f i r s t .  S ince  t h e  measurements s t a r t e d  very  

r e c e n t l y ,  t h e  i nves t i ga t ions  s o  f a r  have concentrated mainly on t h e s e  po in t s .  

A l a rge-area  neutron d e t e c t o r  of h igh  s e n s i t i v i t y  i n  t h e  kev-region 
6 

but  wi th  moderate time r e s o l u t i o n  p rope r t i e s  is required.  Therefore ,  a L i  - 
11 

loaded g l a s s  s c i n t i l l a t o r  of 4 3/16 diameter and 1" th ickness  was chosen. Th i s  

d e t e c t o r  is very s e n s i t i v e  t o  kev-neutrons, but  it is a l s o  black t o  slow neu- 

t r o n s  and s e n s i t i v e  t o  y-rays. This  is p a r t i c u l a r y  s e r i o u s  s i n c e  t h e  assembly 

is completely unshielded. Therefore ,  t h e  s c i n t i l l a t o r  is surrounded by a heavy 

s h i e l d  c o n s i s t i n g  of concent r ic  annular  cy l inde r s  of 4 nun ~ l ~ - p o w d e r ,  5 cm l ead  

and 40 cm of a mixture of p a r a f f i n  and Li2C03 which has  an o v e r a l l  l eng th  of 

170 cm. The whole s h i e l d  is placed on a t r o l l y .  The f l i g h t  tube  is of var ia -  

b l e  length  ranging from 5 m t o  22 m. It is evacuated and sea l ed  on both s i d e s  

by 2 mm and 1.5 mm aluminium windows, r e spec t ive ly .  I n  t h e  f l i g h t  tube  steel 
3 

co l l ima to r s  of 20 cm thickness  were placed a t  '/4, 2/4, and /4 of t h e  f l i g h t  - 

path. The i r  inner  p a r t  cons is ted  of rep laceable  annular  cy l inde r s  of CUNIFER 30 

t o  a d j u s t  t h e  opening of t h e  co l l imator  t o  t h e  requirements of t h e  experiments. 

The ou te r  diameter of 41  cm was chosen t o  prevent  primary source  neutrons from 

h i t t i n g  t h e  sh i e ld .  

To measure t h e  spectrum from t h e  c e n t r e  of t h e  assembly a d i f f e r e n c e  

technique was appl ied which allows t h e  most r e l i a b l e  background determinat ion.  

For t h e s e  measurements, t he  c e n t r a l  row of f u e l  elements was replaced by a hor i -  

z o n t a l l y  s tacked row which l e f t  t h e  dimensions of t h e  assembly unchanged. The 

f u e l  of t h e  c e n t r a l  element of t h i s  row could be removed t o  genera te  a horizon- 

t a l  through-channel of 5 cm X 5 Cm. This  channel could be loaded ha l f  from t h e  

s i d e  oppos i te  t o  t h e  de t ec to r .  

For spectrum measurements from t h e  c e n t r e  a l l  co l l ima to r s  but  t h e  

f i r s t  one had an inner  diameter of 12.5 Cm. The l a t t e r  s e l e c t s  a c i r c u l a r  a r e a  
2 2 of 35 cm cent red  a t  t h e  beam ho le  a x i s ,  t h a t  means 25 cm from t h e  c e n t r a l  re- 

g ion  and 10 Cm2 from t h e  sur face .  

The spectrum from t h e  c e n t r a l  region of t h e  assembly is obtained by 

s u b t r a c t i n g  t h e  t ime-of-fl ight d i s t r i b u t i o n  with t h e  through-channel from t h e  

t ime-of-f l ight  d i s t r i b u t i o n  obtained wi th  t h e  channel loaded wi th  f u e l  up t o  

t h e  cen t r e .  I t  has not been inves t i ga t ed  whether t h e  spectrum i n  t h e  beam d i f -  

f e r s  from t h e  spectrum i n  t h e  c e n t r e  of t h e  assembly. Wall-scat ter ing e f f e c t s  

a t  t h e  e x t r a c t i o n  channel were c e r t a i n l y  reduced by t h e  d i f f e r e n c e  method. 

- 10 - 



S i n c e  t h e  wi thdrawal  of t h e  f u e l  p lug  from t h e  c e n t r a l  channel  r educes  t h e  mul- 

t i p l i c a t i o n  of t h e  assembly by Akeff = 0.014 it a l s o  reduces  t h e  background. 

T h e r e f o r e ,  t h e  measurements were normalized t o  t h e  Same count ing  r a t e  of a l o n g  

c o u n t e r  . 

For  t h e  measurements of t h e  l eakage  spectrum from t h e  s u r f a c e  of t h e  

assembly,  a l l  c o l l i m a t o r s  had an i n n e r  d iamete r  of 12.5 cm which s e l e c t e d  a cir- 

c u l a r  a r e a  of 123 c m 2  a t  t h e  c e n t r e  of one s i d e  of t h e  assembly. Much a t t e n t i o n  

has  been g iven  t o  t h e  d e t e r m i n a t i o n  of t h e  background. I n  o r d e r  t o  g a i n  a  bet -  

ter unders tand ing  of t h e  methods used,  d i f f e r e n t  s o u r c e s  of background have t o  

be d i s t i n g u i s h e d ,  t h e  most important  ones being: 

1. Permanent background due t o  

6 
a )  r a d i o a c t i v e  i m p u r i t i e s  con ta ined  i n  t h e  L i  - g l a s s  s c i n t i l l a t o r ,  

b) cosmic r a d i a t i o n ,  

C) p h o t o m u l t i p l i e r  no i se .  

2. Time-independent background from t h e  a c c e l e r a t o r  due t o  

a )  de layed  neu t rons ,  

b) prompt neu t rons  slowed down i n  t h e  s h i e l d .  

3. Time-dependent background due t o  

a )  a i r ,  w a l l ,  and ground-scat tered n e u t r o n s ,  

b) beam neu t rons  s c a t t e r e d  i n  t h e  d e t e c t o r  s h i e l d  which,  t h e r e f o r e ,  a r e  

d e t e c t e d  a t  a  t i m e  l a t e r  t h a n  corresponds t o  t h e i r  f l i g h t - t i m e ,  

C) neu t rons  s c a t t e r e d  a t  t h e  i n n e r  c o l l i m a t o r  w a l l s ,  

d )  neu t rons  p e n e t r a t i n g  t h e  c o l l i m a t o r ,  

e )  prompt y-rays  from f i s s i o n  and i n e l a s t i c  s c a t t e r i n g ,  

f )  neu t rons  and y-rays from t h e  a c c e l e r a t o r  produced o u t s i d e  t h e  assem- 

b l y  and n o t  shadowed by t h e  c o l l i m a t o r .  

The permanent background has  been measured when t h e  a c c e l e r a t o r  was switched 

o f f .  I ts  c o n t r i b u t i o n  was r e s p e c t i v e l y  0.2%, 1.82, and 12% a t  neu t ron  e n e r g i e s  

of 300 kev, 100 kev, and 10 kev. 



The t ime independent background was measured i n  t h e  t i m e  channe l s  

p reced ing  t h e  a c c e l e r a t o r  b u r s t .  I t  amounts t o  0.8%, 5%, and 32% of t h e s i g -  

n a l  a t  neu t ron  e n e r g i e s  of 300 kev, 100 kev, and 35 kev,  r e s p e c t i v e l y .  To meas- 

U r e  t h e  time-dependent background d i f f e r e n t  methods have been i n v e s t i g a t e d :  

1, To determine t h e  y-background time-dependent p u l s e  h e i g h t  s p e c t r a  of 
6 t h e  L i  - d e t e c t o r  have been measured wi th  a t ime r e s o l u t i o n  of 500 nsec.  From 

each spectrum t h e  y-ray c o n t r i b u t i o n  has been ob ta ined  by p roper  e x t r a p o l a t i o n  

of t h e  p u l s e  h e i g h t  spectrum from t h e  r e g i o n  where no neutrons  can  occur  i n t o  

t h e  r e g i o n  used f o r  neutron d e t e c t i o n .  

2. Furthermore,  t h e  y-ray background has  been determined w i t h  a ~ i ? - d e -  

t e c t o r  which is i n s e n s i t i v e  t o  neu t rons ,  bu t  e q u a l l y  s e n s i t i v e  t o  y-rays as t h e  
6 

L i  - d e t e c t o r .  

3. Shadowing t h e  d e t e c t o r  by 20 cm Cuni fe r  30 p r a c t i c a l l y  s u p p r e s s e s  t h e  
- 

neutron beam and a l lows  t o  determine background t y p e  3a and f .  An a d d i t i o n a l  

p l a t e  of 10 c m  p l a s t i c  p laced a t  t h e  back of t h e  f i r s t  c o l l i m a t o r  shou ld  t r a n s -  

form background type  3d t o  a n  almost time-independent background. A measurement 

w i t h  such a p l a t e  showed t h a t  t h e  e f f e c t  was ve ry  s m a l l .  

4 .  The background type  3b and C is t h e  most d i f f i c u l t  t o  measure. Here, 

a p lug is r e q u i r e d  which is  t r a n s p a r e n t  t o  a l l  neu t rons ,  excep t  f o r  t h e  neu t rons  

i n  t h e  energy range t o  be measured. For  t h e s e  i t  shou ld  be complete ly  b lack .  

T h i s  can  be approximated f o r  s e l e c t e d  e n e r g i e s  by a m a t e r i a l  w i t h  b l a c k  reso-  

nances.  S i n c e  t h e  c r o s s  s e c t i o n  peaks a t  t h e  d i f f e r e n t  resonances  a r e  of d i f -  

f e r e n t  h e i g h t  t h e  t h i c k n e s s  of t h e  t r a n s m i s s i o n  probe has  t o  be opt imized f o r  

each energy.  

5. Fur thermore,  i n  t h e  energy r e g i o n  between resonances  it is p o s s i b l e  

t o  determine t h e  background from e x t r a p o l a t i o n  of t h e  t r ~ n s m i s s i o n  of probes of 

d i f f e r e n t  t h i c k n e s s  t o  Zero t ransmiss ion  u s i n g  t h e  known t o t a l  c r o s s  s e c t i o n .  

So f a r ,  measurements have been made w i t h  a f l i g h t  pa th  of 11.5 m a t  

assembly No.2. The t a r g e t  was l o c a t e d  a t  t h e  c e n t r e  of t h e  assembly. The 

build-up and decay of t h e  neu t ron  f i e l d  a f t e r  t h e  neutron b u r s t  had a ha l f  wid th  
3 of 300 nsec.  The r e p e t i t i o n  f requency of t h e  a c c e l e r a t o r  was 25 10 c y c l e s  

per  second and t h e  i n t e n s i t y  was lo4 neu t rons  p e r  b u r s t .  A TMC 256 channel  

a n a l y s e r  w i t h  a model 201 plug-in u n i t  was set a t  a channel width  of 125 nsec.  



Other d a t a  of t h e  measurements a r e  l i s t e d  i n  Table  11. The background measure- 

ments f o r  t h e  leakage spectrum a r e  i l l u s t r a t e d  i n  Fig.4. The c fose  agreement 

between t h e  r e s u l t s  from t h e  shadow-cone and from t h e  black resonance measure- 

ments i n d i c a t e s  t h a t  t h e  background type  3b and C is r a t h e r  small .  

The t ime-of-f l ight  d i s t r i b u t i o n s  have been co r r ec t ed  f o r  background, 

f o r  t h e  t ransmiss ion  of t h e  aluminium windows, and f o r  t h e  energy dependence of 
6 t h e  L i  -de tec tor .  The d e t e c t o r  has previously been c a l i b r a t e d  i n  t h e  energy 

range from 5 kev t o  320 kev wi th  monoenergetic neutrons from a van de  Graaff 

genera tor .  The measured s e n s i t i v i t y  curve corresponds t o  t h e  expected e f f i -  
6 

ciency a s  deduced from t h e  L i  (n ,a)-cross  s e c t i o n .  

No r e s o l u t i o n  c o r r e c t i o n  has been appl ied  s o  f a r .  S ince  t h e  main 

purpose of t h e  measurements is t o  check c a l c u l a t i o n s ,  t h i s  c o r r e c t i o n  could be 

avoided a t  a l l  when measured and ca l cu l a t ed  t ime-of-f l ight  d i s t r i b u t i o n s  w e r e  

compared. 

I n  Fig.5 t h e  measured p a r t s  of t h e  s p e c t r a  a r e  given toge the r  wi th  

t h e  ca l cu l a t ed  f l u x  shapes.  The measurements a r e  normalized s o  a s  t o  agree  

wi th  t h e  c a l c u l a t i o n  a t  about 100 kev. The one-dimensional 16-group d i f f u s i o n  

c a l c u l a t i o n  based on t h e  YOM-data s e rves  only a s  a  rough i n d i c a t i o n  of t h e  SUAK 

s p e c t r a .  For comparisons wi th  t h e  measurements, more s o p h i s t i c a t e d  ca lcu la -  

t i o n s  w i l l  l a t e r  be used. The measured s p e c t r a  a r e  much s o f t e r  than t h e  ca l -  

cu l a t ed  ones. No conclusion should be drawn, however, un less  t h e  rneasurements 

were extended t o  lower e s  w e l l  a s  t o  h igher  energ ies .  Here, i t  seems poss ib l e  

t o  go up t o  more than 1 Mev. I f  t h e  l eng th  of t h e  f l i g h t  path and t h e  channel 

width were optimized, t h e  counting r a t e  per  channel Z is given by 

2 A E 4  
cons t .  T (E) @(E) a (EI 

where 7 is t h e  s e n s i t i v i t y  of t h e  d e t e c t o r ,  @(E) is t h e  neutron spectrum, and a 

is t h e  prompt neutron decay cons tan t .  S ince  0 is inc reas ing ,  where 7 is de- 

c r ea s ing ,  s i m i l a r  count ing r a t e s  a t  t h e  Same r e s o l u t i o n  can be expected f o r  

h igher  energ ies  a s  have been obtained s o  f a r .  The approximate r e so lu t ions  ob- 

t a i n a b l e  a t  var ious  energ ies  f o r  t h e  f l i g h t  paths  s fomseen a r e  given i n  t h e  

f  ollowing Table  . 
50 m 

390 kev 

1.5 Mev 

f 

AE - 
E 

5% 

10% 

11.5 m 

1 8  kev 

86 kev 

s = 5.5 m 

4.5 kev 

1 8  kev 

21.5 m 

76 kev 

300 kev 
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F ig .  1 SUAK assembly . 
Fig .  2 Prompt neutron decay constant a s  calculated from the 16-group 

YOM-set  . 
Fig .  3 Time decay of the neutron f l u x .  

Figo 4 Time-of-flight d i s tr ibut ions  f o r  leakage spectrum. 

F ig .  5 Spectra of the SUAK assembly. 



Table I 

Measurement of neutron decay 

Atomic densities of the assemblies 

Experimental critical mass corrected for savings 248 2 10 kg u~~~ 

Number of elements I 25 I 36 

Assembly number 

Loading [kg U 
"5 ] 

Size including savings 

1 

26.9 X 26.8 x 38.3 [cm 32.3 x 32.3 X 38.3 [cm3] 
31 I 

2 

Geometrie buckling B 
2 

1 
keff 

f rom /M-measurements 

keff 
calculated f rom ABN-set 

f rom pulsed measure- 
keff ments (aree method) 

keff calculated from YOM-set I 0.754 I 0.843 

- 

230 2 3 nsec 

- 

0.88 2 0.02 

1 
(-1 
a measured 

no exponential decay 

1 

("~alc. ABN 
122 nsec 

176 nsec 
1 

205 nsec 

1 

(ä'caic. YOH 
108 nsec 





J rce 



The prompt neutron decay coastant as calculated from the 16-group YOM- 

set versus the sidelength s of a cube consisting of 20% enriched 

uranium. The usual continuous shape is interrupted, and it is the fun- 

damental mode only for s > 32 Cm. For 31 cm < s < 32 cm it is the 
first harmonic, for s <31 cm it is the second harmonic and so On. 





f l ight  path 11.59 n 

nautron burst ZOO usec 

repetltion frequcncy 25 kc/sec 

channel vidth l2!3 nsec 



Mev 

Spectra of the SUAK assfmbly 

- 23 - 


